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Introduction 1

1 INTRODUCTION

Any living organism, uni- or multicellular, has to defend itself against potential
pathogens. Defense mechanisms include physical and chemical barriers, cellular and
humoral responses. Cellular and humoral responses against pathogens are mediated
by the immune system. A hallmark of the vertebrate immune system is its capability
of mounting an adaptive immune response and the aquisition of memory. Adaptive
immune responses enable vertebrates to fend off pathogens and toxins which have
never been encountered before. Basis for the adaptivity is the generation of receptor
and effector molecules through random gene rearrangements. The receptors are
clonally expressed and allow recognition of antigen. Two cell types use this type of
non-germline encoded receptors: B and T lymphocytes. B lymphocytes express the B
cell receptor (BCR), also called antibody or immunoglobulin (Ig). Binding of an anti-
gen to the BCR together with additional secondary signals results in activation and dif-
ferentiation of B lymphocytes which then can then start to secrete Ig. The secreted Ig
is produced in isoforms with different effector functions. T lymphocytes on the other
hand express the T cell receptor (TCR), of which two types can be distinguished: ab
TCR and gd TCR. Triggering of TCR can result in activation and differentiation of T
cells, but in contrast to Ig the TCR is never secreted and does not carry out any effec-
tor functions by itself.

Unless otherwise stated, T cells in this thesis are defined as cells of the ab TCR
lineage.

1.1 The Role of T Cells in Adaptive Immunity

T lymphocytes cannot recognize native antigen. Most T cells are specialised on
recognition of fragments of polypeptides, which are presented to them by other cells.
These short peptides are generated by degradation of synthesised or phagocytosed
protein and displayed in an exposed groove on molecules of the major histocompati-
bility complex class | and class Il (MHC class I/11). Such peptide/MHC complexes are
recognized by the TCR (Zinkernagel and Doherty, 1979; Garcia et al., 1996). A pep-
tide/MHC complex which triggers activation of a specific T cell is referred to as cog-
nate antigen. MHC class | and class Il molecules consist of an a- and a b-chain. In
the mouse the a-chain of MHC class | is encoded by the genes H-2K, H-2D and H-2L
and forms a dimer with the b-microglobulin molecule. The two MHC class Il molecules
consist of an a-chain and a b-chain which are encoded by the genes H-2I-Aa/b and
H-2I-Ea/b. Allelic diversity leads to a complex pattern of MHC expression in each indi-
vidual. In mouse inbred strains, the MHC haplotype is indicated by use of superscript
letters: i.e. H-2P in C57BL/6 or H-29 in BALB/c. T cells of any individual are only acit-
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vated by foreign peptide complexed in self-MHC, a phenomenon called self restric-
tion. The self restricted T cell repertoire is shaped in selection processes in T cell
development after TCR gene rearrangement.

By presenting peptides of different origin MHC class | and class Il allow T cells to
monitor the body for intracellular and extracellular pathogens, respectively.(for review:
Yewdell and Bennink, 1990).

MHC class | is expressed by all nucleated cells and the peptides presented by it
are mostly fragments of proteins synthesised by the same cell. This mechanism
allows the detection of pathogens which either take over the protein synthesis machin-
ery (e.g. viruses) or secrete proteins into the cytoplasm (e.g. bacteria, unicellular par-
asites). T lymphocytes which recognize peptide presented by class | molecules
express the co-receptor CD8 and are also called cytotoxic T cells (Tc cells) or killer T
cells. They can differentiate into cytolytic effector cells which prevent further spread of
a pathogen by killing infected cells. The cytolytic activity may result either from release
of perforin and granzyme, release of cytokines or triggering of Fas protein.(for review:
Kisielow and von Boehmer, 1995).

MHC class Il proteins are constitutively expressed on specialised antigen present-
ing cells (APCs) which comprise macrophages (MF), monocytes, dendritic cells (DC),
and B cells (for review: Benoist and Mathis, 1990). However, expression of MHC class
Il is inducible on a large number of other cell types (for review: Benoist and Mathis,
1990). APCs present peptides generated in the lysosomal pathway after phagocyto-
sis of the antigen. MHC classlI/peptide complexes are recognized by T cells express-
ing the coreceptor CD4, called T helper cells (Th cells). They are involved in the reg-
ulation of cellular immunity and antibody production. Th cells exert their regulatory
function by differentiation into differrent subsets which secret distinct sets of cytokines
(for review: Kisielow and von Boehmer, 1995).

1.2 The T Cell Receptor

The ab T cell receptor consists of two transmembrane polypeptide chains. The two
chains form a V-(variable) and a C-(constant) domain. They are connected by a disul-
fide chain between the C-region and the transmembrane domain. The cytoplasmic tail
consists of 4 amino acids.

The TCR itself is unable to transduce signals into the cytoplasm. It associates with
the CD3de, and CD3d/e heterodimers, and a CD3z/z(h) homo-(hetero-) dimer to form
the signal transducing TCR complex (for review: Cantrell, 1996; Wange and
Samelson, 1996; Jacobs, 1997). It is common for antigen receptor complexes to con-
tain immunoreceptor tyrosine-based activation motifs (ITAMs) (Reth, 1989) of which
ten are present in a single TCR complex (for review: Love and Shores, 2000). T cell
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activation results in phosphorylation of the ITAM tyrosine residues which serve as
binding sites for protein tyrosine kinases like Lck, Fyn, ZAP70 and Syk (for review:
Cantrell, 1996; Schraven et al., 1999; Kane et al., 2000). These kinases activate a
plethora of signal transduction pathways including the mitogen-activated kinase
(MAP) pathway, calcium-flux, phospholipase C, the g-isoform of phoshokinase C
(Monks et al., 1997) and others (for review: Damjanovich et al., 1992; Schraven et al.,
1999). The TCR complex is organised in special detergent resistant microdomains of
the membrane, called rafts, which are enriched in glycosphingolipids and cholesterol
(Xavier and Seed, 1999). It was shown that organisation of the TCR complex in rafts
is required for successful activation of a T cell (Moran and Miceli, 1998; Xavier et al.,
1998). Triggering of the TCR results in a complex reorganisation of the T cell - APC
contact zone (Grakoui et al., 1999). Activation of the T cell is then induced by serial
triggering of TCR complexes leading to downregulation of surface TCRs (Valitutti et
al., 1995). However, T cell activation does not only depend on triggering of the TCR,
it is also modulated by other receptors such as the CD28-B7 pair (Viola and
Lanzavecchia, 1996).

1.3 Organisation and Recombination of TCR Genes

The exons encoding for the V regions of TCRa and TCRb chains are generated by
recombinatorial joining of variable (V), diversity (D), and joining (J) elements mediat-
ed by the site specific V(D)J recombinase. Recognition of recombination signal
sequences (RSS) flanking each V, D, and J element initiates the recombination
process (for review: Fugmann et al., 2000). An essential part of the V(D)J recombi-
nase are products of the genes rag-1 and rag-2 (Schatz, 1989; Oettinger et al., 1990;
Mombaerts, 1992a; Shinkai, 1992). Removal or addition of nucleotides at the joints
further increases the diversity of the TCR V regions (Schatz, 1992). The highest diver-
sity within a V region is found in the three hypervariable complementary determining
regions (CDR). CDR1 and CDR2 determine the MHC restriction, CDR3 is formed by
the junction of the combinatorial joining proces and contacts the peptide (Garcia et al.,
1996). A specific clonally expressed TCR of a certain specificity is characterized by its
particular Va and Vb regions and called idiotype (Id).

TCRDb recombination is characterized by joining of Vb, Db, and Jb elements, TCRa
recombination, however, involves direct joining of a Va with a Ja element.The V, D,
and J gene segment families are organised in groups on the chromosomes which
most likely have been generated through successive genomic duplication events. The
genes for the TCRa and TCRd chains map to murine chromosome 14 (Dembic et al.,
1985). The whole region spans about 1000 kb (Griesser et al., 1988) and its organi-
sation of the locus is peculiar in that Dd and Jd elements and the Cd exons are placed
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LCR
[ |
dRec Ed TEA CSB Sill/2 Ea HS2-6
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Fig 1: The TCRa/d-Locus of the mous.The y  Pseudogen HS DNase-
exons of the C regions were not shown. TEA T Early Alpha hypersensitive
The number of depicted V and J segments CSB Conserved Sequence Block Region
is arbitrary. LCR Locus Control Region

between the Va and Ja elements (fig. 1; Chien, 1987). The TCRa and TCRd genes
even share the use of some V elements (Arden et al., 1995). One out of 100-200 Va
segments can be joined to one of the 61 Ja segments (Koop et al., 1992; Koop et al.,
1994; Koop and Hood, 1994; Arden et al., 1995) resulting in genomic excision of the
exons of the TCRd constant region (Petrie, 1993).

13.1 Control of Recombination and Transcription of the TCRadlocus

In the last years, the TCRa/d locus has been extensively used to study the control
of transcription and recombination during T lymphocyte development. Ordered
rearrangement of the TCRd and TCRa genes is essential to ensure T cell lineage
specificity since a Va-Ja recombination event in the gd T cell lineage would lead to the
deletion of the TCRd gene (Burtrum et al., 1996).

Transcription prior to acquisition of V(D)J joints is called germline transcription and
Is associated with gene rearrangement, but its involvement in the recombination
process is still unclear (for review: Sleckman et al., 1996). Transcription at the TCRa/d
locus depends highly on two enhancers, because the promotors of Va/d gene seg-
ments display only weak transcriptional activity (Ho et al., 1989; Winoto and
Baltimore, 1989). The TCRa enhancer is located 4.5 kb downstream of Ca (Winoto
and Baltimore, 1989) and in mice lacking the TCRa enhancer (Sleckman et al., 1997)
absence of germline transcription and of recombination of the TCRa locus is observed
This results in an almost complete block in T cell development. Recombination of the
TCRd gene is not impaired in these mice, but a decrease in peripheral transcription of
the TCRd gene is seen (Sleckman et al., 1997).

Two silencers which restrict the expression of the TCRa/d locus to ab T cells are
located 5’ of the TCRa enhancer (Leiden, 1993). Enhancer and silencer elements
seem to be part of a larger locus control region (LCR) downstream of Ca (von
Boehmer, 1990; Diaz et al., 1994; Hong et al., 1997).

The TCRd enhancer lies between Jd2 and Cd (fig. 1; Redondo et al., 1990; Gill et
al., 1991). It is essential for germline transcription of the TCRd locus and the control
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of the VDd to Dd recombination step (Lauzurica and Krangel, 1994a; Lauzurica and
Krangel, 1994b). Mice with a genomic deletion of the TCRd enhancer show a severe
reduction of peripheral gd T cells (Monroe et al., 1999). Moreover, recombination at
the d locus recombination is initiated by the joining of a Vd to a Dd which takes place
independently of the TCRd enhancer. A switch from TCRd enhancer to TCRa
enhancer function is observed during thymic development of both ab and gd T cells
(Sleckman et al., 1997; Hernandez-Munain et al., 1999; Monroe et al., 1999). Thus,
the TCRd enhancer is not necessary for expression of mature TCRd transcripts
(Monroe et al., 1999) The change in enhancer activity ensures that rearranged and in-
frame d-genes are not expressed from retained excision circles which are generated
by Va-Ja joining in precursors of ab T cells (Nakajima et al., 1995; Livak and Schatz,
1996).

Germline transcripts originate not only from V element promotors but also from pro-
motors in the D and J regions (Shimizu et al., 1992). One important and well charac-
terized promotor is the T early alpha promotor (TEA,; fig. 1) upstream of the Ja61, the
most 5 Ja element (de Villartay et al., 1988; Hockett, 1988; de Chesseval and de
Villartay, 1993). Mice with a targeted mutation of this promoter show diminished
rearrangements of the seven upstream Ja gene segments (Villey et al., 1996).

Other elements which were shown to control recombination at the TCRa/d locus
include: the blocking element alpha/delta (BEAD) thought to separate recombination-
al control of TCRd and TCRa (Zhong and Krangel, 1997) the dRec sequences, shown
to be targets of initial Ja recombinations (Hockett et al., 1988; Hockett et al., 1989;
Janowski et al., 1997; Rytkdnen-Nissinen et al., 1999) and the highly conserved
sequence block (CSB) which influences the Ja segment usage in recombination (fig.
1; Koop and Hood, 1994; Riegert and Gilfillan, 1999).

1.4 T Cell Development

Production of T lymphocytes starts in late embryogenesis and slowly declines after
maturation of the mouse (for review: Kisielow and von Boehmer, 1995). T cells devel-
op in the thymus from bone marrow derived precursors which can be separated into
distinct developmental stages corresponding to rearrangement of the different TCR
loci.

1.4.1 The CD4°CD8" Stage

The first thymic precursors of T lymphocytes are the TCR™ cells which do not
express CD4 or CD8 and are called double-negative (DN) cells (fig 2 & 4). Following
developmental progression DN cells are subdivided into 4 stages (I-1V) with respect
to expression of CD25 and CD44 (fig. 2; Ceredig et al., 1985; Raulet, 1985;
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Trowbridge et al., 1985; Shimonkevitz et al., 1987; Pearse et al., 1989). The expres-
sion of the rag-genes starts in DN Il (Ismaili et al.,, 1996) while rearrangement
processes at the b, g, and d loci can only be detected in DN Il (Pearse et al., 1988;
Pearse et al., 1989; Rodewald, 1993; Wilson et al., 1994). TCRb chain recombination
starts at one allele and a subsequently produced b-chain protein pairs with the non-
rearranging preTCRa chain (pTa) to form the pre T cell receptor (pTCR; for review:
Groettrup and von Boehmer, 1993). Being autonomously recruited to membrane rafts
the pTCR inititates signaling (Irving et al., 1998; Saint-Ruf et al., 2000) which termi-
nates further recombination at the TCRb locus (Wilson et al., 1994) and prevents
acquisition of another VDJ joint on the second allele, a process called allelic exclusion
(Alt et al., 1981; Aifantis et al., 1997). Because T cell development is blocked at DN
[l in mice deficient for TCRb (Mombaerts et al., 1992a) this checkpoint for expression
of TCR b-chain is also termed b-selection (for review: Rodewald and Fehling, 1998)
The last DN compartment (DNIV) is enriched for in-frame TCRb genes (Pearse et al.,
1989; Mallick, 1993; Dudley et al., 1994; Tourigny et al., 1997) and first germline tran-
scripts of the TCRa locus are detectable (Kishi et al., 1991).

1.4.2 The CD4*CcD8* Stage

After b-seletion the DN thymocytes progress into the CD4TCD8™, called double
positive (DP) stage (fig. 2 & 4; Fehling et al., 1995), start to proliferate (8-9 times, Falk
et al., 1996) and rearrange the genes for the TCRa chain (Mombaerts, 1992b; Wilson
et al., 1994). At this stage the fate of the thymocytes depends on the reactivity of the
expressed complete TCR. Small DP cells which display a TCR with too low affinity
towards self-peptide/self-MHC do not receive a signal for further differentiation and
undergo “death by neglect” after 3.5—-4 days (Egerton et al., 1990; Huesmann et al.,

FACS Analysis of Thymocyte Development

all thymocytes double-negative
thmocytes

Fig. 2: Surface markers A 4
used to subdivide thymic
development into different
stages. The CD4 and CD8
staining is performed on
total thymocytes. The DN
compartment is analysed

by gating on CD4°CD8"
cells and subsequent

analysis of CD25 and

CD44. cD8 CD44

CD25

CcD4
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1991, Grusby, 1993).

The rescue program from this pre-defined fate is called positive selection (for
review: Anderson et al., 1999). It is initiated by an intermediate affinity interaction
(Alam et al., 1996) of the newly made TCR with self-peptide/self-MHC (Grusby, 1993)
on cortical epithelial cells (Jenkinson et al., 1992; Anderson et al., 1993; Anderson et
al., 1994; Lundberg and Shortman, 1994; Merkenschlager et al., 1994; Ernst et al.,
1996). Positive selection results in shut-down of recombination of the TCRa loci
(Turka et. al., 1991) and upregulation of the TCR (for review: Jameson et al., 1995)
Subsequently, the surface expression of CD69 (Swat et al., 1993; Kishimoto and
Sprent, 1997) and CD5 (Dutz et al., 1995; Azzam et al., 1998) is increased. The cells
differentiate either into CD4* or into CD8* thymocytes, called single positive cells
(SP) (fig. 2 & 4; Teh et al., 1988b; Cosgrove, 1991; Cosgrove, 1992; Das and
Janeway, 1999) and migrate into the thymic medulla (Scollay and Shortman, 1985;
Egerton et al., 1990). Maturation of SP cells is indicated by reduced surface expres-
sion of heat stable antigen (HSA) (Lucas et al., 1994). Before emigration the cells
increase surface levels of the CD62L molecule (Scollay and Godfrey, 1995).

Cells expressing a TCR with high affinity for self-peptide/self-MHC undergo apop-
tosis (Kisielow et al., 1988a; Murphy et al., 1990; Baldwin et al., 1999). This process
is termed negative selection and is one mechanism preventing autoreactivity (for
review: Stockinger, 1999). In the thymus, cortical and medullary epithelial cells as well
as DCs can mediate negative selection (van Ewijk et al., 1988; Marrack et al., 1988;
Jenkinson et al., 1992; Anderson et al., 1993; Burkly et al., 1993; Surh and Sprent,
1994; Ernst et al., 1996; Laufer et al., 1996; Volkmann et al., 1997; Kishimoto and
Sprent, 1999). Negative selection can also be induced by some proteins of bacterial
or viral origin called superantigens. These superantigens bind the V region of certain
TCRDb chains and link them with MHC class Il molecules (Fields et al., 1996; Li et al.,
1999). This results in strong activation of the thymocytes and henceforth negative
selection (Berg, 1989; Pircher, 1989).

Positive and negative selection appear to be mediated by the selective activation
of different mitogen-acitvated protein (MAP) kinase pathways.(Alberola-lla et al.,
1995; Swan et al., 1995; Alberola-lla et al., 1996; O"Shea et al., 1996; Rincon et al.,
1998; Sugawara et al., 1998; Pages et al., 1999). The transcription factors Nur77 and
Norl of the orphan steroid receptor family were also shown to be involved in negative
selection (Woronicz et al., 1995; Cheng et al., 1997; Xue et al., 1997).
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1.4.3 Fetal Thymic Development

The development of the first T lymphocytes in the fetal thymus follows in most
respects the same order as in the adult thymus. Fetal thymi can serve as a model sys-
tem to analyse waves of developing thymocytes. However, some differences to T cell
development in the thymus of a 4-10 week old mouse can be observed.

The first T lymphocytes generated during ontogeny of the thymus are gd T cells. The
development of these early gd T cells is highly regulated. They appear in successive
waves which are characterized by the use of particular Vg segments, termed canoni-
cal TCRs (for review: Cheng et al., 1991; Haas, 1993). The generation of lymphocytes
expressing canonical gd TCRs ceases at around birth. First progenitors of ab T cells
are found on embryonic day E15 (Snodgrass et al., 1985a; Snodgrass et al., 1985b).
They start expression of CD8 at E16 and CD4TCD8™ cells can be found on E17
(Kisielow, 1990). Two days later the first cells develop into CD4* or CD8" T cells
(Kisielow, 1990).

1.5 Secondary Rearrangements in T and B Cell Development

During thymic selection 95-97% of the newly generated DP thymocytes
die.The estimates of the proportion of cells undergoing apoptosis upon negative
selection vary broadly from 5% to 50% (Laufer et al., 1996; van Meerwijk et al., 1997).
All DP cells have already been selected for the presence of an in-frame VbDbJb joint
(see: 1.4.1). It is difficult to envisage that most of these cells get only a single chance
to generate a proper TCRa protein. One possibility to reduce the waste of TCRb' T
cell precursors would be a consecutive test of several a-chains. This can either take
place by continuous recombination of the TCRa locus in the absence of a positively
selecting signal or by reinduction of recombination activity at the TCRa locus upon
negative selection. Receptor change supposedly due to reinduction of recombination
has been first observed in B cells and termed receptor editing (Tiegs et al., 1993; for
review: Radic and Zouali, 1996; Nemazee, 2000). Circumstantial and experimental

o ol

Nt

Fig. 3: Editing by successive nested rearrangments can replace a VaJa exon introduce by targeted
mutagenesis into the TCRa locus of the mouse. The transcriptional orientation of Va elements is indi-
cated by arrows on the top. A black triangle shows the remaining loxP site. Possible secondary recom-
bination events are symbolised by bowed arrows.
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evidence suggests that also thymocytes use multiple consecutive rearrangements of
TCRa genes to increase the efficiency of the thymic selection processes (fig. 3 & 4).

The high number of Va and Ja gene segments (>75 elements and 61elements,
respectively, Koop and Hood, 1994; Arden et al., 1995) build the basis for multiple
rearrangements at the TCRa locus. The deletional mode of recombination guarantees
that the TCRd-locus is excised from the genomic DNA (Takeshita, 1989; Petrie, 1993)
and the lack of D elements allows remaining a-elements to take part in additional
recombination events.

Replacement of a rearranged and expressed TCRa gene has been observed
for the first time in the cell line M14T wich also expresses RAG-1/2 proteins
(Marolleau et al., 1988). Accessibility of the TCRa locus in this cell line was indicated
by its continued germ line transcription (Fondell et al., 1990; Fondell et al., 1992). As
was shown in murine thymocytes the replacement of VaJa joints results in excision
circles which contain these joints (Okazaki and Sakano, 1988).

Other, indirect evidence for successive rearrangements at the TCRa locus
come from the analysis of Va and Ja elements used in recombination. Fetal thymo-
cytes recombine Ja elements at the 5° end of the Ja cluster in contrast to thymocytes
from adult mice, which use the whole Ja cluster for rearrangements (Thompson et al.,
1990b; Rytkdnen et al., 1996; Rytkbnen-Nissinen et al., 1999). Cells which have
rearranged only one chromosome use Ja elements from the 5°end of the locus
(Thompson et al., 1990b). Thus, it seems that thymocytes which have just started
recombination of the TCRa loci use 5 Ja elements. In addition, 3" Va elements
recombine preferentially with 5° Ja-elements and 5° Va elements mainly join 3" Ja
elements (Roth et al.,, 1991) which could be the result of consecutive nested
rearrangements.

The initial Va - Ja joining may be targeted to the most 5°Ja segments by a
strong TCRa locus germline transcript, called TEA (see: 1.3.1), which has been
shown to control rearrangement of the seven upstream Ja segments (Villey et al.,
1996). Subsequently, secondary recombinations result in a steady state population of
thymocytes which have rearranged Ja elements from the whole region.

Additional evidence for regulation of TCRa recombination was found in thymo-
cyte cultures. In these experiments both alleles of a cell used Ja elements from the
same sub-region (Hurwitz et al., 1989; Thompson et al., 1990a) which could be the
result of coordinated nested recombinations having started on both alleles (zipper-
model) or the targing of the V(D)J recombinase to certain elements.

Another mechanism to increase the production of useful TCRs is the recombi-
nation and expression of both TCRa alleles, a phenomenon called allelic inclusion. In
wildtype mice co-expression of two a-chains was observed in up to 30% of peripher-
al T cells (Casanova et al., 1991; Padovan, 1993). In TCR transgenic animals expres-
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sion of the transgenic a-chain is also frequently accompanied by expression of
endogenous a-chains (Malissen et al., 1988; von Boehmer, 1990; Borgulya et al.,
1992). However, expression of allelically included a-chainsis often restricted to the
cytoplasm (Bluthmann et al., 1988; Petrie, 1993; Alam et al., 1995; Boyd et al., 1998).

Peripheral T cells also seem to be able to escape autoreactivity by secondary
recombination as observed in a TCRb-chain transgenic mouse model (McMahan and

CD4& _
TCR b chain rearrangement
CD§8
Cch4t
cbhst TCR a chain rearrangement
b+
coa” | d ifici
altered specificit
TCR*T
no
selection ¢ EDITING
(additional a-chain
positive/negative rearrangements)

selection

/ \ lineage commitment
cell
death

emigration out of thymus

Fig. 4: Editing as a mechanism in thymic development to change receptor specificity in the case of fail-
ure during the selection processes.
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Fink, 1998). In this mouse strain transgenic T cells are chronically deleted by interac-
tion with a weak superantigen. The T cells loose expression of the transgenic b-chain,
transcribe the rag-loci and have double-strand breaks at TCR loci.

1.6 Editing in B Cell Development

Editing as a mechanism to escape apoptosis induced by negative selection
during B cell development has been investigated in detail (for review: Radic and
Zouali, 1996; Nemazee, 2000). In mice transgenic for g with specificity for either DNA
or MHC class | peripheral B cells do not express the autoreactive specificity (Gay et
al., 1993; Radic et al., 1993; Tiegs et al., 1993). Increased rag-expression mediates
allelic inclusion of endogenous light chains which replace the autoreactive receptors
(Tiegs et al., 1993; Hertz and Nemazee, 1997; Melamed and Nemazee 1997;
Melamed et al., 1998).

However, these models do not allow replacement of the transgenes by sec-
ondary recombinations, since conventional transgenes are randomly integrated into
the genome (Palmiter et al., 1982; for review: Palmiter and Brinster, 1986) and
expressed independently of endogenous Ig loci (Ritchie et al., 1984; Rusconi and
Kohler, 1985; Weaver et al., 1985). Gene targeting technology (Hooper et al., 1987;
Capecchi, 1989) allowed the generation of mouse strains which express transgenic
lg from endogenous loci. VkJk joints introduced into the k locus were shown to be
replaced efficiently by secondary recombination if the specificity of the Ig was autore-
active (Chen et al., 1995; Prak and Weigert, 1995; Pelanda et al., 1997; Qin et al.,
1999).

1.7 The HY-TCR Model

One well characterized transgenic mouse strain to investigate thymic selection
expresses a TCR (HY-TCR) recognizing a peptide encoded by the Y-chromosomal
gene smcy (Agulnik et al., 1994) in the context of the MHC class | molecule H-2Db
(Markiewitz et al., 1998). The expression of the HY-TCR in transgenic mice can be fol-
lowed by binding of the monoclonal antibody T3.70 to the HYa-chain (Teh et al.,
1989).

In female H-2DP mice thymocytes expressing the transgenic TCR are positively
selected and differentiate into CD8*T cells (Teh et al., 1988a). Negative selection is
observed in transgenic H-2DP males. Thymic cellularity in negatively selecting mice
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is reduced at least 10 times and the thymus is devoid of DP and SP cells (Kisielow et
al., 1988a). Transgenic thymocytes which develop in non-selecting thymic environ-
ment (e.g. H-2Dd) proceed in thymic development using allelically included endoge-
nous a-chains (Kisielow et al.,1988b).

However, the transgenes in this conventional HY transgenic mouse strain (HYtg)
are integrated randomly into the genome. This strain does not allow the investigation
of secondary recombinations in thymic development.

1.8 Aim of this Thesis

Evidence has been presented which suggests that multiple rounds of recombina-
tion play a role in thymocytes which express a non-selectable receptor. However, the
involvement of induced receptor change in tolerance induction (editing) has not been
adressed before. The aim of this thesis was to generate a mouse strain which
expresses the VaJa of the HY-TCR in the TCRa locus (fig. 8) and allows to investi-
gate whether thymocytes expressing an autoreactive receptor can be rescued by sec-
ondary rearrangements.
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2 MATERIAL AND METHODS

2.1 CLONING

Cloning of the targeting vectors and other plasmid vectors was performed accord-
ing to standard protocols from Molecular Cloning (Sambrook et al., 1989). The bac-
teria strain DH5a was used for the amplification of plasmid DNA (Hanahan, 1985).

