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Abstract
αβ T cell Receptors (TCR) recognise peptide antigen (p) presented on Major
Histocompatability Complexes (MHC) via Complementarity Determining Regions (CDRs).
TCRs are required to respond to a vast plethora of differing antigens and the CDR regions are
suitably diverse, encoded by an array of gene-segments, which recombine during T cell
development to generate diverse repertoires of TCRs. CDR1 and 2, which predominantly
interact with the MHC, are encoded within gene-segments, and are subject to evolutionary
pressure. However, CDR3 loops are non-germline and created through junctional diversity.
TCRs are ‘MHC restricted’ and only respond to antigen in the context of MHC. An influential
theory proposes that CDR1 and 2 have co-evolved with MHC and as such are inherently
predisposed towards MHC recognition. This thesis used preliminary data derived from whole
genome analysis of TCR CDR1 and 2 diversity relative to those of related immunoglobulins
(which are not MHC restricted) to determine if there is any relationship between germline
CDR diversity and MHC restriction. Conventional mutagenesis involving substituting CDR1
and 2 with artificial peptide linkers and replacement of βCDR1 and 2 with those of the related
yet MHC unrestricted γTCR chain was carried out in concert with a novel system that
embedded recombination cassettes into the CDR1 or 2 allowing in vivo generation and
selection of a library of non-germline CDR1 or 2 mutants. Collectively, these data strongly
infer a lack of requirement of germline CDR sequences in mediating MHC recognition in
both pMHC-mediated T cell development and function. However, alteration of the germline
sequence did affect the efficiency of T cell development, preference of MHC class type and
the diversity of the subsequent T cell repertoire. Thus, germline CDR structures may facilitate
a more diverse array of MHC docking modes to maximise the resultant TCR repertoire,
contributing to an increased capacity for cross-reactivity, rather than imposing MHC
restriction.
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Chapter 1: Introduction

1.1 Overview of adaptive immunity receptor evolution, the T cell receptor and MHC
restriction
1.1.1 Evolution of adaptive immunity receptor diversity
The immune system is the second most complex studied after the central nervous
system (CNS). The multifarious nature of the immune system is underpinned by its
ability to rid the body of pathogens both through effective innate and exquisitely specific
adaptive means, with these branches often cooperating across almost every tissue and
organ in the body. The fundamental property of an adaptive immune system is the
generation of diversity in lymphocytic cell receptors: facilitating potent but targeted
responses to clear specific infections. Coupled to this effector role is the requirement to
self‐regulate, both against over‐reaction to infection and unintentional reaction to self.
In all jawed vertebrates, the adaptive immune response is mediated through cellular and
humoral arms, which are controlled by T cell and B cell lymphocytes respectively.
Diversity is created via the generation of clonal repertoires through recombination of
loci that contain multiple related, but distinct gene‐segments that are recombined in
unique combinations in each lymphocyte. An adjunct to this generation of combinatorial
diversity is that of junctional diversity, whereby the addition and subtraction of random
nucleotides upon segment joining creates hypervariable, non‐germline junctions. While
evolution and speciation inevitably results in adaption and specialisation of organs and
systems, the adaptive immune system has remained incredibly conserved in terms of
basic features and machinery, with evolution instead working within a common
framework (Pancer and Cooper, 2006).
In jawed vertebrates the adaptive machinery is formed from three distinct but related
heterodimeric molecules from the immunoglobulin superfamily (IgSF) which all contain
structurally similar immunoglobulin (Ig) domains (see the next section). The IgSF
domains are the most common used in immune defence molecules (Barclay, 2003).
These molecules include the Immunoglobulins (Ig) and the two T cell receptor (TCR)
isotypes, αβ and γδTCRs, expressed on B cells and T cells respectively. All three receptor
types and their associated immune responses are conserved from the earliest
cartilaginous fish (Rumfelt et al 2001 and Criscitiello et al, 2010) and share the same
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form of recombination process (See Section 1.3.2). Further, the presence of both primary
(lymphocyte developing) and secondary (lymphocyte responding) organs in jawed
vertebrates is also maintained. Very few modifications of these basic constituents have
been selected for during evolution. Perhaps the most extreme adjustment is the
organisation of the lymphoid organs themselves, which can vary anatomically (Boehm
and Bleul, 2007). Indeed, a functional second thymus (where TCR recombination occurs
during T cell development) was discovered in mice (Terszowski et al, 2006). Also, a
mammalian specific novel TCR locus termed TCRµ has been discovered in the ancient
monotreme, the duck‐billed platypus, that is absent from all marsupial and placental
mammals studied and other jawed vertebrates (Wang et al, 2011).
Such is the overall evolutionary “success”, however, of the adaptive immune system that
a remarkable occurrence of convergent evolution has been recently defined in jawless
chordates, which include lampreys and hagfish. Jawless fish while containing IgSF
molecules, do not appear to express diverse Ig or TCR related molecules, yet could
conduct immune responses that infer the presence of diverse and specific repertoire
(Finstad and Good, 1964). RNA extracted from lamprey larvae immunised with a
heterogeneic bacterial mixture was discovered to contain a diverse repertoire of leucine
rich repeat (LRR) containing receptors, now termed variable lymphocyte receptors
(VLRs; Pancer et al, 2004). These unique but similarly diverse proteins have now been
shown to contain distinct but comparable recombination loci structures, recombination
processes (Rogozin et al, 2007) and have even been shown to demonstrate analogous
humoral and cellular B and T‐like lineages and show evidence of primary lymphoid
thymus‐like structures (Alder et al, 2005; Kim et al, 2007 and Bajoghili et al, 2011).

Igs consist of a heavy (H) and a light (κ or λ) chain, each of which are encoded through
the rearrangement of distinct loci. Similarly, the α, β, γ and δ TCR chains are also
encoded by distinct loci. However, evidence suggests cross‐loci recombination may have
been prevalent in ancestral systems (Criscitiello et al, 2010). Based on the processes of
recombination to create the variable domain of these proteins, the IgH, TCRα and TCRγ
can be considered comparable chains, as can the partner Igκ, Igλ, TCRβ and TCRδ. The
former group’s variable domains are generated from variable (V) and joining (J)
segments and the latter V, J and diversity (D) segments in a process called V(D)J
recombination. These are then spliced to the constant (C) domain (see Section 1.3 for
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details). Phylogenetic analysis comparing the constant domains of each chain has
proposed that the γδTCR loci pre‐empted the evolution of the Ig and αβTCR (Richards
and Nelson, 2000). Another model based on comparison of mouse and human genomes
predicted a primordial heterodimer consisting of one V‐J‐C and one V‐D‐J‐C chain
underwent a duplication to generate Ig and TCRαβ loci and a second duplication of the
αβTCR loci resulted in the γδ loci (Glusman et al, 2001).
Regardless of the original source of the variable IgSF based receptor, three key events
underlie the subsequent evolution of repertoire generation: the “space” and pressure to
generate a variety of gene‐segments, a mechanism with which to facilitate combinatorial
diversity via recombination and a system to introduce the hypervariable sequences at
the non‐homologous segment joins. As with any genome diversification, gene
duplication is required to loosen the constraints on maintaining the original genes’
sequence. However it is the duplication of the whole chordate genome, termed the 2R
hypothesis that is proposed to have heeded the emergence and subsequent
diversification of adaptive immune genes (Kasahara, 2007). In order to generate gene
segments, one assumes a proto‐immune receptor would need to be split. The basic
process of recombination is centred on the function of two DNA repair enzymes called
recombination activating genes (RAG) 1 and 2, which have been characterised for the
majority of vertebrates. These enzymes catalyse the breaking of DNA between gene‐
segments through recognition of recombination signal sequence (RSS; Section 1.3.2). It is
believed these genes were acquired through horizontal transfer from commensal or
pathogenic bacteria and are most related, in terms of sequence, gene orientation and
RSS to a transposon called transib (Kapitonov and Jurka, 2005 and Fugmann et al, 2006).
It is likely that the horizontal transfer process resulted in insertion into an ancestral
antigen receptor gene that consisted of exons encoding for proto‐V and C like domains.
Transposon insertion to the proto‐V exon would result in splitting into a proto‐V and
proto‐J segment for example (Lewis and Wu, 1997; Schatz, 2004 and Mazza and
Malissen, 2007). As will be discussed, the generation of hypervariaibilty through non‐
homologous end joining during recombination is arguably the most important feature
facilitating antigen (Ag) recognition in the adaptive immune response. This process
during Ig and TCR loci recombination is mediated by terminal deoxynucleotidyl
transferase (TdT; Section 1.3.2). As with the RAG1/2 complex, TdT is an early progenitor
that is highly conserved throughout jawed chordates that was discovered upon
sequencing of the purple sea urchin genome, which also contained other factors
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required for V(D)J recombination including xrrC4, Ku70, Ku80 and DNA ligase IV
(Hibino et al, 2006; Section 1.3.2). Overall, the nature of adaptive immunity has been
favoured from a very basic evolutionary point in chordata evolution, thus emphasising
the benefits of diverse immune receptors. Despite the wasteful nature of loci
recombination, the changing and evolving nature of host‐pathogen interactions no
doubt underpin the retention of such a diverse system. As discussed in the next two
sections however, despite common evolutionary starting points, related structures and
identical recombination processes, the αβTCR has evolved a very unique and complex
form of Ag recognition relative to Ig and most likely γδ T cells also.
1.1.2 T cells and the αβTCR
In mice and humans, αβ T cells form approximately 90‐95% of the total T cell population
(Davis et al, 1998) with the remaining 5‐10% made up by the γδ lineage. αβ T cells fall
under two major functional lineages, the decision of which is imparted during T cell
selection in the thymus (Section 1.2). These lineages are defined by the expression of a
CD4 or CD8 co‐receptor, which aid the TCRs in antigen recognition and downstream
signalling (see Section 1.4.3). CD8 T cells, also known as cytotoxic T lymphocytes (CTLs),
kill cells infected with intracellular pathogens, such as viruses. Upon engagement of the
TCR with its ligand, a class I major histocompatibility complex presenting an antigenic
peptide (pMHC; see next section), CD8 T cell responses include production of the
cytokine interleukin (IL)‐2 resulting in proliferation of the activated cells. Infected cells
up‐regulate cell surface expression of Fas ligand (FasL), which is recognised by its
receptor, Fas, on activated CD8 T cells ultimately inducing apoptosis (Nagata, 1994). IL‐
2 also induces expression of perforin which inserts into the target cell’s membrane
(Podack and Konigsberg, 1984) facilitating the entry of effector molecules such as
granzyme B, a serine protease that activates caspase enzymes, which subsequently
cleave cathepsin substrates leading to DNA degradation and thus apoptosis (Jenne and
Tschopp, 1988).
CD4 T cells were for a long time divided into two helper subsets, Th1 and Th2 that could
be induced upon TCR engagement with class II pMHC. The classic Th1 response is
mediated through TCR engagement coupled to interferon‐γ (IFNγ) and IL‐12 production
from the MHC expressing antigen presenting cells (APC) such as dendritic cells (DC).
Th1 lineage commitment is defined by expression of the transcription factor Tbet (Szabo
et al, 2000) that regulates Th1 effector functions, such as IFNγ and IL‐2 production,
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controlling macrophage (mΦ) activation and T cell proliferation respectively. The Th2
response is also defined by expression of a dominant transcription factor, GATA‐3
(Yamashita et al, 2004). The classic Th2 response is characterised by autocrine IL‐2 and
IL‐4 loops. Production of IL‐4 and IL‐5 results in induction of the humoral immune
response through activation of B cells and subsequent production of Igs. In the past
decade or so, several additional T cell lineages have been defined including those that
are induced in the periphery and those that develop in the thymus and possess effector
and regulatory functions (Section 1.2.3).
The majority of T cell responses, both effector and regulatory, are mediated through the
αβTCR and its recognition of class I or class II pMHC complexes in conjunction with the
CD4 or CD8 co‐receptor. The αβ TCR chains were first isolated and identified as being
variable by Kappler et al (Kappler et al, 1983) through tryptic peptide fingerprint
analyses of isolated protein from T cell hybridomas. Here, fingerprints from the same T
cell clone contained identical readouts that differed from other clones. Analysis of T cell
specific cDNA sequences and comparison to known Ig sequences in three parallel
landmark studies published in Nature, for the first time defined chains of the T cell
antigen receptor (Hedrick et al, 1984; Hedrick et al, 1984b and Yanagi et al, 1984). The
studies also predicted these receptors would be structurally comparable to the antigen
recognition portion of Ig molecules, the so‐called Fab portion, which incorporates the
IgC and IgV domains of the light chain and the IgV and terminal IgC domains of the heavy
chain. Mutagenesis of a TCR specific for pigeon cytochrome‐c presented on H2‐Ek MHC
molecule (see Section 1.4.1 for MHC nomenclature) found that alteration of a residue in
the proposed βCDR1 region prevented recognition of the cognate ligand, further
supporting the Fab basis for TCR structure and Ag recognition (White et al, 1993).
The first isolated TCR chains were crystallised in 1995 from the 14.3.d (Bentley et al,
1995) and 1934.4 (Fields et al, 1995) TCRs. The first structures of αβ TCR heterodimers
containing the Vα and Vβ domains were solved a year later (Garboczi et al, 1996 and
Garcia et al, 1996). The αβTCR is a heterodimer of the TCRα and β chains, which contain
two Ig domains each, termed the constant and variable domains. The IgSF family fold
consists of two anti‐parallel β‐sheets that are sandwiched together by internal
hydrophobic interactions and disulphide links. Two members of the IgSF make up TCRα
and β chains. IgC1 domains, which generally contain 7 relatively shorter strands in their
sheets, form the constant domains of both chains. The variable domains are made from
22

IgV domains, which consist of 9 strands in the β sheets and are generally longer. The β‐
sheet strands are labelled A, B, C, C’, C”, D, E, F and G (Figure 1.1A). The loops protruding
from the surface of the Vα and Vβ domains are termed complementarity determining
regions (CDR). These are the regions where diversity is focused as a result of the
aforementioned combinatorial and junctional variation. Both chains contain two
germline CDRs (CDR1 and 2) that are encoded entirely within the variable V‐segments
and constitute the peptide loops linking strands B‐C and C’‐C” respectively. Strand F is
also encoded within the germline V‐segments and links to strand G. Strand G is encoded
entirely by (D)J segments and the resultant loop that forms between them during V(D)J
recombination encodes for the hypervariable CDR3. Jα and Jβ segments contain a di‐
glycine motif (GXG) that serves to bulge the peptide loop ensuring proper orientation of
the CDR3 and pairing of the Vα and Vβ domains in the heterodimer (Figure 1.1B). The
TCRβ chain also contains a fourth region of hypervariability, often termed hypervariable
(HV) 4 or CDR4. This region was determined by Jores et al (Jores et al, 1990) through
application of the Wu‐Kabat variability coefficient on collated sequences of 119 TCRβ
chains and proposed to exist between strands D‐E. CDR switching and structural studies
have demonstrated that CDR4 is rarely implemented in any form of Ag recognition with
the exception of some superantigens – pathogen or genome encoded proteins that
interact with pMHC and TCR ectopically, relative to normal Ag recognition (Irwin et al,
1993; White et al, 1993; Asmuss et al, 1996 and Papageorgiou et al, 2009). As discussed
in Section 1.4, αβ TCRs can undergo conformational changes upon ligand engagement
and the majority of this is restricted to the CDR3 loops. In the unbound form, germline
CDR1 and 2 loops from both TCR chains are proposed to exist in defined canonical states
that is determined predominantly by CDR length and amino acid composition that result
in differences in the ϕ and Ψ peptide bond angles generating three possible states in
each of the germline CDRs (Al‐Lazikani et al, 2000). The overall elbow angle of the TCRα
and TCRβ chains, the angle formed between V and C domains, ranges from between
140°‐210°, which is less than for comparable Ig measurements, most likely due to the
requirements of downstream molecular interactions (Rudolph et al, 2006).
The most conserved region of the TCRα and TCRβ chains are the transmembrane (TM)
stalks that anchor the chains to the membrane and facilitate interaction with the
downstream signalling complex, CD3. These were named conserved antigen receptor
transmembrane (CART) motifs. Comparison of Ig, TCRα, TCRβ, TCRγ and TCRδ TM
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sequences revealed a relatively conserved sequence that when modelled, formed a TM
α‐helix, placing the conserved residues in key positions to interact with the lipid bilayer
or other amino acids within the membrane (Campbell et al, 1994). Despite the
evolutionary and conserved tertiary structural relationship between the αβTCR and Ig
molecules, the αβTCR has evolved a remarkable and hitherto unique relationship in
regard to ligand recognition. While both receptors respond to Ag in the form of peptide
fragments, Ig CDRs recognise intact, pathogen derived Ag, whereas αβ TCRs only
respond to Ag in the context MHC class I or II, the phenomenon termed MHC restriction.
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Figure 1. 1: Overview of TCR structure.
(A) Schematic of αβTCR variable (V), constant (C) and transmembrane (TM) domains (left). The picture on the
right represents a birds-eye view of the TCR variable domain. Squares represent the tops of the β-strands that
make up the domains and are labelled as described in the text. The red lines represent the three αCDRs (α1-3)
and four βCDRs (β1-4) and black lines represent other non-CDR links between the β-sheets. The relative
carboxyl (C) and amino (N) termini are labelled for each chain. Diagram is adapted from Al-Lazikani et al,
2000. (B) Crystal structure (right) depicting the general structure of the 2C TCR (PDB: 1TCR). The TCRα (red)
and β (green) chain domains are labelled as for part A. The portion magnified on the left shows the three CDR
loops of the TCRα chain (grey) to demonstrate their relative position.
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1.1.3 Discovery and characterisation of MHC restriction
In 1936, studies “transplanting” sera from donor mice to recipients of a different strain
followed by measuring agglutination reactions with isolated erythrocytes was the first
proof of the body’s ability to distinguish self from non‐self (Gorer, 1936). This
relationship was further defined genetically by George Snell who summarised several
studies that included the transplant of tumours to inbred mice of different pure and
crossed strains and measuring tumour rejection, showing a clearly delineated
relationship between genetic background and tumour rejection (Gorer et al, 1948 and
Snell, 1948). He subsequently first coined the phrase “histocompatibility” gene and
suggested that such genetic differences would apply to any transplanted tissues.
In 1975, Zinkernagel and Doherty’s Nobel Prize winning experiments demonstrated that
in order to respond to Ag from lymphocytic choriomeningitis virus (LCMV) the infected
cells had to express the correct class I MHC gene as well as the viral Ag (Zinkernagel and
Doherty, 1975). Fused T cell hybridomas with different MHC and Ag specificities were
found to retain both individual reactivity to the original hybridomas, but did not acquire
the capability to respond to the MHC of one hybridoma with the Ag specificity of the
other, inferring a physical link between TCR‐Ag‐MHC (Kappler et al, 1981). Two models
were proposed to explain this result; one involving a physical relationship between the
Ag and MHC, jointly recognised by the T cells and a second whereby the MHC and Ag
interact allosterically and are jointly recognised by distinct regions of the same TCR
(Schwarz, 1985). Experiments by Haber‐Katz et al (Haber‐Katz et al, 1983) showed the
ability of a single T cell clone to recognise a moth cytochrome c derived Ag in the context
of two different MHC molecules, whereas the related pigeon cytochrome derived Ag was
only recognised in the context of one of the MHC molecules. Through mutagenesis, this
was demonstrated to be related to residue differences between the Ag that must affect
MHC binding and not TCR stimulation, thus proving a direct Ag‐MHC relationship.
Final evidence highlighting the relationship between peptide Ag and MHC came through
experiments demonstrating that Ag from influenza virus was required to facilitate
assembly of a surface expressed class I MHC (Townsend et al, 1989). Experiments from
both class I and class II MHC eventually confirmed direct binding of peptide Ag to the
MHC (Babbitt et al, 1985 and Boyd et al, 1992). Similarly, TCR‐pMHC interactions have
been characterised in in‐depth structural and functional detail for their roles in T cell
development in the thymus, T cell homeostasis, and allogeneic recognition of non‐self
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MHC as well as in immune responses. However, as is the main crux of the study
presented herein, the molecular underpinning of why TCRs are MHC restricted has yet
to be elucidated or demonstrated irrefutably. The following sections summarise T cell
development in the thymus and the generation and optimisation of the TCR repertoire,
before discussing the current molecular understanding of TCR‐pMHC interactions and
recent theories surrounding the molecular basis of TCR restriction to MHC.
1.2 T cell development and thymic selection
1.2.1 Overview of the thymus and homing of stem cells for T cell development
The thymus is a lobed structure found directly in front of the heart in humans. While
originally thought of as lymphocyte cemetery, due to the high level of cell death,
thymectomised mice were shown to lack a specific type of lymphocyte, subsequently
named T cells (Miller, 1961). The high level of cell death is in fact related to the stringent
developmental rules applied for successful T cell development (see Section 1.2.3). The
process of αβ T cell development includes two defined phases, split into distinct
developmental checkpoints. First is TCR independent development, which includes the
homing of stem cells to the thymus and commitment to T cell development ending in
induction of TCRβ, γ and δ loci rearrangement. For αβ T cell development, the second
phase is TCR dependent and requires rearrangement of the TCRα locus (see previous
section and Section 1.2.3), the audition of TCR genes for surface expression and
signalling, followed by selection steps that assess the ability of the TCR to recognise Ag
in the context of MHC. The affinity of the TCR for MHC and preference for class I or class
II determine thymocyte survival and co‐receptor expression. T cell development from
entrance to the thymus to emigration as a mature T cell takes approximately three
weeks in adult mice. T cell production peaks after adolescence in all higher vertebrates
due to the generation of a suitably diverse repertoire. Subsequently, progressive thymus
involution and declining T cell output occurs with increasing age.
The overall process is highly complex and stringently regulated both genetically, and
spatially due to the importance of producing a diverse but tolerant TCR repertoire.
Figure 1.2 summarises the progression of T cell development in the mouse thymus in
terms of developmental stages, cell surface markers, stages of proliferation in the
context of the time and spatial occurrence of development.
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Haematopoietic stem cells (HSC) that populate the bone marrow (BM) ultimately give
rise to early T cell progenitors (ETP) directly, or indirectly through a second lineage
negative intermediate called non‐renewing myeloid‐lymphoid progenitors (MLP;
Morisson et al, 1995 and Adolfson et al, 2005). For an extensive review of HSC
mobilisation and homing to the thymus see Schwarz and Bahndoola (Schwartz and
Bahndoola, 2006). Briefly, HSC are retained within specialised BM niches by adhesion
molecules including N‐cadherin and the integrin VLA‐4 (Williams et al, 1991;
Papayannopoulou et al, 1995 and Zhang et al, 2005) and chemokines including
chemokine C‐X‐C motif ligand (CXCL) 12 and its receptor chemokine C‐X‐C motif
receptor (CXCR) 4 (reviewed by Lapidot and Petit, 2002). It is unclear whether release
from the BM is a stochastic, cyclical or a continuous process, however proliferation of
HSC is related to subsequent release from the BM, via the effects of factors such as
CD135, IL‐3, IL‐6 and granulocyte stem cell factor (G‐SCF) which mediate HSC
proliferation and induce BM release (Lapidot and Petit, 2002). Circulating HSCs are
likely to migrate selectively into the thymus. Again the CXCR4 interaction is vital to HSC
adhesion to thymic stromal tissue at the cortico‐medullary junction (Scimone et al,
2006). Entry and survival in the thymus marks the loss of pluripotency and the first step
towards T cell commitment. However some studies suggest differences exist before
entry to the thymus, which can distinguish ETPs from other HSC lineages (Schlenner et
al, 2010).
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Figure 1. 2: Summary of T cell development in the thymus.
Diagram represents the progression of T cell development from left to right, highlighting the key cell types
(HSC = Haematopoietic stem cell; DN = Double negative; iSP = Immature single positive; DP = Double
positive; SP = Single positive; nTreg = Natural regulatory T cell; NK = Natural killer cells; DC = Dendritic
cells), key developmental events, the relative time to progress through each stage of development, key cell
markers, the relative proliferation and the estimated number of cells generated from each HSC that enters the
thymus. CM = Cortico-medullary junction; SCZ = Sub-capsular zone and X refers to cell apoptosis which
contributes to the decrease in relative proliferation at the DN3 and selection phases of development.

1.2.2 Early development and commitment to the αβ lineage
After entry to the thymus, T cell progenitors are named according to characteristic cell
surface markers –with major subsets divided based on expression of the CD4 and CD8
co‐receptors, named double negative (DN; CD4‐CD8‐), double positive (DP; CD4+CD8+)
and single positive (SP; CD4+ or CD8+). DN thymocytes migrate outwardly from the
cortico‐medullary boundary through the cortex via signals from cortical thymic
epithelial cells (cTECs) expressing P‐selectin ligand‐1 (PSGL‐1) that binds to P‐selectin
expressed on DN thymocytes (Rossi et al, 2005). DN cells progress towards the sub‐
capsular zone (SCZ) at the periphery of the cortex through changing cTEC chemokines
and adhesion molecules including the aforementioned CXCR4 and C‐C chemokine
receptor 7 (CCR7; Misslitz et al, 2004). The first two of four DN stages (DN1 and DN2)
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occur en route to the SCZ in the cortex. DN phases are distinguished via expression of
CD44 and CD25 cell surface markers. The DN1 phase of development constitutes the
point where thymocytes can differentiate into T cells or other lymphoid cells such as
natural killer (NK) cells or dendritic cells (DC). DN1 thymocytes (CD44+CD25‐) are
further divided to five subsets (DN1a‐e) delineated via relative expression of CD24 (heat
stable antigen; HSA) and CD117 (tyrosine‐protein kinase Kit; c‐Kit). Only DN1a and 1b
progress to the DN2 phase of T cell development, which is defined through a
proliferative burst not present in other DN1 subtypes that give rise to other myeloid
lineages (Porritt et al, 2004). DN2 thymocytes (CD25+CD44+) are marked via a burst of
proliferation prior to lineage commitment stages where a high proportion of cells will
fail to meet the criteria and subsequently apoptose.
DN3 (CD25+CD44‐) thymocytes represent the first stage where absolute commitment to
T cell development is observed. CCR9 functions in a non‐redundant manner to guide
DN2‐DN3 thymocytes through the SCZ where the first step of lineage commitment
between αβ T cells and γδ T cells occurs (Benz et al, 2004). Interestingly however a
CCR9 KO mouse still develops normal T cells, with the SCZ microenvironment “spread
out” towards the cortex (Benz et al, 2004). Lineage differentiation between αβ T cells
and γδ T cells is a contentious topic as reviewed recently by Ciofani and Zuniga‐Pflucker
(Ciofani and Zuniga‐Pflucker, 2011). Several mechanisms have been proposed to
account for αβ T cell and γδ T cell lineage decision. Most simply, DN3 thymocytes could
be pre‐determined or dependent purely on whether the TCRβ or TCRδ and γ rearranges
and signal first. However, functionally rearranged TCRβ genes are present in mature γδ
T cells (Bosco et al, 2008). Other relevant mechanisms include differential signalling
requirements, for example the requirement of IL‐7 signalling via STAT 5 in γδ loci
rearrangement (Moore et al, 1996; Schlissel et al, 2000; Ye et al, 1999; Kang et al, 1999;
Durum et al, 1998). Similarly, αβ T cell development requires Notch signalling to inhibit
the protein E2A, which facilitates proliferation, whereas γδ signalling is sufficient for
E2A inhibition (Berndt et al, 2000). However, dependence on signalling strength (Hayes
and Love, 2005 and Hacks et al, 2005) and trans‐conditioning mechanisms where the
rearrangement of the TCRβ may actually support γδ lineage commitment may also play a
role (Burtrum et al, 1996 and Wilson and MacDonald, 1998).
DN3 cells that progress towards the αβ T cell lineage next undergo TCRβ‐selection. Here
the TCRβ locus rearranges (see next section for a description of V(D)J recombination)
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with successfully rearranged TCRβ chains expressed at the cell surface where it pairs
with the non‐rearranging IgSF protein, pre‐TCRα (pTα) which structurally resembles a
full TCRα chain lacking the V‐domain and is restricted in expression to thymocytes
(Raulet et al, 1985). The exact mechanism of interaction between TCRβ chains and the p‐
Tα is not fully understood, with recent reports suggesting the pTα exists in top to tail
dimeric form which interacts with the V and C‐domains of the TCRβ chain to stabilise
the complex (Pang et al, 2010). However, pTα lacking the external domain can function
with TCRβ chain and retains signalling capacity (Irving et al, 1998). Upon successful
pairing of the TCRβ and pTα to form the pre‐TCR, ligand‐independent signalling is
induced which provides survival signals and also instigates allelic exclusion through
chromatin remodelling around the second TCRβ loci, increasing the distance between J
and D segments and restricting access to the V‐segments, ensuring the clonality of the
surface TCRβ chain (Jackson et al, 2005; Yamasaki et al, 2006 and Kondillis‐Mangum et
al, 2011). Dependence on signalling for survival ensures only structurally sound TCRβ
chains with signalling capability progress to the DN4 (CD25‐CD44‐) stage of
development.
DN4 thymocytes undergo a second round of proliferation transiently passing through an
immature SP (iSP) phase characterised by CD8 expression ultimately leading to the DP
stage while progressing from the SCZ to the middle of the cortex. During this time,
chromatin remodelling and re‐expression of the recombination machinery facilitates
rearrangement of the TCRα locus (see Section 1.3) and loss of pTα expression. Unlike the
case for TCRβ rearrangement, TCRα rearrangement allows successive rounds of V‐J
recombination facilitated by spatially ordered recombination within the TCRα locus
(Krangel et al, 2004) and lack of allelic exclusion. It is not uncommon for developing T
cells to express two functional TCRα chains, however successful pairing of one
ultimately leads to the switching off of one locus (Lacorazza and Nikolich‐Zuglich, 2004,
Davodeau et al, 2001 and Malissen et al, 1992). DP thymocytes make up the largest
proportion (~80%) of all thymocytes due to the proliferative burst induced through
TCRβ‐pTα signalling. This vast population is required due to the stringent nature of the
subsequent selection of αβTCRs that results in less than 5% of DP being positively
selected to develop into naïve SP T cells (Miller, 1961) despite the fact more than four
times that number can audition with pMHC (Merkenschlager et al, 1997). DP
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thymocytes that fail to make a viable TCRα chain, die through neglect, whereas those
that form successful heterodimers are subjected to T cell selection.

1.2.3 T cell selection, CD4/8 lineage choice and post-thymic development
TCRβ‐selection and successful pairing of an αβTCR heterodimer ensures structurally
sound TCR heterodimers but does not assess Ag‐reactivity or potential usefulness as a
component of the mature TCR repertoire (Section 1.3). Two distinct but overlapping
processes, positive and negative selection, function to produce a narrower TCR
repertoire that is both useful (MHC responsive) but not autoreactive (reactive to self‐
pMHC). DP thymocytes have around three days to audition for thymic selection, if they
have not found a suitable αβTCR pair, or have too low an affinity to bind with pMHC,
they die through neglect.
Positive selection of DP thymocytes occurs in the thymic cortex where cTECs express
MHC class I and class II molecules presenting self‐peptides. Thymic DCs are also present
in the cortex and may bring in extra‐thymic self‐Ag to broaden the scope of positive and
negative selection (see review by Klein et al, 2009). The stringent requirements
surrounding positive selection are exemplified by the presence of the thymoproteasome,
a cTEC specific proteasome containing a unique β5 subunit generating peptides that are
efficient at positively selecting CD8 T cells (Nitta et al, 2010). Further, it was shown
through work with MHC dimers expressing different peptides that positive selection
requires a much narrower range of peptides than negative selection (Juang et al, 2010).
DP thymocytes are very sensitive to pMHC complexes, due to lower levels of
glycosylation on cell surface proteins leading to closer cell‐cell contact, which lowers
signalling thresholds (Starr et al, 2003). Further CD5, a negative regulator of TCR
signalling, is expressed at lower levels on DP cells prior to positive selection, with
increased expression a marker of efficient T cell selection (Tarakhovsky et al, 1995 and
Azzam et al, 2001). It is now fully accepted that DP thymocytes are positively selected
based on their affinity and avidity for self‐pMHC molecules. Studies of TCR affinity
associated with positively and negatively selecting pMHC complexes revealed a
remarkable difference in affinity, with higher affinity complexes inducing negative
selection (Alam et al, 1996). Similarly, mice expressing three distinct pMHC transgenic
molecules demonstrated different affinities of DP interactions, revealing a constant
upper level of affinity for positive selection (Naher et al, 2007). Optimal affinity
31

interactions also relate to increased avidity, which ultimately facilitates positive
selection (Scott et al, 1989 and Ashton‐Rickardt et al, 1994). Stronger signals induce
apoptotic pathways, whereas optimal affinities induce survival signals and cells with
poor affinity that die of neglect do so via a mechanism distinct from induced negative
selection (Scott et al, 1989; Hogquist et al, 1994 and Sebzda et al, 1994). As discussed in
Section 1.2.4, an important subset of regulatory T cells termed natural Tregs (nTregs)
also develop thymically during positive selection. nTregs have been shown to require a
slightly higher affinity than conventional effector T cells and have a largely non‐
overlapping repertoire (Apostolou et al, 2002; Jordan et al, 2001 and Walker et al,
2003). Upon positive selection, maturation to CD4 or CD8 SP thymocytes results in up
regulation of molecules associated with mature T cell function including the TCR itself,
the aforementioned CD5 and CD69, which are involved in lymphocyte signalling
(Yamashita, 1993).
DP cells express both CD4 and CD8 and thus all DP have the potential to develop into
class I or class II specific T cells (see Section 1.4.1 for details). While the respective MHC
classes ultimately select the DP cells into their lineage (Sebzda et al, 1999), some DP
thymocytes will interact with both classes of MHC and the mechanism for lineage
selection is not yet fully understood. There is evidence from some structural and
functional studies that specific Vα or Vβ segments contain an inherent preference for a
specific class of MHC (DerSimonian et al, 1991 and Jameson et al, 1990), while other
work has demonstrated the ability of all V‐segments to be used across both classes of
MHC (Valkenburg et al, 2010 and Jorgensen et al, 1992). Conversely, other evidence has
suggested that class preference is entirely independent of the TCR and is controlled
through the actions of cytokines such as IL‐7 (Park et al, 2010). A review by Singer et al
summarised three potential mechanisms for lineage determination (Singer et al, 2011).
First, a basic stochastic mechanism whereby T cells randomly turn off CD4 or CD8 co‐
receptor genes and are only positively selected if they interact with the MHC class with
the correspondingly correct co‐receptor interaction (Davis et al, 1993 and Chan et al,
1993). Second, based on the strength of the signal linked with observation that
signalling is stronger in the CD4 lineage compared with the CD8 lineage (Itano et al,
1996 and Seong et al, 1992). However a third model is becoming increasingly accepted
and is related to signal duration. While experiments concluding signal strength was the
key determinant mainly altered the activity of downstream signalling kinases, mutation
of the TCR immunoreceptor tyrosine‐based activation motifs (ITAM), which more
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directly decreased signalling intensity, demonstrated an overall reduced output of SP T
cells, but with no change in CD4/8 proportions (Erman et al, 2006). It has been
demonstrated now that initial positively selecting signals induce down‐regulation of
CD8 (Brugnera et al, 2000 and Lundberg et al, 1995) creating a CD4+CD8Lo intermediate.
Signalling will be maintained only if MHC class II is being engaged leading to
commitment to the CD4 SP lineage, permanently shutting off CD8 expression.
Conversely, if MHC class I is being engaged, signalling in CD4+CD8Lo thymocytes will be
curtailed resulting in silencing of the CD4 gene and re‐expression of CD8, generating the
CD8 SP population. This model incorporates the role for IL‐7, which is also expressed as
part of the curtailed signalling event on class I MHC resulting in ultimate class I
preference. This selection mechanism was demonstrated conclusively in experiments
that switched the control elements for the CD4 and CD8 genes, demonstrating a reversal
in the kinetic requirements for lineage commitments (Sarafova et al, 2005).
SP thymocytes bare all the hallmarks of naïve T cells, however a CCR7 mediated process
guides SP cells to interact with medullary thymic epithelial cells (mTECs). Loss of CCR7
expression does not prevent SP cells from exiting the thymus, but resulted in increased
self‐reactivity and systemic autoimmunity (Kurobe et al, 2006). This is due to the
requirement of a final stage of negative selection that occurs only with mTECs. mTECs
and associated DCs are highly specialised in Ag presentation and have been shown to
express non‐thymic tissue specific genes allowing deletion of TCRs specific for a range of
‘peripheral’ self‐proteins. This process is mediated by the autoimmune regulator (AIRE)
gene, which encodes for a transcription factor that initiates the ectopic expression of
many tissue‐specific proteins, such as insulin, that allow negative selection of self‐
peptide reactive T cells through induction of apoptosis (Anderson et al, 2002). After this
final selection process, exit from the thymus is mediated by the G‐protein coupled
receptor (GPCR), for sphingosine1‐phosphate (Rosen and Goetzel, 2005). Recent thymic
emigrants (RTEs), have been defined as a unique subset relative to other naïve T cells
(reviewed by Fink and Hendricks, 2011). RTEs are functionally immature with poor
proliferation and cytokine secretion upon stimulation and poor capacity to polarise to
other T cell subtypes (see next section). It has been proposed that immaturity may be
required as the peripheral repertoire of RTEs is further shaped through receptor editing
and further deletion of SP T cells in an MHC independent manner through extended
negative selection outside of the thymus (Hale et al, 2010). Maturation of RTEs to
mature naïve T cells has been proposed not to be related purely to survival, but to also
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require interactions in the peripheral lymphoid organs (Boursalllin et al, 2004; Houston
and Fink, 2008 and Fink and Hendricks, 2011).

Neglect

Positive Selection
Con Reg
Negative Selection

TCR-pMHC Affinity
Figure 1. 3: Only TCRs that bind pMHC within a narrow range of affinities are positively selected.
Only TCRs that bind pMHC within a narrow range of affinities are positively selected. Schematic chart
depicting the relative affinities at which DP>SP T cells will be positively or negatively selected. Affinity is
represented on the x-axis. Cells that bind with negligible affinities will receive no survival signals and die by
neglect. However cells that bind too strongly will receive apoptotic signals and become negatively selected.
Cells that bind with low-medium affinities will receive survival signals and mature as conventional (Con) T
cells. nTreg (Reg) T cells appear to select at slightly higher affinities than conventional T cells.