The restriction enzymes used in cloning and other molecular-biological methods
are listed in table.

Asp718I (Boehringer) Hindlll (Gibco/BRL) Sacl (Boehringer)
BamHI (Gibco/BRL) Hincll (Biolabs) Sall (Biolabs)
Binl (Boehringer) Ndel (Biolabs) Spel (Biolabs)
BssHI (Biolabs) Nhel (Biolabs) Sphl (Boehringer)
Clal (Boehringer) Pstl (Gibco/BRL) Tth111l (Biolabs)
Eagl (Biolabs) Pvull (Boehringer) Xbal (Boehringer)
EcoRI (Boehringer) Rsal (Biolabs) Xhol (Gibco/BRL)

EcoRV (Gibco/BRL)

Table 1: Restriction enzymes used in experiments described in this thesis.

2.2 VECTORS

2.2.1 Construction of the Targeting Vector pCq T

To generate the targeting vector pCq T (fig.5), a BamHI/Xbal fragment containing
the Va6d3 element was cloned from cosmid 16-15 (a gift of L. Hood) into
pBluescriptKS(+). The thymidinkinase gene was introduced into the BamHI and Xhol
sites. Subsequently, the neomycin resistance gene which was flanked by loxP sites
was inserted into the two BInl sites.
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SA  Lx N Lx LA TK Amp'
<=
Va6/d3
EcoRl [ I I | |
HindlIl I | | |
Sacl | |
Sphl I I Amp' ampicillin-resistancegene
Xbal | SA  short arm of homology
Xhol | | | Lx  loxP-Site
0 N neomycine resistance gene

m=== LA long arm of homology
1.0kb TK  HSV-thymidinkinase

Fig. 5: Restriction map of the targeting vector pC4T.

2.2.2 construction of the targeting vector pC3T

The short arm of the targeting vector pC3T (fig. 6) was generated by PCR using the
primers SAForwEco and SARevSal. The product was cloned into the EcoRI and Sall
sites of pBluescriptllIKS(+) and shortened by excision of a Pstl fragment. The
neomycin resistance gene with a 3" loxP site was cut from pL3Neo (U. Betz) by Xhol
and cloned into the Sall and Xhol sites. The short arm of homology together with the
Neomycin resistance gene and the loxP site were cut out by Notl and Xhol and intro-
duced into the Notl and Sall sites of pBS-HY which had been generated by introduc-
tion of a 11.4 kb Sall fragment containing the VaJda of the HY-TCR from the cosmid
CHY-a9.1 (a gift of L. Hood) into pBluescriptllIKS(+). The thymidinkinase gene was
introduced blunt end into the Asp718I site.

LA
SA NLx P VJ J56 J54 J5352 J1J50M49 TK Amp'
—
BamHI | | [
BssHII | | Il |
Eagl | 1
EcoRl I | | |
Hindlll | | Il | |
Notl I —_—
Lx loxP-Site SA  short arm of homology L0kb
J49-56 Ja-Segments LA long arm of homology
TK thymidinkinase N  neomycine resistance gene

Fig. 6: Restriction map of the targeting vector pC3T.
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2.2.3 pSRe65 (F. Rieux-Laucat, unpublished)

The 1.3 kb probe P1 was cut by Xbal digest from the plasmid pSR65 (fig.7) which
contained genomic DNA flanking the Va6/d3 gene segment.

Va6/d3 Amp'

- <
Hindlll | | |
Pstl | I I Amp" ampicillin-
Sphl I | | | - resistance gene
Xba | I I
Xhol |
Scal | I I

1.0kb

Fig. 7: Restrictionmap of pSR65.

2.3 DNA SEQUENCING

Plasmid DNA, cosmid DNA, and PCR products were sequenced using the Ready
Reaction DyeDeoxyTerminator Cycle Sequencing KIT (Applied Biosystems) and the
automatic sequencers ABI373 and ABI377 with the help of G. Zoebelein and S.
Wilms. The method is based on the dideoxy-chain termination reaction with fluores-
cently labeled dNTPs (Sanger et al., 1977).

2.4 ES CELL CULTURE

ES cell culture was performed according to the protocols found in Laboratory
Protocols for Conditional Gene Targeting (Torres and Kiuihn, 1997). The targeted intro-
duction of a loxP site into the Va locus was verified using a Southern blot screening
method. 10 days after transfection with the targeting vector pC1T and double-selec-
tion with G418 and gancyclovir, ES cell colonies were picked, grown in duplicates in
a 96 well plate and then transferred to 24 well plates. The duplicate plates were over-
layed with medium containing 10% DMSO and frozen at -80°C. The original plates
were grown to confluency, DNA was prepared from the cells, and the clones were ana-
lyzed for the presence of the targeted mutation. Mutant clones were then thawn, the
cells trypsinised and propagated according to the standard protocol. In the second tar-
geting experiment pC4T transfected colonies were grown up for 10 days under G418
and gancyclovir selection and then a PCR based screen was performed on half of the
cells of each picked colony. This method allowed me to continue the propagation of
only PCR positive clones. The cells were frozen down in 10% DMSO containing medi-
um in a densitiy of 2x106 cells in standard freezing vials. Southern blot analysis was
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performed on DNA extracted from confluent wells of a 24 well plate.

In vitro deletion by Cre-mediated recombination was performed with the Cre-
expression plasmid pGK-creBpA (K. Fellenberg).

Blastocyst injection and morula aggregation of mutated ES cell lines were per-
fomed according to protocols in Manipulating the Mouse Embryo (Hogan et al., 1994).

2.5 PREPARATION OF GENOMIC DNA

ES cells from one well of a 24-well plate or 0.5 cm of a mouse tail biopsy were lysed
in 0.5 ml lysis buffer (100 mM Tris/HCI pH 8.5; 5mM EDTA; 0.2% SDS; 200 mM NacCl,
100pg/ml proteinase K; Laird et al., 1991) . After digestion for at least 2 hrs at 55°C
(or 37°C if live ES cells remained in the 24-well plate) debris was removed by cen-
trifugation at 14000 rpm in a table top centrifuge. The supernatant was transferred to
0.5 ml 2-propanol, mixed and the DNA was pelleted by centrifugation. After washing
with 70% ethanol the DNA was dried and dissolved in 200 ul TE buffer.

2.6 SOUTHERN-BLOTANALYSIS

For Southern blot analysis (Southern, 1975; Sambrook et al., 1989)10 pg of
genomic DNA were digested with 60—100 U of restriction enzyme over night. The frag-
ments were separated in 0.8% agarose gels stained with ethidiumbromide by elec-
trophoresis in TAE buffer, photographed and depurinized with 0.25 M HCI for 20 min.
After washing with transfer buffer (0.4 M NaOH, 0.6 M NaCl) the DNA was blotted on
a Nylonmembrane (GenescreenPlus, NEN, Boston, USA) by capillary transfer for at
least 4 hrs. The membrane was neutralized in 0.5 M Tris pH7.5; 1 M NaCl and pre-
hybridized in hybridization solution (50 mM Tris pH 7.5, 1 M NaCl, 1% SDS, 10%
Dextran Sulfat) for 30 min. The probe was boiled, cooled on ice, and labeled by ran-
dom priming through Bca-Polymerase with 25 pCi aATP32 at 55°C for 30 min-2 hrs.

probe description origin position in Ja locus
(Koop et al. 1994)
probe 1 external probe pPSR65 1.3 kb
5'targeting Xbal fragment
probe 2 eternal probe pSA3 0.6 bp 22614-23217
3’targeting fragment
probe 3 internal probe pBS-HY 0.5 kb 25317-25822
large deletion Sphl fragment
probe 4 Neomycinresistance pL3Neo 1.3 kb

gene internal probe fragment

Table 2: Probes used for Southern blot analysis.
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Unincorporated nucleotides were removed through a S-200HR column (Pharmacia).
The probe was added to 400 ul water and 100 pl of salmon sperm solution (1 mg/ml,
sheared), boiled, cooled and added to the hybridization solution. Hybridization was
performed at 65°C over night. To remove unspecifically bound probe the membrane
was washed with 2xSSC, 0.1% SDS at 65°C. The radioactive band was then visual-
ized by autoradiography on Kodak-KAR-5 or Kodak Biomax-MS films.

2.7 POLYMERASE CHAIN REACTION

Polymerase chain reaction (PCR) (Saiki et al., 1985; Saiki et al., 1988) was used
for the cloning of the short arm of homology of pC3T, for the screening for homolo-
gous recombinants and for the typing of transgenic mouse strains. The primers were
either synthesised by G. Zoebelein in a DNA synthesizer (Applied Biosystems 380A)
and cleared from unincorporated nucleotides through a NEP-25 column (Pharmacia)
or bought from ARK. Tag-Polymerase and Taq buffer were prepared by C. Uthoff-
Hachenberg. Only for the PCR using the Primers ValLoxP-F and ValLoxP-R
Klentherm Taq was used. The reaction mix (1 pl genomic DNA, 2 pl of each primer 10
UM, 5 gl dNTP-mix 10 mM, various amount of 50 mM MgCl,, 0.5 pl Tag-Polymerase,
and water up to 50 ul) underwent repeated heating-cooling cycles either in Biometra-
Triblock or Biometra 96 well plate thermocyclers. All primers used for PCRs are listed
in table 3.

2.8 MOUSE MAINTENANCE

2.8.1 General Maintenance

Generation of the transgenic mouse strains Hya!F and Hya!P was performed in a
conventional barrier mouse facility in our instute. HY-I mice had been generated
through breeding of homozygous HYa!DIDHyb* mice with TCRa deficient animals in
the same facility. Maintenance breedings of HYa!DIDyypt (H-2Db), TCRa™- (H-2Db
and H-2Dd), HYa/b+/+, however, were performed in the specific pathogen free (SPF)
facility in our institute. The mice were maintained in microisolater cages (Thorensen)
according to the guidline of the Tierschutzgesetz.

HYab*/* mice were otained from the Basel Institue of Immunology and were a kind
gift of J. Fehling.
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Nr. Name Sequence (5" —> 3) Target Position Orien- Product T Ann.
tation °C
Universal gtaaaacgacggccagt pBS 617 AS Seq. 50
Reverse aacagctatgaccatg pBS 809 S Seq. 50
1585 SA Forw Eco tgcctggaattcagatactgaccagcaac E14.1 gen. 22573 S SA 60
1584 SA Rev Sal atactgtcgacattcttctgctagccgatag E14.1 gen. 24095 AS SA 60
1649 Del Neo Sense acatctatctccatcaactg pC4qT 5772 S Screen 58
=Va Sense (Fred)
1650 DelNeoAS ttatgtctatgaatgaaactg pCqT 3671 AS Screen 58
=Va AS (Fred)
2126 5'ins Neo ggagactcaccggggctctggctc pC3T 1496 S Seq. 50
2125 5’ins VJ vorm
Leader ccttgcagctctcagaagtgcagttg pC3T 5644 S Seq. 50
2124 3’ins VJ acttggaatatataagtagttaagacttg pCaT 6387 AS Seq. 50
2123 5’ins VJ nach
Leader cctagtcagaatctacacaagggac pCaT 5893 S Seq. 50
2122 3’in Prom gagctagaaatgctaccgtcctcg pC3T 5411 AS Seq. 50
2121 5’loxP ccacactgctcgacctgcagcca pCaT 2673 S Seq. 65
1992 Screen SA
Forw cctaattcccacagaaccaca Ja Loc. 23161 S Screen 65
2688 Neo Sense for
Screen tcgtgctttacggtatcgec pCaT 1723 AS Screen 65
2636 V alpha Sense
f. gr. Deletion caggcaccacagaccatccttgc pCqT 5959 AS Screen 60
2637 Promotor HY
VJ 5'Ende AS ccagacagttcctactacaccacgttc pC3T AS Screen 60
HYbls cacatggaggctgcagtcac tail DNA S Typing 62
HYb2s gtttctgcactgttatcacc tail DNA AS Typing 62
5" Deleter gaaagtcgagtaggcgtgtacg tail DNA S Typing 58
Mx-Cre R cgcataaccagtgaaacagcat tail DNA AS Typing 58
5" of Ca E1-F ccaaatcaatgtgccgaaaac tail DNA S Typing 58
pGK Prom-R  tacccgcttccattgctcag tail DNA AS Typing 58
TCRd-F: caaatgttgcttgtctggtgaaag tail DNA S Typing 62
TCRd-R1: caaaagttatccaccccgagttc tail DNA AS Typing 62
NDS3 gagtgcctcatctatacttacag embryo DNA S sexing 57
NDS4 tctagttcattgttgattagttgc embryo DNA AS sexing 57
ZFY11 gtaggaagaatctttctcatgctgg embryo DNA S sexing 57
ZFY12 tttttgagtgctgaggggtgacgg embryo DNA AS sexing 57

Table 3: List of primers used for PCR and Sequencing in the described experiments.
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2.8.2 Typing

Initially, the presence of a transgene in newly generated mouse strains was verified
by Southern blot analysis. The initial typing for the presence of the HYb transgene
was performed by FACS. Mice were bled by cutting the tail vain after 5 min of heating
under red light. 200 pl of blood were collected and mixed with 1 drop of Heparin
(Liqguemin, LaRoche). After addition of 200 pl PBS the blood leucocytes were sepa-
rated from erythrocytes on 800 pl of 8% Ficoll by centrifugation at 2500 rpm for 10 min
without brake. The cells were then stained with the Vb8.1,8.2, 8.3 specific antibody
F23.1 FITC and CD3 PE. Transgenic mice expressed Vb8 on almost all CD3* cells.

Similarly, TCRa deficient and HYa!PHYb* mice were typed for absence of H-2b
and the presence of H-2d after breeding to an H-2Dd expressing mouse strain
(BALB/c).

Later, typing for the presence of the HYb transgene, the TCRa deficient allele, and
all other transgenes was performed by PCR. These PCR reactions are listed in table
4.

primer pair mouse strain/transgene product

HYbs1/HYbs2 HYb-transgene ca. 300 bp

5of CaE1l-F/ TCRa deficient allele 420 bp

pGK Prom-R

5’deleter/ Deleter-cre 600 bp

Mx-CreR

VaSense f. gr. Deletion/ HyalP-Allele 950 bp

Promotor HYVJ5 EndeAS

VaSense (Fred)/ HyalF-Allele 926 bp wildtype

VaAS (Fred) 837 bp inserted

TCRAF/TCRd-R1 homozyosity absence of
HYya'“-Allele 480 bp product

ZFY11/ZFY12 zfy-1/zfy-2 genes 217 or 199 bp

NDS3/NDS4 dxnds-1 gene 244 bp

Table 4: PCRs used for typing of transgenic mouse strains or of the sex of embryos.

2.9 CYTOFLUOROMETRIC ANALYSIS AND SORTING (FACYS)

2.9.1 FACS Analysis

Single cell suspension were stained with FITC-, PE-, APC- and biotin-conjugated
antibodies. Staining with these fluorescently labeled antibodies was performed as
described elsewhere (Forster and Rajewsky, 1987) . Briefly, 2x100 cells were stained



Material and Methods 20

with antibodies diluted in PBS/1% BSA/0.01% NaNg (PBA) for 15 min at 4°C. All anti-
bodies were titrated in separate experiments before use. After washing with PBA
either a second staining step including Streptaviding-Cychrome, -APC, -PercP, -Cy7-
PE or analysis was performed immediately after resuspending of the cells in 200—-400
pl of PBA. 3 color analysis was done on a FACScan, 4-color analysis either on a
FACSsort or FACScalibur (BecktonDickinson). In some analysis, dead cells were
excluded either by adding Propidiumiodide (PI, 0.2 pg/ml) or Topro-3 (1 nM). The anti-
bodies used in the experiments are shown in table 5.

AnnexinV staining was performed using FITC-Annexin V reagent (Pharmingen).
Cells were stained for 20 min at room temperature in 50 pl Annexin V buffer (10x
Annexin V buffer: NaCl 1.5 M, KCI 50 mM, CaCl, 18 mM, MgCl, 10 mM, NaOH
100mM, HEPES 0.1M, pH to 7.4) containing AnnexinV-FITC reagent (Pharmingen),
buffer was added and cells were immediately analysed by the cytometer (Koopman et
al., 1994).

CD3e 145-2C11 Leo et al. 1987

CD4 GK1.5/4 Dialynas et al. 1983

CD5 53-7.3 Ledbetter and Herzenberg, 1979
CD8a 53-6.7 Ledbetter and Herzenberg, 1979
CD24/HSA M1/69 Springer et al. 1978

CD25 7D4 Malek et al. 1983

CD44 KM114 Myake et al. 1990

CD69 H1.2F3 Yokoyama et al. 1988
CD90/Thy-1 CGFO-1 Opitz et al. 1982

TCRb H57-597 Kubo et al. 1989

HYa-chain T3.70 Teh et al. 1988

Mac-1 M1/70 Springer et al. 1978

CDl11c HL3 Huleatt et al. 1995

H-2KP AF6-88.5 Loken et al. 1992

H-2kd SF1-1.1 Abastado et al. 1993

H-2 I-A/lI-E M5/114.15.2 Bhattacharya et al. 1981

Va2 B20.1 Pircher et al. 1992

Table 5: Antibodies which were used in FACS analysis and sorting.
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2.9.2 FACS Sorting

For sorting on a FACSstar (BecktonDickinson) cells were stained in a different
staining buffer (RPMI 1640 w/o phenolred, riboflavin/biotin (Gibco 074-90246) in 1l
water, 10 ml Hepes buffer 1mM, 10 ml Glutamin, 10 ml Penicillin/Streptomycin
(Gibco), 30 ml FCS decomplemented). Experience had shown that cell death was
reduced by use of this buffer. Sorting was performed with the help of C. Goettlinger.

2.10 MAGNETIC CELL SORTING

Enrichment and depletion of cellular fractions by magnetic cell sorting was done by
use of beads-conjugated antibodies (CD4, CD8, CD90), magnets, and columns from
Milenyi Biotec according to the manufacturer’s instructions. However, a different
buffer was used (see 2.9.2). Sorting efficiency was monitored by fluorocytometry.

2.11 FETAL THYMIC ORGAN CULTURE

Female TCRa deficient mice were bred to male HYb*HYa!D''D mice and tested for
vaginal plug the next morning (d 0.5). Pregnant mice were killed on d14.5-d17.5,
embryos placed in PBS, and thymi prepared from the embryos under sterile condi-
tions. It is essential that preparation of the thymi is performed in medium which does
not contain HEPES since HEPES was found to inhibit the activity of the HY-peptide.
Genotyping of the embryos was performed on tail DNA by use of the primers HYbs-1
and HYbs-2 (tables 3 & 4) for the HYb transgene on the same day. For sex determi-
nation an X-chromosomal and a Y-chromosomal gene were detected by PCR with the
primer pairs Nds3 and Nds4 , and Zfyll and Zfy12, respectively (table 3 & 4, fig. 23;
Kunieda et al., 1992). The thymic lobes were placed on Millicell ™ culture plate
inserts (Millipore) on DMEM-10 medium (DMEM, Lifesciences, 10%FCS, 6 ml sodium
pyruvate, 6 ml non-essential amino acids, 6 ml glutamin, 50 uM b-mercaptoethanol)
HY-peptide (Markiewitz et al., 1998) was added in indicated concentrations, and the
lobes were cultured at 37°C 7.5% CO, 100% relative humidity. Single cell suspen-
sions for analysis were prepared by squashing the lobes between 30 um nylon mesh.
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2.12 THYMIC REAGGREGATION CULTURE

Reaggregation cultures were performed according to a modified version of the pro-
tocol of Jenkinson et al., 1992. To obtain thymic stroma, thymi of three C57BL/6
females were digested with collagenaseD and DNase at 37°C for 15 min and 1x
trypsin/EDTA (Gibco) at 37°C for another 15 min on a shaker with the help of glas
beads. Thymocytes were depleted by two steps of magnetic cell sorting (see 2.10)
using first anti-CD4 and anti-CD8 beads and second anti-Thyl.2 beads
(MiltenyiBiotec). Thymocytes of female HY-I H-2DDP mice were stained with antibodies
against CD4, CD8 and HYa-chain (see 2.9.1). Hya*tCD8* thymocytes were sorted
with a FACSstar (see 2.9.2), labeled with CFSE (see 2.13), and mixed at a ration of
3:1 with stroma cells, pelleted and transferred by mouth pipetting with a drawn-out
glas capillary into MillicellT™ inserts (Milipore) which were placed on DMEM-10 medi-
um (see 2.11). The reaggregates were cultured at 37°C 7.5% CO5, 100% relative
humidity.

2.13CFSE LABELING

After sorted T cells had been washed with 37°C warm DMEM without FCS, they
were incubated with 1 ml per 107 cells DMEM containing 5 pM CFSE (5 mM stock in
DMSO, Molecular Probes) at 37°C for 10 min (Lyons & Parish, 1994). The labeling
reaction was stopped by addition of 10 ml ice-cold DMEM-10 medium (see 2.11). The
cells were washed once with DMEM-10 and then used for proliferation experiments.

2.14 T CELL ACTIVATION AND PROLIFERATION ASSAY

Single cell suspensions were prepared from LNs and spleens of female HY-I mice.
The cells were stained with antibodies of the following specificities: CD4, CD8 , and
HYa-chain. After sorting of HYatCD8" T cells, these cells were labeled with CFSE to
allow monitoring of cell division. Subsequently, 10° sorted T cells were mixed with 10°
splenocytes from C57BL/6 or BALB/c mice which had been incubated with 50 pg/mi
mitomycin C for 20 minutes. The cells were then cultured with varying amounts of HY
peptide in 96 well round bottom plates at 37°C 7.5% CO, 100% relative humidity.
After 3 days of culture the cells were harvested and analyzed by FACS.
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2.15 DATA ANALYSIS

Data analysis and processing was performed on Macintosh computers using the
following programs:

Microsoft Excel98 QuarkExpress3.0 CellQuest3.3
Microsoft Word5.1 AdobePhotoshop3.0 Oligo4.0
Canvas 3.1 Ofoto2.0
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3 RESULTS

3.1 Generation of the HY-TCRa Chain Insertion Model

Secondary recombination events at the TCRa locus replace an already rearranged
ValJa (fig. 3 & 4). To investigate this process it was decided to introduce a recombined
ValJa element into its physiological position between remaining Va and Ja elements.
Due to the unique structure of the TCRa/d locus (fig. 1, Chien et al., 1987) the first
TCRa-rearrangement leads to the deletion of the intervening TCRd locus. To mimic
this TCRd locus deletion | therefore had not only to introduce a recombined VaJa seg-
ment but also to remove a 263 kb large chromosomal fragment (fig. 8) utilising the
Cre-loxP system (Sauer and Henderson, 1988; Gu et al., 1994) in vivo. In a first tar-
geting experiment in murine ES cells a neomycin gene flanked by loxP sites was inte-
grated into the Va region and subsequently removed in vitro by Cre mediated recom-
bination. In a second targeting experiment in this ES cell clone another loxP site and
a VaJa element were introduced into the Ja region. Such ES cells were used to gen-
erate a mouse strain in which the TCRd locus was deleted.

As a model system a H-2DP restricted male (HY) specific TCR was chosen which
is positively selected in female and negatively selected in male transgenic mice
(Kisielow, 1988; Kisielow et al., 1988) of MHC haplotype H-2Db.

LoxP LoxP Vdyy
pCqT pC3T

Va TCRd locus Ja Ca

Cre

——»
—-HHE-HHH

Va V‘]HY Ja Ca

Fig. 8: Strategy to insert a recombined VaJa into its physiological position in the TCRa locus of the
mouse. The targeting vector pC4T is inserted by targeted mutagenesis in the Va region. After removal

of the neomycin resistance gene by Cre-mediated deletion, a second targeting vector pC3T containing

a recombined VaJa element is inserted in the Ja locus. The DNAfragment flanked by loxP sites is then
removed by Cre-mediated recombination. TK: Thymidinkinase; Neo: Neomycin resistance gene; black
triangles: loxP sites; arrow: transcriptional orientation
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3.1.1 Targeted Insertion of the 5’loxP Site

First a neomycin resistance gene which was flanked by loxP sites was introduced
in front of the Va6/Vd3 element which is located at the 3"end of the Va cluster (Seto
et al., 1994). Placing the upstream loxP site at this Va elements would leave behind
after deletion of the TCRd locus the majority of other Va elements that could be used
in secondary rearrangements.

A
Binl EcoRlI EcoRI  Binl Binl Binl Sall
l | l l IVa | 1
i /¢ — | —
7 / Iprobe 1
7 probe 4 /
R Re I |
Tk | —P{nEo
EcoRl EcoRl EcoRlI / EcoRI
\ EcoRly
Binl EcoR| EcoRl N /EcoRI Binl Sall
n co n a
| | | \y Val I
I
> -+ probe 1
|
1kb
6.6 kb=
5.4 kb =
Fig. 9: Introduction of a loxP Va6/d3 genotypes determined by Southern blot or PCR
site into the Va rgglon;(A) WT Targeted DNEO
scheme of the targeting event
and the cre-mediated deletion EcoRI/Sall digest 6.6 kb 5.4 kb 5.4 kb
;(B) Southern blot analysis of .
pC1T targeted ES cells after BlInl digest 5.2 kb 13 kb 12 kb
EcoRI/Sall digest, hybridisa- PCR Product 926 bp 2100 bp 837 bp

tion with probel; (C) Southern-blot analysis of of ES cells after cre-mediated deletion of the neomycin
resistance gene after Blnl digest, hybridisation with probe 1; (D) confirmation of the cre-mediated dele-
tion of the neomycin resistance gene by a PCR with primers flanking the Neomycin resistance gene;
The predicted and confirmed sizes of the hybridised DNA fragments and the PCR products are shown
in the table and indicated in (B) and (C) with arrows at the left side. TK thymidinkinase; Neo neomycin
resistance gene; Va: Va6/d3 element; black triangels: loxP sites; bold bars: Southern blot probes; small
arrows: PCR primers 1649 & 2126; large arrows: transcriptional orientation
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107 ES cells (E14.1) were transfected with 30 pg of the Xbal linearised targeting
vector pCq T and selected with G418 and gancyclovir (Capecchi, 1989). 96 double
resistant colonies were picked and screened for homologous recombination by
Southern blot (Fig. 9A). Genomic DNA was digested with EcoRI/Sall or Binl and
hybridized to the 3" external probe 1 (fig. 9B, data not shown). Five homologous
recombinant clones were identified (5% of G418/gancyclovir selected clones).
Additional, random integration of the targeting vector was excluded by hybridisation
with an internal probe specific for the neomycin-resitance gene (probe 4; data not
shown).

The neomycin resistance gene was removed by transient expression of the Cre
recombinase (Torres and Kihn, 1997) in ES cells carrying the insertion of the target-
ing vector pCqT. 107 ES cells were transfected with 50 pg of the Cre expression vec-
tor pGK-creBpA (K. Fellenberg, unpublished) and screened for G418 sensitive clones.
In these clones the Cre-mediated deletion was confirmed by Southern blot analysis of
BiInl digested DNA hybridised with the external 5" probe 1 (fig. 9A & C) and PCR with
primers 1649 & 2126 (table 3, fig. 9D). The recombination took place in 4% of the
transfected cells.

This first targeting experiment was performed by F. Rieux-Laucat and me. Because
his ES cell clones carrying the insertion of pC4 T were available earlier, the removal of
the neomycin resistance gene was performed by F. Rieux-Laucat on his ES cells.
which were then used by me for the following experiments.

3.1.2 Targeted Insertion of the Recombined VaJa Element

The VaJda element of the HY-TCR as well as a second loxP site were introduced
into two ES cell clones which harbored the loxP site 5° of Va6/d3. The Ja57 element
which had joined with Va9.2 to form the variable region of the a-chain of the HY-TCR
(Uematsu, 1992; Arden et al., 1995) was replaced by this recombination event. It is
located at the 5°end of the Ja cluster (Koop et al., 1994) and the 56 Ja elements
remaining after deletion of the TCRd locus could be used in secondary rearrange-
ments.

The previously targeted ES cell clones 1F12 and 2C5 were transfected with 30 pg
of the Notl linearized targeting vector pC3T (fig. 6) and selected with gancyclovir and
G418 for 8 days. The counter-selection by the gancyclovir/thymidinkinase system of
of clones carrying random integrantions of pC3T lead to a 8-fold enrichment of puta-
tive homologous recombinants. A PCR screening strategy was used for the identifi-
cation of clones having integrated the targeting vector pC3T into the genome by
homologous recombination. This PCR screen was performed by using the primer
1992 (table 3) binding outside the short arm of homology of the targeting vector pC3T
and the primer 2688 (table 3) binding to the neomycin resistance gene (fig. 10 A). The
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Fig. 10: Insertion of a recombined VaJa into the Ja locus by homologous recombination in ES cells
containing a Va loxP site; (A) scheme of the targeting vector and the locus; (B) PCR screen for homol-
ogous recombinants using the primers 1992 & 2688 (small arrows in A), the positive control is labeled
with +, 2C5 was the parental ES cell clone, clones IIE5 and IIE7 were found to be homologous recom-
binants, (C) Hincll and (D) EcoRI digested DNA of PCR positive clones was used for Southern blot
analysis and hybridised to probe 2 to confirm the homologous recombinatin event, the * marked Hincll
site did not cut, although its presence had been confirmed by digestion of a PCR product. The predicted
and observed sizes of the DNA fragments or PCR products are shown in the table. For a detailed leg-
end see fig. 9.

specific conditions (94°C 30 s, 65°C 60 s, 72°C 120s, 35 cycles in a Biometra Triblock
PCR thermocycler) for this PCR based screen had been established beforehand on
ES cells transfected for a PCR target (pSANeoloxPtest) consisting of the neomycin
resistance gene and an extended short arm of homology of pC3T allowing the 5
primer to anneal (data not shown).

The PCR screening for homologous recombinants was performed on half the cells
of each colony (fig. 10A & B). In clones positive in the PCR screen the homologous
recombination event was confirmed by Southern blot analysis of genomic DNA digest-
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Fig. 11: Deletion of the TCRd
locus by Cre mediated recombi-
nation in ES cells; (A) scheme of
the targeted TCRa/d locus
before and after Cre-mediated
recombination, small arrow:
PCR primers 2636 and 2637,
large arrows: transcriptional ori-
entation, bold lines: Southern
blot probes, black triangels: loxP
sites, Neo: neomycin resistance
gene, Vala: Vab6ld3 element;
(B) screening strategy for clones
carrying both insertions in cis,
numbers of plated cells are

given in the wells or plates, the grey half of the 6 well plate is treated with G418, crosses in the lower
6 well plate represent dying colonies; (C) PCR using the primers depicted in A by small arrows on the
parental clone or G418 sensitive clones after transfection with the Cre expression vector; (D) Southern
blot analysis of DNA from G418 sensitive clones, Ndel digest and hybridisation with probe 4. The pre-
dicted and observed sizes of the detected fragments are shown in the table.
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sion of the inserted VaJa in the same animal; (D) PCR which was used to identify offspring of

HYa!Fdeleter-cre™ animals which had deleted the TCRd locus in the germline; the strategies used for
Southern blot analysis and PCR screen are the same as in fig. 9, 10 & 11.

ed with EcoRI or Hindll digest and hybridized to the external probe 2 (fig. 10A, C &
D). The frequency of homologous recombination in G418/gancyclovir selected cells
was 8-10%. By hybridisation of the same blots with a probe for the neomycin resis-
tance gene (probe 4) it was shown that the homologous recombinants contained no
random integration of the targeting vector in addition (data not shown).

To exclude the possibility that the inserted VaJa joint had been mutated during
homologous recombination the coding region was sequenced (data not shown) and
no mutations in the exons or at splice sites were observed.

3.1.3 In-Vivo Deletion of the TCRd locus

Since integration of the second targeting vector could have taken place on either
one of the two homologous chromosomes, ES cell clones carrying both insertions on
the same allele (in cis) had to be identified. The test for cis-position of the loxP sites
was Cre mediated deletion of the TCRd locus and the neomycin resistance gene. Five
ES cell clones carrying both insertions were transfected with 50 ug of the Cre expres-
sion vector pGK-creBpA (Torres and Kuhn, 1997). In a pre-experiment it was tested
whether or not G418 sensitive colonies were generated by Cre mediated recombina-
tion in a respective clone (fig. 11B). Transfected cells of several clones were distrib-
uted in duplicates on 6 well plates and after the establishment of visible colonies
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G418 selection was started on half the wells. The wells were then screened daily for
dying colonies and only from those transfected ES cells which had shown to contain
G418 sensitive cells, colonies were picked and screened for G418 sensitivity. The
deletion of the TCRd locus in G418 sensitive ES cell clones was verified by Southern
blot analysis (fig. 11A). Genomic DNA was digested with Ndel and hybridized with the
internal probe 3 (fig.11D). Sequencing of a PCR product generated with primers 2636
and 2637 which anneal 5" and 3" of the two loxP sites confirmed the juxtapunction of
Va and Ja region (fig. 11C, data not shown).

Since it is likely that the probability of an ES cell clone to keep its omnipotence
decreases after several rounds of transfection/selection | used for the generation of
chimeric mice ES cells which had gone through the fewest number of transfection
experiments. This was achieved by a) generating a mouse strain which carried the 5
loxP site as well as the 3" VaJa insertion and b) deleting the TCRd locus in vivo by
crossing this strain to a mouse strain (deleter-cre) expressing the Cre recombinase
early in embryogensis (Schwenk et al., 1995).

| generated chimeric mice by morula aggregation and blastocyst injection (Hogan
et al., 1994) of 3 ES cell clones (ID8, IVA12, and IVF12) which carried the two inser-
tions in cis location. Morula aggregation using 28 CD1 embryos yielded 4 mice with
chimerism >90%. However, as judged by coat color these chimeras did not generate
any offspring derived from the ES cells. Subsequently, | generated by blastocyst injec-
tion 16 chimeric mice of which 4 transmitted the mutated allele through the germline
as shown by Southern blot analysis (fig. 12A, B & C).

The new mouse strains were called HYa”:(A) (clone IVA12, germline transmission
after breeding to CB20) and HYalF(F) (clone IVF12, germline transmission after
breeding to C57BL/6). These mice were bred to a transgenic mouse strain express-
ing the b-chain of the HY-TCR to investigate whether theHYalF allele would be
expressed already without deletion of the d-locus. It was found that the HYa-chain
was indeed expressed from this allele (fig. 13A).

In order to delete the TCRd locus, HYa!F mice were bred to the deleter-cre mouse
strain (Schwenk et al., 1995). Mice carrying the deleter-cre allele as well as the
mutated TCRa locus were found to be genetically mosaic in respect to the deletion of
the TCRd locus (data not shown). To establish the deleted mouse strain, | screened
by PCR (fig. 12D) offspring of such mosaically deleted mice for absence of the
deleter-cre allele and presence of the deletion of the TCRd locus. The deleted allele,
termed HYa!D, was transmitted through the germline of HY“:(F) deleter-cret mice
with a frequency of only 5%. Unfortunately, the deletion could not be confirmed by
Southern blot analysis because in contrast to ES cell derived DNA, DNA from differ-
ent organs of adult mice did not get digested completely by Ndel.

Finally, mice for the analysis of TCRa secondary rearrangements were obtained by
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Fig. 13: Expression of the inserted transgene from a locus in which the large deletion to remove the
TCRd locus had not yet been performed, (A) LN cells of male and female HyalF/O Hyp* mice; (B,C,D)
thymocytes of HYa!F/O Hyb* mice: (B) CD4 and CD8 staining of total thymocytes; (C) CD25 and CD44
staining of DN thymocytes; (D) HYa chain expression on CD25" (bold line) and CD25 (thin line) DN

breeding together the Hya!P allele, the HYb transgene (Uematsu et al., 1988) and
TCRa deficient allele (Mombaerts, 1992). In these mice with the genotype
HYa'D/OHYb+, referred to as HY-I mice, expression of the TCRa gene was restricted
to the insertion allele.

3.2 Expression of the Inserted HYa on Peripheral T Cells

3.2.1 Hya*cD8' Cells in Female HY-I Mice

Expression of the inserted HYa chain was monitored by use of the monoclonal anti-
body T3.70 (Teh et al., 1989) which is specific for the a-chain of the HY-TCR (Teh et
al., 1990). In the analysis of expression of the inserted TCRa chain the conventional
HY-TCR transgenic mouse strain was used as a positive control. Lymph node (LN)
cells of (positively selecting) female HY-1 and HYtg mice (H-2Db) were analysed by
FACS. The HYa-chain was detected on 18% of the CD8% LN cells from the HY-I
mouse compared to 10% of HYaTCD8™ cell in LN cells from the HYtg mouse (fig. 14).
These data suggest that HY-TCR™ cells can be efficiently positively selected in the
thymus of HY-I mice and exported to the periphery.

A difference between HY-I and HYtg mice was observed in the population of CD8"
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cells which contained in female conventional transgenic mice a population of T cells
with varying levels of the HY-TCR (fig. 14). In the insertion mice this population of
HYadull cell could not be found and instead appeared as a clear distinct Hya™ popu-
lation (fig. 14). The Hyadull celis in the transgenic model have been described to
coexpress a second a-chain, encoded by a VaJa joint in the endogenous TCRa loci.
This process has been termed allelic inclusion (Borgulya et al., 1992; Malissen, 1992)
. The two a-chains compete for surface expression with the transgenic b-chain, which
in turn leads to variable intensity for HYa-chain staining on these cells. In the HY-I
model this allelic inclusion cannot take place, because the transgenic TCRa was
expressed by one TCRa locus and the other TCRa locus was genetically inactivated
(Mombaerts, 1992). The HYa"CD8™ cells in this model expressed TCRb and can only
have been generated by the replacement of the introduced VaJa joint with new VaJa
rearrangements by RAG mediated recombination.
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3.2.2 HYa™ Cells in Male HY- | mice

The majority of ab T cells in LNs of male (negatively selecting) HY-I mice were
cD8lo or cCD4-CD8" and expressed the HYa-chain (fig. 14). These cells can also be
found in the HYtg and other transgenic mouse models and have been described to
belong, although expressing the transgenic ab TCR, to the gd T cell lineage (von
Boehmer et al., 1991; Bruno et al., 1996; Terrence et al., 2000).

A marked difference between the HY-I and HYtg model was an appearance of a
distinct population of HYa"CD8?* cells in the HY-I model (fig. 14). Again, these cells
must had lost expression of the transgenically encoded a-chain by genomic replace-
ment of the VaJa joint and expressed then endogenous a-chains. Similarly, a signifi-
cant increase in the proportion of CD4" cells which in their majority do not express
the HYa-chain and can only be generated by expression of new receptor specificities
is observed (fig. 14, data not shown).

3.3 Thymic Development In HYa Insertion Mice

3.3.1 Positive Selection in Female HY-I Mice

Based on developmental staging through the surface markers CD3, CD4, and CD8
thymic development was investigated in HY-I mice. The total number of thymocytes of
thymi from female HY-I mice expressing the restricting MHC element H-2DP was dou-
bled compared to the one of thymi from female HYtg mice (H-2Db)(fig. 15). Thymic
development in both models showed a bias towards the generation of CD8% cells.
However, the size of the DP and SP compartments was increased in the insertion
model (fig. 15). This was accompanied by a reduction in proportion (7% vs. 32%) but
not number (7x106 VS. 7x106) of cells at the DN stage (fig. 15).

The thymi of female (but also male) HY-I mice were characterised by an almost
complete loss of the DNII and DNIII stages and expression of the HYa-chain on 90%
of DN cells, similar to the HYtg model (fig. 18, Buer et al., 1997). However, in contrast
to the conventional model less CD25" DN cells expressed the transgenic a-chain in
the HY-1 model (fig. 18, 37% vs. 86%) which could mean that the onset of TCRa
expression from the HyalD allele is taking place later than from the conventional HY
transgene.

In the DP compartment only a fraction of cells retained (mostly low) surface expres-
sion of HYa. Most DP cells lost expression of the inserted a-chain (fig. 19B). Some of
these cells were shown to express TCRs encoded by endogenous Va2, Va3, Va8 or
Vall gene segments (fig. 19C, data not shown). The cells which express TCRs with
new specificities may also account for the increase in cell number of the thymus in the
insertion model over the conventional system, since these cells do possibly not com-
pete with cells expressing the HY-TCR for the same positively selecting ligand
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(Borgulya et al., 1992; Merkenschlager et al., 1994). Some of these HYa" cells were
selected into the CD4 SP compartment whose cells were shown to express only
endogenous a-chains as evidenced by CD3 expression together with lack of HYa-
chain expression (fig.19B). Some CD4™ cells were also shown to express Va2, Va3,
Va8, and Vall (fig. 19B, data not shown). In contrast to the DP and CD4" cells near-
ly all of the CD8™ cells (90%) expressed the HY-TCR. This may mean that the cells
which retain the transgenic a-chain are efficiently positive-selected. It was observed
that more HY a*DP cells than HYa DP cells exhibit high surface expression of CD69
(fig. 16B) which correlates with receptor ligation and thus positive or negative selec-
tion (Swat et al., 1993; Kishimoto and Sprent, 1997).
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3.3.2 Replacement of The Inserted VaJa on Non-Selecting Background

The HY-TCR was shown to be restricted to the MHC haplotype H-2Db; it is not pos-
itively selected in thymi of mice with H-2d background (Kisielow et al., 1988). To inves-
tigate whether secondary recombination events can efficiently rescue thymocytes
from death by neglect | bred the HY-I model onto H-2d background (data not shown).
The thymic cellularity of 7.2x107 cells in H-2DY HY-I mice was comparable to the one
of female H-2DP HY-I mice (fig 17A). As in HY-I mice carrying the MHC haplotype H-
2Db, expression of the transgenic receptor was detected on most DN cells (Fig. 19B).
Thus, the majority of these HY-TCR expressing CD4"CD8 cells are generated inde-
pendent of MHC restriction as described in the HYtg model already (von Boehmer,
1990; von Boehmer et al., 1991) and may actually belong to the gd T cell lineage (see
discussion). Some cells in the DP compartment which had a similar size as the one in
positively selecting HY-1 animals (fig. 17B & 19A) expressed low levels of the HY-TCR
(fig. 17B & 19B). The lack of HYah9h pp or CD69*HYa*DP cells (fig. 16A & 19B)
reflects the absence of positively selecting ligand (Swat et al., 1993; Kishimoto and
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dent on HYa expression in HYa" (thin line) or Hyalo/* DP cells (thick line)(B). CD69 expression was
assessed on HYa" (thin line) or HYalo/* cDa* cells of male H-2DP HY-I thymocytes (C). HYa-chain
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Fig. 17: Negative selection reduces total thymic cellularity in HY transgenic mouse strains (A), the
effect is due to a drastic decrease in the number of DP cells (B), shown are the cell numbers of mice
of an age of 6-8 weeks. A single cell suspension of thymocytes was counted and stained for CD4 and
CD8. The number of DP cells was calculated using the percentage of lymphocytes which were found

by FACS analysis to be CD4*CcD8?.
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Fig. 18: Fewer HYa-chain expressing cells were found in the CD25% DN compartment of HY-I mice
than in conventional HY transgenics. Thymic cell suspensions were stained with CD4/8, CD25, CD44,
and HYa-chain specific antibodies and analysed by FACS, a life gate was set on CD4/8 negative cells.
The percentages in the CD25/CD44 dot plots (upper row) are given for cells that were lying within the

shown CD25% gate with respect to total DN numbers. The percentage of HYa chain expression is
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Sprent, 1997). Thus, these cells either just had entered the DP compartment and had
no time for secondary recombinations or were unable to replace the inserted a-chain.

The transgenic a-chain was also virtually absent on SP cells of these mice (fig.
19B). However, albeit transgenic a-chain could not be detected on the surface of SP
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Fig. 19: T cell development in HY-I mice which express different MHC haplotypes allowing positive, neg-
ative and no selection; The cells were stained with antibodies for CD4, CD8, CD3, and HYa-chain, or
CD4, CD8, Va2, and HYa-chain and analysed by FACS. To allow investigation of CD3 and HYa-chain
expression (B) gates were set on thymic subsets as defined by CD4 and CD8 expression (A).The percent
of cells which lied in the quadrants of the dot plots are indicated in the corners. Va2 expression was

analysed in histogram overlays (C) by gating on CD4"CD8 HYa" (CD4) or CD4*CD8*HYa" (DP) cells.
The thin line in the histograms shows the staining by an isotype control antibody.
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cells, they expressed surface TCR as shown by staining of CD3e and TCRbD (fig. 19B,
data not shown). Staining with antibodies against V elements different from the one
used in the HYa chain (Va2, Va3, Va8, and Vall) confirmed the expression of
endogenous V elements (Fig. 19C, data not shown). The CD8 to CD4 ratio (1/3) was
similar to WT mice, indicating a large repertoire of MHC class | and class Il restricted
specificities.

Thus, thymocytes which expressed a TCR specificity that does not react with MHC
were able to undergo secondary recombinations at the mutated TCRa allele until they
obtained a combination of TCRb and TCRa chains that can initiate positive selection.

3.3.3 Negative Selection in Male HY-I Mice

In male HY-I mice expressing the MHC molecule H-2DP the cognate ligand for the
HY-TCR is recognised by the thymocytes and induces negative selection of them
(Kisielow et al., 1988) . This leads to complete absence of DP and SP compartments
in the thymus of male conventional HYtg mice and dramatically reduced cellularity (fig.
15 & 17A, Kisielow et al., 1988). In contrast to this, small DP and SP compartments
were found in the negatively selecting thymi of male HY-I mice (fig. 15, 17B & 19A).
The thymic cellularity was, however, also strongly reduced when compared to female
mice (8-10 times, fig. 17A). This reduction was most pronounced in the DP compart-
ment with a cell number reduced to 4% of the number found in female mice (fig. 17B).
The DN compartment was large in size (83% 11x10° cells), mainly due to cells
expressing the HY-TCR as it has been observed before in HYtg males (fig. 15, 19A,
& 19B; Teh et al., 1990; von Boehmer et al., 1991; Nikolic-Zugic et al., 1993).

Nearly all of the DP and SP cells had lost expression of the HYa!Pallele and some
of these HYa" cells expressed instead TCRa chains using Va2, Va3, Va8, and Vall
elements (fig. 19B &19C, data not shown). Thus, these cells had undergone recom-
bination events that lead to excision of the transgenic and the generation of endoge-
nous VaJa joints. Unexpectedly, some SP and DP cells retained expression of the
inserted a-chain (fig 19B). The receptor of the HYalOWDP cells had obviously been
engaged as judged by the increased CD69 staining (fig. 16B). It is not clear whether
these cells die or are in the process of undergoing secondary recombinations, but
positively selected HYanigh cells were not observed (fig. 19B). All SP HYa™" cells
exhibited an immature phenotype as judged by strong staining for HSA (fig. 16D, data
not shown). They are in their majority cells before selection because most of them had
a CD69" phenotype (fig. 16C, data not shown). All mature HSAIOWCDA4* cells had lost
expression of the HYa-chain (fig. 16D).

Coreceptor function is essential for the induction of thymic selection (Rahemtulla,
1991; Killeen, 1992; Fung-Leung et al., 1993; for review: Kisielow and von Boehmer,
1995). Thus, expession of an autoreactive TCR before onset of coreceptor surface
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expression may not result in apoptosis and it is conceivable that cells which rearrange
the insertion allele shortly after b-selection at the DN IV stage could give rise to the
population of HYa DP cells observed in negatively selecting HY-I thymi. Assuming
that such ,early recombiners® could undergo 9 rounds of cell division (factor of 29;
Falk et al., 1996) and have to generate a DP compartment of 1.5x106 cells (15% of
total thymocytes in male HY-I mice), it can be calculated that a mere 3x103 DN cells
need to acquire a new Vada joint and develop into DP cells within 3.5—4 days (life time
of a DP cell; Egerton et al., 1990; Huesmann et al., 1991; Grusby, 1993). It is possi-
ble that HY-TCR expressing DN thymocytes aquired a new VaJa joint only after b-
selection has rendered the TCRa locus accessible for recombination and transcription
(Sleckman et al., 1997; Villey et al., 1997; Hozumi et al., 1998; Monroe et al., 1999)
and triggered differentiation into DP cells (Mombaerts et al., 1992a). The time an
.early recombiner” spends in the DN compartment may thus be lower than 3.5-4 days
and the number of DN cells which carry a new VaJa joint detectable at a given time
may be below 3x103 cells. It seems to be difficult to detect such cells by FACS analy-
Sis.

Thus, it appears that only few autoreactive thymocytes escape from apoptosis by
secondary recombination. Editing seems not to be a general rescue pathway in thymic
development in this particular model.

3.33.1 Thymic Selection in Homozygous Insertion Mice

Analysis of male mice (H-2Db) carrying the HYalD allele homozygously and the
HYb allele revealed a phenotype (fig. 20) which resembled strongly the one observed
in the HYtg model (fig. 15). No distinct DP and SP compartments were found. The thy-
mus consisted mainly of DN cells (91.2%, 1.7x107 cells). Homozygous and heterozy-
gous females on the other hand were similar with respect to their thymic phenotypes
(fig. 20A). The observed difference in the stringency of negative selection could be
due to higher surface expression of the receptor resulting in higher sensitivity of the
cells to peptide/MHC. | excluded this possibility by staining for the TCR on the surface
of DP thymocytes, CD8% thymocytes and peripheral T cells of female heterozygous
and homozygous HY-I mice. Lower surface expression in heterozygous mice com-
pared to homozygous mice was not observed (fig. 20B, data not shown) by the use of
different anti-TCR reagents (anti-HY a-chain, anti-Vb, anti-Vb8, and anti-CD3e).

Thus, escape from negative selection was almost completely abolished when the
HYalD allele was bred to homozygosity.
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Fig. 20: Complete deletion of DP and SP cells in homozygous as compared to heterozygous HY-I
males (A); total thymocytes were stained for CD4, CD8, and HYa-chain and analysed by FACS. The
percentage of cells in the different subsets is indicated in the corners of the dot plots. The levels of a-

chain expression on DP and CD8* thymocytes were identical between homozygous and heterozygous

HY-I females as assessed gating on the respective populations and analysing HY a chain in histogram
overlays (B).
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3.4 Negative Selection in Fetal Thymic Organ Cultures

In a WT thymus rearrangement and initiation of expression of the TCRa locus hap-
pens in the DP compartmen, but in HY-I mice the inserted a-chain was shown to be
expressed already in DN cells (Fig. 19B). It seems possible that cells carrying the HY-
TCR received the negatively selecting signal during transition from the DN to the DP
stage. Because they would not have entered the proper stage for V(D)J recombination
at the TCRa locus, replacement of the autoreactive TCR was not possible and the cells
died by apoptosis. To circumvent this problem | investigated the reaction of HYa*DP
cells to activating peptide/MHC complexes in fetal thymic organ cultures (FTOC;
Hogquist et al., 1993).

In FTOC it is possible to perform studies on the first ab lineage thymocytes which
appear in the fetal thymus. It was assumed that most of the cells which entered the DP
compartment in fetal development would express the transgenic TCR, because they had
just entered the stage for TCRa recombination. In a pre-test | determined at which day
in embryogenesis the DP compartment is formed in HY-TCR transgenic mice. For this
pre-test thymi from embryos of conventional HYtg animals of day 15 after mating
(E15.5), E16.5, and E17.5 were analysed by FACS for CD4, CD8, and HYa chain
expression (fig. 21, data not shown). In the thymi from female E16.5 HYtg embryos only
5% but from female E17.5 embryos already about 30% of cells were CD4TCD8" (fig.
21). For the actual experiments the HY-I model was used and also in thymi from female
E17.5 HY-l embryos large DP compartment (52%) were found (fig. 25). As predicted,
most (68%) of the cells at this stage were found to express the HY-TCR (fig. 26).

The optimal concentration of HY peptide (Markiewitz et al., 1998) was determined by
titration on E17.5 thymi from female conventional HYtg embryos. It was observed that 50
MM and 5 uM of HY-peptide deleted DP cells efficiently (fig. 22). However, cell loss in the
CD8* was more pronounced with 50 pM than 5 uM HY-peptide. This difference in neg-
ative selection dependent on peptide concentration may be caused by different sensitiv-
ities of DP and SP cells for the induction of apoptosis by an activating ligand (Kishimoto

Fig. 21: Onset of ab

E155 E16.5 E17.5 T cells Ii'neage devel-
opment in the thymus
A of HYtg embryos;
1% 0% 1% 5%|11% 28% thymoctes from HYtg
g | embryos of the indi-
cated gestational
days were analysed
by FACS for expres-
sion of CD4 and
CD8. Only thymi from
female embryos are

CD8 shown.

CD4

20
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Fig. 22: Titration of HY-
peptide on E15.5
FTOCs of thymi
derived from HYtg
embryos. The embryos
were typed by PCR for
sex and cultured with
the indicated amounts
of HY-peptide. If not
CD8 otherwise indicated,

only cells of FTOC of thymi from female embryos are shown. Analysis was performed after 5 days of
culture by FACS after antibody staining for CD4 and CD8. The optimal peptide concentration was
assessed by deletion of cells in the DP and CD8 compartments. The number of cells recovered from
FTOC of the two thymic lobes from one embryo are indicated above the dot plots.
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and Sprent, 1997; Davey et al., 1998). To be certain that negative selection would be
induced it was decided to use in most experiments 50 uM of peptide, since it had been
shown that especially in FTOC low concentrations of some activating peptides could
induce positive selection (Hogquist and Bevan, 1996; Fukui et al., 1997) or alternative-
ly a low number of activating ligand and thus selection ,niches” could allow some cells
to escape selection at all (Merkenschlager et al., 1994). However, some experiments
were also performed with 5 uM of peptide and generated similar results (data not
shown). Nonspecific toxicity of the peptide at 50 uM was excluded by culture and analy-
sis of E17.5 thymic lobes which lacked the transgenic b-chain (and thus specific reactiv-
ity to the HY-peptide). No difference was observed in FTOCs from Hy!DO embryos with
or without peptide after 5 days (fig. 24). Thus, any effect which would be observed upon
peptide administration in FTOC of thymocytes expressing the HY-TCR would be due to
the transgenic specificity.