1.2.4 Development and selection of nTregs and other T cell sub-types
The exquisite, complex and stringent process of T cell selection, functions to ensure that
few self‐reactive TCRs enter the periphery. Central tolerance is not, however perfect and
as discussed in Section 1.4.4, autoreactive TCRs may cause significant disease to the host.
Thus a form of peripheral tolerance is required to balance the failings of central
tolerance. Immunosuppressive CD4+CD25+ T cells, now termed Tregs, are defined
through expression of forkhead box P3 (FoxP3), which is a master transcription factor
for Treg function (Sakaguchi, 2005 and Kim and Rudensky, 2006). Consequently,
absence of FoxP3 results in severe autoimmunity (see review by van der Vilet and
Nieuwenhuis, 2007). Exogenous expression of FoxP3 in conventional CD4 T cells can
convert an effector phenotype into a regulatory one.
While some Tregs are induced in the periphery (see Table 1.1), CD4+CD25+FoxP3+ cells
were observed in the CD4 SP thymic compartment using expression of green fluorescent
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protein (GFP) under control of the FoxP3 promoter (Fontenot et al, 2005). There is
ongoing debate whether the generation of nTregs is a TCR instructive or independent
process (reviewed by Josefowicz and Rudensky, 2009). TCR instructive processes are
supported by the discoveries that nTregs and conventional T cells have largely non‐
overlapping TCR repertoires and that nTregs select in the thymus on higher affinity
pMHC interactions – which may be advantageous as such receptors would be highly
reactive to self‐Ag but with an immunosuppressive functional response (Figure 1.3).
However there is evidence that nTreg lineage commitment occurs earlier in T cell
development – for example interruption of the DN3 phase through pTα KO, resulted in
an increased proportion of nTregs (Bosco et al, 2006 and Pennington et al, 2006).
Finally, as well as nTregs, other T cell subtypes and lineages can develop in the thymus
or be polarised in the periphery. Many new subtypes have been identified recently and
there are current controversies on the plasticity and stability of such lineages. These
major T cell subtypes are summarised in Table 1.1.
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Table 1.1: T cell lineages
Main Identifier

Name

Function
References
Unactivated CD8 T cells that become CTL or CD8 memory
Zhou et al, 2009
T cells upon activation via class I pMHC.
Activated CD8 T cell that kill infected cells directly via
Cytotoxic T Lymphocyte (CTL)
Zhou et al, 2009
perforin and and granzyme B release.
Intraepithelial T cells that express the CD8!! homodimer
and reside in the gut. They can express "# or !$ TCRs
CD8!! T cell
Cheroutre et al, 2011
enriched for self-specificity and function in a regulatory or
effector mechanism. Also known as intraepithelial
lymphocytes (IEL).
CTL that have been chronically activated resulting in
exhaustion that are characterised by an inability to
Exhausted
Wherry, 2011
respond to stimulation and expression of inhibitory
molecules.
Unactivated CD4 T cells that become activated by APC
Naïve CD4 T cell
Zhou et al, 2009
bearing class II MHC. Differentiate into other CD4 helper
or regulatory lineages.
Function to kill intracellular pathogens via secretion of IFNT helper (Th)1
Zhou et al, 2009
" and activation of m% via class II pMHC activation.
Instigate humoral immune responses through IL-2 and ILTh2
Zhou et al, 2009
4 which activate B cells resulting in Ig secretion.
Have a role in immune responses against extracellular
pathogens such as nematode worms. Often contribute to
Th9
Zhou et al, 2009
inflammatory and allergic diseases. Characterised by
expression of IL-9
Thought to be important in immunity against extracellular
bacteria and fungi at mucosal surfaces through the actions
Th17
Weaver et al, 2007
of IL-17A, IL-17F and IL-21. Often implicated in
autoimmune diseases. Generated in the presence of TGF-$
and IL-6.
Yet to be confirmed as a genuine subset of T cells.
Th22
Eyerich et al, 2009
Identified in inflammatory skin diseases. Characterised by
IL-22 expression.
Cells that are specialised in instigating immune responses
Vinuesa et al, 2005
Follicular Helper T cells (TFH) in the germinal centres of lymph nodes such as Ig class
switching in B cells.
Peripherally induced Tregs that produce the
immunosuppressive cytokine IL-10 but unlike other Tregs
Carrier et al, 2007
T Regulatory (TR) 1
does not require the FoxP3 transcription factor. Also known
as Th3 T cells
Immunosuppressive T cells that are generated in the
nTreg
Horwitz et al, 2008
thymus during normal T cell development. Express the key
transcription factor FoxP3 with self-specific TCR.
Produce immunosuppressive cytokines such as IL-10 and
TGF-$ akin to nTregs, but are induced in the periphery
iTreg
Horwitz et al, 2008
from conventional CD4 T cells apparently in a TGF-$ and IL2 dependent manner.
Express semi-invariant TCR! chains that are restricted to
Natural Killer T cells (NKT) MHC class I-like CD1d molecules presenting lipid Ag and
Godfrey et al, 2004
have broad ranging immune functions.
Differentiate from the !$ T cell lineage at the DN3 stage of
thymic development and express "# TCRs. Exact ligands
"# T cell
Born et al, 2006
are not yet characterised. They are often enriched for at
epithelial surfaces and function in pro- and antiinflammatory mechanisms.
Ag specific CD4 or CD8 T cell subset that persist after an
infection has been neutralised. They function to allow a
quick response upon re-exposure to the original pathogen
Memory T cells
Sallusto et al, 2000
for a second time. Exist as central or effector subpopulations based on differential expression of CCR7 and Lselectin.
The most recent exudant of newly selected T cells from the
thymus. They are proposed to be distinct from other naïve
T cells through changes in surface expression of the TCR
Recent Thymic Emigrant (RTE)
Fink and Hencricks, 2011
and CD24 as well as other cell markers. Unlike fully
mature naïve T cells, RTEs do not respond well to Ag
stimulation.
Naïve CD8 T cell

CD8

CD4

Other

Table 1. 1: T cell lineages
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1.3 Generation of the TCR repertoire
1.3.1 Genetic structure of the αβ TCR loci in mice and humans
TCR loci in all vertebrates are organised in a translocon configuration, with similar gene
segments forming groups within the locus, as opposed to a cluster formation where
different gene‐segments exist in pre‐arranged orders required to make a single receptor
(Figure 1.4). Such an organisation is beneficial two‐fold: first, separation of similar gene
segments into distinct clusters facilitates combinatorial diversity, which would not be
possible in a cluster format. This could encourage gene‐segment duplication and thus
select for greater diversity of TCR genes. Second, a translocon structure would ensure
only a single receptor generated per cell (assuming allelic exclusion; see next section)
thus creating a balance between maximal diversity while avoiding self‐reactivity
(Boehm, 2011).
The TCRα locus in mice and humans exists as the TCRα/δ locus, with the δ gene
segments situated between the Vα and Jα segments (not discussed in detail here; Chien
et al, 1987) on chromosome 14 in both genomes, spanning approximately 1.1Mb. The
TCRα gene segments are arranged Vα‐Jα‐Cα in a 5’‐3’ orientation, with all segments in
the same transcriptional orientation. The promoter region is encoded 5’ to the Vα
segments. A single Cα gene segment consists of four exons that encode for the
extracellular domain, a sixteen amino acid stretch that encodes for the key cystine
required for the inter‐chain link, the TM region and intra‐cytoplasmic region with the
final exon encoding a 3’ untranslated (UTR) region. Vα and Jα segment numbers are
summarised in Table 1.2. The locus also contains an enhancer element (Eα) to aid in
transcription and V(D)J recombination (Abarrategui and Krangel, 2006). The delta locus
contains a distinct enhancer element (Eδ) which ensures correct temporal
rearrangement of the α and δ loci at the DP and DN3 stages respectively (see Section
1.2.2; Hernandez‐Munain et al, 1999). The TCRα locus also encodes for an element called
T early alpha (TEA) which exists upstream of the Jα segment 5’ boundary. It recombines
to a pseudo Jα found 3’ of the Cδ region thus removing a stretch of DNA that brings the
Vα and Jα segments closer together which is thought to facilitate a broader array of V‐J
pairings which would otherwise be limited due to the separation caused by the TCRδ
loci (Villey et al, 1996).
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The TCRβ locus spans approximately 700 Kb on chromosome 6 and 620 Kb on
chromosome 7 in mice and humans respectively (Lefranc et al, 2003), containing V, D, J
and C segments (Figure 1.4). The two unique features of the TCRβ loci, conserved
throughout all higher vertebrates so far analysed, is the existence of two distinct D‐J‐C
clusters positioned in tandem and the presence of a single Vβ segment present at the 3’
terminal in the opposing transcriptional direction (thus requiring a reversion to be
utilised functionally; Figure 1.4). The locus therefore contains two unique, but
functionally redundant, constant regions, similarly made up with four exons as
described for the Cα gene segment. A transcriptional enhancer element (Eβ) is also
encoded within the locus at the 3’ end (McDougall et al, 1988 and Krimpenfort et al,
1988). The TCRβ locus contains an internal promoter found 5’ of the Dβ1 segment
termed PDβ1, and is vital in the initiation of V(D)J recombination (see next section).
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Figure 1. 4: Chromosomal organisation of the murine TCRα/δ and TCRβ loci.
Schematic representation of the TCRα/δ (top) and TCRβ (bottom) loci. Numbers of gene-segments are
representative of the proportions present in the genome. Gene segments are shown in red (variable; V), yellow
(diversity; D), purple (joining; J) and green (constant; C) segments. Loci are organised 5’-3’ direction. Blue
diamonds represent promoters that control TCR gene expression after locus rearrangement. The arrows depict
the orientation of the reading-frame. TEA = Early T α element which ensures the TCRα gene-segments
rearrange instead of the TCRδ segments when required. Eα and Eβ (grey boxes) represent the positions of
enhancer elements that attract the recombination machinery to the locus. The double slanted-line breaks
represent larger distances that exist between the adjacent sections of the locus. Diagram adapted from Schatz and
Ji, 2011).

38

E"

Table 1.2 Number of TCR gene segments encoded in the mouse and human genome
Genome
TCR Chain V-segments D-segments J-segments
Constant
TCR!
54
61
1
Human
TCR"
64
2
14
2
TCR!
73
38
1
Mouse
TCR"
35
2
11
2
Data taken from IMGT Database (see Materials and Methods for details). Numbers are
estimates and do not include pseudogenes or orphan genes.
Table 1. 2: Number of TCR gene segments encoded in the mouse and human genome

1.3.2 V(D)J recombination
V(D)J recombination as described in Section 1.2, occurs at defined stages of T cell
development and is critical for successful generation of the TCR and T cell repertoire.
Gene segments are flanked by recombination signal sequences (RSS) that exist 5’ and/or
3’ depending on the segment and consist of one of two forms. Conserved heptamer and
nonamer sequences can be separated by either a non‐conserved stretch of 12 or 23
nucleotides. V and J gene segments are flanked by one RSS, with the conserved heptamer
sequence proximal to the gene segment (Figure 1.5). V‐segments contain 3’‐7/23/9 RSS
and J‐segments a 5’‐9/12/7 RSS. The Dβ segments however contain both a 3’‐7/23/9
RSS and a 5’–9/12/7 RSS. Recombination of gene segments is dependent on the so‐
called 12/23 rule, where only segments with opposing linker sequence lengths based on
opposite sides of the segments can efficiently recombine together (van Gent et al, 1996
and Eastman et al, 1996). Importantly, this mechanism ensures the Dβ segment with
two RSS is only recombined to the 5’ of the Jβ segment and 3’ of the Vβ (Sleckman et al,
2000).
As mentioned in Section 1.2.1, recombination is mediated by two complexes that are
restricted in their expression to lymphocytes: RAG1/2 and TdT. These molecules, along
with more general, household DNA repair enzymes mediate the process of
recombination. While RAG1/2 catalyses the recombination reaction through induction
of double stranded (ds) DNA breaks, distinct TdT isoforms function to insert or delete
nucleotides generating junctional diversity that encodes for the hypervariable CDR3 of
the TCR (Thai et al, 2002). The process of V(D)J recombination is summarised in Figure
1.5 (for a detailed review of the process, please see Schatz and Ji, 2011). Importantly, the
process of “choosing” which segments join together is not random and seems to be
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constrained by relative locus position (Pasqual et al, 2002). As the TCRα locus can
audition several receptors and has no mechanism for allelic exclusion (see previous
section), it has developed a distinct two phase mechanism of recombination, with more
3’ Vα segments recombining first, followed by the more 5’ segments (Krangel et al,
2004). TCR CDR3 generated through V(D)J recombination are generally more uniform
than their Ig and γδTCR counterparts (Rock et al, 1994), most likely due to the structural
constraints of recognising Ag in the context of MHC. Despite the vast array of
combinatorial and junctional diversity generated in the TCR repertoire, the potential
number of receptors is still grossly outnumbered by the number of potential Ag one can
encounter. Thus, several molecular and cellular mechanisms function to maximise the
use of the limited TCR repertoire.
V!
TCR!/"
C!
J!

Figure 1. 5: Overview of V(D)J recombination.
The diagram represents a simplified overview of the recombination of two segments from the TCRα/δ locus.
Chromosome remodelling loops the loci to bring gene-segments to closer proximity (top left; 5’-3’). The
RAG1/2 complex (light blue rectangle) is stabilised by binding to the nonamer of the RSS, most likely the 7/12/9
RSS (red triangle). The functionally redundant high-mobility group protein B1 or 2 (HMGB), which functions to
further bend the gene-segments into closer proximity binds in concert with the RAG1/2 complex and allows it to
bind to the second RSS forming a synaptic complex (top right). Adapted from Schatz and Ji, 2011. A single
stand nick occurs at each RSS leaving a 3’ hydroxyl (OH) group resulting in nucleophilic attack on the second
strand generating two hairpins and separates the RSS within the RAG1/2 complex (middle right). The TdT
isoforms and other members of the non-homologous end-joining (NHEJ) complex that includes the molecules
discussed in Section 1.1.1 (orange box; middle left) are then recruited to the synapse. TdT functions to open the
hairpins and insert and remove nucleotides, generating junctional diversity before the NHEJ complex repairs the
DNA breaks, joining the two segments and two RSS together forming a partially recombined TCR locus (bottom
left) and TCR excision circle (TREC). Adapted from Schatz and Ji, 2011.
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1.3.3 Maximising and maintaining TCR repertoire diversity
Based on pure combinatorial diversity, Ig molecules are significantly more diverse than
TCRs, with hundreds instead of tens of V‐segments. However TCRs have the ability to
generate a much greater array of junctional diversity based on significantly larger
numbers of J‐segments. Sequencing studies revealed approximately 1x106 unique TCRβ
chains in circulating T cells, paired to on average 25 TCRα chains, giving a total unique
TCR repertoire of around 1x108 (Arstila et al, 1999). This is much lower than the
potential 2,500 variable region and ~1x1015 junctional combinations, as a result of
positive and negative selection during T cell development.
MHC class I molecules can present Ag peptides from around 8 to 13 amino acids in
length, whereas class II MHC have no real restrictions, but generally bind peptides with
a minimum of 13 residues (see next section). The maximum number of different peptide
13mers that can be created from the pool of twenty amino acids is also calculated at
>1x1015, i.e. more than the whole potential unique TCR repertoire (Mason, 1998). And
while not all peptides can be appropriately processed or loaded onto MHC, the final
number presented still dwarves the naïve T cell repertoire by orders of magnitude. T
cells therefore must function to recognise as broad a repertoire of Ag as possible in
order to avoid exploitation by pathogens of “blind spots” in the TCR diversity. While the
size of an animal generally dictates the final number of T cells that can exist (~x1012 and
~x108 in humans and mice respectively for example), which facilitates broader scope for
clonal diversity in larger animals, the number of cells required for one TCR for every Ag
would be too great for even the biggest animal. To compensate it was calculated that
every TCR would have to recognise >1x106 peptides (Mason, 1998). This ability is
achieved through the molecular mechanism of cross‐reactivity, with homeostatic
processes ensuring diversity is maintained in the naïve T cell pool.
Cross‐reactivity is a broad term used to describe a TCR’s ability to respond to more than
one pMHC complex and can be broken down to three terms: degeneracy, poly‐specificity
and molecular mimicry. These terms are defined in this study as summarised in Table
1.3 with specific examples described throughout Section 1.4. The terms are often used
interchangeably or with differing definitions in the literature (Wucherpfennig et al,
2007). All of these mechanisms function to allow the TCR to respond to various pMHC,
thus facilitating required cross‐reactivity. These cross‐reactive responses often rely on
conformational changes in the CDRs of the TCR, however deeper structural changes
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resulting in different TCR “conformers” or inter‐domain angles can also facilitate greater
diversity of ligand recognition. For example, two similar TCRs bound to a similar pMHC
demonstrated a different binding footprint due to changes in the inter‐domain Vα‐Vβ
angle (McBeth et al, 2008). A TCR recently found to bind to both class I and class II MHC
molecules showed a change in the interactions between strands F and G in the TCRα
chain (linked by the CDR3) when bound to class I relative to class II, resulting in an open
conformation of the αCDR1. It was proposed these open and closed conformers further
diversify the TCR’s ability to bind with different ligands (Yin et al, 2011b). Finally, when
the same TCR chain is paired with distinct partners, the partner chain can influence how
the common chain interacts with the pMHC, furthering the scope for diversifying TCR‐
pMHC interactions and cross‐reactivity (Stadinski et al, 2011). The structural details of
these studies are discussed in Sections 1.4 and 1.5 in more detail where relevant.
Recent high throughput studies using peptide libraries (Wooldridge et al, 2008 and
2011) have revealed that cross‐reactivity does generate a TCR repertoire capable of
recognising the number of Ag estimated by Mason (Mason, 1998). In the latter study, for
the IE6 T cell clone, the cognate Ag is a ten amino acid long peptide derived from pre‐
proinsulin, presented on a class I MHC (HLA‐A2; see next section for nomenclature). The
clone was shown to respond to >1.3x106 peptides altered from the original, with
strengths at physiological levels. While such a high level of cross‐reactivity seems at
odds with concept of TCR specificity, especially in the context of self‐tolerance, as the
authors noted, with more than 1x1013 potential decamer peptides possible from a pool
of 20 amino acids, cross‐reactivity to around 1x106 still only represents a recognition of
1/10,000,000 decamer peptides.
While containing a peripheral repertoire that can deal with a broad array of Ag, only
small numbers of clones will be required for specific infections. Thus the naïve
repertoire of T cells must be homeostatically maintained in such a way as to retain
clonal diversity. The two most defined regulators of T cell homeostasis are interaction
with self‐pMHC and IL‐7 (reviewed by Takada et al, 2009). TCR:self‐pMHC interactions
in the periphery are not fully understood, but the general belief is that an interaction
results in a weak signal that promotes survival, but is not strong enough to elicit a full
immune response. Such an interaction is akin to positive selection in the thymus (see
Section 1.2.2). Indeed, self‐pMHC complexes that positively select specific TCRs in the
thymus have been shown to provide homeostatic cues in the periphery to the same TCR
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(Lo et al, 2009). However non‐selecting self‐pMHC complexes can also mediate this
function in the periphery (Leitao et al, 2009). How clonal diversity is maintained via
homeostasis is not fully understood, however it could be explained by several
mechanisms (Takada et al, 2009). First, if different clones are specific for different self‐
pMHC, it would ensure competition would be intraclonal, maintaining representatives
from a broad array of specificities. An adjunct to this mechanism, where T cells are
competing for access to different self‐pMHC molecules on the same APC, competition for
extrinsic survival factors may be important in determining repertoire competition
(Moses et al, 2003; Troy et al, 2003 and Agenes et al, 2008). Where the same self‐pMHC
is recognised by more than one clone, interclonal competition could also ensure that no
one clone becomes overly dominant in the repertoire (Hao et al, 2006).
Thus, while TCR repertoire diversity is potentially vast, the near limitless plethora of
potential Ag requires T cells to be able to respond to potentially millions of peptides.
This cross‐reactivity is also vital for unique pMHC interactions, including thymic
selection, homeostatic maintenance and immune response. Such diversity in the TCR, Ag
and MHC has made deciphering the molecular nature of TCR‐pMHC binding difficult. The
following section describes the variability in TCR‐pMHC binding that contributes to
cross‐reactivity enabling immunity to the vast number of peptide epitopes and is vital in
understanding the molecular nature of TCR restriction to MHC.
Table 1.3 Forms of TCR cross-reactivity
Term
Molecular mimicry

Poly-specificity

Peptide degeneracy

Definition

The ability of a different MHC allele or presented peptide to
appear structurally similar to the cognate MHC or peptide,
resulting in tolerance or activation respectively
The ability of a TCR to recognise entirely different Ag to it's
cognate peptide with the same level of response despite using
different contacts or modes of interaction.
The ability of a TCR to respond to pMHC presenting different
peptides, but with less specificity/strength of response as to
the cognate ligand through altered interactions.

Table 1. 3: Forms of TCR crossreactivity
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1.4 TCR-pMHC interactions
1.4.1 The MHC – an overview
The MHC region of the genome encapsulates three classes of genes with both immune
and non‐immune functions. These loci are located on chromosome 6 and 17 in the
human and mouse genomes respectively. Class I region genes encode for Ag presenting
molecules as well as proteins that aid in class I MHC peptide loading and assembly,
including transporter associated with antigen processing (TAP) and tapasin. As well as
peptide presenting proteins, the class II locus also encodes for genes that aid in class II
peptide loading (DM, DQ, DP and DR). The class III MHC region doesn’t encode peptide
presenting MHC molecules, but does express immune related molecules. Murine MHC
presenting molecules are defined by the prefix H2 (named during the early
histocompatability experiments, see Section 1.1.3) whereas human MHC are termed
human leukocyte antigen (HLA) after human cells on which the molecules were first
detected. For notes on MHC nomenclature in mice and humans please refer to Ellis et al,
2006. For reference, when discussing TCR‐pMHC interactions the constituent molecules
are written as TCR‐MHC allele‐peptide.

Table 1.4 Summary of common polymorphic MHC alleles
Genome
Class
Chain
!
"
Mouse
I
K
D
L
II
A!
A"
E!
E"
Human
I
A
B
C
II
DP!
DP"
DQ!
DQ"
DR!
DR"

Table 1. 4: Summary of common polymorphic MHC alleles

The MHC class I HLA‐A2 allele was the first Ag presenting MHC molecule to be
crystallised, albeit with an “unknown” Ag (Bjorkman et al, 1987). The first class II MHC
crystal was the HLA‐DR2 presenting an Ag derived from the influenza virus
haemagglutinin (HA) protein (Stern et al, 1994). Class I MHC molecules are
heterodimers consisting of a heavy α chain with 3 α domains (α1‐3) with a non‐
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covalently bound single domain β2‐microglobulin (β2m; Figure 1.6). The β2m forms the
membrane proximal fragment of the protein along with the α3 domain, which contains a
protruding hydrophobic TM stalk with an intracellular carboxyl‐terminus. The α1 and
α2 domains form the peptide‐binding groove and sit on top of the β2m and α3 domains
respectively. MHC class II molecules are also heterodimers but consist of more
equivalent α and β chains which both contain membrane proximal domains with TM
stalks (α2 and β2 domains) with both chains contributing to the peptide binding domain
via their α1 and β1 domains (Figure 1.6). The membrane proximal domains of class I
and II MHC consist of IgSF folds, which contain two characteristic anti‐parallel β‐sheets.
The peptide‐binding groove is formed from two alpha helices flanking a 7‐stranded β‐
sheet and is not part of the Ig superfamily. Class I MHC typically bind extended peptides
ranging from 8‐10 amino acids. The majority of polymorphism is focussed in the
peptide‐binding groove (Bjorkman et al, 1987b; Falk et al, 1991 and van Bleek et al,
1991), thus maximising the diversity of peptides bound throughout the population.
Peptides that bind to the same class I allele will all contain comparable anchor residues
that mediate binding specificity (Fremont et al, 1992 and Madden et al, 1993). These
anchor residues can differ in chemical nature and position depending on class I allele
polymorphisms. Interestingly, occasional longer peptides can bind to class I MHC,
resulting in a bulging of the peptide, which has implications for the nature of TCR
recognition of MHC (see next section; Speir et al, 2001 and Tynan et al, 2005). Class II
MHC molecules have no restriction on bound peptide length due to the final residues of
the class I α1 helix being replaced by β strand structure in the class II α1 domain
(Rudolph et al, 2006). Class II peptides are generally no less than 13 residues in length
and form a polyproline type II helix conformation, resulting in peptides sitting deeper in
the binding‐groove.
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Class I

Class II

Figure 1. 6: The structures of MHC class I and II.
Crystal structures of MHC class I and II presenting peptides. The crystal structures show human class I HLAB27 presenting a model 9 amino acid peptide (PDB: 1HSA) and class II HLA-DR1 presenting the influenza
virus derived HA1 peptide (PDB: 1FYT). The β2m (class I) and α-chain (class II) are shown in blue and the αchain (class I) and β-chain (class II) in green as cartoon diagrams. The presented peptides are shown as red
space-fill structures. The top panels show the pMHC from straight on and the bottom panels, top-down facing
the peptide binding grooves.

Sequence analysis of primitive vertebrates, including lancelets and sea squirts revealed
equivalent versions of MHC genes found in single copy form. Loci in higher vertebrates
have diversified over evolutionary time in an unparalleled manner (Danchin et al, 2004)
and the key classical polymorphic class I and II MHC genes are summarised in Table 1.5.
These class I and class II genes, as well as being highly polymorphic and polygenic, are
expressed co‐dominantly, thus maximising MHC diversity at a population and individual
level. Every human is capable of expressing up to 6 unique class I and up to 8 unique
class II classical MHC molecules, with identical genotypes being vanishingly rare, except
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for identical twins. Such population wide diversity most likely reflects the individual’s
inability to cope with the vast and constantly evolving plethora of pathogenic Ag.
Maintaining diversity across the population could thus ensure the majority of potential
Ag can be presented, protecting the population at large as is exemplified by a pathogen’s
ability to modify its genome rapidly in the context of different HLA alleles (Moore et al,
2002). Indeed, as described earlier, the majority of polymorphism is thus focussed
around the peptide binding grooves. Mutational analysis of peptides from hen egg
lysozyme (HEL) able to bind H2‐Ak demonstrated the ability of the same class II MHC to
bind the same peptide in different “reading frames”, increasing the diversity of peptide
binding further (Gugasyan et al, 2000). The diversity of peptide MHC interactions is
further highlighted from the estimation that each cell using a single complement of MHC
molecules can present 2000‐10,000 peptides (Mason, 1998).

Table 1.5: Summary of known common HLA allele No.
Class
Chain
Alleles
Proteins
I
A
1,729
1,264
B
2,329
1,786
C
1,291
938
II
DP!1
33
16
DQ!1
46
29
DR!
7
2
DP"1
150
130
DQ"1
160
111
DR"1
1,051
792
IMGT HLA database: Accessed 21/11/11

Table 1. 5: Summary of known common HLA allele numbers

Thus, the overall diversity of the TCR (Table 1.2) and MHC (Table 1.5) has been selected
for maximal levels of recognition while maintaining manageable allele levels and
avoiding self‐reactivity from a repertoire that must recognise self‐MHC in order to
respond to non‐self Ag. Despite an increasing number of TCR‐pMHC co‐crystal
structures in the last 15 years, a clear molecular basis for the observed modes of TCR
mediated recognition, binding or triggering mechanism has not emerged.
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1.4.2 TCR binding to pMHC complexes
The first αβTCR‐pMHC co‐crystal, solved in 1996 was that of the 2C TCR bound to a
murine MHC class I presenting the dEV8 peptide (Garcia et al, 1996). Since then, many
co‐crystal TCR‐pMHC structures have been solved, including immunogenic (pathogen
specific), alloreactive (transplant specific), autoreactive (self specific) and xenoreactive
(cross‐species specific) TCRs as well as TCRs in an unbound form and in conjunction
with varying altered peptide ligands (APL) which can both enhance and inhibit TCR‐
pMHC interactions (Rudolph et al, 2006). Based on sequence alignments it was
proposed the TCR would form a Fab like structure, and that the non‐somatic CDR3
would most likely be positioned over the presented Ag (Claverie et al, 1989). Further
models predicted the α and βCDR3 would contact the presented Ag and CDR3 switching
enabled the transfer of Ag specificity from one TCR clone to another (Davis and
Bjorkman, 1988 and Katayama et al, 1995). Work that utilised 59 H2‐Kb specific CD8 T
cell cones demonstrated they shared a common binding motif to the class I molecules
and extensive mutagenesis of the carboxyl‐terminal but not the amino‐terminal of the
MHC peptide groove α‐helices abrogated the majority of the clones’ recognition of the
class I molecules, predicting a TCR binding footprint that was “parallel to the beta‐
pleated strands and diagonal to the alpha helices” (Sun et al, 1995).
Generally, the TCR adopts a diagonal orientation relative to the pMHC as predicted by
Sun et al. The TCRα chain is positioned over the α2 domain or the β1 domain of the class
I and II MHC respectively and the TCRβ the corresponding α1 domains for class I and II.
This docking mode places the germline encoded α and βCDR2 loops in contact with the
α‐helices of the MHC peptide‐binding groove. The germline βCDR1 can contact the MHC
and peptide (see below) whereas the hypervariable CDR3 is focussed on the presented
peptide. Thus, the TCRα and TCRβ chains are focused towards the amino‐ and carboxyl‐
terminal residues of the presented Ag respectively. While an approximately diagonal
docking mode can be considered standard, such is the variation of TCR‐pMHC docking
angles that this generalisation over simplifies the complexity and variability of the TCR‐
MHC relationship. Indeed, there are no globally conserved interactions that exist
between all reported structures. Based on the summary from Rudolph et al (Rudolph et
al, 2006), TCR docking angles from class I restricted TCRs vary from 21°‐70° and 53°‐
80° in class II restricted TCRs. As discussed later, some autoimmune TCR‐pMHC with
abnormal binding topologies show a docking angle of only 40° on a class II molecule
(Sethi et al, 2011). This analysis from a general perspective also suggests there are no
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inherent differences between the ways class I restricted and class II restricted TCRs
interact with their ligands. Indeed, the YAe62 TCR was originally shown to bind to the
class II H2‐Ab‐3K pMHC (Dai et al, 2008) but has recently been shown to also specifically
recognise the class I H2‐Kb‐pWM (Yin et al, 2011b).
While such general rules of TCR‐pMHC engagement are appealing, many solved
structures contradict any perceived defined roles for the CDRs at the pMHC interface.
While it is not uncommon for the germline α and βCDR1 to contact the amino‐ and
carboxyl termini of the presented Ag respectively (Rudolph et al, 2006), there are also
examples of the germline CDR2 regions making extensive contacts with presented Ag.
The Vα10.2‐Vβ17 JM22 TCR contains a public TCRβ chain (a dominant TCR chain for
recognition of a particular Ag that is found in multiple individuals) that mediates the
majority of CD8 T cell responses against the matrix protein (MP) from influenza virus in
people containing the HLA‐A2 allele (Stewart‐Jones et al, 2003). While these TCRs
contain conserved CDR3 motifs across the population, the extreme 69° binding angle
also places the germline βCDR2 over the centre of the peptide, making two contacts via a
conserved glutamine, with the βCDR1 also making one peptide contact through an
aspartic acid (Stewart‐Jones et al, 2003). Similarly, the majority of CD8 T cells that
respond in HLA‐A*201+ subjects presenting the melanoma epitope MART, use the Vα2.1
segment (Trautmann et al, 2002). The Vα2.1‐Vβ20.1 MEL5 TCR when bound to HLA‐
A2*201 presenting the common MART peptide (ELAGIGILTV) demonstrated the public
TCRα chain dominated peptide recognition, with a glutamine at P31 in the CDR1α chain
making 6 distinct interactions with P1, 2, 4 and 5 with the presented peptide (Cole et al,
2009). Conversely, in other public TCRs, the non‐germline CDR3 has been implemented
in recognition of the MHC molecule (Kjer‐Nielson et al, 2003). LC13, is a public TCR
found in HLA‐B8 containing individuals and specific for the EBV peptide FLRGRAYGL.
Crystallisation of this structure revealed a docking angle of 60° with 6 and 3 CDR3
residues contacting the MHC from the TCRα and β chains respectively. CDR3 has also
been found to bind the MHC in autoreactive TCR structures, which can show an altered
binding topology (see Section 1.4.4; Hahn et al, 2005). Finally, structural and biophysical
studies on the AHIII TCR bound to three HLA‐A2 with different point mutations found
that they interfered with the TCR response to the pMHC. Subsequently, co‐crystals
revealed that the MHC mutant with the greatest affect on AHIII affinity and reactivity
was related to conformational adaptations in the CDR3 regions (without changes to the
presented peptide structure; Miller et al, 2007; Figure 1.7).
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Such are the variety of TCR‐pMHC interactions, specific roles for TCR CDRs have been
contradictory. Independent alanine‐scanning studies opposingly concluded that the
CDR3 (Borg et al, 2005) and CDR1 and 2 (Manning et al, 1998) were more important in
defining the energetic landscape of TCR MHC‐peptide interactions. Interestingly the
different results may be due to the nature of the CDR3 loops of the TCR used in each
study (Kranz, 2005). Borg et al used the LC13 TCR with more complex CDR3 regions,
resulting in the CDR3 loops providing the majority of the main interaction energies,
whereas Manning et al used the 2C TCR with relatively simpler CDR3 regions and found
the CDR1 and 2 contributed most of the MHC‐peptide binding energy.
As described in Section 1.3.3, cross‐reactivity is vital in maximising the ability of TCRs to
successfully respond to the excess of potential Ag the body encounters. The ability of
CDR loops to alter their conformation upon ligand engagement no doubt functions to
broaden the reactivity of TCRs, with comparison of all bound versus unbound TCR
structures having at least one CDR altering its position by 2Å, with the majority having
one CDR that changes by 5Å (Armstrong et al, 2008). A review of the available TCR and
TCR‐pMHC structures led Armstrong et al (Armstrong et al, 2008) to conclude that CDR
conformational changes occur as en bloc and not mass rearrangements and that three
distinct motions are possible: Complete loop remodelling through multiple ψ and ϕ
peptide bond angles; hinge‐bending motions that occur near the beginning or end of the
loops; rigid body shifts where the loop itself does not alter its conformation but its
position is altered from movements deep in the framework. Generally speaking, the
germline CDR1 and 2 are subjected to minimal en bloc movements as evidenced from
structural data.
As with the overall characteristic of TCR‐pMHC interactions, the nature of
conformational changes upon pMHC binding is variable. Structural analysis of the 2C
TCR in free and bound to H2-Kb with agonist and super-agonist APLs (Rudolph et al, 2006;
Garcia et al, 1996; Garcia et al, 1998 and Degano et al, 2000) revealed that upon pMHC
binding, major conformational changes are restricted to the CDR3 regions of the TCRα and β
chains. Opposingly, the A6 TCR recognises the human T cell lymphotropic virus 1 (HTLV1) peptide, Tax, presented on class I HLA-A2. Functional and crystallographic analysis upon
modification of the Tax peptide revealed striking differences in T cell responses between the
different APLs, but an overall lack of significant conformational changes throughout all of the
CDR regions (Ding et al, 1999). However, there are also clear examples of major
conformational changes upon pMHC binding. The KB5-20 TCR was first crystallised with
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the TCRV domain associated with the C domains of a Fab fragment (Housset et al, 1997) and
demonstrated a tightly packed, elongated βCDR3 in a novel conformation butted up against
the αCDR3. Upon binding the H2-Kb-pKB1, the KB5-20 βCDR3 moved an unprecedented
15Å to facilitate binding to the pMHC surface (Reiser et al, 2002). These generally limited
conformational changes (with the exception of the KB5-20) were crystallised mostly in
conjunction with class I MHC presenting extended, fixed length peptide which may account
for the minimal conformation changes (Mazza and Malissen, 2007). As mentioned in Section
1.4.1, occasionally class I MHC molecules will present peptides of a length longer than the
canonical 8-10 amino acids. In such instances the presented Ag will bulge out of the peptidebinding domain. One would perhaps expect that TCR recognition of such pMHC complexes
would require major conformational modifications to the TCR CDR3 to facilitate specific
binding. Indeed, the EBV-derived 13-mer Ag, LPEP, was crystallised bound to HLA-B*3508
with the SB27 TCR. The steric obstacle posed by the bulging peptide resulted in CDR3
conformational adaptations, leading to minimal interactions with the MHC itself (Tynan et al,
2005). Interestingly however, a structure of a second EBV-derived 13-mer peptide (termed
EPLP) presented on the related HLA-B*3501 that was recognised by the ELS4 TCR
demonstrated a remarkable conservation of TCR CDR conformation, but a corresponding
“flattening” of the peptide relative to its unbound form (Tyanan et al, 2007), making the most
striking example of pMHC conformational change upon TCR engagement. Indeed, previously
only the aforementioned A6-HLA-A2-Tax structures revealed any real change in peptide
conformation (Ding et al, 1999). Overall, these data reflect the lack of consistency of CDR3
conformational change requirement upon ligand recognition. There are also examples of
CDR1 and 2 conformational changes upon pMHC binding in the LC13-HLA-B8FLRGRAYGL system described above (Kjer-Nielson et al, 2003).
The immense variability in TCR‐pMHC binding and the nature of conformational change
upon binding, no doubt contributes to the vital, if sometimes pathogenic consequence of
cross‐reactivity. While some instances of cross‐reactivity have been verified as being
genuine cases of molecular mimicry, for example the structures of the TCR from the
Hy.2E11 T cell clone, isolated from a multiple sclerosis (MS) patient, was shown to bind
HLA‐DRB*0101 presenting an EBV derived Ag and HLA‐DRB*1501 presenting an
autoreactive myelin basic protein (MBP) derived Ag using a near identical topology
(Lang et al, 2002). Further, recent structural analyses revealed an instance of molecular
mimicry instigated by both an allo‐MHC and its bound allo‐peptides (MacDonald et al,
2009; See Section 1.4.4 for more details). In 2003, Resier et al (Reiser et al, 2003)
51

demonstrated that two peptides that bore no primary sequence homology (pBM1 and
VSV8) could both be recognised by the BM3.3 TCR in the context of H2‐Kb. Structural
analysis revealed maintenance of general topology between the TCR and class I MHC
molecule was achieved through alteration of CDR3 conformation to accommodate
recognition of the peptide, demonstrating peptide cross‐reactivity (Mazza and Malissen,
2007).

Recent examples have also demonstrated a similar CDR3 conformational

adaption to different peptides while maintaining a conserved TCR‐MHC docking mode
(Newell et al, 2011). Although, some other structural studies have suggested an overall
similar binding topology coupled to minor adaptations to peptide recognition are in fact
“imperfect” molecular mimics, such as the A6 TCR, whose cognate ligand is HLA‐A2‐Tax,
was found to bind in an overall similar manner to a cross reactive HLA‐A2 presenting
the neuronal peptide HuD, but required a minimal readjustment of CDR3 conformations
(Borbulevych et al, 2011).
In conclusion, the final docking modes, conformational binding upon cognate ligand
interactions and the molecular basis of cross‐reactivity, all show significant variability
with examples of both stringent molecular mimicry and gross conformational change
from unbound to bound forms and the binding to cross‐reactive ligands. While specific
recognition of pMHC by the TCR is the key event in the T cell immune response, many
other interactions, in the form of co‐receptors (see below and Section 1.4.3) facilitate
successful recognition of pMHC. The most immediate and important of these receptors
are the co‐receptors CD4 and CD8, which confer MHC class specificity and also bind to
MHC in conjunction with the TCR.
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TCR binds to MHC in a diagonal to orthogonal orientation
Numerous structural studies of TCRs in complex with their pMHC targets have revealed
many details of the elements of T cell antigen recognition [1–6]. Although dissimilar in
their specific binding interactions on a case by case basis, when these structures are
superimposed with respect to the MHC, all of the TCRs assume a strikingly similar
docking orientation that is roughly diagonal with respect to the path of the antigenic
peptide (Fig. 1). In this depiction, the TCR axis is defined by the centers of mass of the

A

B

TCR

Fig. 1 T cell receptor docks on
class I MHC in a diagonal to
orthogonal orientation. (a) The
currently available T cell
receptor/MHCI co-crystal
structures were superimposed on
the peptide-binding groove of
HLA-A2. The centers of mass of
the variable gene segments are
shown as pairs of connected
spheres and overlayed on top of
the molecular surface of p1049/
A2 [7]. The definition of the
docking angle is with respect to
the path of the antigenic peptide
(colored magenta in the surface
representation). (b) The same
surface is rotated 90! to show the
rotation of the TCR docking atop
the peptide that depends on the
TCR and pMHC. Both figures
were generated in PyMol
(http://pymol.sourceforge.net/)

V"

V!