To generate embryos with the HY-I genotype homozygous HYa!D'IDHYb* males were
mated with TCRa deficient females. At E17.5 genotype and sex of the embryos were
determined by PCR for the HYb transgene (see: table 4), a y-chromosomal and a x-chro-
mosomal gene (fig. 23; table 4; Kunieda et al., 1992). Thymi were prepared from these
embryos and cultured with or without HY peptide for up to 5 days. In thymic lobes of
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E17.5 female HY-I embryos up to 68% of the DP
thymocytes expressed the transgenic a-chain
(fig. 26). After culture for one day this was
reduced to 52%, probably due to replacement of
the inserted a-chain in cells which did not
immeditately receive a positively selecting signal.
When 50 uM of HY peptide had been added to
such 1-day cultures the number of Hya* cells
among DP cells was reduced to 15% (fig. 26 &
27). The HYa" cells had replaced the receptor, as
shown by the use of Va2 elements in the TCRs
on these cells (fig.26). The reduction of DP thy-
mocytes expressing the HY-TCR under nega-
tively selecting conditions was accompanied by a

400 bp——-

300 bp —

Fig. 23: Sexing PCR: Tail DNAwas pre-
pared from embryos and PCR reactions
performed with the primers Nds3/4 and
Zfy11/12 amplifying an X-chromosomal
(upper band) and a Y-chromosomal
(lower band) DNA fragment, respectiv-
ley. The products of the PCRs were
separated on 2% agarose gels.. m:
male, f: female, -: no DNA

reduction in total cell number, which was caused specifically by the deletion of the HY

cells (fig. 26 & 27).

To test whether the surviving HYa*tDP cells had been induced to undergo apoptosis
as well, these cells were stained with Annexin V, a reagent which detects changes in

do d5
3.8x106

d5

50 uM peptide
2.6x10°

CD4

CD8
Al — DP —DP —DP
—CD8| ,,  |—cDs 14| |—cos 6
= 83 76 74
O
[&]
]
HYa-chain -

Fig. 24: Application of 50
UM HY peptide does not
affect FTOC unspecifical-
ly, thymi of E17.5
embryos which had the

genotype Hya!DO were
cultured in the presence
or absence of peptide for
up to 5 days and then
analysed for cell number,
CD4, CD8, and HYa-
chain expression. The
total number of cells
recovered is indicated
above the dot plots.The
percentages shown in
the corners refer to the
number of total thymo-
cytes lying in the quadrant
regions. The numbers
given in the histograms
are percentages of cells
lying in the indicated
region, bold number with
respect to CD8" cells,
plain numbers to DP cells.
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Fig. 25: Reduction in the size of the DP compartment over time in FTOC of female HY-I E17.5 thymi
cultured in the absence (upper row) and presence (lower row) of 50 uM (5 pM for d5) of HY peptide,
single cell suspensions were prepared on the indicated days and stained with the following antibodies:
CD4 FITC and CD8 PE for d1-d3; CD4 Cyc and CD8 PE for d5.

membrane phospholipid symmetry characteristic of induced cell death (Koopman et al.,
1994: Martin et al., 1995). A 4 times increase in the proportion of Annexin V* cells was
observed among HYa*DP cells after peptide administration (fig. 26).

Over a culture time of 5 days it was found that the percentage of cells in the DP com-
partment as well as thymic cellularity decreased with each day of culture with peptide as
compared to cultures without peptide (fig. 25). This effect may be caused by the failure
of progenitor cells to develop into DP cells as they are immediately deleted upon core-
ceptor upregulation (fig. 15).

Unexpectedly, after addition of peptide in these long-term cultures accumulation of
CD8THYa cells was observed (fig. 25). It was found that the majority of these cells
expressed low HSA levels, indicating that they were mature T cells. These cells could
have been ab T lineage cells which were positively instead of negatively selected
(Hogquist and Bonnevier, 1998) or activated gd T lineage cells expressing the transgenic
ab TCR (Terrence et al., 2000). If they were belonging to the gd T lineage, they would
upregulate CD8 upon activation without the need to develop through the DP comparte-
ment asab T lineage cells. Atest for the lineage relationship was therefore to use young
fetal thymi (E14.5) which do not yet contain DP cells and add peptide. As expected, pep-
tide treatment in these cultures almost complete abrogated the development of a DP
compartment (fig. 28). It was observed that the total number of CD8*tHYa™ cells after
culture with peptide for 5 days cultures was comparably low (0.4x105 cells) as compared
to the CD81tHYa™ cells in E14.5 cultures of HY-I thymi from male embryos (1.5x105
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Fig. 26: Deletion of HYa™ cells from the DP compartment of E17.5 HY-I FTOCs during the course of a
one day culture with 50 uM HY-peptide is associated with increased expression of the apoptosis mark-

er AnnexinV on remaining HYa™ DP cells, but not increased numbers of Va2 expressing cells.
Gestation day 17.5 Hyal!D embryos were typed for sex and presence of HYb-chain. The thymi of
female HYb* embryos were cultured for one day and analysed by fluorocytometry for CD4, CD8, HYa,
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Fig. 27: The total cell numbers of FTOCs of female E17.5 HY-I embryos cultured in the presence or
absence of HY-peptide (A). The numbers of DP cells expressing the HYa was calculated from total cel
lularity and the percentage of cells found by FACS analysis to expressing CD4, CD8 and the HYa-
chain (B).
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cells) (fig. 28). As described before (Teh et. al., 1990) despite the presence of activating
ligand in FTOC from male HYtg embryos a DP compartment was generated. Thus, the
majority of CD8THYa™ cells seems to be dependent on development through the DP
compartment and belong to the ab T cell lineage. However, it cannot be excluded that
some of the CD8THYa™ cells which remained in the cultures after addition of peptide

HY-I female HY-l female 50 HY-l male

nM Peptide
2 8x10° 3,3x10°
A 120 11% | 1204 1%
d3
<
a
O
5,2x10° 5.5x10°
1%  21%
d5
A m
d5

CD4

g
-

HYa-chain

Fig. 28: Few CD8 HYa-chain* cells accumulate in E14.5 FTOC of HY-I embryos; Gestational day14.5

HyalD/0 embryos were prepared and typed for sex and HYbtg. The thymi were placed on membranes,
and cultured with or without 50 uM of HY-peptide for up to 5 days. Single cell suspensions were pre-
pared on d3 and d5 of culture and expression of CD4, CD8, and HY a-chain assessed by FACS analy-
sis under exclusion of dead cells by Topro-3. Total cell numbers recovered from the cultures are indi-
cated above the dot plots. The percentages shown were calculated in respect to the quadrants in the

dot plots.The histograms show HYa-chain expression on DP cells (bold line) or cDs*/10 cells (thin line)
of d5 FTOCs. The percentages show the number of cells in the indicated region, bold numbers for DP
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were belonging to the gd T lineage.

These results confirmed that DP thymocytes expressing the HY-TCR undergo apop-
tosis when encountering cognate peptide/MHC. Editing can also in FTOC not prevent
cell loss upon induction of negative selection. Interestingly, some of the autoreactive cells
can differentiate into mature SP cells retaining expression of the HY-TCR.

3.5 Thymic Reaggregation Culture

The use of FTOC to investigate TCR editing in the DP compartment had only
shown that a certain fraction of HY-TCR expressing DP cells were deleted when they
were stimulated with coghate MHC/peptide complex. Some cells, however, seemed to
have changed receptor specificity. Since this receptor change was also observed in
cultures without peptide it cannot be said, whether peptide/MHC had induced the
process. A thymic reaggregation culture strategy (Anderson et al., 1993) was used to
study the effect of negative selecting thymic environment on a pure population of
HYa*DP thymocytes. The thymic reaggregation culture system was modified to con-
tain all stromal and antigen presenting cell types of a mature thymus. To obtain the
stromal cells, thymi of mature C57BL/6 mice were digested with
collagenaseD/DNasel and subsequently trypsin/EDTA and T cell precursors were
removed by magnetic cell sorting (MACS) with CD4 and CD8 magnetic beads fol-
lowed by a second depletion using CD90 (Thy-1.2) beads. Remaining cells were con-
sidered thymic stromal and antigen presenting cells. This cell suspension contained a
high percentage of large granular cells and expression of the antigen presenting mol-
ecules MHC class | and class Il on these cells differed in subsets defined by CD11b
and CD11c expression (fig. 29), corresponding to macrophages and DC cells, respec-

cell #

Fig. 29: Expression of MHC class | and class Il on subpopulations of thymic stromal and APC cells as
defined by expression of CD11c and CD11b. Cells were prepared by digestion of C57BIl/6 thymi with

collagenaseD/DNasel and trypsin/EDTA. The susension was depleted of CD4" and CD8™ cells, then
of CD90¥(Thy-1.2) cells by MACS. The remaining cells were stained with ab’s against H-2 Kb, H-2 I-
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label in CD8™ cells (d3) as well as increase in general cell size was observed in cultures after addition
of peptide (C).
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tively.

In parallel to the preparation of thymic stromal cells Hya*DP* cells were sorted by
FACS from thymocytes of female HY-I (H-2Db) mice. The sorted cells were labeled
with CFSE (Lyons and Parish, 1994) and mixed in the ratio 3:1 with thymic stromal
cells. After centrifugation the pellet was transferred to membranes which were placed
on media with or without 50 uM peptide. The drops containing thymocytes and thymic
stromal cells formed disc-like reaggregates over night.The transfer of the cells to the
membranes was performed by pipetting with a drawn-out glas capillary and distribut-
ing half of the content to two membranes. Since a substancial variation in the number
of distributed cells must be assumed in this method, absolute cell numbers were not
indicated in fig. 30 & 31. Only large changes in cellularity were considered significant
and are reported.

After 2 and 3 days cells were harvested and analysed for expression of CD4, CDS8,
and HYa-chain to investigate whether some of the cells had lost expression of the
transgenic a-chain which would indicate that these cells had undergone editing to
escape negative selection (fig. 30A & B).

It was found that the cultures without peptide showed efficient development of
CD8*HYa™ cells (fig. 30A & B), but a large DP compartment remained in these cul-
tures over the 3 day period (fig. 30A). The majority of DP cells had lost expression of
the HYa-chain (fig. 30B) but may have been unable to be positively selected with their
new receptor into either the CD8 or CD4 compartments. CD4™ cells which had lost
the expression of the transgenic a-chain were also observed in these cultures (fig.
30A & B). Their new TCR allowed them to be positively selected and to develop into
CD4% cells. Thus, sorted HYa™DP cells in the reaggregation culture system can prin-
cipally perform secondary recombinations to change receptor specificity.

A different picture was observed in cultures in the presence of 50 uM of HY pep-
tide. After 3 days the cellularity of these cultures was reduced by 30-50%. Only a small
DP compartment remained (fig. 30A). HYa"CD4TSP cells were generated in similar
number as in cultures without peptide (fig. 30A & B). The cultures with peptide were
dominated by CD8™ cells (fig. 30A & B) similar to the accumulation of such cells in the
FTOC experiments. Most of these CD8™ cells expressed the transgenic TCR, had a
large, blast-like phenotype and had been dividing as seen by loss of CFSE label (fig.
30C). It cannot be excluded that some of these CD8THYa™* cells were generated by
proliferation of cells with this phenotype that were contaminants from the sorting (fig.
30A). However, already after 12 hrs >70% of the cells in thymic reaggregates had
developed into CD8THYa™ cells in the presence or absence of HY-peptide (data not
shown) which did not leave contaminating mature T cells enough time to become acti-
vated and start proliferation. In addition, 46% of HYa*DP cells were able to differen-
tiate into CD8*HYa™ cells within 36 hrs in suspension cultures (Swat et al., 1991) in
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Fig. 31: Thymic reaggregates of sorted CFSE labeled HYa*DP cells and thymic stroma after culture
for 3 days in the presence or absence of HY-peptide. The sorted and cultured cells were analysed for

CD4 and CD8 expression by FACS. Shown are CFSE? cells (A). HYa-chain expression was assessed
on sorted cells and on CD8" and DP cells (B)(D). Loss of CFSE label in CD8" cells as well as increase

in cell size was observed in cultures after addition of peptide (C).
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the presence of APCs not expressing the restricting MHC haplotype (data not shown).
These cells must have been positively selected in vivo already, since their develop-
ment was independent of further signaling induced by the restricting MHC element.
Thus, it seems that some HYa*DP cells cells can develop into Hya®™ CD8? cells after
addition of peptide. Escape from deletion by change of specificity (editing) was seen
in thymic reaggregates of HYa*DP cells only in a minority of cells (fig. 30A & B).

It has been reported that negative selection may preferentially apply to non-posi-
tively selected TCRIlowpp thymocytes (Ghendler et al., 1997; Kishimoto and Sprent,
1997; Ghendler et al., 1998; Tarazona et al., 1998; for review: Page et al., 1996).
Sensitivity for induction of apoptosis by triggering with cognate ligand seems to
decrease with maturation (Davey et al., 1998).

Therefore, DP cells from thymi of female HY-I mice were sorted into Hyahigh and
HYaloW subsets (Fig. 31B) and these populations were taken into reaggregation cul-
ture to follow their developmental fate. The majority of cells in TCRNIgh cyltures devel-
oped either into CD4*, CD8*, or CD8IOW cells (fig. 31A). After addition of 50 pM pep-
tide only slight reduction in the cell number was observed. Most cells in this culture
had differentiated into CD8%THYa™ cells (fig. 31A & B) which had aquired a blast-like
phenotype and started to proliferate (fig. 31C). However, as discussed already, it can-
not be excluded that some of these cells are derived from contaminating SP cell from
the cell sorting (fig. 31A).

A different picture was seen upon analysis of HYaloW cultures. Only few cells in
these cultures differentiated in the absence of peptide into SP cells (fig. 31A), similar
to previous reports (Swat et al., 1992). A large fraction of the DP cells had lost expres-
sion of the transgenic a-chain (fig. 31B). They may have undergone secondary
recombinations at the insertion allele. When peptide was added, only around 1/20 —
1/30 of cells could be recovered from the reaggregates compared to cultures without
peptide. Most dramatic was the loss of thymocytes in the DP compartment (fig. 31A).
There only some cells survived which obviously had changed receptor specificity and
lost expression of the HY-TCR (fig. 31D). No accumulation of a CD8*tHYa™ cells could
be observed in this culture (fig. 31A & B).

Thus, HY-TCRIOWDP cells are highly susceptible to deletion induced by negative
selection. HYahigh cells on the other can at least partially develop into CD8*tHYa™
cells. Secondary recombinations and surface expression of new receptors (and thus
loss of HYa expression) were not observed to allow rescue of thymocytes from apop-
tosis in cultures to which HY peptide was added.
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3.6 Editing in Peripheral T Cells

It is believed that most T cells develop in the thymus and migrate into the periph-
ery after having undergone all necessecary recombination, selection, and commit-
ment steps (for review: Kisielow and von Boehmer, 1995). Mature T cells were not
thought to express the RAG proteins and change TCR specificity (Monroe et al., 1999;
Yu et al., 1999; Nagaoka et al., 2000). However, reports from two groups questioned
this dogma (McMahan and Fink, 1998; Lantelme et al., 2000a; Lantelme et al.,
2000b). In one case (McMahan and Fink, 1998) a b-chain transgenic mouse model
was used, in which T cells were under selective pressure by a peripherally expressed
weak superantigen. In peripheral T cells which were characterised by lower surface
expression of the transgenic b-chain rag gene expression, germline transcripts of
TCR loci, reexpression of the pTa gene, and DNA breaks at the TCR loci were
observed (McMahan and Fink, 1998). In a population of TCRIOWCD4* human periph-
eral T cells another group identified similar signs of ongoing recombination (Lantelme
et al., 2000a; Lantelme et al., 2000b).

Peripheral editing may either allow T cells to generate a new a-chain during the
course of an immune response or it enables T cells specific for a peripheral autoanti-
gen to change to an innocent TCR specificity. The HY-TCR insertion model allowed
me to investigate peripheral editing by observing not indirect signs of recombination
(e.g. rag expression, pTa expression, DNA breaks) but rather change of receptor
specificity.

3.6.1 In Vitro Activation of Peripheral HYa™ T Cells

Peripheral T cells can be activated in vitro by stimulation with APCs expressing the
restricting MHC element loaded with antigenic peptide. This activation system was
used to observe replacement of the HY a-chain by another endogenously encoded a-
chain among cells of a proliferating transgenic T cell population. CD8%YHYa™* periph-
eral T cells from female HY-I mice were labeled with CFSE and taken into culture with
Mitomycin C treated splenocytes of C57/BL6 or BALB/c mice that were loaded with
different concentration of HY peptide. After 3 days of culture the cells were harvested
and analysed for HYa-chain and CD8 expression as well as for the intensitiy of the
CFSE label (fig. 32). T cells that had either been cultured with APCs from C57BL/6 or
BALB/c females in the absence of peptide did not become activated and did not pro-
liferate. Peptide in the concentration range from 0.5 pM to 50 uM activated the trans-
genic cells. Similarly, splenocytes of C57BL/6 males induced proliferation of HY-TCR
expressing cells (fig. 32). However in no case an increase of HYa" negative cells as
compared to non-activated cultures ,especially among the cells having undergone the
most cell divisions, was observed (fig. 32). Thus, although transgenic thymocytes
were activated to proliferate, they did not perform secondary recombinations. All cells
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Fig. 32: Analysis of secondory recombination after in-vitro T cell activation. A single cell suspension of

LN and spleen cells was marked with T3.70 biotin ab and streptavidin-beads, HYa-chain* cells were
enriched through MACS, subsequently the cells were incubated with Streptavidin-Cychrome, CD4

FITC, and CD8 PE. In a FACSstar cell sorter CD8*HYa™ cells were sorted. The sorted cells were

labeled with CFSE and 10° of these cells added to 5x10° Mitomycin C treated peptide labeled APC of
the indicated mouse strains. Three days later the cells were harvested, and analysed for the CFSE labe
and expression of CD8 and HYa-chain by FACS. Dead cells were excluded by Topro-3.

retained surface expression of the trangenic a-chain. However, it is conceivable that
in this artificial culture system cell types or anatomical structures were missing which
usually would support peripheral editing in WT mice. Therefore an in vivo model was
used to further study peripheral editing processes.

3.6.2 In Vivo Activation of HyatcD8* T Cells

Adoptive transfer of HYtg T cells has been used in a number of experiments to
investigate life span, activation, and memory formation of T lymphocytes (Rocha and
von Boehmer, 1991; Kirberg et al., 1994; Bruno et al., 1995). However, it has to be
kept in mind that in adoptive transfer systems a bias may be generated by selection
for cells which are better suited to migrate into lymphoid organs of the host organism.
The advantage of using T cell deficient mouse strains in adoptive transfer studies is
that the transferred T cells do not have to compete with host T cells to populate the
lymphoid system and that later analysis is not disturbed by peripheral T cells of host
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Fig. 33: Analysis of peripheral editing in an adoptive transfer experiment. LN and spleen cells were

marked with T3.70 Biotin antibody and Streptavidin-MACS beads. HYa-chain™ cells were enriched by
MACS. Subsequently, the cells were stained with Streptavidin-Cychrome, CD4-FITC, and CD8-PE .

CD8%HYa™ cells were sorted and labeled with CFSE. 107 of these cells were injected i.v. into TCRb

I-H-2Db mice. Three days later spleen and LN cells were prepared from the hosts and depleted of B
cells by MACS with CD19 beads. The remaining cells were stained with T3.70 Biotin (streptavidin-
cychrome) and TCRb PE and analysed by FACS. Dead cells were excluded by Topro-3 staining. For
analysis of HYa chain expression it was gated on TCRb expressing cells (A). Cells recovered from

male hosts are shown in two plots gated on CFSE™ or CFSE" cells as shown in the histogram. The his-
togram displays the CFSE label of all T cells recovered from male hosts (B). In the dot plot showing
CFSE- cells a tighter TCRb gate had to be set because TCRb was the only marker distinguishing trans-
fered and host lymphocytes. In female hosts no loss of CFSE label was observed.

origin. Therefore, TCRb deficient mice (Mombaerts et al., 1992) which are charac-
terised by the complete absence of peripheral ab T cells were used as host animals
for CD8THYa™ peripheral T cells. The transferred cells were obtained by FACS sort-
ing from female HY-I animals (H-2Db) and labeled with CFSE to follow proliferation.
They were injected i.v. into TCRb deficient males and females. Three days later LN
cells and splenocytes depleted of B cells by MACS were analysed for HYa, TCR, and
CD8 expression as well as for the intensity of the CFSE label (fig. 33). Only 0.03% of
the transfered cells were recovered. In these cells it was observed that despite TCR
and co-receptor crosslinking during the sorting process the cells which had been
injected into female hosts did not become activated to proliferation as seen by the
retention of the CFSE label (data not shown). In addition, basically all cells retained
surface expression of the transgenic a-chain. In male host on the other hand, seven
times more T cells were recovered after the three days and complete loss of CFSE
label was observed among the majority (95%) of these cells. These cells had become
activated to proliferate. The number of HYa" cells remained below 1% in this popula-
tion as well as in the CFSE™ population (fig. 33). Thus, in vivo activation of peripher-
al T cells expressing the HY-TCR did not lead to any observable peripheral editing in
this experimental system.
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4 DISCUSSION

4.1 The TCRa insertion model

Editing processes which result in the replacement of an autoreactive specificity
offer an opportunity for B- or T lymphocyte precursors to escape deletion by negative
selection. They were shown to contribute significantly to the generation of the B cell
repertoire (for review: Radic and Zouali, 1996; Nemazee, 2000). Most insights into the
function of editing in B cell development were gained by model systems in which
recombined V(D)J joints had been inserted into the Ig loci of the mouse (Chen et al.,
1995; Prak and Weigert, 1995; Pelanda et al., 1997; Qin et al., 1999). A similar strat-
egy was designed to investigate the involvement of secondary recombination events
in T cell development. A VaJa joint was introduced into the TCRa locus and sec-
ondary rearrangements were analysed on this mutated allele.

4.1.1Targeted Insertion of a VaJa in Murine ES Cells

During T cell development the initial Va to Ja joining results in the excision of all
intervening Va and Ja elements as well as the entire TCRd locus (Petrie, 1993;
Chien, 1987). | used targeted mutagenesis (Hooper et al., 1987; Capecchi, 1989) and
Cre-loxP meditated recombination (Sauer and Henderson, 1988; Gu et al., 1994) in
murine ES cells to imitate Va-Ja recombination which is usually carried out by the
V(D)J recombinase system. A TCRa locus was generated which resembled the chro-
mosomal organisation of a recombined TCRa gene (fig. 3 & 8) and expressed the
introduced a-chain of the HY-TCR (fig. 8).

The TCRd locus was flanked with loxP sites in two consecutive targeting experi-
ments. To allow the use of G418 selection in the second targeting experiment, the
neomycin resistance gene of the first targeting vector was removed by transient trans-
fection with a Cre expression plasmid. However, a better strategy for future experi-
ments involving two consecutive targeting experiments in the same cell line would be
if removal of the first selection marker by Cre-mediated recombination was not nec-
essary. Each transfection of ES cells can result in reduced pluripotency and the cells
may no longer be able to take part in the generation of germ cells. Thus, the combi-
nation of different selection markers for the two targeting vectors (e.g. neomycin and
puromycin resistance genes, Watanabe et al., 1995) seems advisable for future
experiments.

In addition, the use of two different resistance genes may allow an easier strategy
to find cis-location of the insertions. Hybridization of metaphase chromosomes with
fluorescent DNA probes (Lichter et al., 1990) specific for unique sequences in the two
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targeting vectors (i.e. resistance genes) may reveal whether both genes are located
on the same allele, making an in-vitro Cre-mediated deletion unneccessary.

The in-vitro deletion of the 263 kb (Malissen, personal communication) genomic
fragment containing the TCRd locus (see 3.1.3) was performed without any enrich-
ment for deleted clones. It was not clear at that time whether it would be possible to
find deleted clones easily because other authors had carried out Cre-mediated recom-
binations of similar size only by using negative selection system to enrich for recom-
bined clones. Using a HPRT based selection cassette one group (Ramirez-Solis et al.,
1995) observed a 90 kb deletion with a frequency of 1.5x10™2. Another group (Li et
al., 1996b) had included the thymidinkinase gene into the sequence which was
flanked by loxP sites and reported a recombination frequency of 6.6x1076 for deletion
of a 200 kb fragment. In contrast to these observations, the deletion of the TCRd locus
upon transient Cre expression took place with a frequency of 1.5% of surviving trans-
fected cells. In addition, another deletion of the TCRd locus performed by F. Rieux-
Laucat occured with a frequency of 10%. Thus, compared to previously published
results these frequencies were unexpectedly high and are not different from deletion
frequencies observed in experiments in our laboratory with smaller DNA segments
flanked by loxP sites (unpublished observations). Our data indicate that it may not be
necessary to introduce a negative selection system for the enrichment of cells which
have undergone a Cre-mediated deletion of genomic fragments of up to several hun-
dred kb.

4.1.2Establishment of the HY-l Mouse Strain

| used ES cell clones with the two targeted mutations in cis-position to generate
chimeric mice by morula aggregation and blastocyst injection (Hogan et al., 1994). At
first morula aggregation seemed preferencial because it had been reported to be an
efficient strategy for the generation of chimeric animals (Wood et al., 1993a; Wood et
al., 1993b). In one experiment which was performed at the same time in our labora-
tory morula aggregation resulted in the establishment of a transgenic mouse strain
(Hein et al., 1998). In contrast, aggregation of my ES clones did not yield chimeric
mice which transmitted the mutations through the germ line. Fortunetely, chimeras
generated by blastocyst injection allowed the establishment of a mouse strain (HYa”:)
which carried the VaJa joint of the HY-TCR in the Ja region. It is possible that blas-
tocyst injection is the superior method if ES cells have been transfected multiple
times, but the lower number of aggregation chimeras (4) compared to injection
chimeras (14) does not allow definitive conclusions.

By breeding of HYalF mice, which have a TCRd locus flanked by loxP sites, to a
mouse strain expressing the Cre recombinase early in embryogensis (Schwenk et al.,
1995), | wanted to remove the TCRd locus. However, double transgenic mice were
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genomically mosaic mice in terms of deletion of the TCRd locus (data not shown).
They gave rise to offspring which carried deletion of the TCRd locus in the germline
with a frequency of only 5% (see 3.1.3). The strain with the deletion of the loxP flanked
genomic segment (fig.5, bottom) was termed HYalD and used for subsequent analy-
sis. In the HY-I model expression of the HY-TCR was facilitated by the HYa!D allele
and a conventional HYb transgene (Uematsu et al., 1988). By use of a Ca deficient
allele (Mombaerts et al, 1992b) on the second chromosome, analysis of secondary
recombination processes was restricted to the inserted allele.

4.2 Expression of the Inserted TCRa Allele

4.2.1Peripheral Expression

In initial experiments it was observed that the proportion of Hya*CD8* T cells in
the periphery of positively selecting female HY-I mice was almost doubled as com-
pared to the conventional transgenic HYtg strain (see 3.2.1). The larger population of
peripheral HYa* T cells may be the result of higher thymic output or prolonged life-
span of these cells in the insertion system. Since the peripheral HYa*CD8™ popula-
tion has been described in the HYtg system to be short lived and highly dependent on
continuous thymic output (Rocha and von Boehmer, 1991), it is possible that the high-
er number of HYatCD8™ cells in the thymus of HY-I females as compared to HYtg
females (see 3.3.1) results in increased thymic output and thus a larger peripheral
population of HYatCcD8™ T cells.

In the periphery of male (negatively selecting) HY-I mice, a population of
Hya*cDslo cells developed which had already been described in a variety of ab
TCR transgenic models. Such cells were shown to be gd T lineage cells forced to
express the transgenic ab TCR (von Boehmer et al., 1991; Nikolic-Zugic et al., 1993;
Bruno et al., 1996; Brabb et al., 1997; Fritsch et al., 1998; Terrence et al., 2000). An
almost complete absence of gd TCR* cells was observed in HY-I mice, but already the
transgene encoding for the HYb-chain alone was shown to suppress development of
bona-fide gd T cells (von Boehmer, 1988, data not shown). Expression of the inserted
a-chain in cells of the gd T cell lineage may be a transgenic artefact which cannot be
avoided in the case of TCRa insertion transgenes, because in peripheral gd T cells
transcription of the TCRd genes is facilitated by the TCRa enhancer (Sleckman et al.,
1997; Monroe et al., 1999).

4.2.2Thymic Expression

The inserted a-chain together with the transgenic HYb-chain was expressed as
early as at the CD25% stage in the DN compartment of HY-I mice. However, the pro-
portion of these HYatCD25"DN cells was lower when compared to conventional
HYtg mice (see 3.3.1) indicating either later onset of expression of the inserted trans-
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gene or faster disappearance of HYa* cells from this compartment (by differentiation
or cell death). Since the fraction of CD25" cells in the DN compartment was not
decreased compared to conventional HYtg's, no evidence supports the latter point of
view (see 3.3.1).

One way to determine whether the HYa-chain is indeed expressed later from the
inserted allele than from the conventional transgene may be the investigation of its
capacity to drive thymic development through a block at DN Il imposed by pTa defi-
ciency (Fehling et al., 1995; Buer et al., 1997). Preliminary data indeed suggest that
the inserted transgene is less efficient in reconstituting thymic cellularity in preTCR
deficient animals than the conventional HY-TCR transgene (data not shown), indicat-
ing onset of expression in most cells after b-selection.

Another way to analyse the onset of expression of the inserted HYa-chain is
offered by the observation that the DN Il and DN Il compartments in mice transgenic
only for the inserted a-chain appear similar to the same stages in WT mice (data not
shown). The depletion of these thymic subsets in TCR transgenic animals depends
solely on the expression of a transgenic TCRb chain (data not shown). Thus, by
Northern-blot or quantitative RT-PCR analysis the onset of HYa-chain expression
could be investigated in thymocytes from mice carrying only the HYa insertion allele.

In another TCRa insertion model (Wang et al., 1998), expression of the inserted a-
chain was also observed in the majority of DN cells already. Unfortunetely, the pub-
lished data do not include an analysis of transgene expression in the DN subsets. The
authors suggest that either a recombined VaJa joint is sufficient to allow expression
at the DN stage or that the introduction of additional regulatory elements (promotor
and enhancer of the neomycin resistance gene, IlgHe enhancer) into the locus facili-
tated the early transcription of the gene.

Which mechanisms could result in expression of an inserted recombined TCRa
gene as early as at the CD25DN cells?

It is possible that premature TCRa enhancer function facilitates transcription earli-
er in development due to the deletion of the other enhancer element in the locus, the
TCRd enhancer. Another possibility is that upon expression of transgenic b-chain a
preTCR is formed and the DN cells immediately receive the signal for further differ-
entiation, including transcription of the TCRa locus.

If activity of the TCRd enhancer suppresses TCRa enhancer function in DN IlI,
mice which retain the TCRd locus and carry an inserted a-chain in the Ja locus should
not express the gene at the CD25" stage. However, | could observe similar expres-
sion of the HYa-transgene in the CD25" subset of thymocytes of the HyalFHYb*
mouse strain, which still contains the complete TCRd locus on the targeted allele (fig.
13). Thus, it seems unlikely that deletion of the TCRd enhancer has allowed prema-
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ture expression of the inserted HYa gene. However, since an artificial element
(Polyoma Virus enhancer) which could have influenced transcriptional activity of the
HYa-element is also present in the locus (fig. 11A), this conclusion has to be viewed
with caution.

As mentioned above, it is also possible that the product of the transgenic b-chain
gene induces further differentiation by a preTCR dependent signal. Rapid loss of
CD25 expression which leads to a depletion of DN Il and activation of TCRa
enhancer function may be the result. Function of the TCRa enhancer is necessary for
germline transcription at the TCRa locus after b- selection and the TCRa enhancer
may also support expression of an inserted TCRa transgene at this stage (Sleckman
et al., 1997; Villey et al., 1997; Hozumi et al., 1998; Monroe et al., 1999). This hypoth-
esis could be tested by analysis of expression of the HY-TCR in pTa deficient mice
since pTa deficiency would be expected in that case to also induce a block at DN Ili
in TCR transgenic animals (Fehling et al., 1995). The cells trapped at this stage would
be mostly negative for expression of the transgenic a-chain, because they have not
received a signal to start a-chain expression. This observation has already been
made in pTa deficient conventional HYab transgenic mice (Buer et al.,, 1997) and
should be extended to HY-I mice, because transcription of the HY!D allele is solely
controled by endogenous elements.

Thus, it seems likely that HYa chain expression still depends on signals generated
during b-selection. Experiments are under way to study the influence of pTa deficien-
cy on the expression of an inserted a-chain in the HY-1 model, but have been delayed
by a breeding problem.

4.3 Positive Selection of HyatCD8* Thymocytes

Conventional TCR transgenic mouse strains do not allow the investigation of sec-
ondary recombination events at the TCRa locus, because transgenic TCRa chain
expression is independent of the endogenous loci. However, in these models it was
observed that transgenic TCRa chain expression per se did neither result in efficient
shut-down of recombination nor did it lead to allelic exclusion of the endogenous loci.
Instead, endogenous a-chains were observed to be rearranged and expressed
together with the transgenic a-chain, a process termed allelic inclusion (von Boehmer,
1990a; Borgulya et al., 1992; Malissen, 1992; Boyd et al., 1998). Receptor change by
allelic inclusion has occasionally also been termed editing (McGargill et al., 2000), but
should be distinguished from receptor editing based on secondary recombination (see
4.6.2) because it involves rearrangement of loci in germ line configuration and does
not result in genomic loss of the gene coding for the primary specificity. If autoreac-
tivity resulted in reinduction of recombination at the TCRa locus, it should in most
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cases lead to new VaJa joints on both chromosomes and thus loss of the joint cod-
ing for the autoreactive specificity.

By use of the HY-I model it was possible to investigate whether positive selection
prohibits secondary recombination (see 3.3.1). Preferential development of
CD8*HYa™ thymocytes indicated efficient positive selection of cells expressing the
transgenic receptor as reported before (fig. 15 &19, Kisielow et al., 1988; Teh et al.,
1988; Pircher, 1989). However, in contrast to CD8% thymocytes the majority of DP
cells did not express the HYa chain anymore (fig. 19B). Instead, as a result of sec-
ondary rearrangements low levels of different Va chains were found on the surface of
these cells (fig 19C). The HYa DP cells efficiently developed into HYa"CD4* and
even some HYa"CD8" cells (fig. 19B). As was observed in male, negatively selecting
HY-I mice, most thymocytes expressed the HY-TCR and were deleted (fig. 19).
However, in female HY-I mice not all these HY-TCR expressing thymocytes received
a positively selecting signal which precluded recombinational excision of the intro-
duced ValJa.

Incomplete positive selection was also observed in conventional TCR transgenic
mice (von Boehmer, 1990b). It was suggested that only a limited number of T cell pre-
cursors with a particular specificity can receive a positively selecting signal, because
it seems that transgenic T cells compete for an interaction with APCs expressing the
selecting MHC/peptide complex. Thus, the availability of positively selecting “niches”
serves in the thymus as a rate limiting step as also shown in a thymic reaggregation
model. Efficiency of positive selection was found to be linearly dependent on the num-
ber of thymic stromal cells (Merkenschlager et al., 1994). In the HYtg mouse model it
was observed that only in a situation when transgenic T cells had been diluted 1:20
by WT cells in bone marrow chimeras, all transgenic T cells were positively selected
(Huesmann et al., 1991). However, whether the availability of selection ,niches” is also
rate limiting in positive selection in a WT thymus and could thus be the cause of sec-
ondary rearrangements remains to be investigated.

Assuming that cells with non-transgenic specificities do not compete with cells
expressing the transgenic specificity for selection “niches” and contribute to the high-
er cellularity seen in the positively selecting thymi of the insertion compared to the
conventional HY-TCR model (fig 15).

Rag expression ceases in several model systems only after positive selection
(Turka, 1991; Brandle et al., 1992; Groves et al., 1997). To investigate whether con-
tinued rag expression results in secondary recombination, HY-I animals in non-select-
ing H-2Dd background were analysed. It was observed that thymic cellularity was not
reduced (fig. 17) and SP thymocytes were generated in a ratio similar to WT mice. The
inserted a-chain was replaced by endogenous a-chains (fig 19B & C). Thus, thymic
development and lineage commitment relies in this situation and in contrast to posi-
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tively selecting HY-I animals solely on randomly generated receptors. The observed
efficient replacement of a VaJa joint fits to the observation that in fetal but not adult
thymocytes the repertoire is biased towards the use of 5"Ja elements (Thompson et
al., 1990b; Rytkdnen et al., 1996; Rytkdnen-Nissinen et al., 1999) which is predicted
to be the case when first VaJa joints are generated with these 5°Ja elements but then
replaced by secondary rearrangements.

4.4 Negative Selection of HY-TCR Expressing Thymocytes

Editing of receptors with autoreactive specificity seems to play a role in B cell devel-
opment as shown in Ig insertion models (for review: Radic and Zouali, 1996;
Nemazee, 2000). The HY-I system allowed investigation of editing as a rescue mech-
anism for thymocytes which have generated an autoreactive specificity. It was found
that the possibility to replace the receptor did not allow the majority of HY-TCR
expressing thymocytes to escape apoptosis induced by the activating ligand. Only few
DP cells (4% of the number of DP cells compared to positively selecting female HY-I
mice) escaped and the majority of them had lost expression of the transgenic a-chain
and aquired a new TCRa-chain. It has been found that already in the earliest stage
after b- selection, the DN |V stage, germline transcripts of the TCRa locus and even
ValJa joints are generated (Villey et al., 1997; Hozumi et al., 1998; Hernandez-Munain
et al., 1999; Rytkdnen-Nissinen et al., 1999). It is possible that the few DP cells which
are generated in the thymus of male HY-I mice are derived from cells which have per-
formed Va-Ja recombination before upregulation of the CD8 molecule, since CD8 is
required for selection of MHC class | restricted thymocytes (Killeen, 1992; Fung-
Leung et al., 1993). Due to the high proliferative capabilites of thymocytes when dif-
ferentiating into DP cells (Falk et al., 1996), only 3-4x103 of these cells need to per-
form such early recombinations within 3-4 days (life span of DP cells) to generate a
DP compartment of the size observed in negatively selecting animals (see also:
3.3.3).

Immature CD41tHYat and CD8*HYa*cells (see: 3.3.3) may also contribute to the
generation of Hya DP cells in male HY-I mice as it was shown by their low CD69 level
(fig. 16) that these cells had not received a selecting signal (Bendelac et al., 1992;
Swat et al., 1993).

Neither SP nor DP thymocytes developed in mice homozygous for the TCRa inser-
tion allele (fig. 20). It was shown that TCR levels were similar on thymocytes in these
mice to thymocytes in heterozygous HY-I mice (fig. 20), excluding increased signaling
as a cause for this stringent deletion. Thymoctes which recombine the Hya!P allele at
the DN stage already could result in loss of the autoreactive specificity before the
onset of negative selection (see above). But some studies suggest that TCRa recom-
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bination starts only on one of the two alleles (deVillartay, Nussenzweig, personal com-
munications) which in mice homozygous for the HYalD allele would leave behind the
second allele resulting in continued HY-TCR expression and thus negative selection.
Complete deletion as seen in homozygous HY-I animals could be the result. This
observation supports the hypothesis that most of the remaining DP cells have
replaced the HYa chain early in development.

Taken together, editing of TCR to escape negative selection does not appear to
play a major role in T cell in contrast to B cell development.

4.4.1In Vitro Studies of Negative Selection

The data obtained from male, autoreactive HY-I mice argued against editing in T
cells as an efficient mechanism to evade deletion by negative selection. However, it
seemed possible that the premature expression of the HY-TCR in HY-I mice resulted
in the lack of secondary recombination. Negative selection may have led to apoptosis
before the cells had entered the DP stage at which TCRa recombination usually
occurs (Wilson et al., 1994; Kisielow and von Boehmer, 1995). Outcomes of negative
selection dependent on the onset of TCR expression in TCR transgenic mouse mod-
els have been observed before. Berg and coworkers (Berg et al., 1989) compared the
superantigen induced deletion in the ab TCR transgenic mouse model 2B4 to the
deletion induced in mice expressing only the b-chain of the same TCR. Interestingly,
deletion of the DP compartment was only found in the ab TCR transgenic strain which
expressed the receptor prematurely. In the b-chain transgenic mouse the autoreactive
cells were not deleted but developmentally arrested.

In vitro experiments were performed to investigate whether premature expression
of HY-TCR had resulted in deletion of the cells instead of receptor change. It was
found that peptide treatment of FTOC could indeed limit the number of precursors
developing to the DP stage (fig. 25 & 28). In addition, FTOCs and thymic reaggrega-
tion cultures were used to assess whether cells expressing CD4, CD8 and HYa could
escape deletion by editing of the TCR when they encountered the cognate ligand.

In FTOC of thymi from female E17.5 HY-I embryos deletion of the HYa*DP popu-
lation was observed after peptide administration (fig. 26). Induction of apoptosis was
shown by staining of the remaining HYa*DP cells with Annexin V (fig. 26; Martin et
al., 1995). Pronounced deletion was also observed when sorted Hyalowpp thymo-
cytes encountered peptide loaded thymic stroma in reaggregation cultures (fig. 31A;
see 3.5). In both systems editing of the TCR did not allow the majority of thymocytes
to escape apoptosis induced by the negatively selecting signal, supporting the con-
clusion that the observation made in vivo was a transgenic artefact.

Unexpectedly, after addition of peptide some cells in both culture systems devel-
oped into HYa*CD8™ cells (fig. 25 & 30, data not shown) of a mature phenotype. The
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majority of these HYatCD8™ cells were not gd lineage cells having upregulated CD8
after activation (Terrence et al., 2000) because their development depended on the
DP stage (fig. 28). Increased positive selection in fetal thymi despite the presence of
the activating ligand has been observed before (Teh et al.,, 1990; Hogquist and
Bonnevier, 1998). Perhaps the APCs which induce negative selection are themselves
still immature and therefore unfuntional in the fetal thymus (Wu et al., 1995).
Alternatively, the HyatCD8%cells have experienced the selecting ligand after previ-
ous positive selection in vivo and therefore became activated, not deleted. This
hypothesis is supported by the observation that HYahi9hpp cells appeared to be at
least partially resistant to negative selecting signals and contained already positively
selected cells (see 3.5, fig. 31). Observations from other groups also suggest that
negative selection takes place mostly on DP cells with intermediate TCR levels
(Murphy et al., 1990; Shortman et al., 1991; Lucas et al., 1994; Ghendler et al., 1997,
Peterson et al., 1999; for review: Page et al., 1996) and that thymocytes with high
TCR expression have a lowered sensitivity for deletion (Kishimoto and Sprent, 1997;
Baldwin et al., 1999; Davey et al., 1998).

In conclusion, the data generated by use of the HY-I model showed that in this
model thymocytes do not change receptor specificity to escape deletion, neither when
they receive the negatively selecting signal upon upregulation of coreceptors in vivo
nor when the peptide is administered in vitro to DP cells expressing the HY-TCR.

4.6 Editing in Other TCR Transgenic Mouse Models

4.6.1The 2B4 TCR Insertion Model

Secondary recombination processes during thymic development have also been
investigated by others in a TCRa insertion model (Wang et al., 1998). The VaJa joint
of the 2B4 TCR specific for a peptide from pigeon cytochrome c¢ presented on the
MHC class Il molecule H-2 I-AK was inserted into the Ja locus of the mouse. As in
the HY-I model, the b-chain was expressed from a conventional transgene. Similar to
my observations, in a non-selecting background their transgene was efficiently
replaced by secondary recombinations and allowed normal thymic development using
endogenously encoded ValJa joints. However, in contrast to my data, the inserted
transgene was also efficiently replaced after introduction of the cognate antigen. No
reduction in total thymocyte number or number of DP cells was seen in this model
under the condition of negative selection.

Unfortunately, the conclusions that can be drawn from this model are limited. Since
the authors did not observe expression of a VaJa introduced into the Ja locus, anoth-
er strain was generated which carried the IgHe enhancer in the TCRa Icous as well.
The TCRd locus and the neomycin resistance gene were also retained. It cannot be
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excluded that these elements allowed inappropriate accession of the V(D)J recombi-
nase to the locus. Early replacement of the introduced VaJa element during b-chain
recombination at DN Il could have generated a significant population of idiotype neg-
ative cells before acquisition of the coreceptors. These cells could have entered the
DP compartment, not being affected by the negatively selecting ligand. And indeed,
compared to the HY-I model (90%) a low number of DN cells (43%) expressed the
transgenic receptor in the 2B4 insertion model. Further analysis of 2B4 idiotype
expression, especially in the DN 11l subset, are needed to resolve this issue.

4.6.2Editing, Allelic Inclusion and TCR Internalization

Interestingly, editing of TCRa genes as a mechanism to escape negative selection
has recently been suggested to play a role in a conventional TCR transgenic mouse
model (McGargill et al., 2000). Expression of a peptide derived from ovalbumin was
targeted to thymic cortical epithelial cells by means of the K14 promotor. In a mouse
strain expressing the ovalbumin peptide and an ovalbumin specific MHC class |
restricted TCR (OT-1) thymocytes were not deleted. Instead, they lost surface expres-
sion of the transgenic a-chain by allelic inclusion of endogenous a-chains, a process
which the authors termed editing.

Sha and coworkers also observed allelic inclusion and only partial deletion in a
TCR transgenic model reactive to the MHC class | molecule H-2 Ld. SP cells were
efficiently generated and peripheral T cells shown to express TCR, but not the idio-
type (Sha et al., 1988). Sarukhan and colleages (Lanoue et al., 1997; Sarukhan et al.,
1998) observed allelic inclusion in a mouse model of a H-2 I-E9 restricted TCR spe-
cific for influenca hemagglutinin coexpressing the cognate antigen. In this model DP
cells are not deleted and SP cells generated efficiently by the use of endogenous a-
chains as evidenced by the lack of SP cells in TCRa deficient background.
Interestingly, in this model allelic inclusion allows autoreactive DP thymocytes to pro-
ceed in development, without allelic inclusion the cells become developmentally
arrested (Sarukhan et al., 1998). The DP compartment was also not depleted upon
autoreactivity in two TCR models reactive to the mixed-lymphocyte stimulatory (Mls)
a antigen (Berg et al., 1989; Pircher et al., 1989). A similar observation was made by
another group in RAG-deficient ab TCR transgenic mice (F5) specific for the nucleo-
protein NP68 of the influenca virus. Chronic administration of the cognate peptide
leads initially to complete deletion of the DP cells, however, after 7 days a population
of antigen resistant DP cells starts to develop (Wack et al., 1996; Tarazona et al.
1998). These studies showed that negative selection does not necessarily result in the
absence of DP cells. At which stage autoreactive thymocytes undergo apoptosis
appears to depend on a range of factors including the onset of TCR expression, the
affinity of the interaction between TCR and peptide/MHC, and the cell type presenting
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the antigen (see 1.4). Under some circumstances cells may receive a signal which
results in termination of TCRa recombination but eventually also in apoptosis late
enough to have generated endogenous TCRa joints. The autoreactive specificity may
in this case be removed from the cell surface and allelic inclusion allow some cells to
proceed in development. Models in which autoreactive cells are not deleted early in
development may be predisposed to this escape mechanism (Sha et al., 1988; Berg
et al., 1989; Pircher et al., 1989; Lanoue et al., 1997; Sarukhan et al., 1998, McGargill
et al., 2000).

The importance of allelic inclusion in T cell development is supported by the obser-
vation that up to 30% T cells in WT mice express two TCRa chains (Casanova et al.,
1991; Padovan, 1993; Alam and Gascoigne, 1998). One study even suggests that
such cells are more frequent than expected from random rearrangements on two
chromosomes. Notably, only pre-selection TCRIOWTCRa double producing DP thy-
mocytes surface stain for both a-chains while the majority of post-selection TcRhigh
thymocytes or peripheral T cells stain only intracellularly for a second a-chain (Alam
et al., 1995; Alam and Gascoigne, 1998; Boyd et al., 1998). Thus, T cells seem to
have mechanisms to restrict the expression of one a-chain to the cytoplasm. It was
suggested that this restriction to the cytoplasm is either the result of competition for b-
chain (Alam et al., 1995; Alam and Gascoigne, 1998) or of active internalization (Boyd
et al., 1998). The fact that upregulation of a second, autoreactive receptor can be
observed upon loss of tolerance in some models (Schonrich et al., 1991; Sarukhan et
al., 1998) argues in favor of the second model. Several different mechanism which
could regulate TCR surface levels dependent on TCR triggering have been described
to date (Cenciarelli et al., 1992; Molina et al., 1992; Wiest et al., 1993; Dietrich et al.,
1994; Ericsson and Teh, 1995; Stone et al., 1997; Boyd et al., 1998; Lauritsen et al.,
1998).

Thus, it appears that allelic inclusion is an additional mechanism which increases
the probability of thymocytes to express a TCR which allows positive selection. TCRs
which do not signal at all (non-selected) as well as TCRs which signal too strongly
(negative selected) could become actively internalized. It seems possible that only
TCR stays on the cell surface which is constantly triggered by a positively selecting
ligand. This mechanism would allow “editing” of surface TCR in cells which after ter-
mination of TCRa locus recombination express two specificities. It ensures that only
the specificity which triggered positive selection remains on the cell surface.
Internalization of allelically included receptors operates later in development than sec-
ondary recombination processes because V(D)J recombination must have ceased
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already.

4.7 RAG Expression and Editing

RAG1 and RAG2 proteins are necessary for V(D)J recombination (Schatz, 1989;
Oettinger et al., 1990) and expression of the rag genes is associated with V(D)J
recombination in thymic development (Turka et al., 1991; Brandle et al, 1992).
McGargill and coworkers (McGargill et al., 2000) observed higher levels of rag tran-
scripts in DP cells from ,editing” K140va/OT-1 mice as compared to DP cells from
positively selecting OT-I animals. They reasoned that this result demonstrated upreg-
ulation of rag transcription in order to change receptor specificity. However, the
observed level of rag transcripts in the ,editing” population was lower than in a non-
selected population and could also be interpreted as the result of incomplete positive
selection of all these cells or completed positive selection in only some of the cells in
this population. Similarly, engagement of TCR on DP cells in vitro and in vivo has been
shown to result in lower levels of rag gene transcripts without the observation of com-
plete absence (Turka et al., 1991; Brandle et al., 1992; Groves et al., 1997). Only arti-
ficial stimuli were able to abrogate rag expression completely (Turka et al., 1991). In
addition, measured levels of rag transcripts do not neccessarily correlate to the pro-
tein expression, because RAG proteins are kown to be regulated posttranslationally
(Li et al., 1996a). But also the presence of RAG protein does not guarantee its activ-
ity, the target locus has to display a chromatin structure which is accessible to the
V(D)J recombinase (Wayne et al., 1994; Stanhope-Baker et al., 1996; Cherry and
Baltimore, 1999; for review: Sleckman et al., 1996; Hempel et al., 1998). Thus, it is
not clear whether the investigation of rag transcript levels allows the conclusion that
V(D)J recombination is taking place at a particular locus or has even been reinitiated
(McGargill et al., 2000).

In the HY-I model rag expression was not assessed because the advantage of this
model is that it allows the direct observation of products from secondary recombina-
tion events.

4.8 Peripheral Editing

Signs of V(D)J recombinase activity in mature peripheral T lymphocytes have
recently been brought forward by two groups (McMahan and Fink, 1998; Lantelme et
al., 2000a; Lantelme et al., 2000b). The HY-I model was used to investigate whether
peripheral editing changes the receptor specificities of mature T cells.

In a first experiment HYatCD8™ T cells were activated in vitro with peptide loaded
APC to see whether loss of HYa chain expression as a sign of editing could be
observed within three days. Since triggering of the TCR results in its internalization
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and degradation (Valitutti et al., 1997), it can be ruled out that cells had genomically
edited the TCRa gene but retained surface expression of the HY-TCR. Editing was not
observed in these experiments (fig. 30).

Peripheral editing was reported in transgenic T cells being chronically stimulated by
a weak peripheral superantigen (McMahan and Fink, 1998) leading also to downreg-
ulation of TCR. This situation was mimicked in the second experimental system used.
HYa*CD8™ T cells were injected into male and female TCRb deficient mice. Neither
in male nor female hosts a significant HYa" T cell population developed, although the
cells were activated and proliferated strongly in male recipients (fig. 31). However, it
is possible that peripheral editing depends on additional signals by other T lympho-
cytes (like helper T cells) which were absent in the TCRb deficient recipients. The
experiment was therefore repeated using wildtype C57BL/6 as hosts. In female recip-
ients again only HYa™ transferred T lymphocytes were observed (data not shown).
Unfortunately, transferred T cells were not recovered from male C57BL/6 recipients
(data not shown). In these mice the cells had either been deleted or lost CFSE label
and expression of the a-chain simultaneously. Thus, it cannot be excluded that cells
had undergone peripheral editing. Further experiments have to be performed which
allow identification of transferred cells by a surface marker (i.e. Ly-5.1).

Taken together no signs of peripheral editing were observed in experimental sys-
tems using the HY-1 model, but a) it cannot be excluded to take place in WT host and
b) it may require chronical stimulation over a longer period of time.

4.9 Conclusions

A mouse model was generated which allowed the investigation of secondary
recombination events at the TCRa locus. In this model the inserted VaJa joint was
readily replaced by another one in thymi not supporting selection. However, sec-
ondary recombinations did not allow thymocytes to efficiently escape from apoptosis
induced by a negatively selecting ligand.

Observations by other researchers have shown that allelic inclusion followed by
receptor downregulation allows cells which originally express a non-selectable or
autoreactive specificity to differentiate into mature T cells.