Peptide Ag

MHC!
MHC"
Figure 1. 7: The TCR binds pMHC with varying docking angles.
Crystal structures demonstrating the variability of TCR docking on pMHC. (A) A representative diagonal
docking mode of a TCR (top) binding a pMHC ligand (bottom). The structure shows the HA1.7 TCR bound to
the class II HLA-DR1 MHC (cartoon diagram) presenting the HA1 peptide (space-fill diagram). Protein chains
and the peptide Ag are as labelled in the diagram (PDB: 1HSA). (B) A summary of 13 class I specific TCRs
modelled over a single class I MHC demonstrating the variability of docking modes present in TCR-pMHC
binding. The balls represent the centre of mass of the TCRα and TCRβ variable domains and the linking bars the
binding angle relative to the pMHC. Diagram adapted from Collins and Riddle, 2008.

1.4.3 CD4 and CD8: Structure, ligand binding and function
While co‐receptor is a generic term, both CD4 and CD8 co‐receptors are involved in a
number of distinct roles contributing to TCR recognition of and stabilisation to pMHC.
Early studies transfecting cells with cDNA encoding for CD4 demonstrated the ability of
these cells to adhere to MHC class II positive, but not negative, B cell lines (Doyle and
Strominger, 1987). Similar cell‐cell adhesion assays using B cell expressing class I MHC
demonstrated reciprocal results for CD8 (Norment et al, 1998). The crystal structures of
secreted forms of CD4 and CD8 co‐receptors provided the first view of their structure
(Leahy et al, 1992 and Wu et al, 1997). As discussed in Section 1.4.3, CD8 exists in two
isoforms (α and β) with αα homodimers characterising the distinct subset of T cells
responsible for IELs, whereas the αβ heterodimer is expressed by the majority of class I
restricted CD8 T cells. The α and β CD8 monomers consist of a single IgSF fold, in the
form of an IgV domain (see Section 1.1.2) connected to a long stalk that traverses the cell
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membrane. The dimers are formed by a disulphide link at the outer membrane proximal
portion of the stalk regions. The CD4 molecule contains four IgSF domains, termed D1
(membrane proximal) to D4, with D1 and D3 resembling IgV folds and D2 and D4, IgC
folds (see Section 1.1.2). CD4 contains a hinge region between D2 and D3 that may
facilitate appropriate binding to class II MHC.
Structural studies analysing the interaction between CD4 and CD8 and their respective
MHC ligands remain incomplete. No bona fide CD8aβ‐MHC class I crystal structures have
been solved, although CD8αα bound to human HLA‐A2 and murine H2‐Kb exist (Gao et
al, 1997 and Fern et al, 1998). Both show overall similar, but species‐specific,
interactions with a single loop of the α3 domain of their respective class I molecules.
These binding interfaces are fixed, with no conformational changes to the pMHC upon
binding and both CD8 IgSF domains partake in bi‐dentate recognition of the MHC. CD8α
and CD8β are of similar size and electrostatic potential, the main difference being the
latter containing a slightly longer TM stalk region. Biochemical analysis demonstrated
that the CD8β chain could compensate for inactive CD8α mutants and vice‐versa,
indicating a functional redundancy (Chang et al, 2006) suggesting the CD8αβ
heterodimer interacts in a similar way to CD8αα. Similarly, a crystal structure of a
CD8αβ heterodimer complexed with a Fab antibody revealed a similar mode of binding
as the CD8αα to MHC class I. Blocking assays using monoclonal antibodies (mAb)
against CD8α or CD8β confirmed this CD8β epitope was likely to be important for
activation via class I engagement (Shore et al, 2008).
Until recently, only a 4.3Å resolution structure existed for a human CD4 binding to H2‐Ak
(Wang et al, 2001). Despite the low resolution, the structure demonstrated that the key
interacting portions of the D1 IgV like domain (see Section 1.1.2) were contributed by
the C” strand and D‐E helix. This year, Wang et al (Wang et al, 2011b) obtained a set of
human CD4 mutants that bound with higher affinity to HLA‐DR through yeast surface
display, focussing on key interacting regions gleaned from the previous structure. CD4
mutants were found to interact with HLA‐DR1 across the α2 and β2 class II MHC
domains (Section 1.4.1) using the D1 domain exclusively. Interestingly, the CD4
contacting residues on HLA‐DR1 were completely conserved across selected HLA‐DP, ‐
DQ and –DR alleles inferring a highly conserved binding mode despite MHC class II
polymorphism (Figure 1.8).
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The observation that two CD8 domains (Sun et al, 1995b) but only one CD4 domain
interact with their respective MHC classes suggests the functional role of each co‐
receptor may not be identical. Membrane proximal cystine motifs in the intracellular
domains of both co-receptors bind to the membrane associated Lck kinase, which also
contains a fatty-acid tail that facilitates insertion to the cell membrane prior to co-receptor
localisation (Marth et al, 1986; Barber et al, 1989; Turner et al, 1990 and Paige et al, 1993).
However CD4 binds to class II MHC with lower affinity (≥200µM) relative to CD8
(~10µM) resulting in the former having no effect on TCR‐pMHC binding affinity or
kinetics using soluble CD4 ectodomain binding to H2‐Ak‐Conalbumin in conjunction
with its cognate D10 TCR (Xiong et al, 2001). However CD8 molecules have been shown
to influence TCR‐pMHC stability and strength of response (Luescher et al, 1995;
Woolridge et al, 2005 and Stone et al, 2011). Further, palmitoylation of CD8β has been
shown to enrich CD8αβ into lipid rafts along with the TCR (Arcaro et al, 2000 and
Arcaro et al, 2001). These apparently contrasting effects, may be due to the proposed
role of CD4 dimerisation and the hypothesis that TCR via class II pMHC signalling may
be reliant on cross‐linking of CD4 to a different pMHC than that of its associated TCR
(see Section 1.4.4). The entirely conserved nature of co‐receptor binding to MHC,
coupled to its requirement for downstream signalling has also been proposed to
contribute to the phenomenon of TCR restriction to MHC (see Section 1.5.2).
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Figure 1. 8: Structure of the CD4 and CD8 co-receptors.
Schematic overview of the CD4 (left) and CD8αβ (right) co-receptors bound to the cell membrane. For CD4, the
four domains (D1-4) are shown in relative size to each other including the TM domain. The CD8αβ heterodimer
is joined by a disulphide link (horizontal bar) with both chains having a single extracellular domain and a TM
domain. Both co-receptors are associated with the Lck kinase (pink circle), which is tethered to the lipid bilayer
via palmitoylation (black line).

1.4.4 TCR binding and triggering mechanisms
Despite the increased knowledge gained from structural, functional and biophysical
studies, three major areas of TCR‐pMHC biology remain unresolved. First, the molecular
mechanism that underpins MHC restriction of TCRs – i.e. what imposes the requirement
of TCRs to respond to Ag in the context of MHC. Second, is the process by which TCRs
scan and discriminate between potential pMHC ligands and the third is how, upon
successful recognition of pMHC, the appropriate signal is effectively and sensitively
triggered. These areas are inextricably linked but all still court significant debate and
discussion. As this study aims to address the question of MHC restriction, the theories
surrounding TCR binding and triggering are only briefly described here, with a fuller
description of MHC restriction presented in Section 1.5.
As presented by Stone et al (Stone et al, 2009), the basic characterisation of a TCR‐pMHC
interaction can be defined by the following kinetic equation, which is used to calculate
key parameters in understanding TCR‐pMHC kinetics:

kon
TCR + pMHC

TCR:pMHC
koff
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Here, kon is the association rate and koff is the dissociation rate, which facilitates
calculation of the half‐life (t1/2 = ln 2/koff). The affinity of the interaction can be
calculated as the ratio between the association and dissociation rates or through other
methods. TCR affinities for pMHC are comparatively low, due to relatively poor overall
shape complementarity, with KD values ranging from 1‐100µM (Rudolph et al, 2006), a
fact related to the variability of TCRs and MHC molecules coupled to thymically selected
lower affinities which avoid self‐reactivity. The first step of the equation, the association
rate, has been calculated to be moderately slow to slow (1,000‐10,000M‐1s‐1), which has
been linked to the structurally observed conformational changes that occur upon TCR
binding of pMHC (see Section 1.4.2). An induced fit mechanism was initially proposed by
Boniface et al (Boniface et al, 1999), who demonstrated that binding of TCR to pMHC
required energy barriers to be overcome inferring a two‐step model of recognition
followed by binding. Wu et al (Wu et al, 2002) provided functional evidence for this,
showing that mutations of key MHC residues on the α‐helices of the peptide binding
groove could decrease association rates of TCR binding, ultimately proposing a two‐step
process whereby germline CDR1 and 2 bind the MHC, allowing hypervariable CDR3 to
scan the presented Ag. Further thermodynamic and kinetic studies using the TCRCMV‐
HLA‐A*201‐pp65 system clearly defined the two proposed steps, supporting the
mechanism (Gakamsky et al, 2007). Such a process however requires the ability of
germline CDR1 and 2 to uniquely and naturally recognise MHC (see Section 1.5) and is
not supported by the reported variation that exists between TCR‐pMHC binding, for
example cases of bulging peptide presentation, germline CDRs contacting the Ag and
CDR3 interacting with MHC (See Section 1.4.2). Work inferring that contributions from
both the MHC and Ag are required to stabilise the interaction with the TCR (Davis‐
Harrison et al, 2007) also go against such a defined two‐step model. An alternative could
be conformational selection, whereby a pre‐existing equilibrium of CDR conformations
exists and one is selected upon binding, as is the case for Ig molecules (Foot and
Milstein, 1994) and was also suggested for TCRs (Willcox et al, 1999). However, recent
work demonstrating the relative rigidity of TCR CDRs and rare instances of complete
CDR remodelling (Armstrong and Baker, 2007 and Armstrong et al, 2008) suggest such
variable unbound states are unlikely.
The exquisite sensitivity of TCR response to ligand engagement has been demonstrated
through the ability of single amino acid changes in APLs to entirely alter the outcome of
response from agonistic to antagonistic. Similarly, the TCR often needs different
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strengths of response in different scenarios – for example during thymic selection,
homeostatic maintenance or immune response, which can take place in the context of
different peptides and different MHC alleles. Two key elements have been proposed to
define the sensitivity of TCR triggering: affinity of the interaction and t1/2 (see above).
The evidence describing the role of these parameters have been described in detail
elsewhere (Stone et al, 2009 and Bridgeman et al, 2011). Other key factors have also
been implemented, including the potential to trigger signalling through the multiple
rebinding of the TCR to the same pMHC, creating a dichotomy of optimal “dwell time” of
TCR‐pMHC association. This allows suitable time bound to the pMHC to instigate an
effect, coupled to the ability to rebind quickly through fast kon rates creating an
aggregate t1/2 that is greater than a single, longer binding event (Aleksic et al, 2010 and
Govern et al, 2010). Further, TCR‐pMHC engagement initiates and occurs in the context
of the immunological synapse (IS; Figure 1.9) and receptor clustering has been shown to
play a role in signalling events (Dustin and Depoli, 2011) and has been implicated in
aiding the efficiency of T cell memory responses (Kumar et al, 2011). Newer in situ
techniques that take the role of co‐receptors and clustering into consideration (Huppa et
al, 2010) coupled to traditional approaches for measuring TCR‐pMHC binding (surface
plasmon resonance – SPR and isothermal titration calorimetry – ITC) will further
advance the thermodynamic and kinetic requirements for sensitive TCR triggering.
Several models reliant on kinetic, physical and clustering mechanisms have been
proposed to describe the overall process of TCR triggering, most recently reviewed by
van der Merwe and Dushek (van der Merwe and Dushek, 2011) and are summarised in
Table 1.6.
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Table 1.6 Overview of proposed mechanisms for TCR signal triggering
Mechanism
Model
Overview
Successful recognition by TCR of pMHC (through single or
multiple interactions) generates a half-life that facilitates
Kinetic
Kinetic Proofreading
the organisation of down-stream signalling molecules and
events.
A scanning process by the TCR that results in successful
binding to a pMHC ligand inducing a conformational change
Induced Fit
in the TCR CDRs that can be transmitted through the TCR
inducing a physical change that facilites signalling.
Conformational changes induced through ligand binding
Conformational change
transduced to the constant region resulting in aggregation
induced aggregation
of TCR complexes that facilitates signalling via amplification
Binding of TCR to pMHC with suitable kinetics facilitates
Conformational Change
membrane pulling forces that induces conformational
Piston movements
changes in the TCR-CD3 signalling complex that facilitates
downstream signalling.
A specific model whereby only through multimeric TCRpMHC interactions occuring at the correct binding angle will
Permissive Geometry induce a scissor-like rotation of the TCR chains relative to
each other which is passed on to CD3 chains and allows
phosphorylation.
Binding of the TCR and the co-receptor to the same pMHC
Heterodimerisation
assembles machinary and kinases required for subsequent
downstream signalling porcesses.
Aggregation
Where a TCR specific for the pMHC is assoicated with a coreceptor that binds to a neighbouring pMHC, lowering the
Pseudo-dimerisation
activation threshold for non-specific TCRs, in the context of
a specific initial interaction.
Upon IS formation after TCR-pMHC interaction, proteins
with smaller ectodomains cluster together, forcing out
Kinetic segregation
molecules with larger ectodomains that include inhibitory
Segregation
phosphatases such as CD45 and CD148.
Binding of TCR to pMHC enriches pro-signalling molecules to
Lipid raft segregation lipid rafts thus reducing the presence of inhibitory
phosphatases from the cluster.
Use elments of all of the above. At a resting state,
dephosphorylation outbalances constant phosphorylation
(due constitutively activated Lck) maintaining inactivity.
Engagement of TCR-pMHC induces receptor clustering and
segregation of phosphatases from the synapse. The
Integrated Mechanisms
resulting cluster will contain agonist and non-agonist pMHC,
with the former working to lower the activation threshold of
the latter through cross linking. Kinetic proof reading will
ensure if the process will proceed long enough to induce a
full signalling response.

Table 1. 6: Overview of proposed mechanisms for TCR signal triggering
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Figure 1. 9: The TCR signals as part of the immunological synapse.
Schematic overview of the immunological synapse (IS). Key molecules from both APC and T cells form a semistable IS that consists of three distinct supramolecular activation clusters (SMAC); the distal (dSMAC),
peripheral (pSMAC) and central (cSMAC). The cSMAC contains the TCR-pMHC complex as well as the coreceptor (in this case CD4). CD4 is associated with Lck and the TCR is associated with the CD3 complex. The
CD3 complex and the TCR associate via opposing charges that exist in the TM regions. Successful binding of
TCR-pMHC with the co-receptor forms the IS and allows Lck to phosphorylate ITAM motifs present on the
CD3 chains. Such phosphorylation attracts the downstream signalling kinase zeta-chain associated protein kinase
70 (ZAP70), which leads to downstream signalling events. Successful signalling and IS formation is dependent
on interaction between adhesion molecules that are expressed on both the APC and T cell including CD2/CD48,
CD28/CD80 and lymphocyte function-associated antigen 1 (LFA-1) and intercellular adhesion molecule
(ICAM) 1. The formation of these interactions in the cSMAC and pSMAC respectively results in a curvature of
the cell membranes that functions to exclude larger inhibitory molecules such as the CD45 phosphatase to the
dSMAC that would otherwise de-phosphorylate CD3.
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1.4.5 TCR-pMHC in disease: Alloreactivity and autoreactivity
While the intended purpose of the TCR‐pMHC system is to distinguish and respond to
pathogen‐derived Ag, TCR‐pMHC interactions are also associated with disease. These
pathogenic interactions are derived from the advent of whole organ transplants,
resulting in alloreactive responses to non‐self MHC, the autoreactive recognition of self‐
pMHC as foreign due to imperfect tolerance and the co‐evolved subversion by
pathogenic agents such as bacteria and viruses in the form of superantigens. For
understanding MHC restriction, the first two processes are most relevant and thus the
latter is omitted from this discussion. Understanding the structural interactions of
alloreactive and autoreactive TCRs with pMHC can also be useful in defining the more
general basis of TCR specificity for pMHC.
Scientifically, the process of alloreactivity aided characterisation of the wider
phenomenon of MHC restriction (see Section 1.1.3) whereas medically it is relevant for
successful organ transplantation. Between 0.5‐10% of all T cells are alloreactive, orders
of magnitude higher than peptide Ag specific T cells (Lindahl and Wilson, 1977 and
Suchin et al 2001). The underpinning of such broad specificity was originally proposed
through two distinct mechanisms: the altered self and high determinant density models.
Both models were based on diversity of MHC alleles in an outbred population, but
anticipated different roles. The altered self model (Matzinger and Bevan, 1977)
predicted that self‐MHC presenting self‐peptides would not elicit an immune response
due to tolerance imparted during thymic selection. However allo‐MHC molecules, due to
allelic differences would present the same self‐peptides in an altered fashion, which
would induce T cell responses. Bevan however (Bevan, 1984) subsequently inferred that
the allelic differences in allo‐MHC would be directly recognised as the antigenic
determinant by T cells.
Comparison of the HA1.7 TCR bound to its cognate HLA‐DR4 and allo‐HLA‐DR1 both
presenting the same haemagglutinin (HA) Ag revealed that the overall TCR binding
mode to the different MHC were very similar, with the root mean squared deviation
(RMSD) of the Cα atoms = 0.34Å (Hennecke et al, 2002). However polymorphic
differences resulted in alterations to the width of the peptide‐binding groove and to the
presentation of P5 and P6, inferring peptide‐centric, altered self alloreactivity.
Interestingly, structural analysis of the LC13 TCR which is alloreactive with HLA‐B*4402
and HLAB*4405 presenting different peptides revealed that the overall engagement of
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both complexes was near identical to the cognate HLA‐B*0801‐FLRGRAYGL complex,
despite polymorphism between both the MHC and peptides (MacDonald et al, 2009).
Here it was suggested that molecular mimicry between the syngeneic and allogeneic
MHC prevented MHC‐centric alloreactivity and that molecular mimicry from both
unique allo‐peptides would therefore drive TCR reactivity. Such peptide‐centric
interactions would infer TCRs could display polyspecificity as opposed to MHC‐centric
peptide‐degeneracy. Indeed in vitro experiments showed that T cell hybridomas specific
for the same MHC allotype, were highly specific for different peptides presented on the
same allo‐MHC (Felix et al, 2007). Further evidence for MHC molecular mimicry
focussing allorecognition on peptide specific responses is garnered from evidence that
MHC alleles that differ by only a single amino acid, such as the HLA‐B*4402 and HLA‐
B*4403, also evoke an alloreactivity.
However, the strength of alloreactivity is directly proportional to the disparity of the
MHC alleles involved, inferring that MHC can play a crucial role. Crystallisation of the 2C
TCR with the allogeneic H2‐Ld‐QL9 when compared to the cognate H2‐Kb‐dEV8 ligand
revealed the overall binding geometry shifted by more than 20°, with very few
conserved contacts between the two structures (Colf et al, 2007). In this instance
however, the interaction with peptide was not affected and mutation of the CDR3α did
not affect allo‐MHC recognition. Interestingly however, the same receptor with the
alternative allo‐H2‐Kbm3‐dEV8 ligand revealed that differences in the peptide binding
groove that affected peptide presentation was the driving factor that resulted in extreme
alteration of TCR‐MHC contacts (Luz et al, 2002). It has also been suggested that
mutation of the αCDR3 in the 2C‐H2‐Ld‐QL9 structure does not fully rule out a role for
the presented peptide (Wolfson et al, 2011). Molecular evidence therefore shows a
potential role for both peptide and MHC in allo‐recognition, which may be dependent on
the nature and severity of the allelic MHC differences (Felix et al, 2007b and Wolfson et
al, 2011) and further serves to highlight the diversity with which TCR can interact with
pMHC complexes. This adaptability of TCR in pMHC recognition is perhaps most
elegantly represented by the work of Gras et al (Gras et al, 2009). As described above,
the LC13 TCR’s cognate ligand is restricted to HLA‐B8 and is alloreactive to HLA‐B44
alleles. Yet individuals heterozygous for both alleles still produce TCRs that respond to
the original LC13 ligand, while maintaining tolerance to the HLA‐B44 MHC. A structure
of such a TCR, CF34, bound HLA‐B8‐FLRGRAYGL when compared to original LC13
structure revealed both bound within normal angles and affinities with related TCRβ
62

chains, yet the CF34 shifted recognition towards the N‐terminal of the peptide,
confirmed by mutational studies. Thus thymic development can produce T cells specific
for the same ligands in unique binding modes in the context of different MHC
haplotypes, demonstrating the role of TCR adaptability in maintaining tolerance and
avoiding autoreactivity.
Autoreactivity is induced when the immune system responds to self‐Ag as foreign,
inducing an immune response against specific organs or systems in which the self‐Ag is
derived. The role of TCR‐pMHC in autoimmunity is clear due to the genetic segregation
of specific MHC alleles and autoimmune phenotypes. Seven structures of autoreactive
TCR bound to self‐pMHC ligands have been solved, from humans and mice (Table 1.7;
Reinhertz et al, 1999; Hahn et al, 2005; Li et al, 2005, Maynard et al, 2005, Feng et al,
2007; Sethi et al, 2011; Yin et al, 2011 and Wucherpfennig et al, 2009). All structures
demonstrate atypical TCR binding parameters, but without an overall consistent
mechanism of altered recognition. Interestingly, all but the most recent human examples
have severely altered binding topologies not seen in the murine structures (Figure 1.10).
The one consistent feature of these autoreactive TCRs is their generally low affinity,
related to weak TCR‐pMHC interactions or weakened peptide‐MHC interactions
(Wucherpfennig et al, 2009). Such weakened affinities are proposed to facilitate
avoidance of negative selection in the thymus. The high density of Ag in the periphery
could then compensate for weak affinity thus resulting in TCR triggering, despite
variable binding topologies. Regardless of biological implications, these autoreactive
TCRs further demonstrate the flexibility of TCR recognition of pMHC. In the most
extreme example, the Hy.1B11 TCR from a multiple sclerosis (MS) patient recognises a
MBP derived peptide presented on HLA‐DQ. A binding angle of 40° is the lowest
recorded for any class II MHC structure reported and as a result, the αCDR1 and 2
regions made no contacts at all with the pMHC with the αCDR3 contacting the Ag and
MHC, with the βCDR2 making minimal contacts (Sethi et al, 2011). This variability is also
further emphasised by evidence suggesting molecular mimics exist for auto‐TCR ligands.
For example the Ob.1A12 TCR, which is autoreactive for the HLA‐DR2b‐MBP complex,
was shown to bind the same MHC presenting a peptide derived from the engA peptide
encoded by E. coli using the same altered binding mode, resulting in multiple sclerosis
like symptoms in a humanised mouse model (Harkiolaki et al, 2009), linking the role of
infectious agents and autoimmunity. Finally, other atypical TCR‐pMHC interactions have
also been shown to display altered binding topologies. While the majority of disease
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causing agents produce proteinacious or lipid Ag, for some pathologies, such as those
caused by over exposure to metals can be linked to the immune system. Chronic
beryllium disease (CBD) is characterised by a population of CD4 T cells specific for
beryllium (Be), which are restricted to HLA‐DP (Fontenot et al 2000 and 2002). A recent
mutagenesis analysis of a Vβ5.1 containing TCR reactive to HLA‐DP‐peptide‐Be inferred
an altered binding topology very similar to the aforementioned Hy.1B11 autoreactive
TCR, with residue alterations suggesting germline αCDR1 and 2 make no contacts with
the ligand (Dai et al, 2010 and Bowerman et al, 2011).
Overall therefore, despite original predictions and hypotheses, alloreactive TCRs appear
to engage to their ligands in the same manner attributed to self‐restricted TCR‐pMHC
interactions and thus further the scope of TCR‐pMHC adaptability. Only autoreactive
TCRs have demonstrated truly atypical binding and thus represent the extreme end of
the spectrum of variability present in the TCR‐pMHC relationship. Thus, as presented
here, there is immense variability in TCR‐pMHC relationship that is dependent on the
nature of the TCR, MHC and Ag. Due to the extreme diversity of all these components,
the identification of a clear underlying molecular mechanism for TCR restriction to MHC
has not been established. Nevertheless, several lines of work now propose that a
germline code that creates an intrinsic preference for MHC recognition by TCR exists
and has resulted from co‐evolution between receptor and ligand. The following section
summarises the evidence for and against such a code, including alternative theories that
propose the nature of MHC restriction is functionally conferred by the CD4 and CD8 co‐
receptors.
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HA1.7-HLA-DR1-HA Ob.1A12-HLA-DR2b-MBP

Structural comparison of TCR–peptide–MHC class II complexes. (a) Upper panel: top view of
accession code 1FYT). MHC a-chain is dark blue and b-chain is light blue; TCR a-chain is ma
Figure 1. 10: Autoreactive TCRs can bind pMHC with abnormal topologies.
The peptide residue occupying the P5 position of the peptide-binding grove is shown as an or
loops (numbered
1–3)
on the
peptide–MHC
(b) The
human
autoimmune Ob.1A
Comparison ofCDR
an immunogenic
TCR with
normal
binding
topology andsurface.
an autoreactive
TCR
with altered
topology. The autoimmune
immunogenic HA.1
TCR
binds
to
the
HLA-DR1
class
II
MHC
presenting
the
HA1
peptide
with
a
3A6–MBP–DR2a complex (1ZGL). (d) The human antitumor E8–mutTPI–DR1
com
canonical binding
u mode: CDR2 interacting with the MHC helices, CDR1 with the MHC helices and the peptide
A complex (1U3H). The comparison shows the shift of human self-reactive TCRs Ob.1A12, 3A
ends and the CDR3 interacting predominantly with the presented peptide (left). The autoreactive Ob.1A12 TCR
class II b class
chain
helix presenting
(light blue).
bound to the HLA-DR2b
II MHC
a peptide derived from MBP shows altered binding however.
Here the germline αCDR1 and 2 and βCDR2 are positioned away from the MHC due to the altered binding
angle shifting the whole interaction towards the terminus of the peptide. This also allows the CDR3α to interact
with the MHCwww.sciencedirect.com
β chain α-helix. The peptides are shown in orange, TCRβ CDRs in yellow and TCRα CDRs in
purple. Adapted from Wucherpfennig et al, 2009.

Table 1.7: Summary of autoimmune TCRs
TCR
pMHC
System
Ob.1A12
HLA-DR2b-MBP
Human
3A6
HLA-DR2a-MBP
Human
Hy.1B11
HLA-DQ1-MBP
Human
u
172.10
H2-A -Ac1-11
Mouse
Mouse
1934.4
H2-Au-Ac1-11
u
H2-A -Ac1-11
cl19
Mouse

Reference
Hahn et al, 2005
Li et al, 2005
Sethi et al, 2011
Maynard et al, 2005
Feng et al, 2007
Feng et al, 2007

Table 1. 7: Summary of autoimmune TCRs
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1.5 The mechanism of TCR restriction to MHC
1.5.1 Germline encoded restriction of TCR CDR1 and 2 to MHC
In 1973, before the full characterisation of the TCR or the role of MHC in immune
response (see Section 1.1.3), Jerne proposed two subsets of “antibody” producing cells
that have evolved to either encode for proteins that react against their own haplotype
(and are thus removed during cell development) and cells that encode proteins that
recognise allotypes that are not their own (Jerne, 1971). Effectively this anticipated a
germline encoded affinity for restriction elements where self reactivity is removed
during development of the cells in primary lymphoid organs, leaving allo‐specific cells
that also respond to foreign Ag due to somatic mutations. In 1986, around the time when
the TCR, MHC and their relationship were beginning to be characterised in detail,
Blackman et al (Blackman et al, 1986), described experiments where hybridomas
encoding for a single TCRα chain when fused with cells expressing different TCRβ chains
could recognise a class I or class II MHC ligand, further inferring an intrinsic capability of
the same TCR (α chain) to recognise distinct classes of MHC ligand. As the CDR1 and 2 of
the αβTCRs were germline encoded, compared to the non‐germline CDR3, it was
presumed these regions would be the source of germline‐encoded restriction. Indeed
the earlier described mutational experiments by Sun et al (see Section 1.4.2) predicted
the CDR1 and 2 would predominantly interact with the presenting MHC molecule. The
key studies surrounding the dominant hypothesis are described in detail below.
Direct evidence came first from studies that attempted to analyse the pre‐selection
repertoire of T cells, i.e. before TCRs “see” MHC for the first time. Ignatowicz et al
(Ignatowicz et al, 1996) used MHC class II knockout (KO) mice expressing a transgene
encoding for a class II H2‐Ab β‐chain, covalently linked to a peptide named Ep. When
crossed to mice that express the partner H2‐Ab α‐chain, T cells could only be selected on
the single pMHC class II complex. Removal of peptide diversity was predicted to
facilitate selection of those T cells that would otherwise be negatively selected on other
self‐peptides presented in the thymus, as demonstrated by the high reactivity to self‐
peptide‐H2‐Ab complexes in the study. These CD4 T cells were also found to be more
cross‐reactive with responders from different allotypes, with frequency of response
indirectly proportional to the relatedness of the allotype with H2b, concluding that these
pre‐selected T cells have an inherent bias to recognise MHC, which is diminished
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through the process of T cell selection. Similarly, using MHC KO mice that would trap T
cells at the DP stage of selection before MHC mediated selection, Zerrahn et al (Zerrahn
et al, 1997) cultured the DP population ex vivo in foetal organ thymic cultures (FTOC) to
SP T cells and tested this MHC naïve fraction for reactivity, again discovering that MHC
reactivity was equal, or more than that of those SP T cells selected canonically in vivo,
again inferring a natural affinity for MHC in pre‐selected T cells. Further indirect
evidence, was presented by Vidovic et al and Sim et al (Sim et al, 1996 and Vidovic et al,
1997). Vidovic et al, showed T cells selected on MHC class II H2‐Ab ββ‐homodimers were
still alloreactive to normal αβ class II heterodimers, concluding MHC reactivity was
germline and not ontogeny‐related. Sim and colleagues showed that mutating key CDR
residues on Vα3.1 was sufficient to switch MHC class preference from class II to class I,
indicating an inherent MHC, and perhaps MHC class bias in the germline repertoire.
Recent work comparing peptide‐recognising CDR3 sequences in alloreactive and non‐
alloreactive TCRs has further suggested that the ability to react to allo‐MHC molecules is
limited only through induction of tolerance by the endogenous selecting peptides in the
thymus and not the TCR itself, explaining why such a high level pre‐selection
alloreactivity inferred from studies such as Ignatowicz et al is only present in up to 10%
of mature cells (Morris et al, 2011).
The first molecular model for such a germline‐encoded restriction came from a tour de
force study from Huseby et al (Huseby et al, 2005). Mice in which the pre‐selection
repertoire was selected on a single class II pMHC complex (H2‐Ab‐SP; Ignatowicz et al;
see above) were immunised with dendritic cells (DC) expressing H2‐Ab covalently linked
to the 3K peptide, with C57BL/6 immunised as a control. T cell clones from both sets of
mice specific for the H2‐Ab‐3K complex were converted into hybridomas and subjected
to a barrage of tests. Hybridomas from the negative selection impaired mice
demonstrated comparable affinity and avidity as the WT counterparts but were far less
susceptible to peptide mutations, suggesting a peptide degenerate and more MHC
focussed repertoire. A comprehensive panel of H2‐Ab‐3K MHC and peptide mutants
tested with a range of hybridomas from both sets of mice further highlighted the
flexibility of the H2‐Ab‐SP clones, with hybridomas from these mice also exhibiting
greater alloreactivity and some clones that could respond to class I and II MHC. The
authors concluded that the pre‐selection TCR repertoire has co‐evolved to recognise
conserved, backbone features of the MHC molecules, with negative selection acting to
remove those that respond too strongly to self‐MHC, whereas positive selection occurs
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on those TCRs where the non‐germline CDR3 loops have refocused the CDR1 and 2 away
from overly reactive MHC interactions – also explaining why there is little conservation
in TCR footprints bound to pMHC. This model also provides an explanation for the high
level of alloreactive cells as the remodelling of CDR1 and 2 contacts during positive
selection will only impart tolerance to self‐MHC thus leaving many TCRs who still retain
a strong preference to the general features of allogeneic MHC. Rubtsova and colleagues
further supported this notion by making a panel of CDR3 mutants in the H2‐Ab‐3K
specific YAe62 βCDR3 showing that these changes did not alter, and some instances
increased, TCR cross‐reactivity whereas similar mutations to the βCDR1 and 2 regions
severely limited cross‐reactive capabilities (Rubtstova et al, 2007).
Feng et al (Feng et al, 2007) analysed two new TCR‐pMHC structures (derived from
single chain soluble TCR V‐domains) and compared them to related TCRs bound to
similar ligands for which the structures were already known (Reinhertz et al, 1999 and
Maynard et al, 2005). These TCRs (Table 1.8) all contained Vβ8.2 in conjunction with a
Jβ2 sub‐family member segment. Three of these receptors recognised the H2‐Au‐MBP1‐
11 complex, with the D10 TCR recognising the highly similar H2‐Ak‐conalbumin. Despite
unique identifiers, such as distinct CDR3 sequences and different partner TCRα chains,
all four TCRβ showed remarkable superimposition relative to each other. In particular,
despite heterogeneous partner TCRα interactions, the Vβ8.2 contains chains maintained
highly conserved interactions. The authors concluded that analysis of similar TCRs
finally highlighted a germline code in the form of the βCDR2 residues Y48, Y50 and E56
(based on Kabbat database numbering) that contacted similarly conserved MHC
residues, despite variable partner chain interactions (Figure 1.11). This data was further
supported by Dai et al (Dai et al, 2007) who solved three structures from clones with
variable specificity for H2‐Ab‐3K complex used by Huseby et al as described above to
observe pre‐selection TCR specificities. The three TCR included one clone from a
control C57BL/6 mouse (B3K506 – highly specific) and two clones from the H2‐Ab‐SP
background with inhibited negative selection, one that showed mild cross‐reactivity
(2W20) and one that was highly cross‐reactive (YAe62). As with Feng et al, all three
used Vβ8 family members in their TCRβ chains. Moving from the highly specific B3K506,
to the most cross‐reactive YAe62, the authors reported a focussing of the germline
repertoire highlighting the exact same βCDR2 residues as Feng et al, thus showing
conserved Vβ8 CDR2 contact with pMHC from H2‐Ab, H2‐Ak and H2‐Au. Dai et al also
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highlighted Vα Y29 as a conserved TCRα residue between the structures. βCDR2 Y48
was specifically highlighted as forming a very specific “knob‐in‐hole” complementarity,
slotting into a conserved depression on the H2‐A α1 helix across all three haplotypes
(Garcia et al, 2009). The pre‐selection YAe62 T cell clone, as well being susceptible to
changes in its cognate H2‐Ab‐3K complex, was also reactive with allogeneic class 1 pMHC
complexes (Huseby et al, 2005). Recent studies also discovered syngeneic class I
molecules recognised by the YAe62 and solved the structure of the YAe62‐H2‐Kb‐pWM
complex (Yin et al, 2011b). Remarkably, the TCR maintained key germline contacts in
the βCDR2 as highlighted by Feng et al and Dai et al in recognising class I as it had done
class II through switching of structural conformers.
Table 1.8: V"8.2 TCRs with unique TCR! or "D-J-CDR3 usage maintain
TCR!
TCR"
TCR
V! J!
!CDR3
V" D" J"
"CDR3
1943.4
4.1 31 ALSENYGNEKI
8.2 2.1 2.3 ASGDASGAETL
CI19
4.1 31 ALSENYGNEKI
8.2 2.1 2.4 ASGDASGGNTL
172.10
2.3 39 AASANSGTYQ
8.2 2.1 2.7 ASGDAGGYEQ
D10
2
4
AATGSFNKL
8.2 2.1 2.1 ASGGGQGRAEQ
Adapted from Feng et al, 2007

germline contacts
pMHC
H2-AU-MBP1-11
H2-AU-MBP1-11
H2-AU-MBP1-11
H2-AK-conalbumin

ARTICLES

Table 1. 8: Vβ8.2 TCRs with unique TCRα or βDJCDR3 usage maintain germline contacts
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b
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Marrack et al (Marrack et al, 2008) with this new structural knowledge re‐addressed the
then current TCR‐pMHC library analysing all germline contacts between the TCR and
pMHC, with new criteria, including the caveat that due to the nature of positive selection
enriching for peptide specificity (as demonstrated by Dai et al), not all germline contacts
will be preserved in “post‐selected” TCRs representing the majority of solved structure.
This analysis highlighted key positions that are often highly conserved with one or two
amino acids and often make contacts to conserved MHC residues. These summaries are
listed in Table 1.9. It was further suggested that when the preferred residues were not
present at the specified position, they often did not contact the MHC molecule and in
these instances other as yet unidentified interaction combinations were dominant.
While it was proposed key germline positions drive recognition, it would not prevent
other interactions from taking place as a result of hypervariable CDR3 structures and
influences from the pMHC complex during positive selection. Thus a combination of
germline code with the influential process of thymic selection was proposed to explain
the lack of truly conserved binding footprints in hitherto analysed TCR‐pMHC
structures.

Table 1.9: Summary of key germline TCR CDR positions and corresponding MHC interactions highlighted by Marrack et al, 2008
TCR
Common MHC Contacts
Notes
Class I
Class II
TCR Chain
CDR
Position
Residues
Residue (chain)
Residue (Chain)
Found in 40% of human TCR!, 10/13
structures analysed with this residue contacted
31
Y or F
Q/H/R 155 (!2)
R70 ("1)
the MHC. No other residue at this position
CDR1
found to interact with MHC.
Interaction only occurs when proline present at
29
Y
H81/T77 ("1)
position 30. Suggested special germline rule for
TCR!
V-segments with prolines here.
Most conserved amino acid in all published
51
S
A158/G151 (!2)
T77 ("1)
structures. Only in two structures analysed did
CDR2
not use this residue for MHC interaction.
Not abundant throughout V! segments, but
50
Y
A158* (!2)
A73* ("1)
when present, often interacts with MHC.
These two residues are relatively conserved
CDR1
29
N or Y
Q61 (!1)
throughout all V-segments.
In 16/22 structures analysed, Y or F at this
46
Y or F
R/Q65 (!1)
Q57 (!1)
position contacts the MHC class I or class II.
However only in 5/10 class I structures.
The most conserved position that shows
consistent MHC binding in the "-chain. Always
TCR"
48
Y/Q/V/R
X69* (!1)
contacts MHC in depression at top of helix, thus
CDR2
acts as potential pivot point for docking angle.
Tyrosine is the most studied residue.
4/14 class I crsytals show contact with the
MHC only. 6/8 class II structures show
54
D or E
R65 (!1)
Q57 (!1)
interaction with same MHC conserved MHC
residues.
MHC positions are not complete lists, but dominant positions often contacted. * refers to residues at centre of various interactions. X denotes a position
that is contacted often but contains various residues.