Thus, the current data indicate that thymocytes undergo secondary recombination
processes at TCRa loci when they carry out-of frame VaJda joints on both chromo-
somes or encode a specificity which does not allow positive selection. Selection, how-
ever, results in termination of recombination. Cells which express two distinct TCR
may retain only surface expression of the TCR mediating positive selection.
Thymocytes that express only TCRs with high affinity for self-peptide/self-MHC or
TCRs whithout reactivity towards self-MHC die by apoptosis and appear not to be effi-
ciently rescued by receptor editing.
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5 SUMMARY

Thymocytes are selected for recognition of self-MHC and against autoreactivity. |
investigated whether thymocytes failing in thymic selection are able to revise their
TCR by secondary rearrangements at the TCRa locus. To study secondary
rearrangements, the VaJa gene segment of an H-2DP restricted male (HY) specific
TCR was introduced into the germline TCRa/d locus of the mouse. Using the Cre-loxP
system a 263 kb deletion within the TCRa/d locus was performed to mimic the natur-
al recombination process. Expression of the HY-TCR was achieved by use of this HYa
insertion allele and a conventional HYb transgene.

In positively selecting animals T cells expressing the insertion transgene were
observed. In non-selecting background exchange of the transgenic receptor for sec-
ondary rearrangements efficiently rescued thymocytes from death by neglect.

In the (negatively selecting) thymus of male HY-TCR expressing animals a 25 fold
reduction in the number of CD81CD4% (DP) cells as compared to positively selecting
HY-TCR expressing mice was observed. Addition of antigenic peptide to fetal thymic
organ cultures induced apoptosis in HY-TCR expressing DP cells. The deletion was
restricted to HY-TCRIOWDP cells as was shown in thymic reaggregation cultures.

Thus, thymocytes can efficiently escape ,death by neglect” but not negative selec-
tion by use of secondary rearrangements at the TCRa locus.
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6 ZUSAMMENFASSUNG

T Zellen erstellen wahrend ihrer Entwicklung im Thymus durch Umlagerung von
Gensegmenten die Gene fiur den T Zellrezeptor (TCR). Jeder Thymozyt wird
anschlielBend Selektionsprozessen unterzogen, die sicherstellen, dal’ ihr TCR kor-
pereigene MHC Molekile erkennt (positive Selektion), aber keine Autoreaktivitéat
gegen korpereigene Antigene besitzt (negative Selektion). Ich habe untersucht, ob
Thymozyten ihren TCR durch sekundare Umlagerungen am TCRa Locus verandern
kénnen, wenn sie nicht positiv selektiert werden oder aber ein negativ selektierendes
Signal erhalten. Um diese sekundaren Umlagerungsprozesse zu untersuchen wurde
das VaJa Exon eines mannchenspezifischen, H-2Db restringierten TCR (HY-TCR) in
den TCRa/d Locus der Maus eingebracht. Mit Hilfe der Cre-loxP Technologie wurde
anschlieBend in-vivo eine 263 kb grofe genomische Deletion, die den TCRd locus
sowie Teile der Va und Ja Regionen einschlof3, durchgefihrt, um die natirliche Va-
Ja Umlagerungsreaktion nachzuahmen. Dieser TCRa-Insertionsmausstamm wurde
mit einem Mausstamm verpaart, der ein fur die b-Kette des HY-TCR kodierendes kon-
ventionelles Transgen besal3. Auf diese Weise wurde die Expression des HY-TCR
ermoglicht. Die Analyse sekundarer Umlagerungsprozesse wurde auf das
Insertionsallel beschrankt, indem Tiere verwendet wurden, die auf dem
Schwesterchromosom ein TCRa defizientes Allel besalRen.

Im Thymus von weiblichen (positiv selektierenden) Tieren des HY-
Insertionsstamms (H-2D b) wurde beobachtet, dalR HY-TCR auspragende
Thymozyten, sich preferentiell zu CD8" Zellen entwickelten. Einige Zellen préagten
aber den HY-TCR nicht mehr aus. Hier konnte nachgewiesen werden, dal3 diese
Zellen eine neue TCR-Spezifitdt besaRen und Va Elemente endogenen Ursprungs
verwendeten.

Nach Kreuzung in den nicht-selektierenden H-2Dd Hintergrund wurde beobachtet,
daR die Thymozyten effizient die nutzlose TCR Spezifitdt duch sekundare
Umlagerungsprodukte veranderten. Die Zellzahl des Thymus war nicht reduziert,
obwohl alle Zellen zunachst eine nicht-selektierbare Spezifitat besassen.

Im Thymus negativ selektierender Mause des HY-Insertionsstammes (H-2Db), war
die Thymozytenzahl im Vergleich zu positiv selektierenden Mausen 8 mal niedriger.
Auch die Zahl an CD4*CD8" Zellen war stark reduziert (25 fach). Uberlebende Zellen
hatten das Insertionstransgen durch ein sekundares Rekombinationsprodukt ersetzt.
Dieser Prozess war aber ineffizient und erlaubte nicht die Bildung eines Thumus nor-
maler GroRe. In fetalen Thymuskulturen starben HY-TCR auspragende CD8*CD4"
Zellen nach Zugabe des HY-Peptides durch Apoptose. Dies wurde anhand reduzier-
ter Zellzahlen und der Detektion apoptotischer Zellen mittels Annexin V festgestellt. In
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Thymusreaggregationskulturen wurde auf3erdem beobachtet, dal3 durch Zugabe von
HY-Peptid nur in CD8YCD4* Zellen mit schwacher Auspragung des HY-TCR
Apoptose ausgeldst wurde. Eine Anderung der TCR-Spezifitat erfolgte nicht.
Offensichtlich kénnen in diesem Modell nur wenige Thymozyten, die einen TCR mit
autoreaktiver Spezifitdt auspragen, der Apoptose aufgrund negativer Selektion durch
Anderung der Rezeptorspezifitat mittels sekundarer Umlagerungen entrinnen. Sie
sind also nur in der Lage effizient ihre Rezeptorspezifitat durch sekundare
Umlagerungen zu wechseln, wenn sie keinen selektierbaren TCR auspragen.
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7/ KURZZUSAMMENFASSUNG

Thymozyten werden Selektionsprozessen unterzogen, die sicherstellen, daf3 ihr T
Zellrezeptor (TCR) koérpereigene MHC Molekile erkennt (positive Selektion), aber
keine Autoreaktivitat besitzt (negative Selektion). Um untersuchen zu kdnnen, ob
Thymozyten ihren TCR durch sekundare Umlagerungen am TCRa Locus verandern
konnen wurde das VaJa Exon des HY-TCR in den TCRa/d Locus der Maus einge-
bracht und die natirliche Va-Ja Umlagerungsreaktion mittels einer 263 kb groR3e
genomische Deletion nachgeahmt. Die Auspragung des HY-TCR wurde durch
Coexpression des HYa-Insertionsalleles mit einem konventionellen HYb Transgen
ermdglicht.

In positiv selektierenden Tieren des HY-Insertionsstamms wurde die Entwicklung
von T Zellen mit HY-TCR beobachtet. In nicht-selektierenden H-2D9 Mausen aber
wurde die hier nutzlose TCR Spezifitdt effizient duch sekundare
Umlagerungsprodukte ersetzt.

Im Thymus negativ selektierender Mause war die Zahl der CD4*CD8™" (DP) Zellen
25 fach reduziert. In fetalen Thymuskulturen und Thymusreaggregationskulturen
wurde gezeigt, dal3 in HY-TCRIOWDP Zellen nach Zugabe des HY-Peptides Apoptose
ausgelost wurde. Eine Anderung der TCR-Spezifitat erfolgte nicht. Also konnen
Thymozyten mit autoreaktiver Spezifitat in diesem Modell negativer Selektion nicht
effizient durch Anderung der Rezeptorspezifitat mittels sekundarer Umlagerungen
entrinnen. Hierzu sind sie nur in der Lage, wenn sie keinen selektierbaren TCR aus-
pragen.



References 12

8 References

Abastado, J.P.; Casrouge, A.; Kourilsky, P. (1993); Differential role of conserved and
polymorphic residues of the binding groove of MHC class | molecules in the selection
of peptides; J Immunol, 151 (7): 3569-75

Agulnik, A.l.; Mitchell, M.J.; Lerner, J.L.; Woods, D.R.; Bishop, C.E. (1994); A mouse
Y chromosome gene encoded by a region essential for spermatogenesis and expres-

sion of male-specific minor histocompatitbility antigens; Human Molecular Genetics, 3
(6): 873-878

Aifantis, I.; Buer, J.; von Boehmer, H.; Azogui, O. (1997); Essential role of the pre-T
cell receptor in allelic exclusion of the T cell receptor beta locus [published erratum
appears in Immunity 1997 Dec;7(6):following 895]; Immunity, 7 (5): 601-607

Alam, S.M.; Crispe, N.; Gascoigne, N.R.J. (1995); Allelic Exclusion of MouseT Cell
Receptor a Chains Occurs at the Time of Thymocyte TCR Up-Regulation; Immunity,
3:449-458

Alam, S.M.; Gascoigne, N.R.J. (1998); Posttranslational Regulation of TCR Va Allelic
Exclusion During T Cell Differentiation; J. Immunol., 160 : 3883-3890

Alberola-lla, J.; Forbush, K.A.; Seger, R.; Krebs, E.G.; Perimutter, R.M. (1995);
Selective requirement for MAP kinase activation in thymocyte differentiation; Nature,
373 (6515): 620-623

Alberola-lla, J.; Hogquist, K.A.; Swan, K.A.; Bevan, M.F.; Perlmutter, R.M. (1996);
Positive and Negative Selection Invoke Distinct Signaling Pathways; J. Exp. Med.,
184 :9-18

Alt, F.; Rosenberg, N.; Lewis, S.; Thomas, E.; Baltimore, D. (1981); Organization and
reorganization of immunoglobulin genes in A-MULV-transformed cells: rearrangement
of heavy but not light chain genes; Cell, 27 (2 Pt 1): 381-390

Anderson, G.; Hare, K.J.; Jenkinson, E.J. (1999); Positive selection of thymocytes: the
long and winding road; Immunology Today, 20 (10): 463-468

Anderson, G.; Jenkinson, E.J.; Moore, N.C.; Owen, J.J.T. (1993); MHC class ll-posi-
tive epithelium and mesenchyme cells are both required for T-cell development in the
thymus; Nature, 362 : 70-73

Anderson, G.; Owen, J.J.; Moore, N.C.; Jenkinson, E.J. (1994); Thymic epithelial cells
provide unique signals for positive selection of CD4+CD8+ thymocytes in vitro; J Exp
Med, 179 (6): 2027-2031

Arden, B.; Clark, S.P.; Kabelitz, D. (1995); Mouse T-cell receptor variable gene seg-
ment families; Immunogenetics, 42 : 501-530




References 73

Azuara, V.; Pereira, P. (2000); Genetic mapping of two murine loci that influence the
development of IL-4-producing Thy-1dull gamma delta thymocytes; J Immunol, 165
(2): 42-48

Azzam, H.S.; Grinberg, A.; lui, K.; Shen, H.; Shores, E.W.; Love, P.E. (1998); CD5
Expression Is Developmentally Regulated By T Cell Receptor (TCR) Signals and TCR
Avidity; J. Exp. Med., 188 (12): 2301-2311

Baldwin, K.K.; Trenchak, B.P.; Altman, J.D.; Davis, M.M. (1999); Negative Selection of
T Cells Occurs Throughout Thymic Development; J. Immunol., 163 : 689-698

Bendelac, A.; Matzinger, P.; Seder, R.A.; Paul, W.E.; Schwartz, R.H. (1992); Activation
events during thymic selection; J. Exp. Med., 175 : 731-742

Benoist, C.; Mathis, D. (1990); Regulation of major histocompatibility complex class-
Il genes: X, Y and other letters of the alphabet; Annu. Rev. Immunol., 8 : 681-715

Berg, L.J.; Fazekas de St. Groth, B.; Pullen, A.M. and Davis, M.M. (1989); Phenotypic
differences between alphabeta versus beta T-cell receptor transgenic mice undergo-
ing negative selection; Nature, 340 : 559-561

Bhattacharya, A.; Dorf, M.E.; Springer, T.A. (1981); A shared alloantigenic determinant
on la antigens encoded by the I-A and I-E subregions: evidence for | region gene
duplication; J Immunol, 127 (6): 2488-2495

Bluthmann, H.; Kisielow, P.; Uematsu, Y.; Malissen, M.; Krimpenfort, P.; Berns, A.; von
Boehmer, H.; Steinmetz, M. (1988); T-cell-specific deletion of T-cell receptor trans-
genes allows functional rearrangement of endogenous alpha- and beta-genes;
Nature, 334 (6178): 156-159

Borgulya, P.; Kishi, H.; Uematsu, Y.; von Boehmer, H. (1992); Exclusion and inclusion
of a and b T cell receptor alleles; Cell, 69 (3): 529-537

Boyd, R.; Kozieradzki, I.; Chidgey, A.; Mittriicker, H.-W.; Bouchard, D.; Timms, E.;
Kishihara, K.; Ong, C.J.; Chui, D.; Marth, J.D.; Mak, T.W.; Penninger, J.M. (1998);
Receptor-Specific Allelic Exclusion of TCRVa-Chains During Development; J.
Immunol., 161 : 1718-1727

Brabb, T.; Rubicz, R.; Mannikko, V.; Goverman, J. (1997); Separately expressed T cell
receptor a and b chain transgenes exert opposite effects on T cell differentiation and
neoplastic transformation; Eur. J. Immunol., 27 : 3039-3048

Brandle, D.; Muller, C.; Rilicke, T.; Hengartner, H.; Pircher, H. (1992); Engagement of
the T-cell receptor during positive selection in the thymus down-regulates RAG-1
expression; Proc. Natl. Acad. Sci. USA, 89 : 9529-9533




References 74
Bruno, L.; Fehling, H.J.; von Boehmer, H. (1996); The alpha/beta T Cell Receptor Can
Replace the gammal/delta Receptor in the Development of gamma/delta Lineage
Cells; Immunity, 5 : 343-352

Bruno, L.; Kirberg, J.; von Boehmer, H. (1995); On the cellular basis of immunological
T cell memory; Immunity, 2 (1): 37-43

Buer, J.; Aifantis, |.; DiSanto, J.P.; Fehling, H.J.; von Boehmer, H. (1997); Role of dif-
ferent T cell receptors in the development of pre-T cells; J Exp Med, 185 (9): 1541-
1547

Burkly, L.C.; Degermann, S.; Longley, J.; Hagman, J.; Brinster, R.L.; Lo, D.; Flavell,

R.A. (1993); Clonal Deletion of vbst T Cells by Transgenic I-E Restricted to Thymic
Medullary Epithelium; J. Immunol., 151 : 3954-3960

Burtrum, D.B.; Kim, S.; Dudley, E.C.; Hayday, A.C.; Petrie, H.T. (1996); TCR gene
recombination and ab- gd lineage divergence; J. Immunol., 157 : 4293-4296

Cantrell, D. (1996); T Cell Antigen Receptor Signal Transduction Pathways; Annu.
Rev. Immunol., 14 : 259-274

Capecchi, M.R. (1989); The new mouse genetics: altering the genome by gene tar-
geting; Trends Genet, 5 (3): 70-76

Casanova, J.L.; Romero, P.; Widmann, C.; Kourilsky, P.; Maryanski, J.L. (1991); T cell
receptor genes in a series of class | major histocompatibility complex-restricted cyto-
toxic T lymphocyte clones specific, for a Plasmodium bergheri nonapeptide:
Implications for T cell allelic exclusion and antigen-specific repertoire; J. Exp. Med.,
174 :1371-1383

Cenciarelli, C.; Hou, D.; Hsu, K.C.; Releeahan, B.L.; Wiest, L.; Smith, H.T.; Fried, V.A.;
Weissman, A.M. (1992); activation-induced ubiquitination of the T cell antigen recep-
tor; Science, 257 : 795

Ceredig, R.; Lowenthal, J.W.; Nabholt, M.; MacDonald, H.R. (1985); Expression of
interleukin-2 receptors as a differentiation marker on intrathymic stem cells; Nature,
314 : 98-100

Chen, C.; Nagy, Z.; Prak, E.L.; Weigert, M. (1995); Immunoglobulin Heavy Chain
Gene Replacement: A Mechanism of Receptor Editing; Immunity, 3 : 747-755

Cheng, L.E.-C.; Chan, F.K.-M.; Cado, D.; Winot, A. (1997); Functional redundancy of
the Nur77 and Nor-1 orphan steroid receptors in T-cell apoptosis; The EMBO Journal,
16 (8): 1865-1875




References /5
Cheng, S.H.; Penninger, J.M.; Ferrick, D.A.; Molina, T.J.; Wallace, V.A.; Mak, T.W.
(1991); Biology of Murine gd T Cells; Critical Reviews in Immunology, 11 (3,4): 145-
166

Cherry, S.R.; Baltimore, D. (1999); Chromatin remodeling directly activates V(D)J
recombination; Proc. Natl. Acad. Sci. USA, 96 : 10788-10793

Chien, Y., lwashima, M., Kaplan, K. B., Elliott, J. F. and Davis, M. (1987); A new T-cell
receptor gene located within the alpha locus and expressed early in T-cell differentia-
tion.; Nature, 327 : 677-682

Cosgrove, D., Gray, D., Dierich, A., Kaufman, J., Lemeur, M., Benoist, C. and Mathis,
D., (1991); Mice lacking MHC class Il molecules; Cell, 66 : 1051-1066

Cosgrove, D., Chan, S.H., Waltzinger, C., Benoist, C. and Mathis, D., (1992); The
thymic compartment responsible for positive selection of CD4+ T cells .; I. Immunol.,
4:707-710

Damjanovich, S.; Szd6llosi, J.; Tron, L. (1992); Transmembrane signalling in T cells;
Immunology Today, 13 (8): A12-A15

Das, G.; Janeway, C.A., Jr. (1999); Development of CD8alpha/alpha and
CD8alpha/beta T cells in major histocompatibility complex class I-deficient mice; J
Exp Med, 190 (6): 881-884

Davey, G.M.; Schober, S.; Endrizzi, B.T.; Dutcher, A.K.; Jameson, S.C.; Hogquist, K.A.
(1998a); Preselection Thymocytes Are More Sensitive to T Cell Receptor Stimulation
Than Mature T Cells; J. Exp. Med., 188 (10): 1867-1874

Davey, G.M.; Schober, S.L.; Endrizzi, B.T.; Dutcher, A.K.; Jameson, S.C.; Hogquist,
K.A. (1998b); Preselection thymocytes are more sensitive to T cell receptor stimula-
tion than mature T cells; J Exp Med, 188 (10): 1867-74

de Chesseval, R.; de Villartay, J.P. (1993); Functional characterization of the promot-
er for the human germ-line T cell recptor Ja (TEA) transcript; Eur. J. Immunol., 23 :
1294-1298

de Villartay, J.P.; Hockett, R.D.; Coran, D.; Korsmeyer, S.J.; Cohen, D.l. (1988);
Deletion of the human T-cell receptor delta-gene by a site-specific recombination;
Nature, 335 : 170-174

Dembic, Z.; Bannworth, W.; Taylor, B.A.; Steinmetz, M. (1985); The gene encoding the
T cell receptor a-chain maps close to the Np-1 locus on mouse chromosome 14;
Nature, 314 : 271-272



References 76
Dialynas, D.P.; Quan, Z.S.; Wall, K.A.; Pierres, A.; Quintans, J.; Loken, M.R.; Pierres,
M.; Fitch, F.W. (1983); Characterization of the murine T cell surface molecule, desig-
nated L3T4, identified by monoclonal antibody GK1.5: similarity of L3T4 to the human
Leu-3/T4 molecule; J Immunol, 131 (5): 2445-2451

Diaz, P.; Cado, D.; Winoto, A. (1994); A Locus Control Region in the T Cell Receptor
alpha/delta Locus; Immunity, 1 : 207-217

Dietrich, J.; You, X.; Wegener, A.-M.K.; Geisler, C. (1994); CD3g contains a phospho-
serine-dependent di-leucine motif involved in down-regulation of the T cell receptor;
EMBO J., 13 : 2156

Dudley, E.C.; Petrie, H.T.; Shah, L.M.; Owen, M.J.; Hayday, A.C. (1994); T cell recep-
tor b chain gene rearrangement and selection during thymocyte development in adult
mice; Immunity, 1 : 83-93

Dutz, J.P.; Ong, C.J.; Marth, J.; Teh, H.S. (1995); Distinct differentiative stages of

CD4*TCcD8* thymocyte development defined by the lack of coreceptor binding in pos-
itive selection; J Immunol, 154 (6): 2588-2599

Egerton, M.; Scollay, R.; Shortman, K. (1990); Kinetics of mature T-cell development
in the thymus; Proc Natl Acad Sci U S A, 87 (7): 2579-2582

Ericsson, P.O.; Teh, H.S. (1995); The protein tyrosine kinase p56ick regulates TCR
expression and T cell selection; Int. Immunol., 7 : 617

Ernst, B.B.; Surh, C.D.; Sprent, J. (1996); Bone Marrow-derived Cells Fail to Induce
Positive Selection in Thymus Reaggregation Cultures; J. Exp. Med., 183 : 1235-1240

Falk, 1.; Biro, J.; Kohler, H.; Eichmann, K. (1996); Proliferation Kinetics Associated with
T Cell Receptor-beta Chain Selection of Fetal Murine Thymocytes; J. Exp. Med., 184:
2327-2339

Fehling, H.J.; Krotkova, A.; Saint-Ruf, C.; von Boehmer, H. (1995); Crucial role of the
pre-T-cell receptor alpha gene in development of alpha beta but not gamma delta T
cells [published erratum appears in Nature 1995 Nov 23;378(6555):419]; Nature, 375
(6534): 795-798

Fields, B.A.; Malchiodi, E.L.; Li, H.-M.; Ysern, X.; Stauffacher, C.V.; Schlievert, P.M.;
Karjalainen, K.; Mariuzza, R.A. (1996); Crystal structure of the b chain of a T-cell
receptor complexed with a superantigen; Nature, 384 : 188-192

Fondell, J., D.; Marolleau, J.-P.; Primi, D.; Marcu, K.B. (1990); On The Mechanism of
Non-Allelically Excluded V alpha-J alpha T Cell Receptor Secondary Rearrangements
in a murine T Cell Lymphoma; J. Immunol., 144 : 1094-1103



References 77

Fondell, J.D. and Marcu, K.B. (1992); Transcription of germline Va segments corre-
lates with ongoing T-cell receptor a-chain rearrangement.; Mol. Cell. Biol., 12 : 1480-
1489

Forster, |.; Rajewsky, K. (1987); Expansion and functional activity of Ly-1* B cells
upon transfer of peritoneal cells into allotype-congenic newborn mice; Eur.J.Immunol.,
17 : 521-528

Fritsch, M.; Andersson, A.; Petersson, K.; Ivars, F. (1998); A TCR a chain transgene

induces maturation of CD4-CD8- ab™ T cells from ¢d T cell precursors; Eur. J.
Immunol., 28 : 828-837

Fugmann, S.D.; Lee, A.l.; Shockett, P.E.; Villey, 1.J.; Schatz, D.G. (2000); The RAG
Proteins and V(D)J Recombination: Complexes, Ends, and Transposition; Annu. Rev.
Immunol., 18 : 495-527

Fukui, W.; Ishimoto, T.; Utsuyama, M.; Gyotoku, T.; Koga, T.; Nakao, K.; Hirokawa, K.;
Katsuki, M.; Sasazuki, T. (1997); Positive and Negative CD4+ Thymocytes Selection
by a Single MHC Class ll/Peptide Ligand Affected by Its Expression Level in the
Thymus; Immunity, 6 : 401-410

Fung-Leung, W.P.; Wallace, V.A.; Gray, D.; Sha, W.C.; Pircher, H.; Teh, H.S.; Loh,
D.Y.; Mak, T.W. (1993); CD8 is needed for positive selection but differentially required
for negative selection of T cells during thymic ontogeny; Eur J Immunol, 23 (1): 212-
216

Garcia, K.C.; Degano, M.; Stanfield, R.L.; Brunmark, A.; Jackson, M.R.; Peterson,
P.A.; Twyton, L.; Wilson, I.A. (1996); An alpha-beta T Cell Receptor Structure at 2.5 A
and Its Orientation in the TCR-MHC Complex; Science, 274 : 209-219

Gay, D.; Saunders, T.; Camper, S.; Weigert, M. (1993); Receptor Editing: An Approach
by Autoreactive B Cells to Escape Tolerance; J. Exp. Med., 177 : 999-1008

Ghendler, Y.; Hussey, R.E.; Witte, T.; Mizoguchi, E.; XClayton, L.K.; Bhan, A.D,;
Koyasu, S.; Chang, H.-C.; Reinherz, E.L. (1997); Double-positive TCRhigh thymo-
cytes are resistant to peptide/MHC ligand-induced negative selection; Eur. J.
Immunol., 27 : 2279

Ghendler, Y.; Mizoguchi, E.; Bhan, A.K.; Clayton, L.K. (1998); Double-positive thymo-
cytes resistant to antigen-MHC-induced negative selection lack active caspase;
International Immunology, 10 (6): 767-774

Gill, L.L.; Zaninetta, D.; Karjalainen, K. (1991); A transcriptional enhancer of the
mouse T cell receptor delta gene locus; Eur J Immunol, 21 (3): 807-810




References 78

Gottschalk, L.R.; Leiden, J.M. (1990); Identification and functional characterization of
the human T-cell receptor beta gene transcriptional enhancer. common nuclear pro-
teins interact with the transcriptional regulatory elements of the T-cell receptor alpha
and beta genes; Mol. Cell. Biol., 10 : 5486-5495

Grakoui, A.; Bromley, S.K.; Sumen, C.; Davis, M.M.; Shaw, A.S.; Allen, P.M.; Dustin,
M.L. (1999); The Immunological Synapse: A Molecular Machine Controlling T Cell
Activation; Science, 285 : 221-227

Griesser, M.; Champagne, K.; Tkachuk, D.; Takihara, Y.; Lalande, M.; Baillie, K.;
Minden, M.; Mak, T.W. (1988); The human T cell receptor a-d locus: a physical map
of the variable, joining and constant region genes; Eur. J. Immunol., 18 : 641-644

Groettrup, M.; von Boehmer, H. (1993); A role for a pre-T-cell receptor in T-cell devel-
opment; Immunol Today, 14 (12): 610-614

Groves, T.; Parsons, M.; Miyamotot, N.G.; Guidos, C.J. (1997); TCR Engagement of

CcD4tcD8* Thymocytes In Vitro Induces Early Aspects of Positive Selection, but Not
Apoptosis; J. Immunol., 158 : 65-75

Grusby, M.J., Auchincloss, H., Lee, R., Johnson,R.S., Spencer, J.P., Zijlstra, M.,
Jaenisch, R., Papaioannou, V.E., and Glimsher, L.H. (1993); Mice lacking major his-
tocompatibility complex class | and class Il molecules.; Proc. Natl. Acad. Sci. USA.,
90 : 3913-3917

Gu, H.; Marth, J.D.; Orban, P.C.; Mossmann, H.; Rajewsky, K. (1994); Deletion of a
DNA polymerase beta gene segment in T cells using cell type-specific gene targeting
[see comments]; Science, 265 (5168): 103-106