Table 1. 9: Summary of key germline TCR CDR positions and corresponding MHC interactions highlighted by
Marrack et al, 2008
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Garcia et al distilled these new data into a model termed the “codon” hypothesis (Garcia
et al, 2009). In principle, it was proposed that TCR V‐segments have evolved very
specific triads of residues termed interaction codons that upon interacting with a
specific pMHC environment will find a combination that represents the lowest energetic
minima (i.e. optimal binding). Each V‐segment could contain several combinations with
the nature of the MHC and the TCR’s own CDR3 region determining which residues will
participate. Effectively the work of Dai et al and Feng et al had recognised examples of
codons used in Vβ8 containing TCR chains with evidence of other residual codons
highlighted by Marrack et al.
More recent work has focussed on functionally testing the role of these codon positions
in vivo and their evolutionary conservation (Scott‐Browne et al, 2009 and Scott‐Browne
et al, 2011). In the first study the key βCDR2 residues were individually mutated and
used in a retrogenic system resulting in T cells developing with a fixed WT or mutated
TCRβ chain (from the DO‐11.10 TCR specific for the OVA323‐339 peptide presented on H2‐
Ab and H2‐Ad) that can pair with a full endogenous repertoire of TCRα chains. Mutations
to these codon residues were shown to reduce the efficiency of T cell selection and
endogenous TCRα repertoire diversity, inferring a general requirement for these
residues in optimal MHC recognition both in T cell selection and immune response. The
second study highlighted examples of the conservation of one, some or all of the key
germline residues defined in murine Vβ8.2 (or related human Vβ11) containing CDR2
regions (YXYXXXXXE) across evolutionarily divergent vertebrate species including fish,
frogs and opossums. Grafting of these whole CDR2 sequences to the aforementioned DO‐
11.10 TCRβ chain demonstrated that elements of this conserved motif were sufficient to
rescue the inefficient response to the original DO‐11.10‐H2‐Ad‐OVA323‐339, regardless of
the surrounding CDR2 sequence. Use of the frog (Xenopus laevis) TRBV2 CDR2 region in
place of the canonical DO‐11.10 sequence also facilitated efficient T cell development in
the similar retrogenic system just described. These data were taken to infer that some
TCR germline regions that have co‐evolved to recognise MHC, evolved before the
divergence of the vertebrate line and have been maintained – also explaining why
germline encoded recognition could also underlie xenoreactivity as well as alloreactivity
(see next section).
Evidence for co‐evolution between TCR and MHC is also evident at the genome and
sequence levels, in particular in comparing TCRs with the related, but MHC unrestricted,
71

Ig molecules. This data is presented in the next chapter as a preface to a relevant
analysis completed as part of this work. Other work has also directly or indirectly been
used to support a germline code in TCR restriction to MHC. This evidence and
alternative theories are summarised in Table 1.10.
A final point to note is that as well as controlling MHC recognition, it has also been
suggested that the germline recognition of MHC by TCRs as surmised by Marrack et al
(Marrack et al, 2008) can also explain the conserved diagonal docking mode adopted by
TCRs. While this docking angle is varied, there is no clear molecular mechanism as to
why structures have not been found where TCRα and β chains are orientated towards
the carboxyl‐ and amino‐termini of the peptide and opposite sides of the MHC. Any
mechanism would however have to account for the variability in docking angle and pitch
that is seen (Section 1.4.2). Marrack proposes that each MHC allele contains a conserved
dish like depression that is not sequence, but structurally conserved, where key
germline TCR residues are known to interact. Support for a germline encoded TCR
docking angle is inferred by TCRs mutated in a cell free system maintaining conserved
docking angles (Table 1.10) and the fact apparent “pre‐selection” TCRs such as the
YAe62 depict docking angles comparable to post‐selection structures (Dai et al, 2007
and Yin et al, 2011b). Thus if germline TCR residues have evolved to interact within a
depressed surface as opposed to specific residues, this would perhaps explain how
binding angles can be germline mediated, but still variable and also why more extreme
binding angles and a switched orientation are not seen. This generally conserved
docking geometry was proposed to be mediated through signalling requirements (see
next section) but Garcia suggests the variability that exists in the structural database is
too broad for a model where extrinsic factors mediate docking geometries (Garcia et al,
2009). The 42F3 TCR is specific for the H2‐Ld‐QL9 pMHC but was shown to retain
specificity to altered peptides randomly generated from the original QL9 peptide, to the
H2‐Ld class I MHC (Adams et al, 2011). Interestingly, the altered peptides (which could
be divergent from the original in all nine residues) resulted in altered docking angles
and the one peptide studied (3A1) that lost agonist function altogether had the sharpest
docking angle, repositioning recognition to a near orthogonal angle. This suggests that
peptide specificity (in the context of germline recognition) may influence the docking
angle, which is vital for subsequent signalling steps.
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Table 1.10 Summary of further evidence supporting a form of germline encoded resriction of TCR to MHC
Evidence
Description
References
Three class I MHC residues are invariably contacted upon
TCR engagement. These are residues 65, 69 and 155 in the
Marrack et al, 2008,
!2 class I domain. Proposed to form part of pairwise coConserved MHC interacting residues evolved residues and are the minimal docking framework
Tynan et al, 2005b and
Burrows et al, 2010
required for TCR recognition, even in extreme cases such as
peptide bulging.
Interaction codon from human V"11 (comparable to murine
V"8.2) containing NK-T cell TCRs, which recognise glycolipds
presented on MHC-like molecule CD1d, were found to have
significant affects on NK TCR-CD1d affinity.
Interaction codons recognise CD1d The murine V"8.2 codon motif present in other vertebrate's
"CDR2 that contained no other sequence homology could
still mediate recognition of the CD1d MHC like ligand when
transferred onto the murine NK TCR framework.

TCRs with abnormal topology still
maintain "CDR2 interactions

Maintaining MHC tertiary shape is
not sufficient forTCR recognition

TCRs selected in a cell free
environment retain MHC docking
mode

Tritope Model

Alternative saddle-shape theory

Structure of an autoimmune Hy.1B11 TCR bound to HLA-DQMBP ligand showed highly altered toplogy yes the "CDR2
retained contacts. Although these contacts were distinct
relative to "accepted" interaction codon interactions.
Forced expression of the MHC class II related molecule HLADM which shares teritary structure and some homology with
MHC class II could not select T cells in vivo on an otherwise
MHC deficient background. Concluded molecules removed
from co-evolutionary pressure lost the capability to
intirinsically recognise TCRs.
A structure of the 2C TCR bound to H2-Ld-QL9 was subjected
to yeast hybrid pull downs for higher affinity mutants with
alterations in the CDR3. Despite the cell free system to
select mutants, all alternative versions bound with near
identical interactions as the original structure.
Theoretetical model defining an even more stringent
germline model than the interaction codon theory. Proposed
that TCRs recognise three distinct elements upon pMHC
binding. The first is a general MHC specific interaction, the
second a scanning of MHC haplotype to distinguish allotypes
and finally scanning of the bound peptide.
Proposed TCRs could have co-evolved to recognise the
general "saddle" shape of pMHC peptide-binding domains,
accounting for the variability seen in the context of
restriction.

Wun et al, 2008

Scott-Browne et al,
2011

Sethi et al, 2011

Kim et al, 2005

Colf et al, 2007

Cohn, 2003

Mazza and Malissen,
2007

Table 1. 10: Summary of further evidence supporting a form of germlineencoded restriction of TCR to MHC
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1.5.2 Evidence against germline restriction of TCR to MHC and alternative theories
As with early theories surrounding germline encoded MHC restriction, alternative
hypotheses were also proposed that infer MHC restriction is imparted in the thymus
during the process of T cell development. This was demonstrated through mixed BM
chimera experiments from mice of different haplotypes with MHC restriction
determined by the thymus MHC background regardless of the BM source (Zinkernagel,
1978). While few studies have sought to establish a lack of requirement of TCR germline
components in MHC restriction, several lines of evidence support such a notion directly
or indirectly.
Perhaps the strongest premise is the clear lack of overall conservation in TCR‐pMHC
interactions. As dissected in detail in Section 1.4, the binding of TCR to its ligand pMHC is
highly diverse in terms of docking angles, conformational changes, residues used and
the relative importance of the TCR germline CDRs, hypervariable CDRs, MHC and
presented peptides. In particular are the examples of germline CDRs that contact the
peptide (Stewart‐Jones et al, 2003 and Cole et al, 2009) and that MHC mutations can
affect CDR3 binding without altering the peptide‐binding groove (Miller et al, 2007).
Such variability, coupled to other features of T cell development, such as the ~95% of T
cells that fail to proceed through thymic selection supports such an idea that restriction
is imparted to any TCR that meets the requirements based on affinity or avidity only,
which explains both the seemingly random nature of TCR binding within structural
limits that could be enforced through the requirements of signalling (Minguet and
Schamel, 2008) but also the consideration that few developing T cells are positively
selected on self‐pMHC despite having multiple attempts at TCR audition.
As discussed, Huseby et al’s original hypothesis proposed that TCR germline affinity for
MHC may be directed to conserved backbone residues, but although the model predicted
that the process of thymic selection would result in some remodelling of germline
contacts in the context of hypervariable CDR3s, one would still expect to see
considerable peptide backbone interactions in post‐selection TCR‐pMHC crystals, which
is not the case (Ely et al, 2008). Key examples from the structural database clearly do
not support the germline code. For example, as shown in Table 1.9, the review from
Marrack et al (Marrack et al, 2008) stated that three of the key residues proposed to be
dominant in MHC recognition included Y/F at P31 (αCDR1), an S at P50 (αCDR2) and
D/E at P54 (βCDR2; Numbering based on Kabat database). The SB27 TCR, which
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recognises the EBV derived LPEP peptide presented on HLA‐B*3508 has an altered
docking topology due to the 13mer peptide bulging from the peptide‐binding groove
(see Section 1.4.2). Despite containing all three aforementioned key residues, none
contacted the class I molecule (Tynan et al, 2005b). Interestingly however, this same
study highlighted a so‐called restriction triad of MHC residues that are invariably
contacted in some form by germline TCR residues (Table 1.10), which were also
proposed as a contender for the underpinning of TCR restriction to MHC. However,
point mutational analysis of these three class I residues (at P65, 69 and 155)
individually or together did not affect the SB27 TCR’s ability to form compensatory
interactions as demonstrated by the crystal structure of the SB27 bound to the same
LPEP presenting MHC with all three residues modified to alanine (HLA‐B*3508‐AAA;
Burrows et al, 2010). Thus data from the SB27‐HLA‐B*3508‐LPEP system does not
support hypotheses proposing crucial restriction elements are contributed by the MHC
and the TCR side of the interaction.
A second system that also demonstrates a lack of germline determinants in both the TCR
and MHC is the HLA‐A2‐Tax class I complex. Two human TCRs, A6 and B7, recognise the
HLA‐A2‐Tax class I complex (Ding et al, 1999) and both share identical TCRβ chains with
different partner chains, thus reflect a similar situation as that presented by Feng et al
which described the first evidence of a conserved interaction codon in Vβ8.2 containing
TCRs. While Feng et al found tremendous conservation of the βCDR2 interactions, Ding
et al, showed that the identical TCRβ chains shared no conserved germline interactions
whatsoever, despite similar overall binding modes. The HLA‐A2‐Tax system also
highlighted important MHC residues that were required by numerous HLA‐A2‐Tax
specific T cell lines for successful recognition; R65, K66 and A69, thus sharing two
positions (65 and 69) with those defined in the SB27‐HLA‐B*3508‐LPEP system
described above (Baker et al, 2001). Mutation of the novel K66 residue abrogates
recognition of HLA‐A2‐Tax specific clones, but rather than being a germline
determinant, it was subsequently shown to instead be maintaining a stable electrostatic
environment, in which mutation of the positively charged lysine increased the net
negative charge, prohibiting TCR binding. Indeed, mutation of a neighbouring negatively
charged glutamic acid, in conjunction with the positively charge lysine, re‐established
pMHC recognition (Gagnon et al, 2005).
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While Vβ8.2 containing TCRs displayed remarkable conservation of interactions across
three H2‐A haplotypes in the context of different partner chains and ligands (see
previous section; Feng et al, 2007 and Dai et al, 2007), other TCRs under similar
circumstances have not reproduced this conservation. For example, as described in
Section 1.4.4, the 2C TCR showed remarkable divergence in its germline footprint when
bound to its cognate H2‐Kb‐dEV8 complex compared to its allo‐ligand the H2‐Ld‐QL9.
While the two complexes use different class I genes, the fact the Vβ8.2 interaction codon
recognises both classical and non‐classical MHC class I, which are more divergent than
the K and D genes would suggest a similar germline footprint could be expected,
however this was not the case as demonstrated by the 2C TCR’s shift in binding angle of
20° (Colf et al, 2007). Finally, sequence analysis of bovine TCR loci has discovered the
presence of apparent TCR V‐segments that lack any CDR2 sequences, which indirectly
suggests a lack of requirement for these germline structures (Reinink and Rhijn, 2009).
Perhaps the clearest structural evidence against a germline code for TCR mediated MHC
recognition, was published this year by Stadinski et al (Stadinski et al, 2011). Using an
endogenous TCRα repertoire paired with the “pre‐selection” YAe62 TCRβ chain, one of
the original receptors to contain an anticipated interaction codon (see previous section),
repertoires of MHC specific and MHC cross‐reactive TCRs were selected using mice
deficient in specific MHC gene combinations. Cross‐reactive (CD4 T cells selected on a
class I MHC competent, class II deficient background) and specific (CD4 T cells selected
on class I and class II competent background) TCRs were stimulated with the H2‐Ab‐3K
ligand to generate receptors that are specific to the same pMHC complex as the original
YAe62 TCR, but only contain the β chain of the original receptor. Mutational studies
between specific and cross‐reactive clones indicated that the partner TCRα chain could
alter TCRβ contacts in order to modify specificity to the MHC, also supported by the
segregation of different endogenous TCRα V‐segments into the specific and cross‐
reactive groups. This suggested that despite the original YAe62 TCR’s original ability to
recognise both a class I and II MHC using a defined interaction codon (Yin et al, 2011;
see previous section), when paired with different TCRα chains, such conserved contacts
are not maintained. This was confirmed by solving the structure of the J809.B5 TCR
(YAe62β/Vα2) bound to H2‐Ab‐3K with comparison to the original YAe62 bound to the
same complex, revealing divergent TCRβ footprints in the context of a different TCRα
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chain, despite previous use of the proposed interaction codon in previous structures
(Dai et al, 2007 and Yin et al, 2011).
The foundations of germline encoded restriction theories lay with the original systems
that perpetrated to lower the level of negative selection and thus identify the inherent
MHC reactivity of a pre‐selection TCR repertoire (Ignatowicz et al, 1996 and Zerrahn et
al, 1997; see previous section). The system used by Zerrahn et al, while blocking T cell
development at the DP stage, thus enriching for a pre‐selection repertoire, subsequently
relied on ex vivo selection in the FTOC system used to mature DP to SP cells. Hence it is
possible that this selection step could have affected the final population and its
reactivity. The system adopted by Ignatowicz et al, facilitated selection in vivo but
reduced negative selection through limiting positive selecting pMHC to a single class II
complex. However a near identical approach, only this time selecting T cells on a single
class I MHC, demonstrated that resultant CD8 T cells were highly MHC and peptide
specific in their responses (Wang et al, 2009). It could be argued that this approach is
also more physiological as it used primary cells derived from the mice and not the added
process of hybridoma creation. In models where expression of a single pMHC species
directs selection, the artificially high peptide density may effect the resulting repertoire.
Finally, both the Ignatowicz et al and Zerrahn et al methods relied in some form on MHC
deficient backgrounds. In their review, Collins and Riddle also question the
completeness of the MHC KO strains used and their affect on the resultant outcomes
(Collins and Riddle, 2008) as the KO strains used (H2‐Ab ‐/‐β2m ‐/‐) still select residual T
cell populations.
If MHC restriction of TCRs is not germline encoded, then it also suggests that the
relatively conserved diagonal docking mode of TCRs to pMHC must also be controlled
independently. Mechanisms that are not dependent on pair wise co‐evolution between
the TCR and pMHC could be related to more generic features of the TCR‐pMHC interface
or regulated extrinsically. The permissive geometry model (Minguet and Schamel, 2007)
of signalling (Table 1.6) is based on work demonstrating that TCRs can be activated by
soluble multimers but not monomers of pMHC (Boniface et al, 1998; Cochran et al, 2000;
Cebecauer et al, 2005 and Stone et al, 2006) inferring that signalling is dependent on
TCR clustering. The model proposes that when unbound/monovalent the TCR‐CD3
signalling complex exists in an inert state. Upon binding between clustered TCRs and
pMHC complexes, rotation of adjacent TCRs relative to each other leads to ‘opening’ of
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the signalling complex and consequent signalling. A sufficient opening upon rotation of
the TCRs is dependent on a starting diagonal docking mode, thus only T cells with such a
docking mode will be able to signal. However, the ability of such a mechanistic model
being able to function within such a variety of recorded docking angles is disputed
(Garcia et al, 2009). Just as the ability of a Fab Ig to bind pMHC with a similar diagonal
docking goes against a germline encoded theory, it also argues against a TCR model that
relies heavily on external molecules and clustering that are unrelated to Ig function,
including co‐receptors whose adjacent binding to MHC has also been implemented in
influencing TCR docking angles (Buslepp et al, 2003). A role for mean surface
electrostatic potential (MSEP) of TCRs has been proposed to define TCR docking angles,
binding affinities and ligand specificity (see below; Kahn and Ranganathan, 2011).
The above data questions both the structural conclusions and experimental approaches
used to support a germline encoded, co‐evolved form of TCR restriction to MHC. Recent
theories have proposed a more dominant role for the co‐receptors in biasing T cell
signalling to MHC. Mice with the most comprehensive MHC deletions maintain negligible
T cell selection – potential evidence for a germline requirement of MHC for successful
TCR selection and T cell development. As discussed in detail in Section 1.4.3, CD4 and
CD8 co‐receptors mediate highly conserved binding to class II and class I MHC
respectively and contain intracellular motifs that bind the downstream Lck kinase
required for TCR signalling. Studies have shown that co‐receptors only interact with
MHC after TCR engagement (Krogsgaard et al, 2005) and that when the TCR remains
unbound, the co‐receptors sequester the cytoplasmic pools of Lck by remaining bound
to the kinase (Haughn et al, 1992 and Wiest et al, 1996). Van Laetham and colleagues
proposed that the lack of T cell selection on MHC KO mice could in fact be related
therefore to a by‐proxy requirement of TCRs to bind MHC in order to access the
otherwise sequestered Lck with engagement with non‐MHC ligands failing to attract
MHC‐specific co‐receptors and thus downstream signalling molecules (Van Laetham et
al, 2007). In order to test this hypothesis, mice lacking MHC class I and class II and the
CD4 and CD8 co‐receptors (quad‐KO) were generated. Remarkably, T cells still
developed in vivo with a similarly diverse Vβ repertoire as WT controls. Lower T cell
output was explained through an increase in spontaneous signalling, expected due to the
now uncontrolled nature of Lck‐TCR proximity. This was proven by demonstrating that
the level of Ig‐induced (co‐receptor independent) TCR activation was directly
proportional to the severity of a series of mutations inserted to the CD4 Lck binding
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domain in CD4 competent cells. T cell clones made from quad‐KO mice were shown to
clearly respond to MHC deficient stimulators from donor spleen cells through a
mechanism that was shown not to be self‐activation. These results clearly suggest that
the TCRs inability to respond to non‐MHC ligands is dependent on “fixing” the signalling
pathways to the requirement of binding MHC (Figure 1.12).
The idea of co‐receptor mediated restriction was expanded further by Collins and Riddle
(Collins and Riddle, 2008) who drew on the work of Van Laetham et al and also work
showing that co‐receptors (particularly CD8) can influence the magnitude of TCR
response to pMHC (see Section 1.4.3) and may control the docking angle of TCRs to
facilitate signalling. Indeed, as discussed, some signalling models (see Section 1.4.3 and
Table 1.6) also propose that a diagonal docking mode is required in order to organise
the TCR/CD3/Co‐receptor/Lck into positions that facilitate signalling in the context of
receptor clustering (Minguet and Schammel, 2008).

pMHC

APC

pMHC

CD4

CD4
TCR

TCR

T cell

CD3

CD3
LcK

LcK

Figure 1. 12: Sequestering of signalling molecules by co-receptors may enforce TCR restriction to MHC.
Schematic overview of the model proposed by van Laetham et al (van Laetham et al, 2007) to describe the
phenomenon of MHC restriction. In a normal situation (left), the co-receptor (CD4 in this case) binds to highly
conserved residues on the MHC class II molecule. If a TCR engages in this scenario it will receive downstream
signalling molecules such as Lck that are otherwise sequestered by the co-receptor through intracellular binding.
Thus in a scenario where the CD4 was not involved in the interaction (right), even if the TCR bound specifically
to the pMHC, there would be no Lck available to induce downstream signalling. Thus while TCRs could
potentially respond to other ligands, they are required to bind to MHC to access Lck, which is held there through
the co-receptor’s highly conserved specificity to the MHC.
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While Van Laetham et al, demonstrated clearly the ability of T cells to develop on ligands
other than MHC, they did not define any specific non‐MHC ligands. However, examples
do exist of apparent non‐MHC TCR ligands generated both in vitro and in vivo. Ig
molecules, like TCRs, have the inherent capability to be cross‐reactive. The normally
HLA‐A2 restricted, AHIII TCR was “removed” from the restrictions of MHC and co‐
receptors and measured for its ability to recognise a proteome array from yeast in a cell
free, unbiased manner, using the H57‐97 (anti‐TCR) Ig as a control (Bangham et al,
2005). While both proteins recognised a different array of Ag from the proteome, this
TCR recognised a comparable number as the Ig, inferring it can be as broadly reactive as
the MHC unrestricted Ig molecule. Several other non‐MHC αβTCR ligands have been
proposed using various systems and with different degrees of specificity and are
summarised in Table 1.11. These data indicate there is a potential for recognition of non‐
MHC ligands by the TCR, with their rare occurrence perhaps attributed to the
sequestering role of the co‐receptors. Reconciliation between the two divergent
concepts of germline or co‐receptor mediated MHC restriction has been proposed,
where an inherent germline preference to MHC is kept “in check” by co‐receptors to
prevent chance reactions with non‐MHC ligands due to the still considerable diversity in
the TCR repertoire (Kranz, 2009).
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Table 1.11: Summary of proposed non-MHC !"TCR ligands
Ligand
Discovery
T cell clone found to respond to kidney carcinoma cell line
in an MHC independent manner. Discovered to be the DR4
DR4-sTRAIL receptor for the immune ligand TRAIL. T cell clone was
specific only for TRAIL bound to the DR4. Interaction also
required CD2 co-receptor bound to CD58.
MUC1 is a protein expressed on epithelial cells,
contributing to the mucosal layer through heavy
glycosylation. T cell clone shown to interact with tandem
MUC1
repeat peptides from MUC1 resulting in a similar response
as when activated by pMHC in terms of signalling and coreceptor molecules required.
HFE is an MHC class I like molecule, but bears no immune
function, being involved instead in iron uptake. Despite
having a peptide groove, it is too narrow to present Ag.
HFE
Specific CD8 T cells were shown to signal in response to
HFE in vitro, with signalling shown to be mediated through
TCRs predomnantly using V!6.1 or V!6.6.
In vitro studies using T helper cell lines showed response
to soluble avidin and MBP and also demonstrated response
Avidin and MBP
was not due to the T cells themselves "presenting" to each
other.
In vitro work using T cells from whole spleen showed the
ability to respond to the haem component of
Haem
haemoglobulin. Response shown to be specific, but did not
rule out potential superantigen style binding to MHC
molecules.
T cell clones responded to arsonate in an MHC
Arsonate
independent and Ag specific manner. Competition studies
with APC suggested affect was mediated by the TCR.

Reference

Hanada et al, 2011

Magarian-Blander et al, 1998
Barnd et al, 1989

Rohrlich et al, 2005

Altmann et al, 1987

Sherman and Lara, 1989

Rao et al, 1984

Table 1. 11: Summary of proposed nonMHC αβTCR ligands

A final independent model for TCR recognition of pMHC in terms of specificity, affinity
and docking angle is based on generic chemical features of the germline CDRs. Kahn and
Ranganathan revaluated 61 TCR‐pMHC co‐crystal structures measuring the MSEP for
both receptor and ligand. They reported a strong correlation between the MSEP of
germline CDRs with their docking footprint on the pMHC, which could also account for
the variable binding angles seen throughout the structural database for both class I and
class II MHC. The strength of such electrostatic forces was also directly proportional to
the free binding energy calculated for each structure studied. Electrostatic forces have
shown to be important in TCR‐pMHC specificity, as described earlier in this section for
the HLA‐A2‐Tax system when loss of recognition through mutation of a key MHC lysine
residue was shown to be caused by a change in the electrostatic interaction between the
TCRs and MHC as opposed to a germline encoded one (Gagnon et al, 2005). Such a model
could also explain apparent scanning models where TCRs could be ‘steered’ by the
electrostatic compatibility of a pMHC ligand.
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1.6 Aim of project
Alternative theories that have demonstrated the ability of TCRs to recognise non‐MHC
ligands, while convincing, have failed to address a question raised by Garcia and
colleagues (Garcia et al, 2009). Both the T cells from the quad‐KO system of Van
Laetham et al and the AHIII TCR used in the yeast proteome study of Bangham et al,
while able to respond to non‐MHC ligands out of context, did not prove that the
receptors from these systems do not still retain the ability to intrinsically recognise MHC
and that it is the sheer diversity of the TCR repertoire that facilitates recognition of non‐
MHC ligands when an MHC ligand is not present. Also, identification of apparent non‐
MHC TCR ligands currently provides very little in the way of molecular characterisation
and have generally been identified in artificial settings. Indeed, presently, no study has
addressed the role of germline CDR regions in relation to MHC recognition and
restriction in a broad, direct and unbiased manner, with most functional studies
addressing a specific residue or defined interaction. The work presented in thesis aims
to address this key unanswered question in understanding the molecular nature of MHC
restriction through remodelling of germline CDR loops in the context of physiological T
cell development.
Specific questions addressed are:
1. Is there evidence in germline repertoires of TCR molecules that indicates cryptic
codes associated with MHC restriction?
2. If given the opportunity, will TCRs select functional non‐germline CDR1 and 2 in
place of canonical structures?
3. Will replacement of all germline CDR positions, including those implemented in
germline recognition of MHC, on the TCRα or TCRβ chains inhibit development of
thymically derived T cell lineages?
4. Can TCRs lacking germline CDRs still mediate immune pMHC‐mediated immune
responses?
5. Can gross alteration of germline CDR composition alter their ability to distinguish
self from non‐self MHC?
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Chapter 2: Germline TCR CDR analysis and overview of experimental approach
2.1 Comparison of TCR and Ig germline CDR1 and 2 repertoires
2.1.1 Overview
The number of TCR V-segments that are encoded within a mammalian and other vertebrate
genomes, coupled to their polymorphic and polygenic ligand MHC molecules (Table 1.2 and
1.4) means the relatively rich database of co-crystal structures that exist still only represent a
minutiae of potential TCR-pMHC interactions. An in-depth structural review in support of a
germline code of TCR-pMHC recognition (Marrack et al, 2008) attempted to reconcile this
disparity by highlighting two studies (Tanaka et al, 1989; Jaeger et al, 1994) that taken
together, were proposed to demonstrate that the CDRs of TCRs, in comparison to that of Igs,
are more conserved in length and sequence, suggesting an evolutionary pressure favouring a
“narrowing” of the germline TCR repertoire – namely restriction to MHC.
The first highlighted study measured the relative rate of synonymous versus non-synonymous
nucleotide mutations in the framework regions and CDRs of Ig molecules in mice and
humans (Tanaka et al, 1989). The second study applied the same analysis, this time
comparing the framework regions and CDRs of TCR molecules between primates and
humans (Jaeger et al, 1994). The former indicated that in both mice and humans, nonsynonymous mutations were more prevalent in the Ig CDRs – i.e. evolution is selecting for
diversity, a beneficial trait for Ig mediated Ag recognition. The latter study demonstrated that
between primates and humans, synonymous mutations were favoured in TCR CDR regions,
indicating a preference for maintaining CDR sequence through evolution. However a study
published this year (Matsutani et al, 2011) demonstrated that the ratio of synonymous versus
non-synonymous mutations in the TCR CDR of different primate species and humans are not
universal and differ between related species and their TCRα and β chains. Also, a review of
TCR sequences in all ectothermic species proposed a broad and evolutionary maintained TCR
diversity (Charlemagne et al, 1998).
A thorough statistical comparison (Stewart et al, 1997) of 646 TCRα and 783 TCRβ Vsegments with 2,674 Igκ V-segment sequences submitted to the now defunct Kabat database
(Johnson and Wu, 2000) indicated that TCR CDR1 and 2 were in fact more diverse than their
Ig counterparts. However the same authors upon comparison of nucleotide differences of the
TCRα and TCRβ chain inferred conservation within each chain based on the rate of
synonymous/non-synonymous nucleotide changes, suggesting it may be linked to MHC
restriction (Johnson and Wu, 1997). An overall analysis of deposited sequences by Jores et al
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(Jores et al, 1990) showed when comparing total sequence diversity (framework and CDRs),
that TCRαβ generally demonstrated less than 50% amino acid identity, whereas IgH, Igκ and
Igλ retained on average >50% amino acid sequence identity.
Recent functional studies have also sought to link TCR evolution with MHC restriction
(Scott-Browne et al, 2011). The murine Vβ8.2 residues Y46, Y48 and E54 have been
proposed to form an interaction codon (Feng et al, 2007; Dai et al, 2008, Marrack et al, 2008;
Garcia et al, 2009; Scott-Browne et al, 2009) as discussed in detail in Chapter 1.5.1, ScottBrowne et al demonstrated that this motif has been subsequently found to be relatively
conserved across several vertebrate genomes. When these conserved sequences were grafted
in place of the corresponding Vβ8.2 sequence in the DO-11.10 TCRβ chain, the resulting
TCRs maintained specific recognition of IAd-OVA pMHC complex, whereas point mutations
of the motif residues negated this recognition.
Overall, the links between sequence conservation, genomic TCR diversity and the functional
roles of the CDRs is ambiguous. Since the sequencing of the mouse and human TCR and Ig
loci and the deposition of a full array of germline TCR and Ig CDR sequences to the IMGT
database (Lefranc et al, 2003), a full analysis of the overall germline diversity for both TCR
and Ig from mice and humans is now feasible and was conducted to see if any differences in
diversity were apparent at the genome level.
2.1.2 Comparison of CDR1 and 2 lengths in TCR and Ig molecules
As mentioned above, it was proposed that the TCR CDRs are more conserved in length as
well as sequence diversity and this was thus examined using all deposited sequences in the
IMGT database. Further, analysis of the diversity of a single (most common) length CDR,
would allow a more direct position-by-position comparison of the germline repertoire (see
Section 2.1.3).
As shown in Figure 2.1, the length of both murine and human CDR1 and 2 between the
comparable Ig heavy chain (IgH) and TCRα chain and similarly comparable Ig light chains
(Igκ and Igλ) and TCRβ chain is not conserved. For CDR1, in both mice and humans, the
TCRα chain has a range of 5-8 amino acids, whereas for IgH the range differs but overall the
length is in fact more conserved, between 8-10 amino acids. This effect is further emphasised
in CDR2, where in mice the TCRα ranges from 4-7 amino acids in length and 7-10 for IgH
(with no recorded lengths of 9 amino acids). Similarly in human CDR2, the TCRα chains
have a relatively even distribution of length, from 3-7 amino acids, whereas germline
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sequences of IgH can potentially encode CDR2 lengths ranging from 6-11 amino acids.
However this latter range has an unequal distribution.
Evaluation of the TCRβ CDR1 and 2 versus the corresponding Igκ and Igλ regions was more
ambiguous. For CDR1 in mice and humans, TCRβ length was restricted to 5 or 6 amino
acids, whereas Igκ had a remarkable range of between 5-12 (mouse) or 6-12 (human) amino
acids. Igλ however was more restricted with CDR1 lengths of 7-9 (mouse) and 6-9 (human)
amino acids – again more variable than the TCRβ CDR1. Analysis of the CDR2 for these
chains demonstrated a remarkably restrained CDR2 length for the Igκ and λ chains, with
between 74.6 and 100% of all sequences analysed for mice and humans encoding for a length
of 3 amino acids. The TCRβ CDR2 sequences were more similar to the CDR1, showing a
small range of 6-7 (mouse) and 5-7 (human).
Overall, the analysis from this work of all available CDR1 and 2 sequences from two
divergent mammalian species yielded no clear data to support the concept of germline CDR
length being more conserved in TCRs relative to Igs as has been inferred (Marrack et al,
2008), especially in relation to TCRα and IgH CDR1 and 2. An interesting aside from these
data is the remarkable overall conservation of length of all TCR and Ig CDR1 and 2 between
mice and humans (compare charts vertically opposing each other in Figure 2.1). All dominant
CDR lengths are conserved between mice and humans, with the exception of the Igλ CDR1
where 8 amino acids long is dominant in the murine genome compared to 9 amino acids in
humans. This suggests that for TCR and Ig mediated responses, CDR length is an important
feature, albeit in different ways due to the largely non-overlapping ranges of germline CDR
length. This agrees with previous work showing that Ig (and TCRγδ) CDR3 are generally
longer than their αβTCR counterparts, most likely due to the restrictions associated with
recognising peptide in context with MHC (Rock et al, 1994).
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Figure 2. 1: Analysis of TCR and Ig germline CDR1 and 2 from mice and humans.
Peptide sequences from the IMGT database (Lefranc et al, 2003) corresponding to TCR and Ig germline CDR1
and 2 regions were analysed and varying length in amino acids presented as a percentage of the total sequences
analysed for the CDR. Analyses were carried out on sequences from mice and humans.

2.1.3 Analysis of germline CDR1 and 2 diversity in TCR and Ig molecules
While analysis of CDR length provides some insight into conservation of CDR structure,
detailed analysis of germline sequences from sequenced genomes could reveal any potential
relationship between sequence diversity and positional conservation to functional
requirement. The most common length for each of the CDRs analysed in Figure 2.1 (between
45 and 100% of the total sequences for each CDR) were studied for chemical diversity at each
CDR residue position, comparing corresponding Ig and TCR chains from mice and human
genome sequences (Figure 2.2).
A global overview of these data shows a general bias within all TCR and Ig germline CDR1
towards hydrophobic and polar amino acid usage. In CDR2 however there is a greater
prevalence of charged amino acid use across both TCR and Ig chains. As with CDR length,
an interesting aside is the high level of conservation in the overall pattern of amino acid usage
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between the corresponding CDR sequences in mice and humans (vertical comparison of
charts in Figure 2.2). It should be noted however that the lack of diversity in position 1 (P1)
of the IgH CDRs (with 90-100% of P1 using the same amino acid) is most likely related to
the important roles in CDR1 structure as demonstrated by the conservation across diverse
species (Hsu, 1996).
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Figure 2. 2: Amino acid use within germline CDRs of mouse and human TCR and Ig variable gene segments.
The percentage use of each amino acid at each position is represented by colour intensity. Amino acids are
grouped according to their chemical properties as indicated on the Y-axis. Numbers in brackets correspond to the
number of V segments that encode CDRs of that length out of the total number present in the genome.

A crude comparison of overall CDR diversity of the data presented in Figure 2.2 was to
compare the average number of amino acids (out of 20) used per CDR position (Figure 2.3).
Analysis of this comparison clearly demonstrates that TCR CDR1 and 2 germline diversity is
comparable or greater than their Ig counterparts. A second more sensitive measurement
utilised the Shannon entropy index (Shannon, 1948) in conjunction with the “Protein
Variability Server” (Garcia-Boronat et al, 2008). Using multiple protein alignments a
diversity value (H) is calculated for each CDR position based on the following equation:
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Where Pi is the fraction of amino acid type i and M is the number of amino acid types (out of
20). Using these parameters H has a minimum value of 0, where only one residue is present at
that given position and a maximum of 4.322, where all 20 residues are equally represented at
that given position). Generally, values ≤ 1 are considered highly conserved, ≤ 2 conserved
and ≥ 2 variable (Litwin and Jores, 1992). Values generated for all CDR positions are
presented in Table 2.1 and the average value per position for each CDR is shown in Figure
2.4.
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Figure 2. 3: Summary of average number of amino acids used per CDR position in TCR and Ig molecules.
The average number of amino acids (out of 20 possible) for each CDR position was calculated from Figure 2.2,
based on the most common length CDRs found for each molecule.
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Table 2.1: Calculated diversity of most common length CDR in Ig and TCR chains from mice and humans
Genome
Mouse

CDR
CDR1

Molecule
TCR

IgH

TCR

Ig

Ig

CDR2

TCR

IgH

TCR

Ig

Ig

Position
1
2
3
4
5
6
1
2
3
4
5
6
7
8
1
2
3
4
5
1
2
3
4
5
6
1
2
3
4
5
6
7
8
1
2
3
4
5
6
1
2
3
4
5
6
7
8
1
2
3
4
5
6
1
2
3
1
2

91

H Value
2.294
2.413
2.641
2.426
2.866
1.946
0.241
1.047
1.453
0.875
1.479
2.331
0.979
3.079
2.407
1.708
0.267
2.829
2.733
1.474
2.336
1.006
2.689
2.797
2.539
0
0
0.722
0
0
0.722
1.522
0.722
1.943
2.688
1.993
2.354
2.618
2.409
0.618
2.632
1.935
2.792
2.526
1.249
3.174
1.128
2.021
2.328
2.731
2.664
3.243
3.011
3.518
1.953
0.96
1.842
0.863

Av. H/CDR position

2.43

1.44

1.99

2.14

0.46

2.33

2.01

2.67

2.14

Human

CDR1

TCR

IgH

TCR

Ig

Ig

CDR2

TCR

IgH

TCR

Ig

Ig

3
1
2
3
4
5
6
1
2
3
4
5
6
7
8
1
2
3
4
5
1
2
3
4
5
6
1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
1
2
3
4
5
6
7
8
1
2
3
4
5
6
1
2
3
1
2
3

1.379
2.784
1.475
2.902
2.767
3.122
2.439
0
1.172
0.663
0.851
1.362
1.847
1.523
2.672
2.052
1.645
0.274
3.212
2.868
0.371
1.255
0.491
1.062
1.068
2.135
0.523
1.402
2.469
1.703
1.875
1.821
2.095
1.993
2.587
1.962
2.954
2.025
2.295
2.461
2.868
1.082
2.329
2.788
2.646
1.983
1.161
2.584
1.681
1.68
2.878
3.129
2.669
3.127
3.504
3.024
1.138
0.301
2.918
2.304
1.091

1.36

2.58

1.26

2.01

1.06

1.83

2.43

2.03

2.83

1.49

2.10

Table 2. 1: Calculated diversity of most common length CDR in Ig and TCR chains in mice and humans
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As with Figure 2.3, the more sensitive analysis presented in Figure 2.4 clearly demonstrates
both Ig and TCR CDR1 and 2 maintain similar overall diversity and some instances TCR
encode germline loops of greater diversity, for e.g. between TCRα and IgH CDR1.
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Figure 2. 4: Summary of average amino acid diversity per CDR position in TCR and Ig molecules.
Diversity (H) values were calculated using Shannon entropy analysis for each CDR position based on data from
Figure 2.2. Average H values were generated based on scores generated for each CDR position (Table 2.1) and
are plotted above for mouse and human genome CDR1 and 2 sequences. Error bars = S.E.M

Overall, this data implies that, contrary to previous deductions, the level of diversity of the
germline TCR CDR1 and 2 is not lower than that of evolutionary related Ig molecules. While
this is not surprising for the TCRβ versus Ig light chains (the IgH chains have been shown to
contain the majority of Ig diversity; Jores et al, 1990), it is also true when comparing TCRα
with IgH. This is true of divergent murine and human genomes and regardless of previously
calculated rates of mutation in CDR regions, which have also been shown to differ starkly in
the TCR of closely related species (Matsutani et al, 2011). Indeed, this phenomenon may not
relate to TCR restriction to MHC and is perhaps linked to more discrete pressures.
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2.1.4 Conservation of CDR position is not directly related to MHC recognition
In spite of these results, a relevant hypothesis would still be to assume that if evolutionary
pressures have been exerted by MHC restriction on the TCR, then the most globally
conserved TCR CDR residues within the genome would be predicted to be important in MHC
interaction. Indeed this assumption could account for the proposed narrowing of the germline
TCR repertoire based on mutation rate. From the current analysis, this appears to be not the
case, exemplified by the only globally conserved residue from the murine and human TCRβ
chain, the P3 histidine from the 5 amino acid long CDR1 (Figure 2.2). This histidine is the
only residue used in all 5 amino acid long TCRβ CDR1 regions, with this length constituting
nearly 100% of total TCRβ CDR1 sequences (Figure 2.1). The TCR structures presented by
Marrack et al (2008) were all proposed to contain elements of a germline encoded interaction
codon (Garcia et al, 2009) that drives recognition of specific MHC alleles. Despite being
present in all but two of the TCRs from these 22 structures, the P3 histidine from Figure 2.2
(position 27 in Marrack et al, position 29 based on IMGT numbering) only contacts the
pMHC once, in the 2C TCR co-crystallised with H2Kb presenting the dEV8 peptide (Garcia
et al, 1996).
From the analysis carried out here, the TCRα CDRs contain fewer highly conserved residues
than TCRβ. One of the more relatively conserved residues is the P3 serine, which was found
in 43.2% and 52.2% of 6 amino acid long TCRα CDR2 loops in mice and humans
respectively (Figure 2.2). Further, this length of TCRα CDR2 only corresponds to
approximately half of all TCRα CDR2 regions. However this serine is also found in TCRα of
different lengths (Lefranc et al, 2003) but unlike the more highly conserved TCRβ CDR1 P3
histidine, this relatively less conserved TCRα residue has been implicated as an interaction
codon constituent by Marrack et al (2008; Position 51 in Marrack et al, IMGT 58). Out of the
22 structures proposed to contain this “version” of an interaction codon, 15 contained a serine
at this position, of which 12 made pMHC contacts (just over half of all the structures
presented). These examples seem to suggest that there is no direct link between genomic
conservation of CDR positions and MHC recognition and add further weight to the
requirement to carry out in depth functional analysis of TCR CDRs.
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2.2 Design and overview of retrogenic approach used to study TCR CDR1 and 2
2.2.1 Overview
The initial molecular theory surrounding CDR mediated MHC recognition arose from
functional studies analysing mice expressing a single peptide on a class II MHC molecule
(Ignatowicz et al, 1996; Zerrahn et al, 1997 and Huseby et al, 2005), while subsequent details
and theories have been generated through mainly structural studies (Dai et al, 2008; Marrack
et al, 2008 and Feng et al, 2007). Only a few studies have formally contributed to the
question of the TCR CDR role in MHC recognition (Scott-Browne et al, 2009; Scott-Browne
et al, 2011 and Burrows et al, 2010). These studies focussed on single amino changes using
systems with defined TCR-pMHC interactions (see Section 1.5.1). The aim of this thesis was
to approach the question of the functional role of the TCR CDR requirement in MHC
recognition using broader and unbiased systems as the diversity of the TCR and MHC makes
single residue changes an underpowered approach. Due to the number of modified TCR
constructs used in this study, a retrogenic approach was chosen for in vivo expression of the
proteins of interest as this allows relatively quick, if temporary, generation of a broad array of
mice.
2.2.2 Overview of retrogenic system
The basic premise of the retrogenic approach used in this study was to generate mice
expressing a single, fixed retrogenic TCRα or TCRβ chain which had the capacity to
contribute to T cell development and pair with an endogenous repertoire of corresponding
partner chains. For example, analysis of a modified fixed TCRβ chain would require a TCRβ
deficient background but a fully functional endogenous TCRα locus, thus generating a TCR
repertoire with a clonal TCRβ chain paired to a WT endogenous TCRα repertoire. The
opposite would thus be required when studying retrogenic TCRα chains. The concept of
fixing a single TCR chain to pair with an endogenous partner repertoire has been shown to
work successfully in both retrogenic (Scott-Browne et al, 2009) and transgenic (Bounead et
al, 2000; He et al, 2002 and Ferreira et al, 2006) murine systems. FVB/N (H2q) TCRβδ-/(Mombaerts et al, 2002) and CBA (H2k) TCRα-/- (Philpott et al, 1992) mice were used for the
relevant TCR deficient backgrounds.
This retrogenic approach was used in experiments based on conventional mutagenesis of the
TCR CDR regions and in a novel approach designed in this study that generates random
mutations in vivo in targeted regions of the TCR through the inclusion of “recombination
cassettes”. For this study, the TCRβ CDRs were mutated but the approach can be used to
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mutate any target protein. The exact details of the constructs and systems will be discussed in
subsequent relevant results chapters, however a brief summary of all constructs used
throughout is listed in Table 2.2, to allow further understanding of the retrogenic approach.
Modified TCR chains of interest were cloned into the 6231bp pMigR1 retroviral vector (Pear
et al, 1998; Figure 2.5). This vector contains an internal ribosomal entry site (IRES) in
between the cloning site and the green fluorescent protein (GFP) gene ensuring GFP
expression as a marker of expression of the cloned gene of interest. The 5’ and 3’ long
terminal repeats (LTR) contain the viral promoter that initiates transcription upstream of the
cloning site. The LTRs also facilitate random genome integration upon transduction (see
below).

Table 2.2: Brief overview of TCR genes cloned into pMigR1 vector
TCR

Description

WT

C6 TCR gene with wild type CDR1 and 2

CDR1

C6 TCR gene with modified CDR1

CDR2

C6 TCR gene with modified CDR2

CDR1 2

C6 TCR gene with modified CDR1 and 2

CDR3

C6 TCR gene with WT CDR1 and 2 and modified CDR3

CDR1 2 3

C6 TCR gene with modified CDR1, 2 and 3

CDR1 2 3

C6

CDR3

TCR gene with TCR V1 CDR1 and 2

C6

CDR3

TCR gene with a recombination cassette in CDR1

C6

CDR3

TCR gene with a recombination cassette in CDR2

C6

CDR1 2 3

CDR1WT-Rec
CDR2WT-Rec
CDR1 -Rec

TCR gene with a recombination cassette in CDR1

Table 2. 2: Brief overview of TCR genes clones into pMigR1 vector
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Figure 2. 5: Schematic of pMigR1 retroviral vector used for cloning of WT and modified TCRα and β chains.
Ori = Origin of replication, 5’ LTR = 5’ Long terminal repeat, IRES = Internal ribosome entry site, GFP = Green
fluorescent protein, 3’ LTR = 3’ Long terminal repeat and AMP = Ampicillin antibiotic resistance gene. Figure
adapted from Pear et al, 1998 and http://www.addgene.org/27490/ (accessed: 05/10/2011).

The retrogenic process is outlined in Figure 2.6 and discussed in detail in Chapter 6. In
general, the gene of interest is cloned into the pMigR1 vector as described. Constructs were
sequenced and prepared in sufficient quantities. Constructs were transfected into the Phoenix
Eco packaging cell line to produce construct-containing virions that were then used to infect,
via transduction, cultured haematopoietic stem cells (HSC) from the bone marrow (BM) of
donor mice lacking the relevant TCR loci. Transfection and transduction efficiency were
followed using the construct encoded GFP expression. Between 1x105 – 1.0x106 GFP+ HSC
were adoptively transferred to irradiated 4-week-old recipient mice, also deficient in the TCR
loci of interest. In the recipient mice, HSC expressing the TCR gene of interest enter the
thymus and undergo normal T cell development in vivo, using the retrogenic TCR chain,
pairing with the reciprocal endogenous chain’s repertoire. HSCs that have not received the
vector cannot give rise to T cells and all T cells that develop will therefore be using the
retrogenic TCR gene of interest.
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Figure 2. 6: Overview of the retrogenic system used to analysis TCR CDR function in vivo.
The retrogenic process is divided into three stages: Transfection, transduction and adoptive transfer. Constructs
containing a gene of interest are transfected into plated packaging phoenix-ecotropic cells. Viral supernatant is
harvested after 48 hours with transfection efficiency measured via flow cytometry. For transduction, donor mice
are injected with 5-fluorouracil 72 hours before bone marrow harvest. Bone marrow cells are cultured in the
presence of cytokines to generate HSC cells, which are then infected via transduction with viral supernatant
containing the gene of interest. Transduced cells are cultured for a further 72 hours before being adoptively
transferred into irradiated recipient mice, also deficient in the relevant TCR loci.

Although an indirect measurement, transfection efficiency of constructs into the packaging
cell line was a reliable indicator for subsequent viral supernatant titres. Transfection
efficiency of the constructs listed on Table 2.2 was variable, but generally transfections above
30% yielded viral supernatant with a suitable titre for acceptable HSC transduction (Figure
2.7).
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Figure 2. 7: Summary of transfection efficiency into a packaging cell line of TCRα or β chain genes cloned into
the pMigR1 retroviral vector.
Transfection efficiency of constructs listed in Table 2.1 as determined by percentage of GFP+ phoenix ecotropic
cells, 48 hours post-transfection as measured by flow cytometry. A no DNA negative control and the pMigR1
vector on its own as a positive control are included in the first two lanes. Lines represent the mean and error bars
the standard error of the mean (S.E.M).

2.2.3 Generation of modified TCRα and β chains
As a single residue modification approach was deemed insufficient to allow an in-depth
analysis of TCR CDR1 and 2, conventional mutagenesis was used to generate 7 constructs
that contained severe multi-residue changes to the CDRs of the C6TCRα and β chains (see
the top 7 constructs listed in Table 2.2). An overlap PCR method was used to generate all
constructs modified from the original WT sequences and is summarised in Figure 2.8 and
discussed in more detail for each construct in later chapters. To modify a series of residues in
a CDR loop, 4 primers are designed. Two are external primers that anneal to the 5’ and 3’
ends of the gene of interest. These are tagged with restriction sites (EcoRI and BglII) that
facilitate subsequent cloning into the pMigR1 vector. The second set of primers anneal on
complementary strands upstream and downstream of the target site in the gene respectively.
The internal primers are tagged with complementary sequences that encode for the desired
modification to the gene. Two separate reactions (R1 and R2) are set up using an external
primer with its complementary internal primer, generating two products that encode upstream
or downstream of the site of interest and overlap with each other via the desired inserted
sequence. A subsequent extension and amplification step (R3) using only the external primers
generates a final product complete with the inserted sequence, which can then be cloned to the
pMigR1 vector. These constructs can subsequently be used as templates for making multiple
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changes to different CDRs in the same gene. This process was extremely effective – for
example, allowing a creation of a 10 amino acid long CDR1 from a 6 amino acid long
template in the βCDR1γ2γ3Δ construct (see Chapter 4.4).
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Figure 2. 8: Schematic overview of overlap PCR used to modify TCR CDR regions.
The three CDRs of TCR chain are depicted by red rectangles within the TCR gene (blue rectangle). The yellow
rectangles represent the desired sequence to be inserted in place of the WT CDR. Horizontal arrows show
forward (above) and reverse (below) primers. The DNA sequences shown tagged to terminal primers contain the
restriction sites for BglII (left) and EcoR1 (right). The text on the right hand side describes an overview of the
process.

The second approach utilising the retrogenic system to study the role of TCR CDRs was a
novel system using newly termed “recombination cassettes”. Similar approaches have been
used in the past, to create transgenic “mini TCR loci” in mice. Here, cassettes containing
several J-segments flanked by their endogenous RSS were linked to an otherwise defined
TCR framework, allowing a TCR repertoire to be formed in the CDR3 region in an otherwise
fixed TCRα chain (Correia-Nevis et al, 2001 and Kouskoff et al, 1995).
This concept was modified in this study and used in three constructs to look at the functional
role of CDR1 and 2 (bottom three of Table 2.1 and described in detail in Chapter 3). The
premise of this approach was to redirect V(D)J recombination from where it normally occurs
to generate a hypervariable CDR3 to the normally fixed, germline CDR1 or CDR2 region of
an exogenous retrogenic TCRβ chain (Figure 2.9). This was achieved by taking versions of
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the C6 TCRβ chain and inserting two RSS sequences, separated by a 500bp linker region into
the preferred CDR region. The RSS from murine Vβ8.1 (7/23/9) and Dβ1 (9/12/27) were
used as they have been shown to mediate highly efficient recombination with each other
(Wilson et al, 2001). The 500bp endogenous Dβ1 upstream sequence was taken as the linker
between the two RSS (Appendix 1). Constructs were generated using custom gene synthesis.
Using the cloning and retrogenic system described in Section 2.2.2, adoptive transfer of
TCRβδ-/- HSC transduced with such a construct, would, in theory, result in the endogenous
recombination machinery recognising the exogenous RSS and recombining the germline
CDR1 or 2. The enzyme TdT, through the same actions that normally produce hypervariable
CDR3 regions, would thus generate a non-germline repertoire of mutants. Due to the distinct
expression patterns of the components of the recombination machinery, recombination of the
exogenous TCRβ chain would take place at the same time as the endogenous TCRβ locus
would normally rearrange, thus not interfering with the process of T cell development. Any
TCRβ mutants generated by redirected V(D)J recombination will be subject to the normal Tcell developmental checkpoints– namely being able to pair and signal with the pTα chain to
ensure in-frame rearrangement, and being subject to audition for positive selection on selfpMHC to determine MHC recognition capacity. Thus this novel system can potentially
generate, regulate and select a functional library of non-germline TCRβ CDR1 or 2 mutants
entirely in vivo.
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Figure 2. 9: Schematic overview of novel recombination cassette TCR CDR modification system.
An exogenous TCRβ chain cloned into the retroviral vector is modified by insertion of a recombination cassette
(demonstrated in this instance in the CDR2). Relative TCR components are as indicated (Top, in vitro). Upon
adoptive transfer of HSC transduced with this construct, endogenous recombination enzymes such as Rag1/2
will remove the recombination cassette with random nucleotides inserted and deleted by endogenous TdT,
generating a library of non-germline βCDR2 regions (depicted by the blue rectangle). TCR with successfully
rearranged TCRβ chains will subsequently be able to mediate T cell development and thymic selection.

Overall, these conventional overlap PCR and novel recombination cassette approaches
provide powerful tools with which to greatly modify and assess the roles of germline TCR
CDR regions in vivo.

2.2.4 General comments on using a retrogenic approach
The retrogenic approach applied for in vivo analysis of TCR CDRs provides several benefits
in comparison with the conventional transgenic approach. First, the retrogenic method is
inevitably quicker than generation of transgenic mouse strains. Typically, design, production
and analysis of retrogenic mice expressing a new TCR mutant can be achieved within 4-5
months. While stocks of retrogenic mice cannot be bred, requiring new mice to be produced
for further experiments, it opens the possibility to test and modify a greater number of
constructs to optimise and broaden the study if an initial cohort of mice proves to be suboptimal. However this approach does have some technical and experimental limitations.
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Generating each recipient mouse requires between 2-3 BM donors, making the set-up process
relatively inefficient. For example to generate a recipient cohort of just 6 mice (3 control mice
and 3 sample mice) requires BM extraction from up to 18 donor mice. Reconstitution of the T
cell compartment of retrogenic mice typically takes between 4-8 weeks. If anything in the
experimental process and subsequent analysis fails, one has to start from the beginning to
replicate the experiment taking a further 8-12 weeks. By contrast, once established, transgenic
strains provide a constant source of material.
Other technical limitations could also impact biological interpretations. Variable transfection
rates and thus viral supernatant production ultimately leads to further variations in
transduction efficiency of cultured HSCs from BM. Random genome integration may also
result in detrimental effects on retrogenic mouse development. Further, the number of BM
cells initially harvested from donors was wide-ranging ultimately varying the number of GFP+
HSCs available for adoptive transfer to irradiated recipients (Figure 2.10). This variation can
result in differences in the time taken for reconstitution of the T cell compartment and on
occasion, also limited the number of cells that could be harvested for flow cytometric
analysis, cell purification and in vitro assays. The variables can also affect thymic
reconstitution as has been reported elsewhere (Scott-Browne et al, 2009).
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Figure 2. 10: The inherent variation in the retrogenic system results in adoptive transfer of varying numbers of
GFP+ HSC.
The plots represent the summary of GFP measurement on HSC using flow cytometry for all constructs used for
in vivo work in this study. Data is presented both in terms of the total number of GFP+ HSC given per recipient
per experiment (A) and the transduction efficiency of cultured HSC as measured by percentage GFP (B). For
part A, each dot represents an experiment that may have contained several mice receiving the same number of
HSC transduced with the same construct. The line equals the mean and error bars the S.E.M.

2.3 Chapter Summary
The concept of germline-encoded recognition of pMHC complexes by TCR has been
supported predominantly by structural observations. But analysis of the relative rates of
mutation over evolutionary time of TCR versus Ig CDR regions (Tanaka et al, 1989; Jaeger et
al, 1994) has been proposed to support the notion that TCR CDR are subject to a narrowing
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or conservation of CDR diversity as a result of pressures being induced by MHC restriction
(Marrack et al, 2008).
The data presented in this section, demonstrates that genomic sequence diversity of V
segment encoded TCR CDR loops is comparable to that of the MHC “unrestricted” Igs, both
in terms of length and amino acid composition. This argues against the interpretation that the
lower rate of non-synonymous mutation in TCR CDR1 and 2 relative to Ig proves MHC
restriction induced narrowing of the TCR germline repertoire. These data are further
supported by the observation that there is no apparent direct correlation between amino acid
conservation in the TCR CDR and importance in MHC interaction (Section 2.1.4).
One would expect that if such evolutionary pressures exist then they would exert clearer
influence in murine and human genomes, based on the time since evolution of the TCRpMHC relationship and the period of divergence of all jawed vertebrates that utilise this
mechanism. Recent work demonstrates conservation of TCRβ CDR2 motifs between
evolutionary distinct vertebrates that retain the ability to specifically recognise a defined
pMHC complex (Scott-Browne et al, 2011). However, this may be more simply explained on
the basis that similar motifs would be expected to retain reactivity to a defined pMHC
complex for which specific residues have been deemed responsible for recognition. Indeed, it
may merely emphasise the potential limitations of functional data comparing closely related
structures that supports germline encoded MHC recognition (Chapter 1.5.1).
Thus the data presented here, coupled to the limited functional data hitherto published
provides the impetus for the deeper analysis of variable TCR CDR loops (Kranz, 2009). The
work that forms this thesis aims to utilise conventional and novel approaches to modify and
analyse these germline regions in an unbiased and broad-ranging approach in the context of a
retrogenic approach. Despite some limitations associated with this system, the work reported
in subsequent chapters makes an original contribution to our understanding of MHC
restriction.
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Chapter 3: Design and use of a novel in vivo mediated recombination system to mutate
TCR CDR1 and 2
3.1 Redirection of V(D)J recombination to WT TCRβ CDR1 and 2 generates functional
TCRs in vivo that can mediate MHC recognition
3.1.1 Overview of constructs
As discussed in Chapter 2.2.2 the redirection of V(D)J recombination to a germline TCR
CDR using the retrogenic system should facilitate generation of libraries of mutants in vivo
that are subject to normal T cell development. The Vβ11 containing C6 TCRβ chain was used
as a template (See Chapter 6.7.4). While the C6 TCRβ chain pairs efficiently with its cognate
TCRα partner, the abnormally long CDR3 interferes with pairing to other α chains from an
endogenous repertoire (Bartok et al, 2010). To avoid this problem, the template chain used a
shortened CDR3 made of a triple glycine linker (βCDR3Δ: see Table 2.2 and Figure 4.1).
Sequences were designed to contain recombination cassettes inserted either into the centre of
the WT CDR1 or CDR2 of the βCDR3Δ chain and subsequently synthesised and cloned into
pMigR1 (βCDR1WT-Rec and βCDR2WT-Rec; See Appendix 2). The point of recombination would
thus occur at the centre of the CDR loop apex in each construct, (Figure 3.1).

106

A
Recombination Cassette
RSS

7/23/9

RSS

500bp

9/12/27

CDR1WT

Framework
Retroviral Vector

Retroviral Vector

CDR1WT CDR2WT CDR3!

V

E

P

I S G

TGT GAG CCA ATT

D J

H S A

Framework

V F

TCA GGA CAT AGT GCT GTT

W Y

R

TTC TGG TAC AGA

C

Variable Domain

B

C

Constant Domain

Recombination Cassette
RSS

RSS

7/23/9

500bp

9/12/27

CDR2WT

Framework
Retroviral Vector

F

Retroviral Vector

CDR1WT CDR2WT CDR3!

V

D J

Variable Domain

L

T

Y

TTC CTG ACT TAC

F R N Q A P
TTT CGA AAT CAA GCT CCT

Framework

I

D D

S G

ATA GAT GAT TCA GGG

C
Constant Domain

Figure 3. 1: Insertion of recombination cassettes into the WT CDR1 and 2 of βCDR3Δ.
Schematics showing the general positioning of cassettes relative to the rest of the TCRβ chain (left) and where
the point of recombination occurs within the WT CDR sequences (right) for the βCDR1WT-Rec (A) and βCDR2WT-Rec
(B). The arrows in the right hand side schematics indicate the point of recombination. Thus one would predict
alteration of these structures to radiate from the centre of the loop apex.

3.1.2 Adoptive transfer of transduced HSC and detection of T cell selection
TCRβδ-/- HSC successfully transduced with βCDR1WT-Rec or βCDR2WT-Rec were adoptively
transferred to irradiated TCRβδ-/- recipient mice (Figure 3.2A and Figure 2.9). GFP+ T cells
were detected in the blood of recipient mice after 8 weeks and at sizeable levels around 10-12
weeks post-HSC transfer (Figure 3.2B). As T cell selection in these mice is dependent on the
use of a functional exogenous TCRβ chain, these data imply that successful rearrangement of
the recombination cassettes has generated in-frame chains that can pair with the endogenous
TCRα chain repertoire and undergo MHC mediated T cell selection. Flow cytometric analysis
of whole spleen from these mice revealed substantial GFP+Vβ11+ T cell populations. As with
the blood 10 weeks post-transfer, there was however a clear skewing to the CD4 T cell
compartment in mice using both constructs (Figure 3.3).
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Figure 3. 2: Generation of GFP+ T cells from βCDR1WT-Rec and βCDR2WT-Rec mice.
(A) Representative flow cytometric plots of HSC from TCRβδ-/- mice transduced with βCDR1WT-Rec or βCDR2WT-Rec
constructs cloned into pMigR1. (B) Flow cytometric analysis of blood from βCDR1WT-Rec and βCDR2WT-Rec mice
taken at 5, 8 and 10 weeks post-transfer of HSC. Plots were gated on GFP+ lymphocytes and are representative
of n = 3 mice.

The unexpected MHC class II bias is further analysed in Chapter 4. Overall however, this
preliminary data indirectly confirmed the functionality of the cassette system. Further analysis
was required to determine whether the predicted non-germline repertoire of CDR1 and 2
mutants had been generated and whether they were tolerant of change at the amino-acid level.
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Figure 3. 3: Detection of splenic GFP+Vβ11+ T cells in TCRβδ-/- mice using βCDR1WT-Rec and βCDR2WT-Rec
constructs.
Flow cytometric analysis of whole spleen from mice 12 weeks post-HSC transfer. Left panel shows CD4 versus
CD8 compartments, gated on GFP+ lymphocytes. Right panel shows staining for Vβ11 specific antibody on
GFP+ CD4 T cells (solid line) relative to GFP+CD4-CD8- lymphocytes as a control (filled peak).

3.2 Mature T cells generated from recombination cassettes inserted into WT TCRβ CDR1
and 2 have a diverse non-germline repertoire
3.2.1 Sorting of peripheral T cells and detection of recombined TCRβ chains
Modifications to the germline CDR1 or CDR2 were analysed through cell sorting of
GFP+CD4+ lymphocytes from whole spleen and lymph node (LN; Figure 3.4A). cDNA was
made from extracted RNA and subjected to PCR using primers specific for the TCRβ
constant region and upstream of the Vβ11 CDR1, either side of the point of recombination.
This would facilitate subsequent analysis of any regions of diversity generated between these
conserved regions. Evidence that recombination had occurred was shown by the loss of the
500bp linker on PCR products from cDNA relative to the genes with cassettes cloned into
pMigR1 (Figure 3.4B). To analyse sequence diversity PCR products generated from cDNA
were cloned into a bacterial vector and used to transform competent bacterial cells. Due to the
clonal nature of the transformed bacteria, subsequent sequencing of colony PCR products
facilitated analysis of any repertoire generated at the single sequence level.
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Figure 3. 4: Analysis of cDNA from mice using βCDR1WT-Rec and βCDR2WT-Rec constructs confirms cassette
recombination.
(A) Representative flow cytometric plots from fluorescence activated cell sorting of GFP+CD4+ lymphocytes
from whole spleen and LN. (B) PCR of βCDR1WT-Rec and βCDR2WT-Rec in unrecombined state in pMigR1 vector (V)
and from cDNA of mature CD4 T cells (D) using primers specific for the β constant region and upstream of the
Vβ11 CDR1, demonstrating loss of the 500bp linker. M = marker. Sizes as indicated in base pairs (bp).

3.2.2 Analysis of in vivo generated non-germline CDR1 and 2 repertoires
A total of 128 and 292 CDR sequences were analysed from βCDR1WT-Rec and βCDR2WT-Rec mice
respectively, yielding 51 and 101 unique events (Table 3.1 and Table 3.2). Further, the
original WT sequences were only remade in a small minority of sequences (highlighted
sequences in Table 3.1 and Table 3.2). These data demonstrate clearly that both germline
CDR1 and CDR2 of the TCRβ chain are dispensable for successful interaction with pMHC in
the thymus with >150 unique non-germline TCRβ chains generated and selected in vivo in an
entirely unbiased manner through redirected V(D)J recombination.
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Table 3.1: Full repertoire of sequences generated from !CDR1WT-Rec
CDR1 Peptide
SGHHV
SGHKV
SGHNV
SGHRV

Length
5
5
5
5

SGHSR
SGHSV
SGHTV
SGLHV
SGQAV

5
5
5
5
5

SGQNV
SGRHA
SRRAV
CIIVAV
CNIVAV
SGHFAV
SGHHAV
SGHNGV
SGHNHV
SGHPAV
SGHRAV

5
5
5
6
6
6
6
6
6
6
6

SGHRDV

6

SGHRGV
SGHRSV

6
6

SGHRTV
SGHRWV
SGHSAV

6
6
6

SGHSGV
SGHSHV
SGHSKV
SGHSNV
SGHSRV

6
6
6
6
6

SGHSSV
SGHSTV

6
6

SGHTAV
SGLCVF
SGQIRV
SGQNEV
SGQTSV
SGSPDV
SGSRAV

6
6
6
6
6
6
6

CDR1 Nucleotide (No. of Sequences)
TCAGGACACCACGTT (5)
TCAGGACATAAGGTT (2)
TCAGGACATAATGTT (2)
TCAGGACATAGAGTT (3)
TCAGGACATAGGGTT (6)
TCAGGACATAGTCGG (1)
TCAGGACATAGTGTT (5)
TCAGGACATACCGTT (1)
TCAGGACTCCACGTT (1)
TCAGGACAAGCTGTT (2)
TCAGGACAGGCTGTT (1)
TCAGGACAAAATGTT (2)
TCAGGACGCCATGCT (1)
TCACGTCGAGCTGTT (1)
TGTATCATTGTGGCTGTT (1)
TGTAACATTGTGGCTGTT (1)
AGTGGACATTTTGCTGTT (1)
TCAGGACACCACGCTGTT (3)
TCAGGACATAACGGTGTT (2)
TCAGGACATAACCATGTT (1)
TCAGGACATCCCGCTGTT (1)
TCAGGACATAGAGCTGTT (1)
TCAGGACATAGAGCTGTT (22)
TCAGGACATAGGGCTGTT (6)
TCAGGACATAGAGATGTT (1)
TCAGGACATAGGGATGTT (1)
TCAGGACATAGAGGTGTT (2)
TCAGGACATAGAAGTGTT (2)
TCAGGACATAGATCTGTT (5)
TCAGGACATAGGTCTGTT (1)
TCAGGACATAGAACTGTT (1)
TCAGGACATAGATGGGTT (1)
TCAGGACATAGCGCTGTT (2)
TCAGGACATTCCGCTGTT (1)
TCAGGACATAGTGGGGTT (4)
TCAGGACATTCCCATGTT (1)
TCAGGACATAGTAAAGTT (1)
TCAGGACATAGTAATGTT (1)
TCAGGACATAGCCGGGTT (1)
TCAGGACATAGTAGGGTT (4)
TCAGGACATAGTCGCGTT (4)
TCAGGACATAGTAGTGTT (1)
TCAGGACATAGTACCGTT (4)
TCAGGACATAGTACTGTT (6)
TCAGGACATACCGCTGTT (2)
TCAGGACTTTGTGTTTTC (1)
TCAGGACAAATCCGTGTT (2)
TCAGGACAGAACGAGGTT (1)
TCAGGACAAACCTCTGTT (2)
TCAGGATCCCCTGACGTT (3)
TCAGGATCTCGCGCTGTT (1)

Table 3. 1: Full repertoire of sequences generated from β CDR1WTRec mice
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Table 3.2: Full repertoire of sequences generated from !CDR2WT-Rec
CDR2 Peptide
SRP
WTP
AWAP
FPAP
FRAP
VLPP
FRKAP
LKQAP
LSLAP
LSQAP
SRQAP
FLTGAP
FRAQAP
FRDQAP
FRFQAP
FRGQAP

Length
3
3
4
4
4
4
5
5
5
5
5
6
6
6
6

FRHQAP
FRIQAP
FRIRAP
FRKGAP

6
6
6
6
6
6

FRKKAP
FRKQAP
FRKRAP

6
6
6

FRKWGP
FRLQAP

6
6

FRMAAP
FRMLAP
FRMQAP
FRNEAP

6
6
6
6

FRNGAP

6

FRNKAP
FRNKGP
FRNLAP

6
6
6

FRNMAP
FRNQAP
FRNRAP

6
6
6

CDR2 Nucleotide (No. of Sequences)
TCCCGTCCT (1)
TGGACTCCT (1)
GCGTGGGCTCCT (4)
TTTCCCGCTCCT (1)
TTTCGTGCTCCT(1)
GTACTTCCTCCT (1)
TTTCGGAAAGCTCCT (1)
TTAAAGCAAGCTCCT (9)
TTATCTCTAGCTCCT (2)
TTATCTCAAGCTCCT (1)
TCCCGTCAAGCTCCT (2)
TTCCTGACCGGGGCTCCT (1)
TTTCGTGCCCAAGCTCCT (6)
TTTCGAGACCAAGCTCCT (3)
TTTCGTTTTCAAGCTCCT (12)
TTTCGTTTTCAGGCTCCT (1)
TTTCGGGGGCAAGCTCCT (1)
TTTCGTGGTCAAGCTCCT (1)
TTTCGGCATCAAGCTCCT (3)
TTTCGAATTCAAGCTCCT (1)
TTTCGAATTCGAGCTCCT (1)
TTTCGAAAGGGAGCTCCT (3)
TTTCGAAAGGGGGCTCCT (6)
TTTCGAAAGAAAGCTCCT (8)
TTTCGAAAACAAGCTCCT (3)
TTTCGAAAGAGGGCTCCT (1)
TTTCGAAAGCGAGCTCCT (1)
TTTCGAAAGTGGGGTCCT (1)
TTTCGACTCCAAGCTCCT (4)
TTTCGACTTCAAGCTCCT (3)
TTTCGGCTGCAAGCTCCT (1)
TTTCGAATGGCGGCTCCT (1)
TTTCGAATGCTGGCTCCT (5)
TTTCGAATGCAAGCTCCT (3)
TTTCGAAATGAAGCTCCT (3)
TTTCGAAATGAGGCTCCT (1)
TTTCGAAACGGGGCTCCT (2)
TTTCGAAATGGAGCTCCT (11)
TTTCGAAATGGCGCTCCT (1)
TTTCGAAATGGGGCTCCT (36)
TTTCGAAATAAAGCTCCT (7)
TTTCGAAATAAAGGCCCT (1)
TTTCGAAATCTGGCTCCT (1)
TTTCGAAATTTGGCTCCT (3)
TTTCGAAATATGGCTCCT (1)
TTTCGAAATCAAGCTCCT (11)
TTTCGAAACCGGGCTCCT (4)
TTTCGAAATAGAGCTCCT (2)
TTTCGAAATAGGGCTCCT (6)
TTTCGAAATCGAGCTCCT (5)

112

FRNRTP
FRNSAP

6
6

FRNTAP
FRNWAP
FRQQAP

6
6
6

FRRGAP
FRRQAP

6
6

FRRRAP
FRSAAP
FRSGAP
FRSQAP

6
6
6
6

FRTGAP
FRVQAP
FRVRAP
FRYQAP
FTWQAP
HLRGAP
LRNRAP
STLQAP
FQTQAP
FRGMQAP
FRKGQAP
FRKKKAP
FRNIGAP
FRNSQAP
FRNSRTP
FRNTGAP
FRRGKAP
FRTDGAP
FRIHPQAP
FRIPGGAP
FRNGLQAP
FRNIPGAP
FRNIRGAP
FRNISKAP
FRNIVGAP
FRNPLRAP
FRTPLQAP
FRTSLQAP
FLTSTLQAP
FRKRPLQQAP

6
6
6
6
6
6
6
6
7
7
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
8
9
10

TTTCGAAATCGCGCTCCT (4)
TTTCGAAATCGGGCTCCT (4)
TTTCGAAATCGGACTCCT (1)
TTTCGAAATAGCGCTCCT (2)
TTTCGAAATTCGGCTCCT (2)
TTTCGAAATACGGCTCCT (2)
TTTCGAAATTGGGCTCCT (7)
TTTCGACAGCAAGCTCCT (1)
TTTCGGCAACAAGCTCCT (1)
TTTCGAAGGGGAGCTCCT (2)
TTTCGAAGACAAGCTCCT (4)
TTTCGAAGGCAAGCTCCT (1)
TTTCGGCGGCAAGCTCCT (1)
TTTCGAAGACGGGCTCCT (1)
TTTCGGAGCGCAGCTCCT (1)
TTTCGATCGGGAGCTCCT (1)
TTTCGAAGCCAAGCTCCT (1)
TTTCGAAGTCAAGCTCCT (3)
TTTCGATCACAAGCTCCT (1)
TTTCGATCTCAAGCTCCT (1)
TTTCGTAGTCAAGCTCCT (1)
TTTCGAACGGGGGCTCCT (1)
TTTCGGGTGCAAGCTCCT (13)
TTTCGGGTCCGGGCTCCT (1)
TTTCGGTATCAAGCTCCT (3)
TTTACGTGGCAAGCTCCT (1)
CACCTCAGGGGCGCTCCT (1)
CTTCGAAATCGGGCTCCT (1)
TCGACCTTGCAAGCTCCT (1)
TTCCAAACGCAAGCTCCT (1)
TTTCGAGGGATGCAAGCTCCT (1)
TTTCGAAAGGGGCAAGCTCCT (1)
TTTCGAAAAAAAAAAGCTCCT (1)
TTTCGAAATATAGGGGCTCCT (1)
TTTCGTAACTCTCAAGCTCCT (2)
TTTCGAAATAGTAGGACTCCT (1)
TTTCGAAATACGGGAGCTCCT (3)
TTTCGAAGGGGGAAAGCTCCT (3)
TTTCGAACAGACGGAGCTCCT (2)
TTTCGAATCCACCCTCAAGCTCCT (1)
TTTCGAATCCCGGGGGGGGCTCCT (1)
TTTCGAAATGGGTTGCAAGCTCCT (1)
TTTCGAAATATCCCAGGGGCTCCT (1)
TTTCGAAATATAAGGGGAGCTCCT (2)
TTTCGAAATATTTCCAAAGCTCCT (2)
TTTCGAAATATCGTAGGGGCTCCT (3)
TTTCGAAATCCCTTGCGAGCTCCT (1)
TTTCGAACCCCTTTGCAAGCTCCT (2)
TTTCGAACCTCCCTCCAAGCTCCT (2)
TTCCTGACTTCGACCTTGCAAGCTCCT (1)
TTTCGAAAGAGACCCCTCCAACAAGCTCCT (6)

Table 3. 2: Full repertoire of sequences generated from β CDR2WTRec mice

The Shannon entropy index, as described in Chapter 2 facilitates statistical comparison of the
diversity of a sample based on the number of unique events within that sample. While it was
employed in Figure 2.4 to measure the diversity at each position of aligned germline Ig and
TCR CDRs, as has been done previously (Stewart et al, 1997), it can also measure the global
diversity of whole TCR sequences – for example analysis of hypervariable TCR CDR3
repertoires (Singh et al, 2010). Here, diversity (D) values are calculated from the ratio of the
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Shannon entropy index (H) expressed as a percentage of the maximum diversity (H’) in
which every sequence analysed is presumed to be unique. H is calculated by:
H = -Σi-n[ln(frequency of unique sequence/total number of sequences)]

This method was used to calculate the overall diversity of both the peptide and nucleotide
sequences analysed from the non-germline repertoire of CDR1 and 2 that were generated.
This approach also facilitates a direct comparison between different D values, which
normalises for the varying number of sequences analysed (Figure 3.5). The D values
calculated for both CDR1 and 2 were less than that previously measured for CDR3 sequences
associated with a single-family member V-segment (Singh et al, 2010; Chapter 4.3). This
indicates that the overall repertoires generated in germline regions are not as diverse as
conventionally generated CDR3 regions. This may relate to potential structural constraints of
the CDR1 and 2, or a by-product of this artificial recombination system. Both recombined
CDR1 and 2 mutants had comparable diversity, indicating that neither CDR1 nor 2 from
TCRβ chains are more constrained by germline sequence and are equally adaptable at the
sequence level.
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!CDR1WT-Rec

!CDR2WT-Rec

D = 35.1

Nucleotide

D = 30.71

D = 25.8

Peptide

D = 23.3

Figure 3. 5: Overall diversity of non-germline CDR1 and CDR2 mutants generated in vivo from βCDR1WT-Rec and
βCDR2WT-Rec mice.
Each segment represents a unique nucleotide (top) or peptide (bottom) sequence derived from colony PCR. The
total diversity is presented as the D value, which are calculated from Shannon entropy indices (see main text) as
a function of total potential diversity.

During conventional CDR3 generation, addition and subtraction of nucleotides at the point of
recombination results in variable length ranging typically from 5-10 amino acids long.
Interestingly, despite similar overall diversity, the repertoire generated across WT CDR1 was
of limited length with over 70% of sequences maintaining the germline length of 6 amino
acids. The remainder of sequences analysed encoded loops of only 5 amino acids (Figure
3.6). However, while a similar proportion of non-germline CDR2 mutants also maintained
germline CDR length, a significant fraction encoded for CDR2 regions varying from 3 to 10
amino acids in length (Figure 3.6). These data suggest that while overall sequence diversity
potential is not different between CDR1 and CDR2, structural constraints may limit variation
in CDR1 length.
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Figure 3. 6: Redirected V(D)J recombination to germline CDRs generates a restricted CDR1 but not CDR2 loop
length.
CDR length in amino acids was calculated from sequences presented in Table 3.1 and 3.2 for βCDR1WT-Rec and
βCDR2WT-Rec mice. Data is presented as the percentage of unique peptide sequences (top) and total sequences
analysed (bottom).