Haas, W., Pereira, P. and Tonegawa, S. (1993); Gammal/delta cells; Annu. Rev.
Immunol, 11 : 637-685

Hanahan, D. (1985); Techniques for transformation of E.coli; Washington D.C.: IRL
Press

Hein, K.; Lorenz, M.G.; Siebenkotten, G.; Petry, K.; Christine, R.; Radbruch, A. (1998);
Processing of switch transcripts is required for targeting of antibody class switch
recombination; J Exp Med, 188 (12): 2369-2374

Hempel, W.M.; Leduc, |.; Mathieu, N.; Tripathi, R.K.; Ferrier, P. (1998); Accessibility
Control of V(D)J Recombination: Lessons from Gene Targeting; Advances in
Immunology, 60 : 309-352

Hernandez-Munain, C.; Sleckman, B.P.; Krangel, M.S. (1999); A Dvelopmental Switch
fromTCRd Enhancer to TCRa Enhancer Function during Thymocyte Maturation;
Immunity, 10 : 723-733



References 79

Hertz, M.; Nemazee, D. (1997); BCR Ligation Induces Receptor Editing in IgM*igD-
Bone Marrow B Cells In Vitro; Immunity, 6 : 429-436

Ho, I.-C.; Yang, L.-H.; Morle, G.; Leiden, J.M. (1989); A T-cell-specific transcriptional
enhancer element 3° of C alpha in the human T-cell receptor alpha locus; Proc. Ntl.
Acad. sci., 86 : 6714-6718

Hockett, R., de Villartay, J-P., Pollock, K., Poplack, D.G., Cohen, D. and Korsmeyer,
S. (1988); Human T-cell antigen receptor (TCR) d-locus and elements responsible for
its deletion are within the TCR a-chain locus; Proc. Natl. Acad.Sci., 85 : 9694-9698

Hockett, R.D., Nunez, G. and Korsmeyer, S.J. (1989); Evolutionary comparison of
murine and human d T cell receptor deleting element.; The New Biologist, 1 : 266-274

Hogan, B.; Beddington, R.; Costantini, F.; Lacy, E. (1994); Manipulating the Mouse
Embryo; Plainview, New York: Cold Spring Harbor Laboratory Press; 497

Hogquist, K.A.; Bevan, M.J. (1996); The nature of the peptide/MHC ligand involved in
positive selection; Semin Immunol, 8 (2): 63-68

Hogquist, K.A.; Bonnevier, J.L. (1998); Development of peptide-selected CD8 T cells
in fetal thymic organ culture occurs via the conventional pathway; J Immunol, 161 (8):
3896-3901

Hogquist, K.A.; Gavin, M.A.; Bevan, M.J. (1993); Positive selection of CD8+ T cells
induced by major histocompatibility complex binding peptides in fetal thymic organ
culture; J Exp Med, 177 (5): 1469-1473

Hong, N.A.; Cado, D.; Mitchell, J.; Ortiz, B.D.; Hsieh, S.N.; Winoto, A. (1997); A
Targeted Mutation at the T-Cell Receptor a/d Locus Impairs T-Cell Development and

Reveals the Presence of the Nearby Antiapoptosis Gene Dadl; Molecular and
Cellular Biology, 17 (4): 2151-2157

Hooper, M.; Hardy, K.; Handyside, A.; Hunter, S.; Monk, M. (1987); HPRT-deficient
(Lesch-Nyhan) mouse embryos derived from germline colonization by cultured cells;
Nature, 326 : 292

Hozumi, K.; Tanaka, Y.; Sato, T.; Wilson, A.; Habu, S. (1998); Evidence of stage-spe-
cific element for germ-line transcription of the TCRa gene located upstream of Ja49
locus; Eur. J. Immunol., 28 : 1368-1378

Huesmann, M.; Scott, B.; Kisielow, P.; von Boehmer, H. (1991); Kinetics and efficacy
of positive selection in the thymus of normal and T cell receptor transgenic mice; Cell,
66 (3): 533-540

Huleatt, J.W.; Lefrancois, L. (1995); Antigen-driven induction of CD11c on intestinal
intraepithelial lymphocytes and CD8+ T cells in vivo; J Immunol, 154 (11): 5684-5693



References 80

Hurwitz, J.L.; Samaridis, J.; Pelkonen, J. (1989); Immature and advanced patterns of
T-cell receptor gene rearrangement among lymphocytes in splenic culture; J.
Immunol., 142 : 2533

Irving, B.A.; Alt, F.W.; Killeen, N. (1998); Thymocyte Development in the Absence of
Pre-T Cell Receptor Extracellular Immunoglobulin Domains; Science, 280 : 905-908

Ismaili, J.; Antica, M.; Wu, L. (1996); CD4 and CD8 expression and T cell antigen
receptor gene rearrangement in early intrathymic precursor cells; Eur. J. Immunol.,
26: 731-737w

Jacobs, H. (1997); Pre-TCR/CD3 and TCR/CD3 complexes: decamers with differen-
tial signalling properties?; Immunology Today, 18 (12): 565-569

Jameson, S.C.; Hogquist, K.A.; Bevan, M.J. (1995); Positive selection of thymocytes;
Annu Rev Immunol, 13 : 93-126

Janowski, K.M.; Ledbetter, S.; Mayo, M.S.; Hockett, R.D. (1997); Identification of a
DNA Segment Exhibiting Rearrangement Modifying Effects upon Transgenic d-delet-
ing Elements; J. Exp. Med., 186 : 91-100

Jenkinson, E.J.; Anderson, G.; Owen, J.J.T. (1992); Studies on T Cell Maturation on
Defined Thymic Stromal Cell Populations In Vitro; J. Exp. Med., 176 : 845-853

Kane, L.P.; Lin, J.; Weiss, A. (2000); Signal transduction by the TCR for antigen;
Current Opinion in Immunology, 12 : 242-249

Killeen, N., Moriarty, A., Teh, H., Lliittman, D.R., (1992); Requirement for CD8-major
histocompatibility complex class | interaction in positive and negative selection of
developing T cells.; J. Exp. Med., 176 : 89-97

Kirberg, J.; Baron, A.; Jakob, S.; Rolink, A.; Karjalainen, K.; von Boehmer, H. (1994);

Thymic selection of CD8" single positive cells with a class Il major histocompatibility
complex-restricted receptor; J Exp Med, 180 (1): 25-34

Kishi, H., Borgulya, P., Scott, B., Karjalainen, K., Traunecker, A., Kaufman, J. and Von
Boehmer, H. (1991); Surface expression of the b T cell receptor (TCR) chain in the
abscence of other TCR or CD3 proteins on immature T cells.; EMBO J., 10 : 93-100

Kishimoto, H.; Sprent, J. (1997); Negative Selection in the Thymus Includes
Semimature T Cells; J. Exp. Med., 185 (2): 263-271

Kishimoto, H.; Sprent, J. (1999); Several Different Cell Surface Molecules Control
Negative Selection of Medullary Thymocytes; J. Exp. Med., 190 : 65-73



References 81
Kisielow, P., Bluthmann, H., Staerz, U.D., Steinmetz, M. and Von Boehmer, H., (1988);

Tolerance in T-cell-receptor transgenic mice involves deletion of nonmature CD4*8%
thymocytes; Nature, 333 : 742-746

Kisielow, P. (1990). Applications of fetal thymus organ cultures in studies of T cell
development. In I. Lefkovits & B. Pernis (Ed.), Immunological Methods (pp. 291).
New York: Academic Press.

Kisielow, P.; Bluthmann, H.; Staerz, U.D.; Steinmetz, M.; von Boehmer, H. (1988a);

Tolerance in T-cell-receptor transgenic mice involves deletion of nonmature CD4*8%
thymocytes; Nature, 333 (6175): 742-6

Kisielow, P.; Teh, H.S.; Bluthmann, H.; von Boehmer, H. (1988b); Positive selection of
antigen-specific T cells in thymus by restricting MHC molecules; Nature, 335 (6192):
730-3

Kisielow, P.; von Boehmer, H. (1995); Development and selection of T cells: facts and
puzzles; Adv Immunol, 58 : 87-209

Koop, B.F.; Hood, L. (1994); Striking sequence similarity over almost 100 kilobases of
human and mouse T-cell receptor DNA; Nature Genetics, 7 : 48-53

Koop, B.F.; Rowen, L.; Wang, K.; Kuo, C.L.; Seto, D.; Lenstra, J.A.; Howard, S.; Shan,
W.; Deshpande, P.; Hood, L. (1994); The Human T-cell Receptor TCRAC/TCRDC
(Calpha/Cdelta) Region: Organization, Sequence, and Evolution of 97.6 kb of DNA;
Genomics, 19 : 478-493

Koop, B.F.; Wilson, R.K.; Wang, K.; Vernooij, B.; Zaller, D.; Kuo, C.L.; Seto, D.; Toda,
M.; Leroy, H. (1992); Organization, Structure, and Function of 95 kb of DNA Spanning
the Murine T-Cell Receptor C alpha/C delta Region; Genomics, 13 : 1209-1230

Koopman, G.; Reutelingsperger, C.P.; Kuijten, G.A.; Keehnen, R.M.; Pals, S.T.; van
Oers, M.H. (1994); Annexin V for flow cytometric detection of phosphatidylserine
expression on B cells undergoing apoptosis; Blood, 84 (5): 1415-20

Kubo, R.T.; Born, W.; Kappler, J.W.; Marrack, P.; Pigeon, M. (1989); Characterization
of a monoclonal antibody which detects all murine alpha beta T cell receptors; J
Immunol, 142 (8): 2736-42

Kidhn, R.; Schwenk, F.; Aguet, M.; Rajewsky, K. (1995); Inducible gene targeting in
mice; Science, 269 (5229): 1427-1429

Kunieda, T.; Xian, M.; Kobayashi, E.; Imamichi, T.; Moriwaki, K.; Toyoda, Y. (1992);
Sexing of Mouse Preimplantation Embryos by Detection of Y Chromosome-Specific
Sequences Using Polymerase Chain Reaction; Biology of Reproduction, 46 : 692-697

Lai, E.; Concannon, P.; Hood, L. (1988); Conserved organization of the murine T-cell
receptor [3-gene families; Nature, 331 : 543-546



References 82

Laird, P.W.; Zijderveld, A.; Linders, K.; Rudnicki, M.A.; Jaenisch, R.; Berns, A. (1991);
Simplified mammalian DNA isolation procedure; Nucleic Acids Res, 19 (15): 4293

Lanoue, A.; Bona, C.; von Boehmer, H.; Sarukhan, A. (1997); Conditions that induce
tolerance in mature CD4* T cells; J Exp Med, 185 (3): 405-14

Lantelme, E.; Mantovani, S.; Palermo, B.; Campanelli, R.; Granziero, L.; Monafo, V.;
Giachino, C. (2000a); Increased frequency of RAG-expressing, CD4(+)CD3(low)
peripheral T lymphocytes in patients with defective responses to DNA damage; Eur J
Immunol, 30 (5): 1520-5

Lantelme, E.; Palermo, B.; Granziero, L.; Mantovani, S.; Campanelli, R.; Monafo, V.;
Lanzavecchia, A.; Giachino, C. (2000b); Cutting Edge: Recombinase-Activating Gene

Expression and V(D)J Recombination in CcD4*CD3!OW Mature T Lymphocytes; J.
Immunol., 164 : 3455-3459

Laufer, T.M.; De Koning, J.; Markowitz, J.S.; Lo, D.; Glimcher, L.H. (1996); Unopposed
positive selection and autoreactivity in mice expressing class Il MHC only on thymic
cortex; Nature, 383 (6595): 81-5

Lauritsen, J.P.H.; Christensen, M.D.; Dietrich, J.; Kastrup, J.; Odum, N.; Geisler, C.
(1998); Two Distinct Pathways Exist for Down-Regulation of the TCR; J. Immunol.,
161 : 260-267

Lauzurica, P.; Krangel, M.S. (1994a); Enhancer-dependent and -independent steps in
the rearrangement of a human T cell receptor delta transgene; J. Exp. Med., 179 : 43

Lauzurica, P.; Krangel, M.S. (1994b); Temporal and Lineage-specific Control of T Cell
Receptor alpha/delta Gene Rearrangement by T Cell Receptor alpha and delta
Enahncers; J. Exp. Med., 179 : 1913-1921

Ledbetter, J.A.; Herzenberg, L.A. (1979); Xenogeneic monoclonal antibodies to
mouse lymphoid differentiation antigens; Immunol Rev, 47 : 63-90

Leiden, J.M. (1993); Transcriptional Regulation of T Cell Receptor Genes; Annu. Rev.
Immunol., 11 : 539-570

Leo, O., Foo, M., Sachs, D. H., Samelson, L. E. and Bluestone, J. A. (1987);
Identification of a monoclonal antibody specific for a murine T3 polypeptide.; Proc.
Natl. Acad. Sci. USA, 84 : 1374-1378

Li, H.; Llera, A.; Malchiodi, E.L.; Mariuzza, R.a. (1999); The structural basis of T cell
activation by superantigens; Annu. Rev. Immunol., 17 : 435-466

Li, Z.; Dordai, D.l.; Lee, J.; Desiderio, S.(1996a); A Conserved Degradation Signal
Regulates RAG-2 Accumulation during Cell Division and Links V(D)J Recombination
to the Cell Cycle; Immunity, 5 : 575-589



References 83
Li, Z.-W.; Stark, G.; Goétz, J.; Rulicke, T.; Muller, U.; Weissmann, C. (1996b);
Generation of mice with a 200-kb amyloid precursor protein gene deletion by Cre
recombinase-mediated site-specific recombination in embryonic stem cells; Proc Natl
Acad Sci U S A, 93 : 6158-6162

Lichter, P.; Chang, T., C.-J.; Call, K.; Hermaanson, G.; Evans, G.A.; Housman, D.;
Ward, D.C. (1990); High-resolution mapping of human chromosome 11 by in situ
hybridization with cosmid clones; Science, 247 : 64-69

Livak, F.; Schatz, D.G. (1996); T Cell Receptor alpha Locus V(D)J Recombination By-
Products Are Abundant in Thymocytes and Mature T Cells; Mol. Cell. Biol., 16 : 609-
618

Loken, M.R.; Stall, A.M. (1982); Flow cytometry as an analytical and preparative tool
in immunology; J Immunol Methods, 50 (3): R85-112

Love, P.E.; Shores, E.W. (2000); ITAM Multiplicity and Thymocyte Selection: How Low
Can You Go?; Immunity, 12 : 591-597

Lucas, B.; Vasseur, F.; Penit, C. (1994); Production, Selection, and Maturation of
Thymocytes with High Surface Density of TCR; J. Immunol., 153 : 53-62

Lundberg, K.; Shortman, K. (1994); Small Cortical Thymocytes Are Subject to Positive
Selection; J. Exp. Med., 179 : 1475-1483

Lyons, A. B. & Parish, C. R., (1994) Determination of lymphocyte division by flow
cytometry. J Immunol Methods, 171: 131-137.

Malek, T.R.; Robb, R.J.; Shevach, E.M. (1983); Identification and initial characteriza-
tion of a rat monoclonal antibody reactive with the murine interleukin 2 receptor-ligand
complex; Proc Natl Acad Sci U S A, 80 (18): 5694-8

Malissen, M., McCoy, C., Blanc, D., Trucy, J., Devaux, C., Schmitt-Verhulst, A-M.,
Fitch, F., Hood, L. and Malissen, B., (1986); Direct evidence for chromosomal inver-
sion during T-cell receptor b-gene rearrengements; Nature, 319 : 28-33

Malissen, M., Trucy, J., Letourneur, F., Rebai, N., Dunn, D.E., Fitch, F.W., Hood, L.
and Malissen, B., (1988); AT cell clone expresses two T cell receptor alpha genes but
uses one alphabeta heterodimer for allorecognition and self MHC-restricted antigen
recognition.; Cell, 55 : 49-59

Malissen, M., Trucy,J., Jouvin-Marche, E., Cazenave, P.A., Scollay, R. and Malissen,
B., (1992); Regulation of TcR a and b gene allelic exclusion during T-cell develop-
ment; Immunol. Today, 13 : 315-322

Mallick, C.A., Erastus, C.D., Viney, J.L., Owen, M.J. and Hayday, A.C., (1993);
Rearrangement and diversity of T cell receptor beta chain genes in thymocytes:
A critical role for the beta chain in devepolpment.; Cell, 73 : 513-519



References 84
Markiewitz, M.A.; Girao, C.; Opferman, J.T.; Sun, J.; Hu, Q.; Agulnik, A.A.; Bishop,
C.E.; Thompson, C.B.; Ashton-Rickardt, P.G. (1998); Long-term T cell memory
requires the surface expression of self-peptide/major histocompatibility complex mol-
ecules; Proc. Natl. Acad. Sci. USA, 95 : 3065-3070

Marolleau, J., Fondell, J.D., Malissen, M., Trucy, J., Barbier, E., Marcu, K.B.,
Cazenave, P. and Primi, D., (1988); The joining of germ-line V alpha to J alpha genes
replaces the preexisting

V alpha-J alpha complexes in a T cell receptor alpha, beta positive T cell line.; Cell,
55 :291-300

Marrack, P.; Lo, D.; Brinster, R.; Palmiter, R.; Burkly, L.; Flavell, R.H.; Kappler, J.
(1988); The Effect of Thymus Environment on T Cell Development and Tolerance;
Cell, 53 : 627-634

Martin, S.J.; Reutelingsperger, C.P.; McGahon, A.J.; Rader, J.A.; van Schie, R.C;
LaFace, D.M.; Green, D.R. (1995); Early redistribution of plasma membrane phos-
phatidylserine is a general feature of apoptosis regardless of the initiating stimulus:
inhibition by overexpression of Bcl-2 and Abl; J Exp Med, 182 (5): 1545-56

McGargill, M.A.; Derbinsky, J.M.; Hogquist, K.A. (2000); Receptor editing in develop-
ing T cells; Nature Immunology, 1 : 336-341

McMahan, C.J.; Fink, P.J. (1998); RAG Reexpression and DNA Recombination at T
Cell Receptor Loci in Peripheral CD4™ T cells; Immunity, 9 : 637-647

Melamed, D.; Benschop, R.J.; Cambier, J.C.; Nemazee, D. (1998); Developmental
Regulation of B Lymphocyte Immune Tolerance Compartmentalizes Clonal Selection
from Receptor Selection; Cell, 92 : 173-182

Melamed, D.; Nemazee, D. (1997); Self-antign does not accelerate immature B cell
apoptosis, but stimulats receptor editing as a consequence of developmental arrest;
Proc. Natl. Acad. Sci., 94 : 9267-9272

Merkenschlager, M.; Benoist, C.; Mathis, D. (1994); Evidence for a single-niche model
of positive selection; Proc Natl Acad Sci U S A, 91 (24): 11694-8

Miyake, K.; Medina, K.L.; Hayashi, S.; Ono, S.; Hamaoka, T.; Kincade, P.W. (1990);
Monoclonal antibodies to Pgp-1/CD44 block lympho-hemopoiesis in long-term bone
marrow cultures; J Exp Med, 171 (2): 477-88

Molina, T.J., Kishihara,K. , Siderovski, D.P., Van Ewijk, W., Narendran, A., Timms, E.,
Wakeham, A., Paige, C.J., Hartmann, K.U., Veillette, A., Davidson, D., and Mak, T.W.

(1992); Profound block in thymocyte development in mice lacking p56|Ck.; Nature.,
357 :161-164



References 85

Mombaerts, I., J., Johnson, R.S., Herrup, K., Tonegawa, S, and Papaionnou, V.E.
(1992a); RAG-1 deficient mice have no mature B and T lymphocytes.; Cell., 68 : 869-
877

Mombaerts, P., Clarke, A. R., Rudnicki, M. A., lacomini, J., Itohara, S., Lafaille, J. J.,
Wang, L., Ichikawa, Y., Jaenisch, R., Hooper, M. L. and Tonegawa, S. (1992b);
Mutations in T-cell antigen receptor genes a and b block thymocyte development at
different stages.; Nature, 360 : 225-231

Monks, C.R.F.; Kupfer, H.; Tamir, I.; Barlow, A.; Kupfer, A. (1997); Selective modula-
tion of protein kinase C-q during T-cell activation; Nature, 385 : 83-86

Monroe, R.J.; Seidl, K.J.; Gaertner, F.; Han, S.; Chen, F.; Sekiguchi, J.; Wang, J.;
Ferrini, R.; Davidson, L.; Kelsoe, G.; Alt, F.W. (1999a); RAG2:GFP knockin mice
reveal novel aspects of RAG2 expression in primary and peripheral lymphoid tissues;
Immunity, 11 (2): 201-12

Monroe, R.J.; Sleckman, B.P.; Monroe, B.C.; Khor, B.; Claypool, S.; Ferrini, R.;
Davidson, L.; Alt, FW. (1999b); Developmental Regulation of TCRd Locus
Accessibility and Expression by the TCRd Enhancer; Immunity, 10 : 503-513

Moran, M.; Miceli, M.C. (1998); Engagement of GPI-linked CD48 Contibutes to TCR
Signals and Cytoskeletal Reorganization: A Role for Lipid Rafts in T Cell Activation;
Immunity, 9 : 787-796

Murphy, K.M.; Heimberger, A.B.; Loh, D.Y. (1990); Induction by antigen of interthymic
apoptosis of CD4* CD8" TCR-lo thymocytes in vivo; Science, 250 : 1720-1722

Nagaoka, H.; Yu, W.; Nussenzweig, M.C. (2000); Regulation of RAG expression in
developing lymphocytes; Curr Opin Immunol, 12 (2): 187-90

Nakajima, P.B.; Menetski, J.P.; Roth, D.B.; Boma, M.J. (1995); V-D-J Rearrangements
at the T Cell Receptor Delta Locus in Mouse Thymocytes of the alpha/beta Lineage;
Immunity, 3 : 603-629

Nemazee, D. (2000); Receptor Selection in B and T Lymphocytes; Annu. Rev.
Immunol., 18 : 19-51

Nikolic-Zugic, J.; Andjelic, S.; Teh, H.-S.; Jain, N. (1993); The influence of rearranged
T cell receptor ab transgenes on early thymocytes development; Eur. J. Immunol., 23
: 1699-1704

Oettinger, M.A.; Schatz, D.G.; Gorka, C.; Baltimore, D. (1990); RAG-1 und RAG-2,
Adjacent Genes That Synergistically Activate V(D)J Recombination; Science, 248 :
1517-23



References 86

Okasaki, K., and Sakano, H. (1988); Thymocyte circular DNA excised from T cell
receptor alpha-delta gene complex; The EMBO Journal, 7(6): 1669-74

Opitz, H.G.; Opitz, U.; Hewlett, G.; Schlumberger, H.D. (1982); A new model for inves-
tigations of T-cell functions in mice: differential immunosuppressive effects of two
monoclonal anti-Thy-1.2 antibodies; Immunobiology, 160 (5): 438-53

O’Shea, C.C.; Crompton, T.; Rosewell, I.R.; Hayday, A.C.; Owen, M.J. (1996); Raf
regulates positive selection; Eur. J. Immunol., 26 : 2350-2355

Padovan, E., Casorati, G., Dellabona, P., Meyer, S., Brockhaus, M. and
Lanzavecchia, A., (1993); Expression of two T cell receptor a chains: Dual receptor
T cells; Science, 262 : 422-424

Page, D.M.; Kane, L.P.; Onami, T.M.; Hedrick, S.M. (1996); Cellular and biochemical
requirements for thymocyte negative selection; Seminars in Immunology, 8 : 69-82

Pages, G.; Guerin, S.; Grall, D.; Bonino, F.; Smith, A.; Anjuere, F.; auberger, P.;
Pouyssegur, J. (1999); Defective Thymocyte Maturation in p44 MAP Kinase (Erkl)
Knockout Mice; Science, 286 : 1374-1377

Palmiter, R.D.; Brinster, R.L. (1986); Germ-line transformation of mice; Annu Rev
Genet, 20 : 465-99

Palmiter, R.D.; Brinster, R.L.; Hammer, R.E.; Trumbauer, M.E.; Rosenfeld, M.G.;
Birnberg, N.C.; Evans, R.M. (1982); Dramatic growth of mice that develop from eggs
microinjected with metallothionein-growth hormone fusion genes; Nature, 300 (5893):
611-5

Pearse, M.; Gallagher, P.; Wilson, A.; Wu, L.; Fisicaro, N.; Miller, J.F.; Scollay, R.;
Shortman, K. (1988); Molecular characterization of T-cell antigen receptor expression

by subsets of CD4~ CD8™ murine thymocytes; Proc Natl Acad Sci U S A, 85 (16): 6082-6

Pearse, M.; Wu, L.; Egerton, M.; Wilson, A.; Shortman, K.; Scollay, R. (1989); A
murine early thymocyte developmental sequence is marked by transient expression
of the interleukin-2 receptor; Proc. Natl. Acad. Sci., 86 : 1614-1618

Pelanda, R.; Schwers, S.; Sonoda, E.; Torres, R.M.; Nemazee, D.; Rajewsky, K.
(1997); Receptor Editing in a Transgenic Mouse Model: Site, Efficiency, and Role in B
Cell Tolerance and Antibody Diversification; Immunity, 7 : 765-775

Peterson, D.a.; DiPaolo, R.J.; Kanagawa, O.; Unanue, E.R. (1999); Cutting Edge:
Negative Selection of Immature Thymocytes by a Few Peptide-MHC Complexes:
Differential Sensitivity of Immature and Mature T Cells; J. Immunol., 162 : 3117-3120

Petrie, H.T., Livak, F., Schatz, D.G., Strasser, A., Crispe, I.N., Shortman, K. (1993);
Multiple Rearrangements in T Cell Receptor a Chain Genes Maximize the Production
of Useful Thymocytes; J. Exp. Med., 178 : 615-622



References 87
Pircher, H., Burki, K., Lang, R., Hengartner, H. and Zinkernagel, R.M., (1989);
Tolerance induction in double specific T-cell receptor transgenic mice varies with anti-
gen.; Nature, 342 : 559-566

Pircher, H.; Rebai, N.; Groettrup, M.; Gregoire, C.; Speiser, D.E.; Happ, M.P.; Palmer,
E.; Zinkernagel, R.M.; Hengartner, H.; Malissen, B. (1992); Preferential positive selec-
tion of Va2¥t CD8™ T cells in mouse strains expressing both H-2K and T cell receptor
Va a haplotypes: determination with a VaZ2-specific monoclonal antibody; Eur J
Immunol, 22 (2): 399-404

Prak, E.L.; Weigert, M. (1995); Light Chain Replacement: A New Model for Antibody
Gene Rearrangement; J. Exp. Med., 182 : 541-548

Qin, X.-F.; Schwers, S.; Yu, W.; Papavasiliou, F.; Suh, H.; Nussenzweig, A.; Rajewsky,
K.; Nussenzweig, M.C. (1999); Secondary V(D)J recombination in B-1 cells; Nature,
397 : 355-359

Radic, M.Z.; Erikson, J.; Litwin, S.; Weigert, M. (1993); B Lymphocytes May Eycape
Tolerance by Revising Their Antigen Receptors; J. Exp. Med., 177 : 1165-1173

Radic, M.Z.; Zouali, M. (1996); Receptor Editing, Immune Diversification, and Self-
Tolerance; Immunity, 5 : 505-511

Rahemtulla, A., Fung-Leung, W.P., Schilhan,M.W., Kundig, T.M., Sambhara, S.R.,
Narendran, A., Arabian, A., Wakeham, A., Paige, C.J., Zinkernagel, R.M., Miller, R.G.

and Mak, T.W. (1991); Normal development and function of CD8* cells but markedly
decreased helper cell activity in mice lacking CD4; Nature, 353 : 180-184

Ramirez-Solis, R.; Liu, P.; Bradley, A. (1995); Chromosome engineering in mice;
Nature, 378 (6558): 720-724

Raulet, D.H. (1985); Expression and function of interleukin-2 receptors on immature
thymocytes; Nature, 314 : 101-103

Raulet, D.H. (1989); The structure, function and molecular genetics of the gd T cell
receptor.; Annu. Rev. Immunol., 7 : 175-207

Redondo, J.M.; Hata, S.; Brocklehurst, C.; Krangel, M.S. (1990); AT cell specific tran-
scriptional enhancer within the human T cell receptor delta locus; Science, 247 : 1225-
1229

Reth, M. (1989); Antigen receptor tail clue.; Nature, 338: 383-384
Riegert, P.; Gilfillan, S. (1999); A conserved sequence block in the murine and human

TCR J alpha region: assessment of regulatory function in vivo; J Immunol, 162 (6):
3471-80



References 88
Rincon, M.; Whitmarsh, A.; Yang, D.D.; Weis, L.; Derijard, B.; Jayaraj, P.; Davis, R.J.;
Flavell, R.A. (1998); The JNK Pathway Regulates the In Vivo Deletion of Immature
CD4*tCD8" Thymocytes; J. Exp. Med., 188 : 1817-1830

Ritchie, K.A.; Brinster, R.L.; Storb, U. (1984); Allelic exclusion and control of
endogenous immunoglobulin gene rearrangement in kappa transgenic mice; Nature,
312(5994): 517-20

Rocha, B., and Von Boehmer,H., (1991); Peripheral selection of the T-cell repertoire.;
Science, 251 : 1225-1228

Rodewald, H.R., Awad, K., Moingeon, P., D’Adamio, L., Rabinowitz, D., Shinkai, Y.,
Alt, F. W. and Reinherz, E. L. (1993); FcgRll/lll and CD2 expression mark distinct sub-

populations of immature CD4~ CD8™ murine thymocytes: in vivo developmental kinet-
ics and T cell receptor b chain rearrangement status.; J. Exp. Med., 177 : 1079-1092

Rodewald, H.R.; Fehling, H.J. (1998); Molecular and cellular events in early thymo-
cyte development; Adv Immunol, 69 : 1-112

Roth, M.E.; Holman, P.O.; Kranz, D.M. (1991); Nonrandom Use of J alpha Gene
Segments: Influence of V alpha and J alpha Gene Location; J. Immunol., 147 : 1075-
1081

Rowen, L., Koop,B.F., Boysen,C., Wang,K., Ahearn,M.E., Qin,S.,; Lee, I., Seto,J.,
Acharya,C., Ankener,M., Alving,W., Chen,L.,; Paeper, B., Baskin,D., Jerome,N.,
Swartzell,S., Gilbert,T.,; Faust, J., Loretz,C., Bumgarner,R. and Hood,L. (1997);
Sequence of the mouse T cell receptor b locus; unpublished, GeneBank

Rusconi, S.; Kohler, G. (1985); Transmission and expression of a specific pair of
rearranged immunoglobulin mu and kappa genes in a transgenic mouse line; Nature,
314 (6009): 330-4

Rytkénen, M.A.; Hurqirz, J.L.; Thompson, S.D.; Pelkonen, J. (1996); Restricted onset
of T cell receptor a gene rearrangement in fetal and neonatal thymocytes; Eur. J.
Immunol., 26 : 1892-1896

Rytkdénen-Nissinen, M.; Hurwitz, J.L.; Pelkonen, S.; Levelt, C.; Pelkonen, J. (1999);
Early activation of TCR alpha gene rearrangement in fetal thymocytes; Eur. J.
Immunol., 29 : 2288-2296

Saiki, R.K.; Gelfand, D.H.; Stoffel, S.; Scharf, S.J.; Higuchi, R.; Horn, G.T.; Mullis,
K.B.; Erlich, H.A. (1988); Primer-directed enzymatic amplification of DNA with a ther-
mostable DNA polymerase; Science : 487-494

Saiki, T.K.; Scharf, S.; Faloona, F.; Mullis, K.B.; Horn, G.T.; Erlich, H.A.; Arnheim, N.
(1985); Enzymatic amplification of beta-globin genomic sequences and restriction site
analysis for diagnosis of sickle cell anemia; Science, 239 : 1350-1354



References 89
Saint-Ruf, C.; Panigada, M.; Azogui, O.; Debey, P.; von Boehmer, H.; Grassi, F.
(2000); Different inititation of pre-TCR and gdTCR signalling; Nature, 406 : 524-527

Sambrook, J.; Fritsch, E.F.; Maniatis, T. (1989); Molecular Cloning. A Laboratory
Manual (2 ed.); New York: Cold Spring Harbor Laboratory Press;

Sanger, F.; Nicklen, S.; Coulson, A.R. (1977); DAN sequencing with chain-terminating
inhibitors.; Proc. Natl. Acad. Sci. USA, 74 (5463): 5463-5470

Sarukhan, A.; Garcia, C.; Lanoue, A.; von Boehmer, H. (1998); Allelic inclusion of T
cell receptor alpha genes poses an autoimmune hazard due to low-level expression
of autospecific receptors; Immunity, 8 (5): 563-70

Sauer, B.; Henderson, N. (1988); Site-specific DNA recombination in mammalian
cells by the Cre recombinase of bacteriophage P1.; Proc. Natl. Acad. Sci., 85: 5166-
5170

Schatz, D.G., Oettinger, M.A., and Baltimore, D. (1989); The V(D)J recombination
activating gene, RAG-1.; Cell, 59 : 1035-1048

Schatz, G.D., Oettinger, M.A. and Schlissel, M.S. (1992); V(D)J recombination:
Molecular Biology and Regulation; Annu. Rev. Immunol, 10 : 359-383

Schonrich, G.; Klinke, U.; Momburg, F.; Malissen, M.; Schmitt-Verhulst, A.M.;
Malissen, B.; Hammerling, G.J.; Arnold, B. (1991); Down-regulation of T cell receptors
on self-reactive T cells as a novel mechanism for extrathymic tolerance induction;
Cell, 65 : 293

Schraven, B.; Marie-Cardine, A.; Hubener, C.; Bruyns, E.; Ding, I. (1999); Integration
of receptor-mediated signals in T cells by transmembrane adaptor proteins;
Immunology Today, 20 (10): 431-434

Schwenk, F.; Baron, U.; Rajewsky, K. (1995); A cre-transgenic mouse strain for the
ubiquitous deletion of loxP-flanked gene segments including deletion in germ cells;
Nucleic Acids Res, 23 (24): 5080-1

Scollay, R.; Godfrey, D.l. (1995); Thymic emigration: conveyor belts or lucky dips?;
Immunol Today, 16 (6): 268-73; discussion 273-4

Scollay, R.; Shortman, K. (1985); Identification of early stages of T lymphocyte devel-
opment in the thymus cortex and medulla; J Immunol, 134 (6): 3632-42

Seto, D.; Koop, B.F.; Deshpande, P.; Howard, S.; Seto, J.; Wilk, E.; Wang, K.; Hood,
L. (1994); Organization, Sequence, and Function of 34.5 kb of Genomic DNA
Encompassing Several Murine T-Cell Receptor a/d Variable Gene Segments;
Genomics, 20 : 258-266



References 90

Sha, W.C.; Nelson, C.A.; Newberry, R.D.; Kranz, D.M.; Russell, J.H.; Loh, D.Y. (1988);
Positive and negative selection of an antigen receptor on T cells in trasngenic mice;
Nature, 336 : 73-76

Shimizu, T., Takeshita, S., Muto, M., Kubo, E., Sado, T., and Yamagishi, H. (1992);
Mouse germline transcript of TCRa joining region and the temporal expression in
ontogeny.; Int. Immunol., in press

Shimonkevitz, R.P.; Husmann, L.A.; Bevan, M.J.; Crispe, I.N. (1987); Transient
expression of IL-2 receptor precedes the differentiation of immature thymocytes;
Nature, 329 : 157-159

Shinkai, Y., Rathbun, G., Lam, K.P., Oltz, E.M., Stewatrt, V., Mendelsohn, M., Charron,
J., Datta, M., Young, F., Stall, A.M., and Alt, F.W. (1992); RAG-2-deficient mice lack
mature lymphocytes owing to inability to initiate V(D)J rearrangement.; Cell., 68 : 855-
867

Shortman, K.; Vremec, D.; Egerton, M. (1991); The Kinetics of T cell Antigen Receptor

Expression by Subgroups of CD4%8*Thymocytes: Delineation of CD4*g*32*
Thymocytes as Post-selection Intermediates Leading to Mature T Cells; J. Exp. Med.,
173 : 323-332

Sleckman, B.P.; Bardon, C.G.; Ferrini, R.; Davidson, L.; Alt, F.W. (1997); Function of
the TCRa Enhancer in ab and gd T Cells; Immunity, 7 : 505-515

Sleckman, B.P.; Gorman, J.R.; Alt, F.W. (1996); Accessibility Control of Antigen-
Receptor Variable-Region Gene Assembly: Role of cis-Acting Elements; Annu. Rev.
Immunol., 14 : 459-481

Snodgrass, H.R.; Dembic, Z.; Steinmetz, M.; von Boehmer, H. (1985a); Expression of
T-cell antigen receptor genes during fetal development in the thymus; Nature, 315
(6016): 232-3

Snodgrass, H.R.; Kisielow, P.; Kiefer, M.; Steinmetz, M.; von Boehmer, H. (1985b);
Ontogeny of the T-cell antigen receptor within the thymus; Nature, 313 (6003): 592-5

Southern, E.M. (1975); Detection of specific sequences among DNA fragments sepa-
rated by gel electrophoresis; Journal of Molecular Biology, 98 : 503-517

Springer, T.; Galfre, G.; Secher, D.; Milstein, C. (1978a); Monoclonal xenogeneic anti-
bodies to mouse leukocyte antigens: identification of macrophage-specific and other
differentiation antigens; Curr Top Microbiol Immunol, 81 : 45-50

Springer, T.; Galfre, G.; Secher, D.S.; Milstein, C. (1978b); Monoclonal xenogeneic
antibodies to murine cell surface antigens: identification of novel leukocyte differenti-
ation antigens; Eur J Immunol, 8 (8): 539-51




References 91

Stanhope-Baker, P.; Hudson, K.M.; Shaffer, A.L.; Constantinescu, A.; Schlissel, M.S.
(1996); Cell Type-Specific Chromatin Structure Determines the Targeting of V(D)J
Recombinase Activity In Vitro; Cell, 85 : 887-889

Stockinger, B. (1999); T Lymphocyte Tolerance: From Thymic Deletion to Peripheral
Control Mechanisms; Advances in Immunology, 71 : 229-264

Stone, J.D.; Conroy, L.A.; Byth, K.F.; Heerer, R.A.; Howlett, S.; Takemoto, Y.; Holmes,

N.: Alexander, D.R. (1997); Aberrant TCR-mediated signaling in cD45"U!l thyocytes
involves dysfunctional regulation of Lck, Fyn, TCR-zeta, and ZAP-70; J. Immunol.,
158 : 5773

Sugawara, T.; Moriguchi, T.; Nishida, E.; Takahama, Y. (1998); Differential Roles of
ERK and p38 MAP Kinase Pathways in Positive and Negative Selection of T
Lymphocytes; Immunity, 9 : 565-574

Surh, C.D.; Sprent, J. (1994); T-cell apoptosis detected in situ during positive and neg-
ative selection in the thymus; Nature, 372 : 100-103

Swan, K.A.; Alberola-lla, J.; Gross, J.a.; Appleby, M.W.; Forbush, K.A.; Thomas, J.F.;

Perlmutter, R.M. (1995); Involvement of p21'aS distinguishes positive and negative
selection in thymocytes; The EMBO Journal, 14 (2): 276-285

Swat, W.; Ignatowicz, L.; von Boehmer, H.; Kisielow, P. (1991); Clonal deletion of

immature CD4%8% thymocytes in suspension culture by extrathymic antigen-present-
ing cells; Nature, 351(6322): 150-3

Swat, W.; Dessing, M.; Baron, A.; Kisielow, P.; von Boehmer, H. (1992); Phenotypic

changes accompanying positive selection of CD41CD8* thymocytes; Eur J Immunol,
22 (9): 2367-72

Swat, W.; Dessing, M.; von Boehmer, H.; Kisielow, P. (1993); CD69 expression during
selection and maturation of CD4%8% thymocytes; Eur J Immunol, 23 (3): 739-46

Takeshita, S., Toda, M. and Yamagishi, H. (1989); Excision products of the T cell
receptor gene support a progressive rearrangement model of the a/d locus.; EMBO
J., 8:3261 - 3270

Tarazona, R.; Willioams, O.; Moskophidis, D.; Smyth, L.A.; Tanaka, Y.; Murdjeva, M.;
Wack, A.; Mamalaki, C.; Kioussis, D. (1998); Susceptibility and Resistance to Antigen-
Induced Apoptosis in the Thymus of Transgenic Mice; J. Immunol., 160 : 5397-5403

Teh, H.-S.; Kisielow, P.; Scott, B.; Kishi, H.; Uematsu, Y.; Bluthmann, H.; von Boehmer,
H. (1988); Thymic major histocompatibility complex antigens and the alpha/beta T cell
receptor determine the CD4/CD8 phenotype of T cells; Nature, 335 : 229-233




References 92
Teh, H.S.; Kishi, H.; Scott, B.; Borgulya, P.; von Boehmer, H.; Kisielow, P. (1990); Early
deletion and late positive selection of T cells expressing a male-specific receptor in T-
cell receptor transgenic mice; Dev Immunol, 1 (1): 1-10

Teh, H.S.; Kishi, H.; Scott, B.; Von Boehmer, H. (1989); Deletion of autospecific T cells
in T cell receptor (TCR) transgenic mice spares cells with normal TCR levels and low
levels of CD8 molecules; J Exp Med, 169 (3): 795-806

Teh, H.S.; Kisielow, P.; Scott, B.; Kishi, H.; Uematsu, Y.; Bluthmann, H.; von Boehmer,
H. (1988); Thymic major histocompatibility complex antigens and the ab T-cell recep-
tor determine the CD4/CD8 phenotype of T cells; Nature, 335 (6187): 229-33

Teh, H.S.; Kisielow, P.; Scott, B.; Kishi, H.; Uematsu, Y.; Blithmann, H.; von Boehmer,
H. (1989); Deletion of autospecific T cells in T cell receptor transgenic mice spares
cells with normal TCR levels and low levels of CD8 molecules; J. Exp. Med., 169 :
795-806

Terrence, K.; Pavlovich, C.P.; Matechak, E.O.; Fowlkes, B.J. (2000); Premature
Expression of T Cell Receptor (TCR)ab Suppresses TCRgd Gene Rearrangement but
Permits Development of gd Lineage T Cells; J. Exp. Med., 192 (4): 537-548

Thompson, S., D.; Pelkonen, J.; Rytkénen, M.; Samaridis, J.; Hurwitz, J., L. (1990a);
Nonrandom Rearrangement, of T Cell Receptor J alpha Genes in Bone Marrow T Cell
Differentiation Cultures; J. Immunol., 144 : 2819-2834

Thompson, S.D.; Pelkonen, J.; Hurwitz, J., L. (1990b); First T Cell Receptor alpha
Gene Rearrangements During T Cell Ontogeny Skew to the 5° Region of the J alpha
Locus; J. Immunol., 145 : 2347-2352

Tiegs, S.L.; Russell, D.M.; Nemazee, D. (1993); Receptor Editing in Self-reactive
Bone Marrow B Cells; J. Exp. med., 177 : 1003-1020

Torres, R.M.; Kuihn, R. (1997); Laboratory Protocols for Conditional Gene Targeting

Tourigny, M.R.; Mazel, S.; Burtrum, D.B.; Petrie, H.T. (1997); T cell receptor (TCR)-b
gene recombination: Dissociation from cell cycle regulation and developmental pro-
gression during T cell ontogeny; J. Exp. Med., 185 : 1549-1556

Trowbridge, I.S.; Lesley, J.; Trotter, J.; Hyman, R. (1985); Thymocyte subpopulation
enriched for progenitors with an unrearranged T-cell receptor b-chain gene; Nature,
315 : 666-669

Turka, L.A., Schatz, D.G., Oettinger, M.A., Chun, J.J.M., Gorka, C., Lee, K., MC
Cormack, W.T., and Thompson, G.B. (1991); Thymocyte expression of RAG-1 and
RAG-2 : termination by T cell receptor crosslinking.; Science, 253 : 778-781

Uematsu, Y. (1992); Preferencial association of alpha and beta chains of the T cell
antigen receptor; Eur. J. Immunol., 22 : 603-606




References 93
Uematsu, Y.; Ryser, S.; Dembic, Z.; Borgulya, P.; Krimpenfort, P.; Berns, A.; von
Boehmer, H.; Steinmetz, M. (1988); In transgenic mice the introduced functional T cell
receptor beta gene prevents expression of endogenous beta genes; Cell, 52 (6): 831-
41

Valitutti, S.; Muller, S.; Cella, M.; Padovan, E.; Lanzavecchia, A. (1995); Serial trig-
gering of many T-cell receptors by a few peptide-MHC complexes; Nature, 375 : 148-
151

Valitutti, S.; Muller, S.; Salio, M.; Lanzavecchia, A. (1997); Degradation of T Cell
Receptor (TCR)-CD3-z Complexes after Antigenic Stimulation; J. Exp. Med., 185(10):
1859-1864

van Ewijk, W.; Ron, Y.; Monaco, J.; Kappler, J.; Marrack, P.; Le Meur, M.; Gerlinger,
P.; Durand, B.; Benoist, C.; Mathis, D. (1988); Compartmentalization of MHC Class I
Gene Expression in Transgenic Mice; Cell, 53 : 357-370

van Meerwijk, J.P.M.; Marguerat, S.; Lees, R.K.; Germain, R.N.; Fowlkes, B.J;
MacDonald, H.R. (1997); Quantitative impact of thymic clonal deletion on the T cell
repertoire; J. Exp. Med., 185 : 377-383

Villey, I.; Caillol, D.; Selz, F.; Ferrier, P.; de Villartay, J.-P. (1996); Defect in rearrange-
ment of the most 5" TCR-J alpha following targeted deletion of TEA (T Early Alpha):
implications for TCR-alpha locus accessibility; Immunity, 5 (4): 331-342

Villey, I.; Quartier, P.; Selz, F.; de Villartay, J.-P. (1997); Germ-line transcription and
methylation status of the TCR-J alpha locus in its accessible configuration; Eur. J.
Immunol., 27 : 1619-1625

Viola, A.; Lanzavecchia, A. (1996); T Cell Activation Determined by T Cell Receptor
Number and Tunable Thresholds; Science, 273 : 104-106

Volkmann, A.; Zal, T.; Stockinger, B. (1997); Antigen-Presenting Cells in the Thymus
That Can Negatively Select MHC Class lI-Restricted T Cells Recognizing a Circulating
Self Antigen; J. Immunol., 158 : 693-706

Von Boehmer, H., Bonneville, M., Ishida, I., Ryser, S., Lincoln, G., Smith, R. T., Kishi,
H., Scott, B., Kisielow, P. and Tonegawa, S. (1988); Early expression of a T-cell recep-
tor b- chain transgene suppresses rearrangement of the Vg4 gene segment.; Proc.
Natl. Acad. Sci. USA, 85 : 9729-9732

von Boehmer, H. (1990a); Developmental biology of T cells in T cell-receptor trans-
genic mice; Annu Rev Immunol, 8 : 531-56

von Boehmer, H. (1990b); Developmental Biology of T Cells in T Cell-Receptor
Transgenic Mice; Annu. Rev. Immunol., 8 : 521-536




References 94

von Boehmer, H.; Kirberg, J.; Rocha, B. (1991); An unusual lineage of alpha/beta T
cells that contains autoreactive cells; J Exp Med, 174 (5): 1001-8

Wack, A.; Ladyman, H.M.; Williams, O.; Roderick, K.; Ritter, M.A.; Kioussis, D. (1996);
Direct vizualization of thymocyte apoptosis in neglect, acute and steady-state nega-
tive selection; International Immunology, 8 (10): 1537-1548

Wang, F.; Huang, C.-Y.; Kanagawa, O. (1998); Rapid deletion of rearranged T cell
antigen receptor (TCR) Va-Ja segment by secondary rearrangement in the thymus:
Role of continuous rearrangement of TCR a chain gene and positive selection in the
T cell repertoire formation; PNAS, 95 : 11834-11839

Wange, R., L.; Samelson, L.E. (1996); Complex Complexes: Signaling at the TCR,;
Immunity, 5 : 197-205

Watanabe, S.; Kai, N.; Yasuda, M.; Kohmura, N.; Sanbo, M.; Mishina, M.; Yagi, T.
(1995); Stable Production of Mutant Mice from Double Gene Converted ES Cells with
Puromycin and Neomycin; Biochemical and Biophysical Research Communications,
213 :130-137

Wayne, J.; Suh, H.; Misulovin, Z.; Sokol, K.A.; Inaba, K.; Nussenzweig, M.C. (1994);
A Regulatory Role for Recombinase Activating Genes, RAG-1 and RAG-2, in T cell
development; Immunity, 1 : 95-107

Weaver, D.; Costantini, F.; Imanishi-Kari, T.; Baltimore, D. (1985); A transgenic
immunoglobulin mu gene prevents rearrangement of endogenous genes; Cell,
42(1): 117-27

Wiest, D.L.; Yuan, L.; Jefferson, J.; Benveniste, P.; Tsokos, M.; Klausner, R.D;
Glimcher, L.H.; Samelson, L.E.; Singer, A. (1993); Regulation of T cell receptor

expression in immature CD4*tCD8™ thymocytes by p56ick tyrosine kinase: basis for
differential signaling by CD4 and CD8 in immature thymocytes expressing both core-
ceptor molecules; J. Exp. Med., 178 : 1701

Wilson, A.; Held, W.; MacDonald, H.R. (1994); Two Waves of Recombinase Gene
Expression in Developing Thymocytes; J. Exp. Med., 179 : 1355-1360

Winoto, A.; Baltimore, D. (1989); A novel, inducible and T cell-specific enhancer locat-
ed at the 3" end of the T cell receptor alpha locus; EMBO J., 8 : 729-733

Woronicz, J.D.; Lina, A.; Calnan, B.J.; Szychowski, S.; Cheng, L.; Winoto, A. (1995);
Regulation of the Nur77 Orphan Steroid Receptor in Activation-Induced Apoptosis;
Molecular and Cellular Biology, 15 (11): 6364-6376

Wu, L.; Vremec, D.; Ardavin, C.; Winkel, K.; Suss, G.; Georgiou, H.; Maraskovsky, E.;
Cook, W.; Shortman, K. (1995); Mouse thymus dendritic cells: kinetics of development
and changes in surface markers during maturation; Eur J Immunol, 25 (2): 418-25




References 95

Xavier, R.; Seed, B. (1999); Membrane compartmentation and the response to anti-
gen; Curr. Opin. Immunol., 11 : 265-269

Xavier, R.; Brennan, T.; Li, Q.; McCormack, C.; Seed, B. (1998); Membrane
Compartmentation is Required for Efficient T Cell Activation; Immunity, 8 : 723-732

Xue, Y.; Chomez, P.; Castanos-Velez, W.; Biberfeld, P.; Perlimann, T.; Jondal, M.
(1997); Positive and negative thymic selection in T cell receptor-transgenic mice cor-
relate with Nur77 mRNA expression; Euro. J. Immunol., 27 : 2048-2056

Yewdell, J.W.; Bennink, J.R. (1990); The binary logic of antigen processing and pre-
sentation to T cells; Cell, 62 (2): 203-6

Yokoyama, W.M.; Koning, F.; Kehn, P.J.; Pereira, G.M.; Stingl, G.; Coligan, J.E.;
Shevach, E.M. (1988); Characterization of a cell surface-expressed disulfide-linked
dimer involved in murine T cell activation; J Immunol, 141 (2): 369-76

Yu, W.; Misulovin, Z.; Suh, H.; Hardy, R.R.; Jankovic, M.; Yannoutsos, N.;
Nussenzweig, M.C. (1999); Coordinate regulation of RAG1 and RAG2 by cell type-
specific DNA elements 5’ of RAG2; Science, 285 (5430): 1080-4

Zhong, D.P.; Krangerl, M.S. (1997); An enhancer-blocking element between alpha
and delta gene segments within the human T cell receptor alpha/delta locus; PNAS,
94 : 5219-5224

Zinkernagel, R.M.; Doherty, P.C. (1979); MHC-Restricted Cytotoxic T Cells: Studies
on the Biological Role of Polymorphic Major Transplantation Antigens Determining T-
Cell Restriction-Specificity, Function, and Responsiveness; Advances in Immunology,
27 :51-177




Abbreviations 96

9 ABBREVIATIONS

ab
APC
ATP
BSA
bp

cre

CD
CFSE
Cyc

d

D element
DC
DMEM
DN
DNA
DNase
dNTP
DP

D

E
EDTA
ES cell
FACS
FITC
FTOC
fig.
G418
GL
H-2
HEPES
HSA
HY-I
HYtg
g

AYA

J element

antibody

antigen presenting cell
adenosine-tris-phosphate

bovine serum albumin

base pairs

,causes recombination®
cluster of differenciation

5 (and 6) -carboxyfluorescein diacetate succinimidyl ester
cychrome

day

diversity element

dendritic cell

Dulbecco’s modified eagles medium
double negative (CD4°CD8")
desoxyribonucleic acid
desoxyribonuclease |
2-deoxyribonucleosidtriphosphate
double positive (CD4*tCD8")
deleted

gestational day
ethylendiamin-tetra-acedic acid
embryonic stem cell
fluorescence activated cell sorting
fluorescein-isocyanate

fetal thymic organ culture

figure

geniticin

germ line

histocompatibility locus 2
N-(2-Hydroethyl)piperazin-N"-2-ethylsulfonic acid
heat stable antigen

genotype HYa!DOHyp*

HY-TCR a/b transgene
immunoglobulin

intravenously

joining element
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kb

LN
MACS
MHC
MF
Neo
PBS
PCR
PE
PerCP
pTa
rag
rpm
SDS
SP
TCR
TEA
tg

TK

V element
V region
WT

kilo base pairs

lymph node

magnetic cell sorting

major histocompatibility locus
macrophage

neomycine resistance gene
phosphate buffered saline
polymerase chain reaction
phycoerythrine

peridinin chlorophyll protein
pre Ta

recombination activating gene
rounds per minute

sodium dodecyl sulfate
single positive (CD4* or CD8Y)
T cell receptor

T early alpha

conventional transgene
thymidinkinase

variable element

variable region

wild type
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