A summary of the mutations analysed from the CDR1 and 2 that encoded for the most
common length (6 amino acids) is presented in Figure 3.7. As one would expect, the majority
of diversification of the germline sequences is concentrated at the point of recombination,
namely P3 and P4 of the CDR regions. However both sets of mice contained CDRs modified
at the terminal P1 (βCDR2WT-Rec) or P1 and P6 (βCDR1WT-Rec), implying that all positions of WT
CDR1 and 2 are amenable to change without inhibiting pMHC-mediated thymic selection.
Only the P6 proline from the CDR2 sequence set was found not to have been altered.
Interestingly, while the P3 and P4 in altered CDR2 regions were equally diverse, the P3
histidine from the CDR1 mutants was maintained in nearly two-thirds of all sequences
analysed, whereas the P5, which is not proximal to the point of recombination, was greatly
altered. As stated in Chapter 2.1.2, this P3 H is found in the majority of germline sequences,
yet has only been implemented in one known TCR-pMHC interaction (Garcia et al, 1996).
These data would suggest that there is a preference for having a histidine at this position,
however its role appears not to involve direct contribution within the interface. A similarly
conserved residue, K66 from the class I HLA-A2 MHC was found not to be important for
interaction, but instead provided an optimal chemical environment for surrounding residues
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(Miller et al, 2007). However P3 was modified in some instances, suggesting it too is not
indispensible. This residue is also modified in later constructs without affecting the TCR’s
ability to interact with pMHC (see Section 3.4 and Chapter 4).
CDR1WT Recombination

SGH S A V

CDR1WT Recombination

TCAG GACA TAGTG CTGT T
CDR2WT Recombination

CDR2WT Recombination

F RN QAP

T T T CG A A A T C A A GC T CC T

Figure 3. 7: Amino acid and nucleotide modifications generated from WT TCRβ CDR1 and 2.
Stack summaries of amino acid (left) and nucleotide (right) usage within CDRs of WT length. Single letter
amino acid and nucleotide codes are used. The height of each letter corresponds to frequency of occurrence.
Each stack equals 100%. Original WT reference sequences are written in below the stack charts. Arrows
represent the point of recombination. Colours correspond to chemical property/grouping. For amino acids: Blue
= large hydrophobic, green = polar, purple = small hydrophobic, orange = positively charged, black = negatively
charged and red = other. For nucleotides: T (red) = thymidine, C (blue) = cytidine, G (yellow) = guanosine and
A (green) = adenosine.

3.2.3 Increase in net positive charge detected in modified CDR1 and CDR2
The unbiased approach to the modification and selection of CDR1 and 2 mutants could
highlight any features or residues beneficial for pMHC recognition. Indeed, the in vivo
generated modifications presented here bear no immediate resemblance to any particular
germline CDR sequence (Lefranc et al, 2003). However, while analysis of unique sequences
revealed chemically diverse mutations, summation of the properties of the total sequences
examined, revealed an overall increase in net positive charge (Figure 3.8). This is clear from
the CDR2 modifications, where >30% of sequences had an increase in net positive charge (+1
from the P2 arginine). Indeed one sequence encoded for a loop with a net charge of +4
(FRKKKAP). Less than 10% of CDR2 sequences had a net charge less positive than the
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original +1 WT sequence. Where this did occur, it was both through a loss of the P2 arginine
or through the inclusion of a negatively charged glutamic acid at P3 in conjunction with the
P2 arginine. The WT CDR1 sequence also has a net charge of +1 due to the aforementioned
P3 histidine. Nearly 60% of all CDR1 sequences analysed also displayed an increase in net
positive charge. However no net charge above +2 was measured. A similar level of
approximately 10% of CDR1 sequences analysed had a neutral charge, with only a single
sequence encoding for CDR1, with a net negative charge (SGSPDV).
This prevalence of increased net positive charge is an intriguing phenomenon. One could
conclude that presence of positively charged amino acids may benefit the resultant αβ TCRs
during thymic selection. Recent analysis of the TCR-pMHC structural database has indicated
the mean surface electrostatic potential (MSEP) of a TCR can correlate to both the published
affinities of all solved TCR-pMHC crystal structures and also the varying binding angles
(Yoshida et al, 2010; Kahn and Ranganathan, 2011). As shown in Figure 3.3, there was a
clear bias to the CD4 compartment of GFP+ T cells, which were the source material for RNA
extraction in the above sequencing analysis. Thus the preference for positively charged amino
acids may also be limited to class II restricted T cells. Further, it is also plausible that CDR
loops with an increased net positive charge were generated at a higher frequency in the
thymus and this bias is manifested after thymic selection. However as demonstrated in Table
3.1 and Table 3.2, introduction of positive charge, particularly to CDR2, is present across
varying lengths of CDR, at several codon positions, generated from both template codons and
from newly generated TdT mediated sequences. Further, all three positively charged amino
acid residues (arginine, lysine and histidine) were utilised in several positions. Finally, many
of the CDR peptide sequences that encode for an increase in net positive charge often use
more than one codon to encode for the positively charged residue. This perhaps indicates a
selectable preference of positively charged residues as opposed to their generation being an
inherent bias of recombination (Table 3.1 and Table 3.2). Taken together then, the chances of
recombination bias generating such a diverse array – both chemically and positional - of
positively charged features appear unlikely.
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Figure 3. 8: In vivo generation of random non-germline CDR1 and 2 mutations result in an increase in net
positive charge.
Data is based on total sequences presented in Table 3.1 and Table 3.2. Data from all lengths of CDRs recorded is
included. The original net charge of the WT CDR1 and 2 is indicated by a *.

To address the potential prevalence of positively charged CDR generation in the thymus, one
would require a sequence analysis of the pre-selection repertoire after recombination of the
cassettes had occurred. However, this presented several technical difficulties. Cell sorting of a
GFP+CD4+CD8+ DP population from the thymus would include cells that have already been
positively selected. Markers such as CD5 and CD69 expression levels are proportional to
pMHC interaction (Yamashita et al, 1993; Tarakhovsky et al, 1995; Azzam et al, 2001 and
Azzam et al, 1998) and are good markers to distinguish positive and negative selection at the
DP phase of thymic development. Thus, a GFP+CD4+CD8+CD5LOCD69LO sort could be used.
However, coupled to the previously described inefficiencies of the retrogenic system that can
limit thymi size and reconstitution, the yield of such a sorting would not generate enough
material for meaningful analysis. Similarly, as TCRβ recombination occurs at the DN3 stage
of development, cell sorting of CD4-CD8- DN thymocytes was also not feasible due to the
presence of unrecombined recombination cassettes and the ability of untransduced GFP- HSC
to reach the DN phase of the thymic development. While separation of GFP+CD25-CD44DN4 thymocytes that should only contain rearranged TCRβ chains (Chapter 1.2.2) would
also struggle to generate a suitable yield for analysis.
An attempt to extract RNA from a whole thymus from a βCDR2WT-Rec mouse yielded only 10
in-frame recombined sequences, of which 7 were unique (Table 3.3) and one corresponded to
the remade WT CDR sequence (highlighted in the table). While this sample size is too small
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to draw any meaningful comparison, it is interesting to speculate that an increase in positive
charge may be not be present before selection of T cells. Further discussion is provided in
Chapter 5.

Table 3.3: Sample sequences from whole thymus of a !CDR2-WT mouse
CDR2 Peptide
FLLQAP
FRDQAP
FRNGAP
FRNGAP
FRNGAP
FRNLAP
FRNQAP
FRNQVP
FSGGAP
FRKPPLQAP

Length
6
6
6
6
6
6
6
6
6
10

CDR2 Nucleotide (No. of Sequences)
TTCCTCCTCCAAGCTCCT (1)
TTTCGGGATCAAGCTCCT (1)
TTTCGAAACGGTGCTCCT (1)
TTTCGAAATGGAGCTCCT (1)
TTTCGAAATGGGGCTCCT (1)
TTTCGAAATTTAGCTCCT (1)
TTTCGAAATCAAGCTCCT (1)
TTTCGAAATCAAGTTCCC (1)
TTCTCTGGGGGGGCTCCT (1)
TTTCGAAAGCCCCCTCTGCAAGCTCCT (1)

Table 3. 3: Sample sequences from the whole thymus of a β CDR2WTRec mouse

3.3 Redirection of V(D)J recombination to the CDR1 of a TCRβ chain lacking both
germline CDRs produces a non-germline repertoire independent of WT sequence
3.3.1 Overview of construct
The above data clearly demonstrates the flexibility of both germline CDR1 and 2 of the TCRβ
chain in terms of pMHC recognition during thymic selection. However in both cases the
exogenous TCRβ chains would still maintain one WT germline CDR loop and thus
autonomous roles for WT CDR1 and 2 in MHC engagement could not be ruled out. To
address this, the WT βCDR1 and 2 loops from the βCDR3Δ template were replaced with
glycine-alanine linkers that bear no resemblance to any germline CDR structures (Lefranc et
al, 2003; Figure 4.1). This modified chain was synthesised with a recombination cassette
inserted into the CDR1 region (Appendix 2; Figure 3.9) generating the βCDR1Δ-Rec construct.
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Figure 3. 9: Insertion of recombination cassettes into the CDR1 of a TCR βCDR3Δ lacking germline CDR1 and 2.
Schematics showing the general positioning of cassettes relative to the rest of the TCRβ chain (left) and where
the point of recombination occurs within the modified CDR sequences (right) .The arrow in the right hand side
schematic indicates the point of recombination. Thus one would predict alteration of these structures to radiate
from the centre of the loop apex.

3.3.2 Adoptive transfer of transduced HSC and detection of T cell selection
The βCDR1Δ-Rec chain was cloned into the pMigR1 vector and used to transduce cultured HSC
from FVB TCRβδ-/- donor mice (Figure 3.10A), which were adoptively transferred into
irradiated FVB TCRβδ-/- recipients. GFP+ T cells were detected in the blood after 9 weeks
post-HSC transfer, with clear populations by 13 weeks – within a similar range as mice using
cassettes inserted to the WT βCDR1 and 2 regions. This both indicated that recombination
was successful and that loss of germline TCRβ CDR loops does not impede the process of T
cell development. Flow cytometric analysis of spleen from βCDR1Δ-Rec mice also revealed
GFP+Vβ11+ T cells, further indicating that recombination had produced viable exogenous
TCRβ chains used in thymic selection (Figure 3.11). Interestingly as with the βCDR1WT-Rec and
βCDR2WT-Rec mice, a clear skew to the CD4 T cell compartment was observed in the spleen and
blood.
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Figure 3. 10: Generation of GFP+ T cells from βCDR1Δ-Rec mice.

!CDR1"-Rec

CD8

(A) Representative flow cytometric plot of HSC from TCRβδ-/- mice transduced with βCDR1Δ-Rec construct cloned
into pMigR1. (B) Flow cytometric analysis of blood from βCDR1Δ-Rec mice taken at 6, 9 and 13 weeks posttransfer of HSC. Plots were gated on GFP+ lymphocytes and are representative of n = 3 mice.

2.1

64

V!11
CD4

Figure 3. 11: Detection of splenic GFP+Vβ11+ T cells in TCRβδ-/- mice using βCDR1Δ-Rec construct.
Flow cytometric analysis of whole spleen from mice 13 weeks post-HSC transfer. Left panel shows CD4 versus
CD8 compartments, gated on GFP+ lymphocytes. Right panel shows staining for Vβ11 specific antibody on
GFP+ CD4 T cells (solid line) relative to GFP+CD4-CD8- lymphocytes as a control (filled peak).
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3.4 Mature T cells generated from recombination cassettes inserted into a TCRβ CDR1
generate diverse CDR1 regions independent of any germline structure
3.4.1 Sorting of peripheral T cells and detection of recombined TCRβ chains
To examine any CDR1 modifications generated from CDR1 recombination in the context of
no WT CDRs, GFP+CD4+ lymphocytes from whole spleen and LN were subjected to FACS
(Figure 3.12A) and cDNA synthesised from extracted RNA. As with the other recombination
cassette constructs, PCR using the same primers that bind to conserved regions upstream and
downstream of the CDR1 and 2 revealed loss of the 500bp cassette from the cDNA
confirming recombination at the DNA level. Colony PCR and sequencing was used as before
to analyse CDR1 repertoire (Figure 3.12B).

A

!CDR1"-Rec

CD4

10.8

GFP
B
!CDR1"-Rec

M

V

D

2000bp
1000bp
600bp

Figure 3. 12: Analysis of cDNA from mice using the βCDR1Δ-Rec construct confirms cassette recombination.
(A) Representative flow cytometric plots from flow activated cell sorting of GFP+CD4+ lymphocytes from
whole spleen and LN. (B) PCR of βCDR1Δ-Rec in an unrecombined state in pMigR1 vector (V) and from cDNA of
mature CD4 T cells (D) using primers specific for the β constant region and upstream of the Vβ11 CDR1,
demonstrating loss of the 500bp linker. M = marker. Sizes as indicated in base pairs (bp).
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3.4.2 Analysis of in vivo generated WT CDR independent CDR1 repertoire
A total of 40 unique CDR1 sequences were observed from 113 analysed (Table 3.4). Again,
the original glycine-alanine linker was remade minimally, being generated on 3 occasions
(highlighted in Table 3.4). As with the data presented in Section 3.3, these sequences confirm
that diverse non-germline CDR regions can be encoded for without loss of pMHC
recognition. Further, in the case of this βCDR1Δ-Rec construct, a repertoire of successful
sequences can be generated from a non-germline CDR1 template, in the absence of a second
WT germline βCDR2. This implies that ability to generate diversity within CDRs is
independent of the influence of any germline sequence encoded within the same chain.
Additionally, it reveals that pMHC recognition does not appear to be more dependent on one
germline βCDR over another.
Sequences from βCDR1Δ-Rec were subjected to diversity analysis through Shannon entropy
measurement as described in Section 3.3.2 (Figure 3.13). Interestingly, at both nucleotide and
peptide level, the diversity of the CDR1 generated in the context of no germline CDRs is
somewhat lower than that of CDR1 and CDR2 WT counterparts from the βCDR1WT-Rec and
βCDR2WT-Rec mice (Figure 3.5). However diversity that is generated in the absence of any WT
CDR sequences is significant and underpins the true flexibility that exists at the interface
between TCR and pMHC.
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Table 3.4: Full repertoire of sequences generated from !CDR1"-Rec
CDR1 Peptide
SADGV
SAFGV
SAGRV
LAEGGV
LAGSVV
SAEGGV
SAESGV
SAEVGV
SAFFRF
SAFLGV
SAFSGF
SAFSVF
SAGAGV
SAGFGV
SAGLKF
SAGLKV
SAGLRV
SAGRGV
SAGSGV

Length
5
5
5
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

SAGSKL
SAGSKV

6
6

SAGSRV

6

SAGSSV
SAGSVV
SALFRV
SAVGGV
SGSPGV
VADVGV

6
6
6
6
6
6

CDR1 Nucleotide (No. of Sequences)
TCGGCAGACGGAGTT (1)
TCAGCATTTGGAGTT (1)
TCGGCAGGTCGAGTT (1)
TTGGCAGAGGGAGGAGTT (1)
TTGGCAGGATCAGTAGTT (1)
TCGGCAGAGGGAGGAGTT(12)
TCGGCAGAATCAGGAGTT (2)
TCGGCAGAGGTAGGAGTT (1)
TCGGCATTTTTCAGATTT (1)
TCGGCATTTTTGGGAGTT (1)
TCTGCATTTTCAGGATTT (1)
TCGGCATTTTCAGTATTT (1)
TCGGCAGGGGCAGGAGTT (3)
TCGGCAGGATTTGGGGTT (2)
TCGGCAGGTTTAAAATTT (1)
TCGGCAGGTTTGAAAGTT (1)
TCGGCAGGATTGAGAGTT (1)
TCGGCAGGAAGGGGAGTT (3)
TCGGCAGGATCAGGAGTT (7)
TCGGCAGGATCCGGAGTT (3)
TCGGCAGGATCGGGAGTT (7)
TCGGCAGGATCTGGAGTT (5)
TCGGCAGGATCTGGGGTT (2)
TCTGCAGGATCAGGAGTT (1)
TCTGCAGGATCTGGAGTT (1)
TCGGCAGGATCAAAACTT (1)
TCGGCAGGATCAAAAGTT (8)
TCGGCAGGATCGAAAGTT (3)
TCGGCAGGATCAAGAGTT (7)
TCGGCAGGATCCAGAGTT (4)
TCGGCAGGATCCCGGGTT (3)
TCGGCAGGATCGAGAGTT (2)
TCGGCAGGATCGAGGGTT (1)
TCGGCAGGATCTCGAGTT (1)
TCGGCAGGATCAAGTGTT (2)
TCGGCAGGATCAGTAGTT (16)
TCGGCATTATTCAGAGTT (1)
TCGGCAGTTGGAGGAGTT (1)
TCGGGGAGTCCGGGAGTT (1)
GTCGCAGATGTAGGAGTT (1)

Table 3. 4: Full repertoire of sequences generated from β CDR1Δ Rec mice
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Figure 3. 13: Overall diversity of non-germline CDR1 mutants generated in vivo from βCDR1Δ-Rec mice.
Each segment represents a unique nucleotide (top) or peptide (bottom) sequence derived from colony PCR. The
total diversity is presented as the D value, which are calculated from Shannon entropy indices (see main text) as
a function of total potential diversity.

Analysis of CDR1 length variation from sequences studied in βCDR1Δ-Rec mice revealed a
similar restricted pattern as those observed from βCDR1WT-Rec mice. Once again, the majority of
sequences encoded for CDR1 loops of 6 amino acids, with a minority encoding loops of 5
amino acids, despite no similarity between the CDR1 sequences generated from WT or
glycine-alanine linker templates (Figure 3.14 and Figure 3.6). Thus this data confirms that,
regardless of CDR1 chemical composition, structural constraints appear to limit CDR1 length,
relative to the CDR2 that can facilitate loop lengths between 3 and 10 amino acids long. In
addition, it demonstrates that loss of the germline WT CDR2 sequences does not influence
CDR1 diversity in terms of CDR length.
A summary of the mutations analysed from the CDR1 that encoded for the most common
length (6 amino acids) is presented in Figure 3.15. Again, the majority of diversification of
the glycine-alanine template is concentrated at the point of recombination, namely P3 and P4
of the CDR1.
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Figure 3. 14: Redirected V(D)J recombination to non-germline CDR1 generates a restricted CDR1 length.
CDR length in amino acids was calculated from sequences presented in Table 3.4 for βCDR1Δ-Rec and mice. Data is
presented as the percentage of unique peptide sequences (top) and total sequences analysed (bottom).
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Figure 3. 15: Amino acid and nucleotide modifications generated from non-germline TCRβ CDR1.
Stack summaries of amino acid (left) and nucleotide (right) usage within CDRs of germline length. Single letter
amino acid and nucleotide codes are used. The height of each letter corresponds to frequency of occurrence.
Each stack equals 100%. Original template reference sequences are written in below the stack charts. Arrows
represent the point of recombination. Colours correspond to chemical property/grouping. For amino acids: Blue
= large hydrophobic, green = polar, purple = small hydrophobic, orange = positively charged, black = negatively
charged and red = other. For nucleotides: T (red) = thymidine, C (blue) = cytidine, G (yellow) = guanosine and
A (green) = adenosine.
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Modifications were recorded however for all positions apart from the P2 alanine, although
this position was previously shown to be amenable to change in βCDR1WT-Rec mice (Figure
3.7). This data further demonstrates that all germline CDR positions are not important for
pMHC recognition, in the presence or absence of other WT CDRs. Interestingly, despite the
unbiased potential of sequence generation, histidines were not observed at the CDR1 P3,
despite the high level of conservation of this residue in the germline repertoire encoded in the
murine genome (Figure 2.2) and the relatively high level of retention of this residue in
sequences generated from the WT CDR1 template in βCDR1WT-Rec mice (Figure 3.7). Indeed,
no positively charged amino acids were encoded at P3 when using the glycine-alanine linker
template, but negatively charged aspartic and glutamic acids were both used successfully in
this position. Further, while similarly bulky residues to histidine in the form of phenylalanine
were observed, so too were small hydrophobic amino acids such as the original glycine from
the template and newly generated valine. Thus while it appears that histidine at this position
in TCRβ CDR1 plays a preferential role that is most likely not related to actual pMHC
engagement, this residue is, like all germline TCRβ residues, dispensable in T cell selection.
The most popular unique residue generated from the glycine-alanine linker template at P4 was
serine, which is the original P4 residue in the WT CDR1 (Figure 4.1). A preference for this
residue is indicated by all 4 serine codons being present. However this result is most likely
coincidental as P4 position from βCDR1WT-Rec mice was greatly diversified and this position is
not highly conserved in the murine genome (Figure 2.2). Despite a lower overall diversity in
the βCDR1Δ-Rec relative to βCDR1WT-Rec (Figure 3.5 and Figure 3.13), diversification was more
evenly spread out across all CDR positions (Figure 3.7 and Figure 3.15). This was perhaps
due to having less chemical diversity in the initial template that may encourage broader
diversification, while the overall limit of diversification is due to the presence of a glycinealanine linker in the CDR2.
A final analysis of total sequences was conducted to see if an overall preference for an
increase in net positive CDR charge was maintained in the absence of any WT CDR (Figure
3.16). While both the WT CDR1 and CDR2 templates used in earlier recombination cassette
constructs encoded an initial net positive charge +2 (with each CDR being +1; Figure 3.7),
the βCDR1Δ-Rec construct maintained a neutral net CDR charge, due to both CDR1 and 2 being
replaced by glycine-alanine linkers. However, nearly 35% of all sequences analysed encoded
for an increase in net positive charge. Although ~15% also encoded net negative CDR,
entirely through the inclusion of the aforementioned aspartic and glutamic acids at P3 of the
CDR1. Further, no increase in net positive charge above +1 was recorded. However, the
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significant increase in net positive CDR1 charge from βCDR1Δ-Rec mice was not dependent on
one recombination event that was represented at a high proportion in the total population, but
through several unique sequences found through the repertoire (Table 3.4). This data, coupled
to the earlier analysis on net charge indicates that an increase in net positive charge is
beneficial to pMHC interaction in this system. Although this has yet to be resolutely
confirmed to be a function of thymic selection instead of an inherent bias of recombination
(see Section 3.2.4).

% Total Sequences
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CDR1! Recombination
*
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Figure 3. 16: In vivo generation of random non-germline CDR1 mutations in the absence of any WT CDR
sequence also results in an increase in net positive charge.
Data is based on total sequences presented in Table 3.4. Data from all lengths of CDRs recorded is included. The
original net charge of the CDR1 template is indicated by the *.

3.5 Chapter Summary
The data presented in this chapter demonstrate successful application of the novel
“recombination cassette” system described in Chapter 2.2.3. The diversity observed was less
than that seen for endogenous CDR3 rearrangements (Singh et al, 2010; see Chapter 4.3.5).
However, almost 200 novel, functional TCR mutants were defined in the TCRβ CDR1 or 2
produced via an unbiased and in vivo method of mutagenesis. Thus, rather than CDR
sequence being defined by specific positions deemed likely to be vital in pMHC recognition
(Garcia et al, 2009 and Marrack et al, 2008), diversification of the CDR regions was only
limited by the point of recombination – although numerous variants were found with CDR
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modifications at the terminal CDR residues. The only example of conservation between
cassette generated and genome encoded amino acid usage was the highly conserved P3
histidine in the βCDR1. However this residue was not essential or reproduced when replaced
as part of a glycine-alanine linker in the βCDR1Δ-Rec construct.
Autonomous roles for individual germline CDRs were ruled out by synthesising constructs
where germline CDR1 and 2 were replaced by glycine-alanine linkers that bear no
resemblance to any germline structure (Lefranc et al, 2003) before inserting a recombination
cassette into βCDR1. As a result over 40 unique TCRβ chains were sequenced that contained
no germline CDR structure yet could undertake pMHC mediated positive selection. Indeed
the selection of mutant TCR repertoire generated by these cassettes can be assumed to
undergo pMHC dependent selection due to the presence of co-receptors that ensure ligand
engagement between the TCR and pMHC (Van Laetham et al, 2007). In addition, the fact
diversification is still promoted in the absence of other germline CDR structures in the βCDR1ΔRec

construct, further implies that the in vivo generated CDR1 are engaging with pMHC. This

is most likely true for all the non-germline CDR1 and 2 mutants produced, due to the
consistency with which βCDR1 and 2 interact with pMHC in some capacity (Rudolph et al,
2006) while being limited in their own intrinsic movements, limiting the capacity for the
loops to be entirely excluded from pMHC engagement (Armstrong et al, 2008).
The random generation of CDR variants implies that general features of CDR chemistry may
be more important than specific residues in recognition of pMHC. In support of this, there
was a general trend across all CDR1 and 2 variants to encode loops with an increase in net
positive charge. It has not been possible to fully determine whether this phenomenon is
favourably selected from a more diverse pre-selection repertoire, however the variable nature
with which positive charges were inserted into the loops imply a general bias of the
recombination process is not responsible. While this net charge characteristic was not
universal, a significant proportion (between 30-40%) of all variants demonstrated increased
net charge, in the presence and absence of WT CDR1 and 2 structures. There was however no
direct correlation between a construct’s basal net charge and the overall increase in the net
charge of the TCRβ chain.
A final unexpected result was a disparity in CDR length conservation between βCDR1 and
βCDR2 regions. Genome analysis reveals that both βCDR1 and CDR2 are limited to a range
of 2 lengths of CDR (5 and 6 residues for CDR1 and 6 and 7 residues for CDR2; Figure 2.1).
CDR1 and 2 diversification using the WT sequences as templates resulted in a similar level of
130

overall diversity (Figure 3.6), however CDR1 sequences were restricted to germline lengths
only, whereas CDR2 lengths varied from 3 to 10 amino acids, more akin to range expected of
CDR3 loops (Rock et al, 1994). This restriction in CDR1 length was also prevalent in TCRβ
chains using glycine-alanine linkers as CDR1 and 2 templates, indicating it is not sequence
dependent. Thus this work also reveals a hitherto unknown structural constraint difference
between CDR1 and 2. The functional implications of this are discussed in Chapter 5.
The germline CDR sequence analysis carried out in Chapter 2 revealed MHC restriction has
not reduced overall TCR germline diversity. The results presented here, demonstrate that this
lack of reduction in germline diversity is likely to be related to the flexibility of germline
CDR sequence in pMHC recognition as shown through the generation of diverse repertoires.
Further, it suggests that diversity may in fact be a positive attribute, which is relevant to
reported importance of cross-reactivity in effective immune responses (Mason, 1999). In
order to study the functional nature of germline residues in more detail a conventional
mutagenesis approach was opted for to fix single TCRβ or TCRα chains with modified CDR1
and 2 regions which were then analysed in the context of thymic selection and peripheral
MHC mediated responses as presented in Chapter 4.
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Chapter 4: Functional analysis of TCRα and TCRβ CDR1 and 2
4.1 Design, generation and testing of TCR mutants
4.1.1 Design of TCRα and TCRβ CDR1 and 2 mutants
In order to examine the role of CDR1 and 2 thoroughly this study aimed to modify entire
CDR loops instead of adopting a single amino acid approach. The resultant mutants were
designed so as to remove all WT positions that have been proposed to encode amino acids
deemed important in controlling MHC recognition (Table 1.9). While the C6 TCR, used here
as a template, has not been co-crystallised with its cognate pMHC ligand (H2-Kk-Smyc;
Chapter 6.3), Marrack et al (2008) and others (Garcia et al, 2009) have concluded that CDR
position is most likely to be the underlying factor in MHC recognition by TCR. Thus
modifications to the C6 template were designed to remove all WT CDR structure, including
key amino acids based on proposed “interaction codon” positions (Marrack et al, 2008).
Summaries of modifications made to TCRα and TCRβ templates are summarised in Figure
4.1A. As described earlier, all TCRβ constructs contained a shortened triple glycine linker in
place of the WT CDR3 (see Chapter 3.1.1; Bartok et al, 2010). Such a βCDR3 would be
considered functional due to the similarity of the modified CDR3 here and that of the well
characterised 2C TCR βCDR3, which contains only one glycine more (Garcia et al, 1996).
All but one position per chain found to commonly recognise different MHC molecules
published by Marrack et al have been altered in the designs. Examples of residues shared
between the template CDRs and of those presented by Marrack et al at these positions clearly
exist. For example, although the Vα8.3 CDR1 and 2 of the C6 TCR template has not been
crystallised, the murine AHIII TCR, bound to the xenoreactive A2 MHC contains the closely
related Vα8.5 in its TCRα (Miller et al, 2003). As shown in Figure 4.1B, they both share an
adjacent tyrosine and serine residue in their CDR1 (Y28 and S29 in Marrack et al and IMGT)
which form key interacting residues in the AHIII co-crystal. Similarly they share a CDR2
threonine (T50 in Marrack et al, IMGT T59) also implicated as important for AHIII
recognition of A2. Further, other common positions involved in pMHC recognition (positions
51 and 52 in Marrack; IMGT 60 and 61) and positions that occasionally contact pMHC
complexes (αCDR1 positions 26 and 27 and αCDR2 48, 49, 51, 52 in Marrack; IMGT 57, 58,
60, 61) were also altered.
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Figure 4. 1: Overview of CDR modification design to the C6 TCRα and β chain templates.
(A) Schematics show WT (αWT/βCDR3Δ) and modified (αCDR1Δ2Δ/βCDR1Δ2Δ3Δ) CDR1 and 2 amino acid sequences.
Open boxes indicate WT CDR positions instigated in pMHC recognition by Marrack et al, 2008. Filled boxes
indicate the total number of changes made to the WT sequence. CDR residue numbering from Marrack et al,
2008 and IMGT are as indicated. Relevant framework residues are indicated between CDR sequences. (B)
Comparison of the template Vα8.3 CDR1 and the Vα8.5 CDR1 that has been crystallised as part of the AHIII
TCR. Open boxed residues indicate residues from the AHIII Va8.5 CDR1 that contacted the MHC in the cocrystal structure (Miller et al, 2007).

Similarly, for the TCRβ template CDR1, positions 26-29 (Marrack et al; IMGT 28-31) which
includes the two CDR1 positions shown to make common pMHC contacts as well as the
highly conserved histidine (see Chapter 2.1.3) which has also been shown to make pMHC
contacts (Garcia et al, 1996) were modified. The key positions encoded within the TCRβ
CDR2 are 46, 48 and 54 (Marrack et al, 2008; IMGT 54, 56 and 67), which often contain a
tyrosine, tyrosine and glutamic/aspartic acid respectively and are the most studied with
respect to germline-encoded recognition of MHC (Marrack et al, 2008; Garcia et al, 2009;
Dai et al, 2008; Feng et al, 2007; Scott-Browne et al, 2009; Scott-Browne et al, 2011; Yin et
al, 2011 and Huseby et al, 2005). The C6 TCRβ template used in this study contained a
tyrosine, arginine and aspartic acid at those positions. The first tyrosine (which arguably is a
framework and not CDR residue) was deleted in mutant constructs and the arginine, which
when at this position has also been implemented in pMHC recognition (Reiser et al, 2000;
Reiser et al, 2002 and Mazza et al, 2007), was replaced as part of the glycine-alanine linker.
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The other CDR2 positions modified with the glycine-alanine linkers (49-51 in Marrack et al,
2008; IMGT 57-59) have also been found to consistently form contacts with pMHC
complexes in mice and human structures (Marrack et al, 2008).
The only “interaction codon” positions not altered in this study were the terminal αCDR1
proline and a glutamic acid encoded near the βCDR2 (Figure 4.1A). In terms of the TCRα
residue is was thought the proline at that position may have an important structural role in
terms of loop positioning and thus was not modified. Similarly the β chain template glutamic
acid was deemed to form part of the framework downstream of the CDR2. However this
residue position has been reported to be less important than other key βCDR2 positions
(Scott-Browne et al, 2009 and 2011). Importantly the resultant mutants bear no resemblance
to any naturally occurring CDR1 and 2 pair encoded within the murine genome. This ensures
any interaction between the mutant TCR and any pMHC is novel and unrelated to any
interaction that has been subject to co-evolutionary pressures exerted on CDR1 and 2 by
MHC molecules.
In summary, key germline CDR positions have been proposed to be conserved in recognising
different classes and alleles of MHC, coupled to other positions that play a less dominant role
(Marrack et al, 2008). The modifications to germline CDR1 and 2 of the TCRα and β chain
templates presented here, correspond to the majority of these dominant and secondary
positions. Critically, these mutants will be tested during thymic selection against several
MHC alleles from the CBA TCRα-/- or FVB/N TCRβδ-/- recipient mice (Table 4.1) some of
which have been co-crystallised interacting with TCRs using these proposed conserved
positions. Interestingly, the H2-A class II gene on both haplotypes used in this study (H2k and
H2q) contains conserved α-helical residues contacted consistently by the proposed interaction
codons from previously described TCR-pMHC structures (see Chapter 1.4.5 and Feng et al,
2007). Thus regardless of the MHC background, all key potential germline interacting
positions will have been modified despite the presence of commonly contacted ligand
residues.
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Table 4.1: Summary of common mouse strain haplotype and MHC allele use

Mouse

MHC Allele
Class I

Strain

Haplotype

Class II

K

D

L

A

E

FVB/N

H2q

+

+

-

+

-

Balb/c

H2

d

+

+

+

+

+

C57BL/6

H2b

+

+

-

+

-

CBA

H2k

+

+

-

+

+

Table 4. 1: Summary of common mouse strain haplotype and MHC allele use

4.1.2 Generation of TCRα and TCRβ CDR1 and 2 mutants
Several modified genes were already available at the time of starting this project including the
βWT, βCDR1Δ2Δ (already cloned into pMigR1; kind gifts from Istvan Bartok and Matthew
White) and the αWT, αCDR1Δ, αCDR2Δ and αCDR1Δ2Δ (maintained in a standard bacterial vector;
kind gifts from Istvan Bartok and Edward Wang). The βWT and βCDR1Δ2Δ genes were used as
templates to replace the WT βCDR3 with the short triple glycine linker using the overlap
PCR method described in Chapter 2.2.3 and Figure 2.8 generating the final βCDR3Δ and
βCDR1Δ2Δ3Δ mutants (Figure 4.2A). These, plus the assorted TCRα constructs were sub-cloned
into the pMigR1 vector and mutations then confirmed by sequencing (Figure 4.2B). All
constructs were shown to successfully transfect the viral packaging cell line (Figure 2.7).
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Figure 4. 2: Generation of TCRα and TCRβ CDR mutants and sub-cloning to the pMigR1 vector.
(A) Gel electrophoresis demonstrating generation of the βCDR3Δ and βCDR1Δ2Δ3Δ chains from the βWT and βCDR1Δ2Δ
templates respectively. R1, R2 and R3 refer to stages described in Figure 2.8. R3 represents the full-length
chains of 997 base pairs (bp). M = the marker lane with relevant sizes indicated. (B) Partial protein alignments of
TCRα and TCRβ chain CDR mutants. Sequences generated from chains sub-cloned to the pMigR1 vector.
Sequences are compared to original C6 TCRα and TCRβ sequences. Relevant CDR sequences are highlighted,
along with the key framework tyrosine (Y) removed upstream of CDR2 in the βCDR1Δ2Δ3Δ mutant. Sequences
aligned with eBioX using a ClustalW (accurate) algorithm.

4.1.3 TCRs with modified CDR1 and 2 can form surface expressed TCRs with an endogenous
partner chain repertoire
To ensure the exogenous WT and mutant TCRα and β chains could form stable TCRs with an
endogenous repertoire of partner chains, concanavalin A (ConA) activated splenocytes from
WT C57BL/6 or CBA mice were transduced with viral supernatant containing the most
drastically altered CDRs and their controls. Splenocytes were subjected to flow cytometric
analysis using C6 TCR Vα8.3 or Vβ11 specific antibodies to confirm TCR expression
(Figure 4.3). Studies have shown that in normal TCR, structural stability was not affected by
changes to the surface exposed variable regions, but was more drastically affected by changes
in the invariant, constant domain interface regions of V-segments (Richman et al, 2009).
Analysis of GFP+ T cells from WT CBA splenocytes (that contain no endogenous Vβ11 due
to superantigen deletion; Tomonari et al, 1993) transduced with the βCDR1Δ2Δ3Δ and βCDR3Δ
chains, universally expressed Vβ11, demonstrating alteration of the C6 TCRβ chain CDR1-3
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does not affect the chain’s capacity to form stable TCRs (Figure 4.3A). While GFP+ αWT
transduced T cells from WT C57BL/6 transduced splenocytes, universally expressed Vα8.3,
comparable populations of GFP+ αCDR1Δ2Δ transduced T cells mice only contained a small
positive peak. This peak can be attributed to the endogenous C57BL/6 Vα8.3 population and
is also present in the vector only negative control. The anti-Vα8.3 antibody clone used for
staining was the B21.14. The epitope recognised by this antibody has been mapped to the
unique CDR1 sequence, thus lack of staining for the αCDR1Δ2Δ could have been related to lack
of binding as opposed to lack of expression (Brodnicki et al, 1996). This was further implied
by the fact that T cells expressing the αCDR2Δ but not the αCDR1Δ mutant were stained with this
antibody (Figure 4.3B). A general point to note is that the lack of uniformity of the peaks for
all constructs can be explained due to the competition between the exogenous and
endogenous chains for dimer formation.
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pMigR1

!WT

!CDR1"2"

V!8.3
pMigR1

#CDR3"

#CDR1"2"3"

V#11

B

!CDR1"

!CDR2"

V!8.3
Figure 4. 3: TCRα and β germline CDR mutants can form surface expressed TCR with an endogenous partner
chain repertoire.
(A) Flow cytometric analysis of cultured splenocytes transduced with viral supernatant containing the βCDR3Δ,
βCDR1Δ2Δ3Δ, αWT, αCDR1Δ2Δ or pMigR1 vector only controls. Plots were gated on GFP+ T cells and
stained for exogenous TCR chain specific antibodies (blue line). Expression was measured relative to GFP+
non-T cells (CD4-CD8- lymphocytes; filled grey peak). (B) The same flow cytometric analysis as for (A) carried
out on splenocytes transduced with viral supernatant containing the αCDR1Δ or αCDR2Δ retrogenes.
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As the alteration of all 3 TCRβ CDRs did not inhibit αβTCR formation, it was assumed the
lack of αCDR1Δ2Δ detection was most likely due to loss of staining as opposed to lack TCR
formation. As the retrogenic approach could be conducted on a TCRα deficient background,
it was decided to use the αCDR1Δ2Δ construct for in vivo work, as T cell development would
indicate definitive surface expression of TCRs using the exogenous chain. Thus the most
extreme TCRα and TCRβ mutants were selected for in vivo analysis. As these chains can
form stable TCRs, any resultant difference between mutant and WT chains could be attributed
to their altered CDRs.
4.2 Analysis of thymic development of T cells in mice lacking TCRα and TCRβ CDR1 and
2
4.2.1 Mice expressing exogenous TCRα chains have delayed T cell development and lower
numbers of peripheral T cells than mice expressing exogenous TCRβ chains
Cultured HSCs from the relevant TCR deficient donors were successfully transduced with
viral supernatants containing the αWT, αCDR1Δ2Δ, βCDR3Δ or βCDR1Δ2Δ3Δ constructs (Figure 2.10;
Figure 4.4A). Flow cytometric analysis of blood over time revealed that both the WT and
mutant TCRα retrogenic mice developed T cells at a slower rate than their TCRβ counterparts
(Figure 4.4B). Detection of GFP+ T cells in the blood of TCRα WT or mutant retrogenic mice
occurred around 8 weeks post-HSC transfer, and clearer populations taking as long as 12-15
weeks to fully appear (Figure 4.4B). Both sets of TCRβ retrogenic mice however generally
displayed clear GFP+ T cell populations by 6 weeks. TCRβ retrogenic T cells stained
uniformly for Vβ11, while the αWT retrogenic T cells stained similarly for Vα8.3. The
presence of T cells and positive staining for pan-TCR antibody on GFP+ CD4 and CD8
lymphocytes confirms expression and formation of TCRs using the αCDR1Δ2Δ (see previous
section). The difference in T cell development time is thus related to differences in exogenous
TCR chain expression and is not a result of CDR modification.
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Figure 4. 4: Generation of mice expressing WT and CDR modified TCRα and TCRβ chains.
(A) Flow cytometric analysis of cultured HSC transduced with viral supernatant containing TCR constructs as
labelled. (B) Flow cytometric analysis of CD4 and CD8 T cells from the blood of mice expressing TCRα and
TCRβ retrogenic chains, taken from 6, 8 and 15 weeks. Plots were gated on GFP+ lymphocytes. The inset panel
shows staining of Vα8.3, Vβ11 or pan-TCR antibodies on GFP+ CD4 (blue line) and CD8 (red line) T cells
relative to GFP+ non-T cells (filled grey plot).
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Total GFP+ T cell numbers were determined from whole spleen (Figure 4.5A). While the
numbers were variable for each mouse group – attributed to variations in the retrogenic
approach, there were no significant overall differences between mice expressing the αCDR1Δ2Δ
or βCDR1Δ2Δ3Δ and their WT controls. However, the differences between the TCRα and TCRβ
retrogenic mice was again highlighted by the average GFP+ T cell number in TCRα
retrogenics being an order of magnitude less than their TCRβ counterparts (x106 versus x107).
Finally, further evidence for relatively poor T cell development in TCRα WT and mutant
retrogenics is demonstrated by the presence of the lower proportions of GFP+ T cell
lymphocytes relative to GFP+ non-T cells, which was evident from blood (Figure 4.4) and
spleen (Figure 4.5B).
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Figure 4. 5: Retrogenic mice expressing exogenous WT or mutant TCRα chains develop few GFP+ T cells.
(A) Summary of GFP+ T cell counts from whole spleen of retrogenic TCRα and TCRβ mice. Counts were
determined by comparing total splenocyte number calculated by light microscopy with proportions GFP+ T cells
determined by flow cytometry. WT chains were compared to CDR1 and 2 mutant chains using a two-tailed
unpaired student’s t-test. NS = not significant. (B) Comparison of proportions of GFP+ lymphocytes from whole
spleen of retrogenic mice that are deemed T cells (CD4+ or CD8+) or non-T cells (CD4-CD8-). Proportions were
determined by flow cytometry of whole spleen. n = αWT = 5, αCDR1Δ2Δ = 5, βCDR3Δ = 7 and βCDR1Δ2Δ3Δ = 8. Error
bars represent S.E.M. TCRβ and TCRα mice were analysed 6-8 weeks and 12-15 weeks post-HSC transfer
respectively.
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TCR retrogenic or transgenic mice often exhibit lymphopenia due to clonal competition in the
thymus (Hataye et al, 2006). Subsequent homeostatic mechanisms in such mice include
expansion due the sense of “space” in the periphery (Takada and Jameson, 2009). CD44 is a
marker for homeostatic expansion in naïve mice (Kieper and Jameson, 1999) and can be
detected at low, medium and high expression levels. CD44 levels were measured via flow
cytometry on T cells from TCRβ retrogenic mice to determine if any differences in T cell
development are being compensated for via homeostatic expansion as has been shown in
previous studies using retrogenic TCRs with CDR2 modifications (Scott-Browne et al, 2009).
Both retrogenic TCRβ mice displayed significantly higher proportions of CD44hi T cells
relative to fully WT FVB/N mouse. This is unsurprising given that WT FVB/N utilise two
fully WT TCR loci to generate their TCR repertoires (Figure 4.6). Interestingly however,
despite similar overall GFP+ T cell numbers, there was also a significant difference between
the βCDR1Δ2Δ3Δ and its βCDR3Δ control in terms of CD44HI expression levels on GFP+ CD4 and
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Figure 4. 6: Loss of TCRβ CDR1 and 2 results in increased homeostatic expansion of CD4 and CD8 T cells.
Flow cytometric analysis was performed on whole spleen of FVB/N, βCDR3Δ and βCDR1Δ2Δ3Δ mice. Cells were
gated on GFP+ lymphocytes and CD44HI expression measured on CD4 and CD8 T cells. The figure shows
representative plots of the TCRβ retrogenic mice relative to the FVB/N WT control (left) and summary charts of
the TCRβ retrogenics (right). Groups were compared by an unpaired, two-tailed student’s t-test. *** = p
<0.0001.
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Overall these data clearly show that extensive modification of TCRα and TCRβ CDR1 and 2
does not prevent MHC dependent in vivo selection of T cells. This implies that a full
complement of germline contacts is not required for successful pMHC recognition. Loss of
WT CDR sequence from the TCRα or TCRβ chain does not affect the kinetics of T cell
development or overall T cell numbers. However clear differences between TCRα and TCRβ
retrogenics were observed indicating timing of expression of the different chains could
influence the efficiency T cell development irrespective of CDR sequence. This is further
studied in Section 4.3.3. In the TCRβ retrogenics, the comparable GFP+ T cell number
between the βCDR3Δ and βCDR1Δ2Δ3Δ mice was shown to be a product of increased homeostatic
expansion in the latter, suggesting that loss of germline βCDR1 and 2 may influence T cell
development in thymus, without prohibiting MHC recognition. This was further investigated
in Section 4.2.2.
4.2.2 Analysis of thymi from mice expressing TCRβ chains lacking WT CDR1 and 2 have
reduced selection efficiency and MHC class bias
Any deficiency in T cell selection in βCDR1Δ2Δ3Δ mice should most likely be manifested at the
DP stage of thymic development as consistent expression of the exogenous TCRβ would
ensure all GFP+ cells could successfully pair with the pTα ensuring progression to the DN4
and DP phases of development.
Successfully reconstituted thymi from retrogenic TCRβ mice were subjected to flow
cytometric analysis. CD5 is a negative regulator of TCR signalling acting to contain excessive
responses (Tarakhovsky et al, 1995; Azzam et al, 1998 and Azzam et al, 2000). It is up
regulated upon successful engagement of pMHC in the thymus by DP thymocytes and
expression levels have been shown to be directly proportional to the efficiency of MHC
engagement by the TCR. GFP+ DP thymocytes from βCDR1Δ2Δ3Δ mice showed a significantly
decreased CD5 expression level relative to the βCDR3Δ control (Figure 4.7). Thus while
removal of TCRβ germline CDR1 and 2 does not prevent pMHC recognition, replacement
with glycine-alanine linkers does result in a decrease in selection efficiency. To test whether
such an effect is haplotype specific, HSC from TCRβδ-/- mice were transduced with βCDR3Δ or
βCDR1Δ2Δ3Δ as above and transferred to irradiated H2k CBA TCRα-/- recipient mice. In the
resulting chimeras, thymocytes are generated from H2q HSC but selected on an H2k haplotype
MHC (Table 4.1).
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Similar analysis of successfully reconstituted thymi from H2k recipients also displayed a
similar reduction in CD5 expression levels (Figure 4.8), proving this effect is a general result
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Figure 4. 7: Replacement of germline CDR1 and 2 structures with glycine-alanine linkers results in decreased
selection efficiency.
Flow cytometric analysis of GFP+CD4+CD8+ thymocytes from βCDR3Δ and βCDR1Δ2Δ3Δ mice on H2k (top) and H2q
(bottom) backgrounds. Representative plots (right) of CD5 expression for the βCDR3Δ (dark line) relative to
βCDR1Δ2Δ3Δ (filled peak) and plot summaries (left) measuring the percentage of CD5HI cells. Groups were
compared by an unpaired, two-tailed student’s t-test. H2k: n =4, p<0.0202 and H2q: n = 3, p<0.0058.

Further analysis of GFP+ thymocytes revealed a skew towards CD4 SP in βCDR1Δ2Δ3Δ mice in
comparison to βCDR3Δ mice, which had a relatively normal selection ratio of SP T cells (~1:2
CD8:CD4 ratio; Figure 4.8). This phenomenon was also haplotype independent; presenting
on both H2q and H2k backgrounds, showing the apparent preference for class II is not limited
to H2-A (the only class II gene on the H2q haplotype). The CD4 skewing also manifested in
the periphery for both GFP+ T cells in spleen and LN on H2q and H2k haplotypes. On H2q,
βCDR3Δ mice displayed a roughly 1:2 CD8:CD4 ratio, comparable to a normal spleen, whereas
βCDR1Δ2Δ3Δ mice often had CD4 bias up to 1:6. This effect was more pronounced in the
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periphery on the H2k background, particularly in the LN. Here, the βCDR3Δ mice exhibited a
clear CD8 preference (indeed, the original C6 TCR is H2Kk specific, although the C6 TCRα
chain has been proposed to drive this preference; Furmanski et al, 2010), whereas as with
H2q, selection of βCDR1Δ2Δ3Δ containing T cells on H2k resulted in a significant skew to CD4,
with the LN demonstrating a complete mirror image of T cell compartment preference
(Figure 4.9). Further, replacement of just one of the βCDR1 or 2 loops is sufficient to induce
a CD4 skew in the periphery (Bartok, unpublished; Figure 4.9B).
Overall these data further establish that while replacement of germline βCDR1 and 2 with
glycine-alanine linkers does not prevent T cell selection, there is a significant haplotype
independent drop in selection efficiency at the DP phase. This most likely explains the
resultant increase in homeostatic expansion reported in the previous section. Interestingly,
there is also a clear skew towards the CD4 T cell compartment that originates during thymic
selection and is maintained in the periphery in βCDR1Δ2Δ3Δ mice. It cannot be conclusively
demonstrated that the drop in selection efficiency is entirely due to a lack of selection on class
I MHC, however the fact that both CD4 and CD8 βCDR1Δ2Δ3Δ T cells demonstrate significant
up-regulation of CD44 in the periphery infers that selection on both class I and II are
relatively inefficient and that the class bias is an inherent event.
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Figure 4. 8: Removal of germline βCDR1 and 2 results in a CD4 bias selected in the thymus.
(A) Flow cytometric analysis of βCDR3Δ and βCDR1Δ2Δ3Δ thymi on H2q (top) and H2k (bottom) haplotypes. Figure
shows summary plots (right) gated on GFP+ thymocytes and CD4 skew summary (left) presented as the total
percentage of all SP thymocytes that are CD4 SP. Groups were compared using an unpaired two-tailed student’s
t-test. *** = p<0.0058, * = p<0.0202. (B) Comparable analysis of mice expressing the exogenous TCRβ chain
with only the CDR2 modified (construct provided and generated by Istvan Bartok).
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4.2.3 Competition between GFP+ and GFP- cells results in poor T cell selection in retrogenic
TCRα mice
As shown in Section 4.3.1, TCRα retrogenic mice exhibited delayed appearance of peripheral
T cells and greater proportions of transferred GFP+ HSC were likely to develop into non-T
cell lymphocytes. This indicated that early expression of the TCRα chain, regardless of its
CDR complement, could be affecting T cell development. Previous studies have shown the
timing of TCRα expression can influence T cell development (Baldwin et al, 2005). However
this work also demonstrated that while early expression of the TCRα can increase DN
cellularity at the expense of DP cellularity, early expression of the TCRα chain did not affect
positive selection at the DP stage. Indeed C6 TCRα transgenic mice from work in this
laboratory were shown to develop and select T cells efficiently in the thymus (Furmanski et
al, 2010). Flow cytometric analysis of GFP+ thymocytes of retrogenic TCRα mice however,
confirmed that selection of T cells in both αWT and αCDR1Δ2Δ was poor with negligible SP
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populations and expression of CD5 on DPs lower than fully WT mice (Figure 4.10). This was
confirmed using both H2k and H2q recipient mice.
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Figure 4. 10: T cell selection in WT and mutant TCRα retrogenic mice is poor, regardless of the selecting
haplotype.
(A) Flow cytometric analysis of GFP+ thymocytes in TCRα retrogenic mice. Plots shown are representative and
show expression of CD4 versus CD8. (B) Flow cytometric analysis of GFP+ DP thymocytes from TCRα
retrogenic mice. In the main plot, CD5 expression is measured in αWT on H2k (Orange) and H2q (Red) and
similarly for αCDR1Δ2Δ on H2k (Green) and H2q (Blue) mice. Expression levels from all these mice are
consistently lower than that of a fully WT FVB/N mouse (Grey). If compared with Figure 4.8, a general shift to
the right of CD5 expression is seen. This is due to the use of different flow cytometers and antibody
conjugations in TCRα and TCRβ retrogenic mice. To control for this, GFP+DP thymocytes from βCDR3Δ mice on
H2k (deemed CD5HI in Figure 4.8; Inset, dashed line) were compared to the same FVB/N WT population (Inset,
filled peak), to show the decrease in WT and mutant TCRα mice is genuine relative to FVB/N mice. Plots are
representative.

The blockage at the DP stage, if not related to early TCRα expression, may be explained by
competition with GFP- HSC that have been adoptively transferred with the GFP+ HSC that
express the retrogenic TCRα chains (Figure 2.10). As successful progression from DN4 to
DP requires a functional TCRβ chain, GFP- HSC from the TCRβ retrogenics (i.e. from
TCRβδ-/- donors) cannot progress to the DP, meaning only thymocytes containing the
exogenous TCRβ chains can audition for T cell selection. However, in the TCRα retrogenics
where HSC contain a WT TCRβ locus, GFP- thymocytes should be able to progress through
DN1-4 and to the DP stage. Only at this stage will the lack of a functional TCRα chain
prevent selection of mature T cells. Figure 4.11A summarises flow cytometric analysis of
GFP- DN thymocytes from αWT and αCDR1Δ2Δ mice, which contain comparable DN1-4
proportions as a fully WT mouse (Baldwin et al, 2005). While the TCRβ retrogenic mice also
contained GFP- DN4 thymocytes (data not shown), these cells should not readily progress to
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the DP stage unlike GFP- TCRα retrogenic DN4 thymocytes. This was proven by the fact that
TCRα retrogenic mice contained significantly higher proportions of GFP- DP thymocytes
relative to TCRβ retrogenics (Figure 4.11B). Although a surprisingly high number of GFPDP thymocytes were found in both sets of TCRβ retrogenic mice, these cells could not
undergo positive selection (see next section). Finally, another factor that would diminish T
cell selection in the TCRα retrogenics is that during normal TCR rearrangement, a rearranged
TCRβ chain can audition with different TCRα partner chains for positive selection (Chapter
1.2.2), which is also true of the TCRβ retrogenic system. However in the TCRα retrogenics,
the endogenous TCRβ repertoire can only audition with the single exogenous TCRα chain,
which may also impede development of T cells at the DN4-DP transition.
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Figure 4. 11: GFP- cells from TCRα retrogenic mice progress through T cell development and populate the DP
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(A) Flow cytometric data of GFP- DN thymocytes reveal comparable proportions of CD25-CD44- DN4 cells in
αWT and αCDR1Δ2Δ mice. Representative plots (left) are shown for the αWT (top) and αCDR1Δ2Δ (bottom) mice. The
key to DN stages based on CD25 and CD44 expression is shown top right. Summary of n = 3 for both sets of
mice is shown on the right. Error bars = S.E.M. (B) Comparison of proportion of CD4+CD8+ DP GFPthymocytes present in TCRα and TCRβ retrogenics. Data is based on flow cytometric analysis of GFPthymocytes gated on CD4 and CD8 expression. Data taken from TCRα retrogenics and TCRβ retrogenics
selected on H2k and H2q haplotypes respectively. Groups were compared via a one-way ANOVA with Tukey’s
multiple comparison post-test. n = αWT = 7, αCDR1Δ2Δ, βCDR3Δ and βCDR1Δ2Δ3Δ = 8. NS = not significant, * and ** =
p < 0.05. Error bars show standard deviation (SD) to highlight the variability of retrogenic approach.
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While these technical difficulties precluded any in depth analysis of retrogenic TCRα thymi,
and despite inefficient T cell selection, both αWT and αCDR1Δ2Δ mice produced mature T cell
populations, albeit with lower peripheral numbers as discussed in Section 4.3.1. Analysis of
peripheral populations of GFP+ lymphocytes from whole spleen and LN of αWT and αCDR1Δ2Δ
mice on H2k and H2q selecting backgrounds was thus performed. While removal of the
βCDR1 and 2 resulted in a class II bias, reciprocal modifications to the αCDR1 and 2
produced an apparent opposing skew to MHC class I (Figure 4.12). Although this skew was
only statistically significant for splenocytic T cells selected on H2q, the general trend is clear
and in stark contrast to the effect seen upon modifying the βCDR1 and 2. While it is possible
the alpha mutations impart a less severe effect than their TCRβ counter parts, the skewing
from αCDR1Δ2Δ containing TCRs may be being masked by the poor selection in the thymus,
where the βCDR1Δ2Δ3Δ skew originates.
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4.2.4 Removal of TCRβ but not TCRα CDR1 and 2 may inhibit Treg development
As discussed in Chapter 1.2.2, the role of the TCR in nTreg development is contentious
(Josefowicz and Rudensky, 2009). As the modified TCRs used in this study can clearly
interact with MHC during thymic selection, the work presented here cannot contribute
directly to requirement of TCR instruction for nTreg development in the thymus. However
the changes made to the TCRα and TCRβ CDR1 and 2 do have the ability to influence the
quality of any interaction with MHC. Indeed, it has been shown that the largely nonoverlapping repertoire of nTregs generally encode for a TCR of slightly higher affinity
(Jordan et al, 2001). To measure the affinity of TCR-pMHC requires the generation of a
clonal TCR via immunisation with Ag and subsequent screening which was out of the scope
of this study. Nonetheless replacement of WT structured CDR1 and 2 with flexible glycinealanine linkers would generate TCRs with a somewhat flattened interacting surface, (Figure
4.13) that could alter the diversity of endogenous TCR partner chains (see next section) and
thus nTreg development could be affected.

Figure 4. 13: Replacement of germline CDR1 and 2 flattens the interaction surface of TCR.
Homology model of C6 TCRβ chain based on 2C TCR sequence. WT (grey net) and mutated (blue net) CDR1
and 2 are highlighted to show the topology of the interacting surface of the TCRβ chain. Model produced by
Istvan Bartok and Matthew White.

CD4+CD25+FoxP3+ nTregs can be detected in the SP CD4 thymic compartment of normal
mice. Analysis of thymocytes in βCDR3Δ and βCDR1Δ2Δ3Δ mice revealed a slight reduction of
CD4 T cells bearing these markers in the latter (Figure 4.14A). Although the permeabilisation
process required to detect FoxP3 would remove any GFP+ signal, analysis of GFP- peripheral
cells were shown to contain negligible CD4+ populations, thus one can assume any CD4 cells
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detected after fixation and permeablisation were previously expressing the exogenous TCR
chain (Figure 4.14B). Unfortunately, as the TCRα retrogenic mice displayed negligible SP
populations a similar analysis could not be conducted.
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Figure 4. 14: Removal of germline TCRβ CDR1 and 2 does not prevent thymic generation of nTregs.
(A) Flow cytometric analysis of CD4 SP thymocytes in βCDR3Δ and βCDR1Δ2Δ3Δ mice looking at CD25 and FoxP3
expression. Representative plots are shown on the left and a summary of the average proportion of
CD4+CD25+FoxP3+ thymocytes on the right. Groups were compared using an unpaired student’s t-test. NS = not
significant. n = βCDR3Δ = 3, βCDR1Δ2Δ3Δ = 4. Error bars = S.D. (B) Representative flow cytometric plots from
βCDR3Δ and βCDR1Δ2Δ3Δ lymphocytes from whole spleen. Plots show CD4 and CD8 expression on GFP+ (left) and
GFP- (right) populations.

Both TCRα and TCRβ CDR1 and 2 WT and mutant mice exhibited similar proportions of
CD4+CD25+FoxP3+ lymphocytes in the spleen, implying Tregs can also develop in TCRα
mice also (Figure 4.15A). There was, however, a slightly lower proportion in the TCRβ
retrogenics, relative to the TCRα mice. Further, the CD4+CD25+FoxP3+ phenotype does not
distinguish between iTregs and nTregs in TCRα retrogenics, thus it is plausible that all
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αCDR1Δ2Δ mice could only generate Tregs through induction in the periphery. Recently, the
Ikaros transcription family member Helios, whose expression appears limited to the T cell
haematopoietic compartment (Kelley et al, 1998 and Hahm et al, 1998), has been proposed to
be a peripheral marker that distinguishes between iTregs (Helios-) and nTregs (Helios+)
(Thornton et al, 2011). It was shown that approximately 70% of CD4+CD25+FoxP3+ Tregs
co-expressed Helios, which was also found to be expressed at the DN1 stage of T cell
development and present in 100% of all thymocytes from DN2, with nearly all CD4 SP
FoxP3+ cells in the thymus expressing the novel marker. While it has yet to be universally
accepted, Helios provided the best opportunity for detection of nTregs in the TCRα
retrogenics. As shown in Figure 4.15B, αWT and αCDR1Δ2Δ mice express comparable
proportions of CD4+CD25+FoxP3+Helios+ T cells, both to each other and to the original study
by Thornton et al. The same analysis was carried out in TCRβ retrogenic mice, with these
mice also demonstrating equivalent proportions of CD4+CD25+FoxP3+Helios+ T cells to each
other. Interestingly, both the βCDR3Δ and βCDR1Δ2Δ3Δ mice contained a lower proportion than the
TCRα retrogenic mice. However, the lack of absolute nTreg numbers, coupled to selection
efficiency variation and relatively small samples sizes makes it difficult to draw any
meaningful conclusion on genuine differences between fixing a TCRα versus a TCRβ chain.
As with direct detection of thymic nTregs in the TCRβ retrogenic mice, use of Helios to
define nTregs in the periphery also highlighted a slight reduction in the βCDR1Δ2Δ3Δ mice
relative to the βCDR3Δ control.
Ultimately, these data imply nTreg development is not influenced by germline CDR structure
and its interaction with MHC and that T cells with modified TCRα and TCRβ CDR1 and 2
produce TCRs with suitable affinities and endogenous TCR partner diversity to select nTregs.
While no functional analysis was carried out on these populations to confirm suppressive
activity, complete loss of Treg function can result in systemic autoimmunity, which was not
detected in our primary retrogenic mice.
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Figure 4. 15: TCRα and TCRβ retrogenic mice contain both induced and natural Tregs based on FoxP3 and
Helios expression.
(A) Flow cytometric analysis of whole spleen gated on CD4+ lymphocytes looking at Foxp3 and CD25
expression. Representative plots are displayed on the right with summary charts plotting the proportion of
CD4+CD25+FoxP3+ lymphocytes from whole spleen. Groups were compared using an unpaired student’s t-test.
NS = not significant. (B) Flow cytometric analysis of whole spleen from TCRα and TCRβ retrogenic mice.
Samples were gated on CD4+CD25+ lymphocytes (representative plots; top) and analysed for expression of the
transcription factors Helios and FoxP3 (representative plots; middle and summary charts; bottom). Summary
plots were compared using an unpaired student’s t-test. NS = not significant.
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4.2.5 Removal of TCRα or TCRβ CDR1 and 2 results in a decrease in endogenous partner
chain CDR3, but not V-segment, diversity
DN4 thymocytes entering the DP phase of thymic development express a rearranged TCRβ
chain that has successfully signalled in conjunction with the pTα (Chapter 1.2.2). While
successful TCRβ rearrangement results in allelic exclusion, to avoid further rearrangements,
more than one TCRα chain can audition with the fixed TCRβ. This is because not all
combinations can successfully pair with each other, for example due to incompatibility of the
hypervariable CDR3s (Bartok et al, 2010) and functions to maximise repertoire diversity.
This section aimed to analyse whether altering the CDR1 and 2 can also influence the
repertoire of partner chain diversity. Previous work using mice expressing a B6.2.16 TCRβ
transgene demonstrated that the selecting MHC haplotype could alter the partner TCRα
repertoire (Ferreira et al, 2006). The B6.2.16 TCRβ chain’s cognate TCRα partner chain
contains a Vα9 segment and the resultant TCR is specific for the HY Smcy peptide presented
on H2-Db class I MHC (Millrain et al, 2001). Analysis of TCRα partner chain diversity on
different selecting haplotypes revealed a loss of Vα9 preference on haplotypes other than
H2b. Subsequent examination of Vα9 associated J-segment and CDR3 repertoires were
similarly reduced in diversity. This suggests that the B6.2.16 TCRβ chain interacts optimally
with the H2b haplotype when paired with Vα9 where optimal CDR1 and 2 interactions
facilitate selection of a diverse partner chain repertoire. Replacement of WT CDR1 and 2 with
flexible glycine-alanine linkers, while not preventing MHC recognition, may be akin in
causing sub-optimal MHC interactions which could have ramifications for partner chain
repertoires during thymic selection.
Flow cytometric analysis on GFP+ T cells from the spleen of αWT and αCDR1Δ2Δ mice on an
H2q background for endogenous TCRβ V-segment expression revealed largely comparable Vsegment repertoires. As one would expect, the multi-family member Vβ8 represented the
greatest proportion in both WT and mutant groups (Figure 4.16). While the B6.2.16 TCRβ
mice displayed a preference to partner chains containing the same Vα9 segment as its original
cognate partner chain when selected on the original haplotype, the CD8+ T cells from αWT
mice did not show the same bias to Vβ11 TCRs when selected on H2k (Furmanski et al, 2010)
relative to the data presented here on an H2q haplotype. This could be due to the abnormally
long βCDR3 associated with the cognate C6 TCRβ chain as discussed (Bartok et al, 2010;
See below).
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Figure 4. 16: Removal of TCRα CDR1 and 2 does not alter endogenous TCRβ V-segment diversity.
Summary of flow cytometric analysis on lymphocytes gated on GFP+CD4+ (top) and GFP+CD8+ (bottom) T
cells stained with anti-mouse TCRβ V-segments. Data is presented as the percentage of the total for the GFP+ T
cell population. n = 3 for all samples. P values represent the results from a two-way ANOVA analysis comparing
columns within each V-segment across the whole sample. p > 0.05 is deemed not significant. Error bars
represent SD.

Similar flow cytometric analysis on TCRβ retrogenic mice was less useful due to the lack of
specific anti-Vα antibodies of which only 4 exist: anti-Vα2, Vα3.2, Vα8.3 and Vα12.
Further, the anti-Vα12 clone (B20.1) is specific for TCRs selected on H2b and H2d
backgrounds only, reducing the available panel to three Vα segments (Figure 4.17A). Both
sets of mice had comparable expression on CD4 T cells, regardless of selecting haplotype.
Due to nature of the skewing to CD8, one may predict an associated drop in V-segment
repertoire in the mutant mice, however both βCDR3Δ and βCDR1Δ2Δ3Δ GFP+CD8+ T cells showed
a reduction in use of the three Vα segments analysed. To facilitate a more in-depth analysis
of Vα segment partner chain preference, a novel qRT-PCR approach that measured
expression mRNA levels for all known Vα-segments was utilised (Figure 4.17B). While this
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approach may include rearranged receptors that are not expressed on the cell surface or have
not participated in thymic selection it will reveal significant changes in the functional
repertoire. Analysis of mRNA expression levels from purified CD4 cells of whole spleen also
demonstrated comparable Vα-segment usage between βCDR3Δ and βCDR1Δ2Δ3Δ in which both
showed broad partner chain diversity, comparable to an FVB/N WT mouse, regardless of the
selecting haplotype (Appendix 3). The only outlier existed for Vα8 in the βCDR1Δ2Δ3Δ CD4 T
cells and is related to a single mouse within the group tested that demonstrated extremely high
levels of Vα8 expression. This single occurrence is believed to be an artefact.
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Figure 4. 17: Removal of TCRβ CDR1 and 2 does not alter endogenous TCRα V-segment diversity.
(A) Summary of flow cytometric analysis on lymphocytes gated on GFP+CD4+ and GFP+CD8+ T cells selected
on H2q or H2k and stained with anti-mouse TCRα V-segments. Data is presented as the percentage of the total
for the GFP+ T cell population. (B) qRT-PCR of cDNA made from isolated CD4 cells from spleen of βCDR3Δ and
βCDR1Δ2Δ3Δ of TCR Vα segments. Further nomenclature used to distinguish distinct Vα4 and Vα13 segments is
discussed in Chapter 6.1. P value represents the results of a two-way ANOVA analysis comparing columns
within each V-segment across the whole sample. p > 0.05 is deemed not significant. n = 4 for all samples. Error
bars represent SD.
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To analyse endogenous J-segment and CDR3 diversity, RNA was extracted from CD8 or
CD4 bead-purified splenocytes from TCRα and TCRβ retrogenic mice respectively.
Repertoire diversity analysis was carried out via the colony PCR method as described in
Chapter 3.2.2 for recombination cassette mice and elsewhere for CDR3 diversity (Ferreira et
al, 2006 and Singh et al, 2010). Single V-segment containing families that expressed
comparable levels between WT and mutant mice (Vβ7 in the TCRα retrogenics and Vα9 in
the TCRβ retrogenics; See Figures 4.16 and 4.17) were selected. The designation of CDR3
boundaries and numbering, differs between studies and databases (Garcia et al, 1996; Johnson
and Wu, 2000; Lefranc et al, 2003 and Al-lazikani et al, 2000). The designation used here for
Vα9 and Vβ7 containing TCRs is depicted in Figure 4.18 as used by (Ferreira et al, 2006 and
Singh et al, 2010: c.f. to Garcia et al, 1996, who place the CDR3 boundary one amino acid
further up from the J-segment motif).

V-Segment
FR 3
V 9

GL 3

CDR3
P/N

J-segment (+D )

S A K Y F C A L EX X X X X X X F G X G X X
104
90

V 7

S A K Y F C A L EX X X X X X X F G X G X X
104
92

Figure 4. 18: Schematic depicting the definition of TCRα and TCRβ CDR3 boundaries as used in this study.
The schematic represents the CDR3 regions in the context of Vα9 and Vβ7 – the endogenous rearrangements
analysed in Figures 4.21 and 4.22. The beginning of the CDR3 occurs immediately after the germline
framework region (GL3; red), which is proximal to the end of the framework 3 region (FR3; green). The GL3
region is liable to modification through the action of TdT. The end of the CDR3 is deemed to terminate two
residues upstream of the conserved J-segment FGXG motif (blue and dashed line) and is inclusive of any P/N
nucleotide insertion made through V(D)J recombination (orange). Residue numbering from IMGT (α104 and
β104: Lefranc et al, 2003) and the Kabat databases (α90 and β92; Johnson and Wu, 2000) are shown.
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PCR of cDNA with primers specific for Vα9 and Vβ7 with their respective constant regions,
produced positive PCR signals that were cloned and subjected to colony PCR. Subsequent
sequence analysis was carried out on 58, 84, 83 and 77 sequences for αWT, αCDR1Δ2Δ, βCDR3Δ
and βCDR1Δ2Δ3Δ mice respectively (see Tables 4.2 and 4.3 for list of unique sequences).
Endogenous J-segment analysis revealed a decrease in diversity in both TCRα and TCRβ
mutant retrogenic mice, relative to the their WT counterparts (Figure 4.19). Interestingly, this
reduction was not random, and was instead manifested through maintenance of the most
common rearrangements, but loss of less common J-segments. Both αWT and αCDR1Δ2Δ mice
showed preference for endogenous Jβ2.7 and 1.1 with the TCRβ retrogenic mice both biased
towards Jα42 and 53. As discussed in Chapter 1.3.2, J-segment choice is not random, and the
results presented here show loss of germline CDR1 and 2 does not prevent the preferable
rearrangements from maintaining dominance but preclude more exotic options from forming
suitable partner chains.
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Table 4.2: Summary of unique CDR3 sequence associated with V!9 in TCR" retrogenic mice
Mouse
!CDR3"

V!9
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF

GL-3
CAPT
CAR
CALY
CAL
CALE
CALG
CAL
CAL
CALE
SAPE
CALE
CALG
CALE
CALE
CALG
CALE
CAL
SVHW
SVHW
CALE
CAL
CSLE
CALE
CALE
CALE
SALE
SAVA
FAVE
FAQA
FSLV
CALE
CALE
CALE
LCTA
LCSD
CALE
CALE
CAL
CAL
CALE
SAL
SAQ
CALE
CAV
CAL
CALE
CALE
CSAE
CALE
CALE

CDR3
SFSKL
GSNYKL
SNTDKV
WFASAL
GRNNNAP
RSNTDKV
ANSGYQNF
GHPGYQNF
GMDYANKM
GPGGNEKI
GPGGNNKL
GPNNNNAP
GRENANKV
GRENAYKV
ITGNTRKL
MTGGADRL
QSSNTDKV
RASSFSKL
RVGSGGKL
AEAGNTRKL
AYSGGGNAK
DSGESKTKR
DSGGSNAKL
DSGGSNYKL
DTGANTGKL
EGGGTNNKL
EGSCSNNKL
ESGGSNNKL
ESRGSTNKL
GGAGTYNKL
GPDTGYQNF
GSGGSNAKL
GSGGSNYKL
IASSPFPQL
IASSSFSKL
NTGGGSAKL
VLQEVQIDS
ANSGGSNYRLT
AYSGGTNAKL
DLNTGGADRL
GERGGTNNK
GESSGSNSKL
GGASSSFSKL
GHSGGSKANL
GPSNYGNEKI
GRETGNTRKL
GRLGANTGKL
KNYGGSSNKL
KTFGGSGNKL
DLEGSSSFSKL
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J-segment
VFGQGTSLSVV
TFGKGTLLTVT
VFGTGTRLQVS
TFGSGTKVIVV
RFGAGTKLTVK
VFGTGTRLQVS
YFGKGTSLTVI
YFGKGTSLTGI
IFGLGTILRVR
TFGAGTKPLIK
TFGQGAVLSVI
RFGAGTKLTVK
IFGKGTLFRVL
IFGKGTHLHVL
IFGLGTTLQVQ
TFGKGTQLIIQ
VFGTGTRLQVS
VFGQGTSLPVV
TLGTGTRLQVN
IFGLGTTLQVQ
LTFGKGTKLSVK
TLGKGTKLSGK
TFGKSTKLSVK
TFGKGTLLTVT
TFGHGTILRVH
TFGKGTTLPVK
IFGKGTKLSVK
TFGKGTILSVK
TFGKGTKLTVK
TFGKGTTLTVK
YFGKGTSLTVI
TFGKGTKLSVK
TFGKGTLLTVT
VFGQGTSLSVV
VFGQGTSLSVV
IFGEGTRLTVS
PLGKGLS
SGKGTLLTMT
TFGKGTKLSVK
TFGKGTKLSVK
LTFGKGTKLTVK
IFGKGTKLPVK
VFGQGTSLSVV
TFGKGTELSGK
TFGAGTKLTIK
IFGLGTTLQVQ
TFGHGAILRVH
IFGTGTLLSVK
IFGAGGLLSGK
VFGRGTSLSVV

CDR3 Length
5
6
6
6
7
7
8
8
8
8
8
8
8
8
8
8
8
8
8
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
10
10
10
10
10
10
10
10
10
10
10
10
11

!CDR1"2"3"

SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF

CALE
CAL
CALE
CALE
CALE
CAL
CALE
CALE

DLEGSSSSSKL
GGPWDGGNNKP
GRRTGNTRKLI
GTGSGGTNYKW
GWNSGGSNYKL
RGASSSFSKL
VMNYGGSGNKL
DLDVGDNSKLIW

VFGQGTSLSVV
TFGQGTVPSVI
SGLGTTLQVQ
TFRKGALLTGA
TFGKGTLLTVT
VFGQGTSLSVV
IFGTGTLLSVK
GLGTSLVVN

11
11
11
11
11
11
11
12

SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF
SAKYF

CAL
CAL
CAL
CAL
CALE
CALE
SALE
CALE
CALE
CALE
SAVE
SAEE
SAEE
CAL
CALE
CALE
SALA
CALE
CAL
CAL
CAL
SAE
CALE
CALE
SAV
CALE
CSSA
CALE

WFAGAL
WFASAL
WLSSAW
WTANAL
GCNKNAP
GRNNNAP
AWGTANKM
GPGGNEKI
GRENAYKV
DSGGTNAKL
ERCGTTNKL
ERGGTTNKL
ESRGSNSKL
GASSSLSKL
GWGYSNNRL
ISGGSNYKL
KRCGTKNKL
VSGGSNYKL
ANGGGSNYKL
ASSGGSNYRL
AYSGGSNAKL
GERGGSTNKL
GRRTGDTRKL
GRRTGNTRKL
GVSGGSTYKL
DLEGSSSFSKL
DLEGSSTFNKL
GWNSGGSNYKR

TFGSGTKAIVL
TSGSGTRVIVL
TSGSGGKVIGA
TFGSGTKVIVA
RFGAGTKLTVK
RFGAGTKLTVK
TFGSGAKLPVT
TFGAGTKLTIK
TFGKGTHLHVL
TFGKGTKLSVK
TFGKGTKLPVK
TFGKGTKLTVK
TFGKGTKLTVK
VFGQGTSLSVV
TLGKGTQVVVL
TFGKGTLLTVT
IFGKGTKLTVA
TFGKGTLLTVT
TFGKGTLLTVT
TFGKGTLLTVT
TFGKGTKLSVK
TFGKGTKLTVK
IFGLGTTLQVQ
IFGLGTTLQVQ
TFGKGTLLPVT
VFGQGTSLSVV
AFGQGTPLPVA
TFGKGTLLTGA

6
6
6
6
7
7
8
8
8
9
9
9
9
9
9
9
9
9
10
10
10
10
10
10
10
11
11
11

Table 4. 2: Summary of unique CDR3 sequences associated with Vα9 in TCRβ retrogenic mice
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Table 4.3: Summary of unique CDR3 sequence associated with V!7 in TCR" retrogenic mice
Mouse
!WT

V!7
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF

GL-3
CASS
CASS
CASS
CASS
CASS
CASS
CASS
CASS
CASS
CASS
CASSL
CASS
CAA
CSSS
CASS
CASS
CASS
CASS
CASSS
CA
CSSC
CSSC
CSSS
CASS
CASS
CASS
CASS
CASS
CASSL
CA
CASS
CASS
CAS
CASS
CASS
CASS
CASS
CASS
CASS
CSSSL
CASS

CDR3
FQ
GEQ
SQF
LQGP
SQFQ
LIGQQ
LGGHEQ
LSDERL
NSAETL
QGVYEQ
RGHTEV
FSGDREV
GRNTGQL
GRSNKEQ
LGSQNTL
LRGTHEQ
PRSAETL
PTDKDTQ
SQGVYEQ
AGRNTGQL
CARSNKEL
CGGGNKEL
CGRSNKEL
FPGTANTEV
FPTGAATEV
LDSNYAEQ
LGQANTEV
LNRENTEV
PGTGQRKI
RGTEHYEQ
SSQGVYEQ
YRGPGQAP
GGQGAAETL
PRQISNERL
LPGQDSAETL
LSAGRSGNTL
LSCGAGNQAP
LYRRGSYAEQ
LYSGQGGNTL
PTVTGSSYEQ
LPTVTGSSYEQ

!CDR1"2"

QTS
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSV
QTSVYF

LGTP
CAS
NGQGEQ
CASSL RGHTEV
CASS
LRGHTEV
SGGQGEV
CASS
SRGHTEV
CASS
YRGHTEV
LADWGYEQ
CASS
LNWGPYEQ

J-segment
YFGPGTRLTVL
YFGPGTRLTVL
PGTGTLYFAAGTRLTVT
YFCPGTRLTVL
YFGPGTRLTVL
YFGPGTRLTVL
YFGPGTRLTVL
FFGHGTKLSVL
YFGSGTRLTVL
YFGPGTRLTVL
FFGKGTRLTV
FFGKGTRLTV
YFGEGSKLTVL
YFGPGTRLTVL
YFGAGTRLLVL
YFGPGTRLTVLEDL
YFGSGTRLTVL
YFGPGTRLLVL
YFGPGTRLTVL
YFGEGSKLTVL
YFGPGTRLTVL
YFGPGTRLTVL
YFGPGTRLTVL
FFGKGTRLTVV
FFGKGTRLTVV
FFGPGTRLTVL
FFGKGTRLTVV
FFGKGTRLTVV
IFGHGTKLSS
YFGPGTRLTVL
YFGPGTRLTVL
LFGEGTRLSVL
YFGSGTRLTVL
FFGHGTKLSVL
YFGSGTRLTVL
YFGEGSRLI
LFGEGTRLSVL
FFGPGTRLTVL
YFGEGSRLIVV
YFGPGPRLTVL
YFGPGTRLTVL
RFGPGTRLTVL
YFGPGTRLTVL
FFGKGTRLTV
FFGKGTRLTVV
LFGTGTRLTVL
FFGKGTRLTVV
FNGKGTRLHSVE
YFGPGTRLTVL
YFGPGTRLTVL
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CDR3 Length
2
3
3
4
4
5
6
6
6
6
6
7
7
7
7
7
7
7
7
8
8
8
8
8
8
8
8
8
8
8
8
8
9
9
10
10
10
10
10
10
11
4
6
6
7
7
7
7
8
8

QTSVYF
QTSVYF
QTSVYF
QTSVYF
QTSVYF

CAS
CASS
CASS
CASS
SY

RGRGYAEQ
RQGKAETL
YGTGSSYEQ
LSLTGGFQNT
LTNHSSGWQTEV

FFGPGTRLTVL
YFGSGTRLTVL
YFGPGTRLTVL
LYFGAGTRLSVL
LFGPGTRLTVL

8
8
9
11
12

Table 4. 3: Summary of unique CDR3 sequences associated with Vβ7 in TCRα retrogenic mice
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Figure 4. 19: Removal of germline TCRα or TCRβ CDR1 and 2 results in a decrease in endogenous J-segment
usage.
Endogenous J-segment usage associated with Vα9 and Vβ7 was conducted on the total sequences made up of
the unique sequences presented in Table 4.2 and 4.3. Sequences were compared to those listed on IMGT
(Lefranc et al, 2003) and columns represent the order of functional segments as listed by IMGT. Data is
presented as the percentage J-segment usage from total sequences analysed.

Overall diversity analysis of endogenous CDR3 repertoires across all J-segments from Vα9 or
Vβ7 containing TCRs demonstrated a clear drop in αCDR1Δ2Δ and βCDR1Δ2Δ3Δ mice relative to
their WT controls (Figure 4.20A). Shannon entropy diversity values (D; as explained in
Chapter 3.2.2) for the αWT (D = 60.3) and βCDR3Δ (D= 66.8) controls were slightly lower than
those reported for the B6.2.16 TCRβ transgenic mouse, also looking at Vα9 CDR3 diversity
(Singh et al, 2010). However they were considerably greater than the diversities of the
αCDR1Δ2Δ and βCDR1Δ2Δ3Δ mutants, whose overall diversity was greatly reduced (D = 14.4 and
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20.9 respectively). Indeed, the endogenous partner chain CDR3 repertoires of the TCRα and
TCRβ mutants displayed lower diversity than that generated artificially in TCRβ CDR1 and 2
via the recombination cassettes system (Figure 3.5). The variation in CDR3 length (typically
5-12 amino acids) was greatly reduced in the αCDR1Δ2Δ and βCDR1Δ2Δ3Δ mutants relative to their
WT controls (Figure 4.20B). This effect was less pronounced in the βCDR1Δ2Δ3Δ mice however.
The restriction in length was manifest both in the breadth of range and average length,
showing a skew towards shorter, and thus less flexible CDR3 (Ferreira et al, 2006). The
dominant length for the αWT and βCDR3Δ partner CDR3s were 10 and 9 amino acids long
respectively, with ranges from 3-12 and 5-11 amino acids. This is in comparison to the
αCDR1Δ2Δ (dominant length 4 and 7 amino acids, range between 4-11 amino acids) and βCDR3Δ
(dominant length 8 and 9 amino acids, range between 5-11 amino acids).
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B
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Figure 4. 20: Removal of germline TCRα or TCRβ CDR1 and 2 results in a decrease in endogenous CDR3
diversity.
(A) Overall endogenous CDR3 diversity associated with Vβ7 (top) or Vα9 (bottom) is depicted with each
segment representing a unique sequence and the segment size corresponding to the frequency of the sequences.
Overall diversity (D) values were calculated as described in Chapter 3.2.2. (B) Summary of endogenous CDR3
lengths associated with Vβ7 (left) and Vα9 (right). Data is presented as a proportion of the total sequences
analysed. CDR3 lengths were defined as represented in Figure 4.20.
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4.2.6 Section summary
Overall, the data presented in this section clearly demonstrate that removal of the germline
CDR1 and 2 does not prevent recognition of MHC during thymic selection. These
modifications incorporate the majority of positions implicated as playing major or minor roles
in pMHC recognition (Marrack et al, 2008) despite template CDRs containing examples of
specific residues that contact MHC in co-crystal structures (Miller et al, 2007). WT and
mutant TCRα and TCRβ retrogenic mice generate peripheral populations of CD4 and CD8 T
cells as well as evidence supporting the development of nTregs in the thymus.
The significant increase in homeostatic expansion markers on T cells in βCDR1Δ2Δ3Δ mice
relative to βCDR3Δ indicated potential differences in thymic selection. Indeed the replacement
of germline βCDR1 and 2 structures with glycine-alanine linkers resulted in decreased
selection efficiency (as measured by CD5 expression on DP thymocytes), which could
account for any increased expansion. Further a clear class II bias was observed in βCDR1Δ2Δ3Δ
mice, which was further manifest in peripheral lymphoid organs, regardless of the selecting
MHC haplotype. Interestingly, the replacement of the corresponding TCRα CDR1 and 2 with
glycine-alanine linkers resulted in a reciprocal peripheral skew to CD8 T cells. This data
clearly implies an inherent MHC class bias in the two chains of the TCR heterodimer, which
has hitherto never been clearly stated.
Both αCDR1Δ2Δ and βCDR1Δ2Δ3Δ mutants maintained similar endogenous V-segment diversities as
their WT controls, but showed clear reduction of J-segment and CDR3 diversity, including
CDR3 length. The shortening of the endogenous CDR3 lengths in the αCDR1Δ2Δ and βCDR1Δ2Δ3Δ
mutants, may also imply less optimal MHC interaction. The loss of selection efficiency
demonstrated by lower CD5 expression and reduced partner chain diversity, coupled to MHC
class bias could be attributed to two mechanisms. The first could be a generic loss of CDR
structure caused by using the flexible, flattened glycine-alanine linkers reducing MHC
interaction. More specifically, it could be due to the loss of the specific germline sequences
that although not controlling MHC recognition may be involved in optimisation of the
process. This subject was further studied in the following section.
4.3 Expression of TCRβ chains grafted with TCRγ CDR1 and 2 restores WT phenotype
4.3.1 Overview
Due to the limited movements of germline CDR loops (Armstrong et al, 2008 and
Borbulevych et al, 2011), any structured TCR CDR1 and 2 would unlikely be excluded from
the interacting environment with pMHC. However the use of artificial glycine-alanine linkers
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as used in the previous section, would increase flexibility and perhaps minimise the ability of
germline CDRs to interact with MHC and account for the differences between the WT and
mutant TCRα and TCRβ chains. To test this, one could replace the CDR1 and 2 with nongermline, but chemically structured loops and subject them to a similar retrogenic analysis.
Indeed, the chemical diversity generated via the cassette system described in Chapter 3
implies such structured loops are most likely to interact with MHC during thymic selection.
Unfortunately, the thymi in cassette mice were poorly reconstituted, as evidenced by the
relatively long time for T cells to repopulate the periphery relative to normal TCRβ retrogenic
chains (Figure 3.2 and 4.4) making it difficult to draw comparison to the βCDR3Δ construct.
Further, in a review by Mazza and Malissen (2007), the authors predicted that replacement of
TCR V-regions with Ig regions would prevent DP thymic selection of αβ T cells due to loss
of this MHC preference. Thus using TCRγ (or Ig; Attaf et al, unpublished) CDR1 and 2 in
lieu of germline β sequence would directly address this notion.
As design of novel mutants could be deemed biased, naturally occurring but non-MHC
restricted WT CDR loops from Vγ1 were chosen to replace the CDR1 and 2 of the βCDR3Δ
construct. γδ T cells make up around 5% of the T cell pool (Davis et al, 1998) and although
evolutionarily related to αβ TCRs have distinct functional roles in the immune response,
despite often being labelled as a relatively archaic subset (Chapter 1.1.1). Little is still known
about the exact form of antigen recognition by γδ TCRs, although some have demonstrated
recognition of non-classical MHC-like molecules such as T22, although these are dominated
by CDR3 of the TCR (Adams et al, 2005). This mode of recognition if genuine, is not
canonical and γδ T cells are not considered MHC restricted. Also, γδTCR CDR3 regions are
more like those found in IgH chains as opposed to the shorter αβTCR equivalents (Rock et al,
1994). Finally, if αβ loci (and thus MHC restriction), evolved from original γδ progenitors,
MHC restriction could only evolve via convergent means (Chapter 1.1.1). The TCRγ chain is
analogous to the TCRβ, and contains chemically diverse CDR1 and 2 regions (Lefranc et al,
2003). However, as shown earlier, while there appears to be a structural constraint on TCRβ
CDR1 length of 6 amino acids, TCRγ CDR1 loops are generally 8 amino acids long, with one
encoding for a loop of 10 amino acids. Thus, replacing the βCDR3Δ with WT CDR1 and 2
encoded naturally by Vγ1.1 would facilitate testing the hypothesis of requirement of germline
sequence versus generic chemical properties, and also the capability of CDR1 to
accommodate an enforced increase in length.
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4.3.2 Design, generation and testing of the βCDR1γCDR2γCDR3Δ mutant
The design of the βCDR3Δ gene modified with Vγ1.1 CDR1 and 2 is depicted in Figure 4.21A.
To modify the length of the CDR1 further, the terminal serine and valine of the template were
maintained with the 8 amino acids long Vγ1.1 inserted between. As the template and Vγ1.1
CDR2 were both 6 amino acids long, the full WT sequence was replaced entirely. These
designed changes would alter the structural landscape, relative to the original glycine-alanine
linkers, while remaining entirely unique of any naturally occurring βCDR1 and 2 regions and
removing the majority of the aforementioned key MHC recognition residues (Section 4.2.1).
The construct was generated through 2 rounds of overlap PCR, using the βCDR3Δ as the initial
template, creating a βCDR1γ3Δ intermediate and βCDR1γ2γ3Δ final construct. Sequencing was
confirmed before use in transfection to produce viral SN (Figure 4.21B and Figure 2.7). Test
expression and the chain’s ability to pair with an endogenous repertoire was carried out as
described in Section 4.2.3, by infecting ConA stimulated splenocytes from C57BL/6 mice
with viral SN containing the βCDR1γ2γ3Δ construct (work carried out by Ashkenaz Richard, as
part of a supervised MSc laboratory project). Subsequent flow cytometric analysis however
revealed no apparent Vβ11 expression above that of the expected endogenous level. The lack
of surface expression detection could have been attributed to pressures induced from
increasing the CDR1 length, or the change in steric environment may have prevented binding
of the anti-Vβ11 antibody. As with the αCDR1Δ2Δ construct, putting the βCDR1γ2γ3Δ construct into
the retrogenic system using TCRβδ-/- BM donors and recipients would ensure T cell
development could only occur upon successful expression of the exogenous TCRβ chain.

168

A

!CDR1"3#
28

29

46

48

54

30

31

54

56

67

M

!CDR1"2"3#

R1 R2 R3 R1 R2 R3

7000bp

CDR3#

!
!CDR1"2"3#

SGHS - - - -AV Y FRNQAP D SGGGTL
SLPYFSNTAV Y VSTNYN D SGGGTL
CDR1
CDR2
CDR3

1000bp
800bp

200bp

B
CDR1

!CDR1"2#3#
!WT

CDR2

CDR3

W C E P I S L P Y F S N T A V F W Y

G L E F L T Y V S T N Y N I D D S

C A S S G G G - - - - - - - T L Y

W C E P I S - - - - G H S A V F W Y

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

C A S S L A G Q G A R S Q N T L Y

Figure 4. 21: Design and creation of the βCDR1γ2γ3Δ construct.
(A) Schematic (left) shows WT (βCDR3Δ) and modified (βCDR1γ2γ3Δ) CDR1 and 2 amino acid sequences. Open
boxes indicate WT CDR positions implicated in pMHC recognition by Marrack et al, 2008. Filled boxes indicate
the residue changes made to the WT sequence. CDR residue numbering from Marrack et al, 2008 and IMGT are
as indicated in Figure 4.1. Relevant framework residues are indicated between CDR sequences. Gel
electrophoresis (right) demonstrating generation of the βCDR1γ3Δ intermediate and βCDR1γ2γ3Δ chains from the
βCDR3Δ and βCDR1γ3Δ templates respectively. R1 (~800 bp), R2 (~200 bp) and R3 refer to stages described in
Figure 2.8. R3 represents the full-length chains of 997 base pairs (bp). M = the marker lane with relevant sizes
indicated. The faint band represented at around 7000 bp is from the template vector construct. (B) Partial protein
alignment of the βCDR1γ2γ3Δ mutant. Sequences generated from chains sub-cloned to the pMigR1 vector.
Sequences are compared to original C6 TCRβ sequence. Relevant CDR sequences are highlighted. Sequences
aligned with eBioX using a ClustalW (accurate) algorithm.

The βCDR1γ2γ3Δ construct was successfully transduced into cultured HSC from TCRβδ-/- donor
mice as for the constructs described above (Ashkenaz Richard, MSc student and Figure 2.2).
As with the other TCRβ retrogenic mice, GFP+ T cells were detected in blood from 6 weeks
post-HSC adoptive transfer to irradiated TCRβδ-/- recipient mice (Figure 4.22). Interestingly,
despite also lacking the germline CDR1 and 2, the class II MHC bias present in the βCDR1Δ2Δ3Δ
mice using the same analysis (Figure 4.4) was absent from the repertoires selected by this
hybrid chain, which displayed a WT like CD4/CD8 ratio. Both the CD4 and CD8 T cells in
the blood stained positively for TCRβ, confirming that the exogenous TCR was being
expressed and used to direct T cell development in the otherwise TCRβ deficient
environment. To further prove this, PCR was carried out on cDNA extracted from whole
lymphocytes using Vβ11 specific primers and yielded only a single sequence corresponding
to the exogenous TCRβ chain (Figure 4.22).
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Figure 4. 22: T cells using the βCDR1γ2γ3Δ chain can be selected in vivo.
Flow cytometric analysis of GFP+ lymphocytes from whole blood, 6 weeks post-HSC transfer (top).
Representative plots showing CD4 and CD8 T cells (left) and TCRβ expression (right) on GFP+CD4+ (blue line)
and GFP+CD8+ T cells (red line) relative to GFP+CD4-CD8- lymphocytes (filled peak). PCR of cDNA made
from CD4 T cells from two mice using a generic constant TCRβ primer with a general Vβ11 internal primer on
returned one clonal sequence that corresponds to the βCDR1γ2γ3Δ CDR1 and 2, confirming the successful and
unique use of the chain (bottom). Sequences were aligned using eBioX and a ClustalW algorithm.

4.3.3 Mice expressing TCRβ with TCRγ CDR1 and 2 display thymic selection comparable to
mice with WT TCRβ CDR1 and 2
The initial blood analysis thus inferred that replacement of germline βCDR1 and 2 with
structured, non-germline loops from a related, non-MHC restricted chain, could direct T cell
development in a manner similar to fully WT TCRβ chains in terms of MHC class preference.
To further analyse whether a similar effect could be observed in relation to thymic selection
efficiency (which was also reduced in βCDR1Δ2Δ3Δ mice) flow cytometric analysis was carried
out on GFP+CD4+CD8+ thymocytes to measure CD5 expression, as described earlier. All
mice expressing the βCDR1γ2γ3Δ chain displayed comparable levels of CD5 expression to fully
WT FVB/N and βCDR3Δ mice (Figure 4.23 and Figure 4.10) suggesting use of the structured
γCDRs on a TCRβ framework function as well as the canonical βCDRs in terms of MHC
recognition. This notion was further supported through analysis of peripheral T cell
populations in βCDR1γ2γ3Δ mice. Unlike the strong CD4 skew recorded in βCDR1Δ2Δ3Δ mice
relative to the βCDR3Δ mice, GFP+ T cells from both the spleen and LN of βCDR1γ2γ3Δ mice
retained a normal CD4/CD8 ratio, comparable to the βCDR3Δ T cells (Figure 4.24A). Further,
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comparable CD5 levels in the thymus was coupled to a reduced proportion of CD44HI T cells
in βCDR1γ2γ3Δ mice, analogous to the βCDR3Δ mice and thus significantly lower than the
βCDR1Δ2Δ3Δ mice (Figure 4.24B). Finally, flow cytometric analysis of endogenous Vα-segment
usage demonstrated a similar array to both the βCDR3Δ and βCDR1Δ2Δ3Δ mice (Figure 4.24C).
Overall, these data clearly demonstrate that the differences relating to MHC recognition
efficiency in βCDR1Δ2Δ3Δ are most likely due to lack of structural competency than loss of any
inherent code in the germline sequence per se. Interestingly however, the use of such flexible
linkers may have highlighted the requirement of structurally complex loops to maintain MHC
class selection balance and suggest that each TCR chain may indeed have an inherent class

FVB/N

!CDR1"2"3#

preference.

CD5
Figure 4. 23: Replacement of germline TCRβ CDR1 and 2 with TCRγ CDR1 and 2 maintains WT selection
efficiency.
Flow cytometric analysis measuring CD5 expression of GFP+CD4+CD8+ thymocytes from βCDR1γ2γ3Δ mice on
H2q (top) and CD4+CD8+ thymocytes from FVB/N WT mice. Overlaid peaks correspond to four independent
βCDR1γ2γ3Δ retrogenic mice. Dashed lines represent the equivalent CD4-CD8- DN thymocytes from each set of
mice as a negative control.
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Figure 4. 24: Replacement of germline βCDR1 and 2 with non-germline, structured CDR1 and 2 regions retains
a WT like T cell development phenotype.
(A) Flow cytometric analysis of GFP+ lymphocytes from whole spleen (top) and LN (bottom) of βCDR1γ2γ3Δ mice.
Representative plots displaying CD4 versus CD8 T cells (left) with the data summarised and presented as
proportion of CD4 T cells of total T cells (right). The data from the βCDR1γ2γ3Δ mice is compared to that presented
in Figure 4.14 for βCDR3Δ and βCDR1Δ2Δ3Δ mice. Statistical analysis was conducted using a one-way ANOVA test
with a Tukey’s post-test analysis. * = p < 0.05, *** = p < 0.0005 and NS = not significant. (B) Flow cytometric
analysis of GFP+ lymphocytes from whole spleen (top) and LN (bottom) of βCDR1γ2γ3Δ mice. Representative plots
(left) displaying CD44 versus expression on CD4 (top) and CD8 (bottom) T cells with the data summarised
(right) and presented as proportion of CD44HI cells. The data from the βCDR1γ2γ3Δ mice is compared to that
presented in Figure 4.15 for βCDR3Δ and βCDR1Δ2Δ3Δ mice. Statistical analysis was conducted using a one-way
ANOVA test with a Tukey’s post-test analysis. * = p < 0.05, *** = p < 0.0005 and NS = not significant. (C)
Summary of endogenous Vα segment partner chain usage via flow cytometric analysis. Data is summarised
from GFP+CD4+ T cells of 4 βCDR1γ2γ3Δ mice. Data is compared to the similar analysis carried out in Figure 4.19
on βCDR3Δ and βCDR1Δ2Δ3Δ mice. Error bars represent the SD.

4.4 Functional analysis of T cells lacking TCRα and TCRβ CDR1 and 2
4.4.1 Overview
As discussed in Chapter 1.2.3, thymic selection predominantly functions to impart tolerance
to self-peptides in the context of self-MHC (Zinkernagel et al, 1978). Such tolerance is
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manifest in differing TCR affinities with pMHC (Alam et al, 1996). Further, a diverse and
cross-reactive repertoire is clearly required to facilitate robust and broad-ranging immune
responses (Chapter 1.3.3). The lack of germline CDRs has resolutely been demonstrated to
not prevent MHC recognition in the thymus. However the decrease in selection efficiency and
reduction in endogenous partner chain diversity in the presence of minimal linkers (βCDR1Δ2Δ3Δ)
but not in TCRs containing non-germline structured CDRs (βCDR1γ2γ3Δ), implies that germline
loops play a more generic role that may facilitate greater adaptability and thus, one assumes,
cross reactivity. This is further emphasised by the active selection of non-germline repertoires
using the recombination cassette system described in Chapter 3. If T cells using the βCDR1Δ2Δ3Δ
chain can retain the capacity to elicit immune responses, including maintaining the ability to
distinguish self versus non-self MHC, it would further highlight to an extreme degree, the
nature of TCR adaptability.
4.4.2 T cells lacking TCRα or TCRβ CDR1 and 2 can still mediate Th2 responses
The classic CD4 T helper Th1 and Th2 immune responses that have been well characterised
are central to the dogma of the adaptive immune response (Zhou et al, 2009). Briefly, the Th2
response is triggered upon MHC class II binding resulting in IL-4 mediated expansion,
defined through the actions of the lineage specific transcription factor GATA3. Through the
action of cytokines including IL-4 and IL-5, committed Th2 CD4 T cells activate B cells,
triggering the humoral branch of the adaptive immune response. Activation of B cells
includes the induction of Ig class switching. Here, the isotypes of Ig molecules on naïve B
cells (IgD or IgM) are switched through an activation-induced (cytidine) deaminase (AID)
mediated gene conversion mechanism, that replaces the constant region encoding exons with
those that encode for other Ig isotypes (Durandy, 2003). This process results in specialisation
of antibody function while maintaining antigen specificity of the Ig.
Class switching is measureable in the blood serum through ELISA based detection of Ig
isotypes and can thus be used as an indirect approach of detecting successful TCR-pMHC
interaction. An enzyme-linked immunosorbent assay (ELISA) was carried out on sera from
TCRα and TCRβ WT and mutant retrogenic mice measuring pre-switch IgM and post-switch
IgG1 using serum from WT C57BL/6 mouse and TCRβδ-/- and TCRα-/- mice as positive and
negative controls respectively (Figure 4.25). As expected, all mice contained comparable
levels of pre-switch IgM, which is the dominant isotype in naïve mice. However, IgG1
detection would be dependent on successful engagement of TCR-pMHC. As shown, the two
TCR KO mice contained negligible levels of IgG1, whereas both WT and mutant retrogenic
mice showed IgG1 levels comparable to the C57BL/6 control mouse. This indirectly confirms
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that TCRs that have been selected lacking canonical TCRα or TCRβ CDR1 and 2 loops
maintain the ability to induce pMHC dependent responses. An ultimate test of functionality
however would be to measure the alloreactive capabilities of TCRs where one partner chain
contains non-canonical, unstructured CDRs.
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Figure 4. 25: TCRs lacking germline α or βCDR1 and 2 can still adapt to induce Th2 responses.
ELISA on serum of TCRα and TCRβ WT and mutant retrogenic mice relative to positive (C57BL/6) and
negative (TCRβδ-/- and TCRα-/-) control mice. Sera levels were tested for IgM and IgG1, which represent pre
and post-class switching isotypes respectively. Error bars represent S.E.M.

4.4.3 Loss of TCRα or TCRβ CDR1 and 2 does not prevent allo-responses
As discussed in Chapter 1.4.4, structural evidence has revealed both peptide and MHC centric
models of allo-recognition. The concept of allo-recognition is also embedded deep in the
germline code modes of TCR restriction to MHC (Chapter 1.5.1) with the process due to
syngeneic TCRs having higher reactivity with allogeneic MHC due to the germline contacts
not being re-modelled during thymic selection to facilitate tolerance (Huseby et al, 2005).
Thus testing the ability of TCRs lacking germline CDR1 and 2 to mediate allo-recognition is
an even more acute test of the germline-encoded theories.
Allo-responses were first tested using a traditional mixed lymphocyte responses (MLR) assay
(Figure 4.26). CD4 T cells were bead-purified from whole spleen and LN of TCRα and
TCRβ retrogenic mice and cultured with LPS-activated bone marrow derived dendritic cells
(BMDC) from syngeneic (H2k for TCRα retrogenics, H2q for TCRβ retrogenics) and
allogeneic (H2b) backgrounds using proliferation as a marker of response. For the TCRα
retrogenic mice, both the αWT and αCDR1Δ2Δ proliferated poorly in the presence of allogeneic
H2b BMDC. However both were still higher than the proliferation measured in the presence
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of syngeneic H2k BMDC. The result for the TCRβ retrogenics was clearer. Here, cells from
both the βCDR3Δ and βCDR1Δ2Δ3Δ mice proliferated strongly in the presence of allogeneic H2b
BMDC, with negligible proliferation in the presence of syngeneic H2q BMDC. These data,
especially for the TCRβ retrogenics, demonstrate that replacement of germline CDR1 and 2
with non-germline flexible linkers does not prevent allo-recognition.
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Figure 4. 26: TCRs lacking germline α or βCDR1 and 2 maintain the ability to distinguish self and non-self
MHC in vitro.
CD4 T cells were purified from TCRα and TCRβ retrogenic mice and cultured with titrated numbers of
syngeneic (dashed line) or allogeneic (solid line) BMDC activated with LPS. Cultures were incubated for 72
hours before pulsing with tritiated thymidne and left for a further 24 hours. Cells were harvested and the level of
proliferation defined by the counts per minute (CPM). Error bars represent S.E.M. n = 3 for all mice.

As the saturating nature of such ex vivo assays prevents the analysis of the quality of
response, an in vivo approach was also used for the TCRβ retrogenic mice to measure allorecognition. TCRβδ-/- mice were injected (i.v.) with whole splenocytes from primary βCDR3Δ
or βCDR1Δ2Δ3Δ mice. After four weeks to allow the cells to expand, the mice received adjacent
syngeneic H2q (FVB/N) and allogeneic H2b (C57BL/6) skin grafts. As shown in Figure
4.27A, both sets of mice accepted 100% of the syngeneic grafts, indicating tolerance and
demonstrated clear rejection of the allogeneic graft. Interestingly, while the βCDR3Δ and
βCDR1Δ2Δ3Δ mice displayed comparable allo-responses during the MLR, the βCDR1Δ2Δ3Δ
exhibited slower allogeneic graft rejection (median survival time, MST = 22 days relative to
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12.5 days for the βCDR3Δ mice). Further, 1/6 mice in the βCDR1Δ2Δ3Δ cohort failed to completely
reject the allogeneic graft.
Th2 responses contribute to T cell mediated skin graft rejection (Illigens et al, 2009),
resulting in isotype switching and antibody production. Incubation of sera taken from grafted
and ungrafted mice with allogeneic spleen cells from the same background as the graft, results
in the binding of the allo-antibodies produced during graft rejection to the splenocytes in
vitro. Subsequent indirect flow cytometric analysis, staining for the bound allo-antibodies
using anti-mouse IgG has been shown to quantify the intensity of the rejection response
(Leenaerts et al, 1990). Such an analysis was performed using serum from the grafted mice
containing T cells using the two exogenous TCRβ chains (Figure 4.27B). H2b splenocytes
incubated with serum from the skin-grafted mice demonstrated higher levels of anti-mouse
IgG binding relative sera taken from ungrafted controls. Interestingly however, sera from
grafted mice containing βCDR1Δ2Δ3Δ TCR displayed lower levels of anti-mouse IgG binding
compared to the βCDR3Δ WT control. Taken with the graft data itself, this again suggests that
the ability of the βCDR1Δ2Δ3Δ mice to reject the skin grafts was somewhat impaired.
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Figure 4. 27: TCRβ chains lacking germline CDR1 and 2 maintain the ability to reject allogeneic skin in vivo.
(A) TCRβδ-/- mice were adoptively transferred with whole splenocytes from βCDR3Δ (filled symbols) or βCDR1Δ2Δ3Δ
(open symbols) mice and doubly grafted with syngeneic (H2q; circles) and allogeneic (H2b; triangles) skin. Graft
rejection was measured from the day of the procedure. Graft rejection was deemed complete when only minimal
scabbing remained in the graft bed. (B) Flow cytometric analysis of allogeneic (H2b) splenocytes incubated with
serum from skin-grafted mice. The presence of bound anti-mouse IgG to the splenocytes was detected via
secondary staining and was used as a read out of graft rejection response. Representative plots measuring antimouse IgG levels from two serum dilutions are shown for βCDR3Δ (blue peak), βCDR1Δ2Δ3Δ (red peak) and control
ungrafted mice (grey peak) and summarised in the chart underneath which displays the mean fluorescent
intensity (MFI) of IgG on whole lymphocytes from the spleen cells. n = 6 for all mice. Error bars represent
S.E.M. The apparent increase in staining at the 1 in 10,000 relative to 1 in 1,000 serum dilution is most likely
explained by the removal of further inhibitory factors from the serum that could affect staining. Indeed, more
concentrated dilutions resulted in negative staining across all groups (data not shown).
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This reduction in functional capability of the mice repopulated with βCDR1Δ2Δ3Δ T cells to
respond to allogeneic stimuli could be related to the sub-optimal interaction with pMHC
during the allogeneic response, or more generally to their inability to repopulate the host
effectively relative to the βCDR3Δ T cell containing mice. 4x106 splenocytes, pooled from
donor retrogenic mice were transferred to empty recipient mice and cells were allowed to
expand for 4 weeks before the skin grafting. The splenocytes used as donors from βCDR3Δ and
βCDR1Δ2Δ3Δ mice contained comparable proportions and total numbers of GFP+ T cells (Figure
4.28A), ensuring the founder populations in recipient mice were comparable. Analysis of
blood from donor mice after the allotted expansion time revealed a significantly lower
proportion of GFP+ lymphocytes in the βCDR1Δ2Δ3Δ mice, indicating expansion was less
efficient. Interestingly, in both sets of mice, only the CD4 T cells expanded (Figure 4.28B).
Evidence for the βCDR1Δ2Δ3Δ T cells impairment was also suggested by the significant decrease
in the surface expression levels of the TCR. Taken together, these data suggest that the
inferior skin rejection by βCDR1Δ2Δ3Δ mice may be related to an inability to repopulate the host
which points to a more general impairment of TCR-pMHC interactions during homeostasis
rather than a diminished capability of distinguishing between self and non-self MHC. Indeed
in the blood of the single mouse that failed to reject the allogeneic skin graft, no GFP+ T cells
were detected via flow cytometry (Figure 4.28B, bottom right panel). Despite this
disadvantage, the level of rejection in βCDR1Δ2Δ3Δ mice was significant.
Ultimately, and rather startlingly, in vivo and in vitro data presented here indicates that TCR
lacking 50% of canonical germline CDRs can still develop to differentiate between self and
non-self MHC molecules, further underpinning the immense adaptability of the TCR and
refutes germline-encoded theories on the molecular nature of alloreactivity (Huseby et al,
2005 and Marrack et al, 2008).
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Figure 4. 28: Less efficient allo-recognition in βCDR1Δ2Δ3Δ is related to sub-optimal repopulation of the grafted
mice.
(A) Lymphocytes from whole spleen of donor βCDR3Δ and βCDR1Δ2Δ3Δ contained comparable proportions of GFP+
cells as depicted by GFP+ proportion (top left) and total GFP+ splenocytes number (top right). n = 3 for both
groups. Groups were compared by an unpaired student’s t-test. NS = not significant. Flow cytometric analysis of
blood after adoptive transfer of donor splenocytes to empty syngeneic hosts resulted in poorer expansion of the
βCDR1Δ2Δ3Δ GFP+ lymphocytes relative to comparable βCDR3Δ populations (bottom) as shown by the representative
FACS plot of GFP+ lymphocytes (left) and a summary of the proportion of GFP+ lymphocytes in whole blood in
recipient mice (right). Samples were compared using an unpaired student’s t-test. *** = p < 0.0001. (B) Both
groups of mice showed dominant expansion of CD4 T cells (representative plots gated on GFP+ lymphocytes;
top) but analysis of the MFI of Vβ11 expression on this population revealed a decrease in the βCDR1Δ2Δ3Δ mice.
Representative plot are shown on the left (βCDR3Δ, filled grey peak and βCDR1Δ2Δ3Δ, red line) and summary of MFI
levels on the right. Groups were compared using an unpaired student’s t-test. *** = p < 0.0001.
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4.5 Isolated case of lupus like autoimmunity in mice lacking TCRβ CDR1 and 2
4.5.1 Mice repopulated with βCDR1Δ2Δ3Δ expressing T cells displayed significant weight loss
and skin pathogenesis
The molecular nature of autoreactive TCRs is one of the most fascinating in TCR biology.
The relatively recent publications of autoreactive TCRs have shown the tremendous structural
variability in TCR-pMHC interaction and how this can ultimately lead to disease (Chapter
1.4.5). Changes in TCR signalling can also result in an autoreactive phenotype due to
normally higher affinity TCRs escaping negative selection due to decreased signalling
strength as demonstrated by induced or natural mutation of CD3 ITAMs (Holst et al, 2008
and Lundholm et al, 2010). Removal of two of the four germline CDRs from all TCRs could
have the capability to influence subsequent TCR binding, especially when one considers the
effect on binding orientation single residue changes can make (Wucherpfennig et al, 2009).
Despite this, both βCDR1Δ2Δ3Δ and αCDR1Δ2Δ mice displayed no signs of pathogenesis. However,
in one instance, transfer of splenocytes from primary βCDR3Δ and βCDR1Δ2Δ3Δ retrogenic mice,
as performed prior to skin grafting, led to some of the βCDR1Δ2Δ3Δ recipient mice developing a
clear pathogenesis that was not present in any of the βCDR3Δ recipients. Initial observations
were manifest in the form of hair loss and significant weight loss (Figure 4.29).
Immunohistochemistry of skin sections revealed IgG antibody deposition at the hair follicles
(Figure 4.29B).
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Figure 4. 29: Indication of autoimmunity in mice adoptively transferred with βCDR1Δ2Δ3Δ T cells.
(A) Summary of the weight of mice adoptively transferred with splenocytes containing βCDR3Δ or βCDR1Δ2Δ3Δ T
cells. Weight was recorded from the day of adoptive transfer. n = 4. Error bars represent S.E.M. (B) Photographs
of two representative mice from the groups weighed in part (A) show clear hair loss in the βCDR1Δ2Δ3Δ group (top).
Immunohistochemical staining for IgG1 showed clear antibody deposition at the hair follicles in the
representative βCDR1Δ2Δ3Δ mice (bottom).
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4.5.2 Autoimmune phenotype was not induced by loss of Tregs but may have been related to
increased anti-dsDNA antibody titres
Systemic autoimmune diseases such as systemic lupus erythematosus (SLE) are often
characterised by increased titres of autoreactive antibodies specific to nuclear components of
cells (Eliat and Anderson, 1994). Previous TCRβ retrogenic approaches have resulted in
autoimmunity as a result of the loss of Tregs, which inevitably leads to systemic disease
(Bosco et al, 2010). Flow cytometric analysis of the blood from the diseased and control mice
revealed a lower proportion of CD4+FoxP3+ Treg cells in the former (Figure 4.30A).
However the overall number of Tregs may have still been comparable due to the increased
proportion of total CD4 T cells in the βCDR1Δ2Δ3Δ mice relative to the βCDR3Δ control mice.
However without absolute numbers, which were impossible to calculate from blood, and
without functional analysis of the cells bearing Treg markers with inhibition assays, it appears
the loss of Tregs was not inducing the autoimmune phenotype, although this could not be
definitely confirmed. ELISAs measuring auto-antibodies including anti-dsDNA, -ssDNA and
-histone antibodies were conducted on serum from the diseased mice and compared to
relevant controls. Unfortunately, a high level of background signal was recorded in the
majority of cases (data not shown). This was most likely due to the blocking steps of the
ELISA using a BSA containing solution and BSA perhaps being present in the buffer used to
inject the splenocytes into the recipient mice originally. Unfortunately there was not enough
serum to repeat the ELISA using a different blocking agent such as gelatin. Nonetheless, there
was a significant difference in anti-dsDNA antibody levels between the βCDR1Δ2Δ3Δ and βCDR3Δ
mice (Figure 4.30B), which supports the notion of an SLE like disease phenotype when
coupled to the skin and weight loss.
The widespread hair loss, weight loss and antibody deposition are consistent with an
autoreactive pathology perhaps mediated by βCDR1Δ2Δ3Δ T cells but not βCDR3Δ T cells. This
pathology was however not observed in comparable repeat experiments excluding further
investigation.
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Figure 4. 30: βCDR1Δ2Δ3Δ mice displaying autoimmune phenotype had increased titres of auto-antibodies.
(A) Representative (top) and summary (bottom) flow cytometric data from the blood of mice studied in Figure
4.31. βCDR1Δ2Δ3Δ mice contained lower proportions of FoxP3+ CD4 T cells (left), but greater overall proportions
of CD4 T cells (right). (B) ELISA on serum of mice studied in Figure 4.29 measuring levels of anti-dsDNA IgG
antibodies. Samples were compared to a C57BL/6 and TCRβδ-/- mice as negative controls. Samples were
compared using an unpaired student’s t-test. * = p < 0.05. n = 5 for βCDR3Δ and 6 for βCDR1Δ2Δ3Δ mice. Error bars
represent SD.
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Chapter 5: Discussion
5.1 Overview
The complex and diverse nature of the adaptive immune system has been maintained
throughout the evolution of jawed vertebrates. This complexity is further confounded in the T
cell compartment through MHC restriction. The unique dichotomy that requires a TCR to be
restricted yet tolerant to self-MHC while responding sensitively but robustly to foreign Ag
generates arguably the most obscure/intangible relationship in immunology, if not protein
biology. This is further exacerbated by the sheer variability of the receptor, MHC and Ag as
well as the requirements for TCRs to be cross-reactive to multitudes of Ag to the order 1x106
(Mason, 1998). As such, despite more than 60 co-crystal structures of TCRs bound to pMHC
the only constant rule is one of diversity – in docking angles, CDR contributions and
flexibility of the TCR and presented Ag. The molecular nature of what restricts TCRs to
MHC is intensely contested, with theories varying from highly conserved germline CDR
contacts in the TCR (Garcia et al, 2009 and Marrack et al, 2008) to the TCR playing no active
role in restriction, which is instead enforced through extrinsic forces such as the CD4 and
CD8 co-receptors (Van Laetham et al, 2007 and Collins and Riddle, 2008). The phenomenon
of alloreactivity, coupled to examples where tolerance fails such as in auto-reactive TCRs and
recognition of atypical ligands like TCR-Be-MHC further demonstrate the diverse modes of
this complex recognition. The work undertaken in this study represents the most
comprehensive modification of TCR germline CDR1 and 2 thus far and is coupled to an
entirely unbiased approach to MHC recognition. In total, nearly 200 unique non-germline
TCR variants were shown to recognise MHC in vivo. These mutants varied in terms of their
chemical nature and length as generated via the recombination cassette system with glycinealanine linker based modifications designed to replace the majority of key germline residues
implicated in germline-encoded recognition of MHC (Table 1.9).
5.2 Limitations of the retrogenic approach
The pros and cons of the retrogenic approach utilised were outlined in Chapter 2.2.4. Such
limitations have impeded strong conclusions from being drawn for certain aspects of the data
presented here. In the TCRβ retrogenic system, one would expect no GFP- thymocytes from
the TCRβδ-/- HSC donors to progress past DN3 to the DN4 and DP phases – yet these were
recorded in both βCDR3Δ and βCDR1Δ2Δ3Δ mice. Loss of GFP expression has been noted in TCR
transgenic and other systems using bi-cistronic GFP reporters under control of an IRES
(Baldwin et al, 2005 and Zhang et al, 2002). Why this would occur is unclear, although
complex chromatin remodelling during T cell development coupled to random genome
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integration of the retroviral vector could contribute. Support for a temporary turning off of the
GFP gene is supported by the fact no GFP- mature T cells were found in the periphery (Figure
4.14). Nonetheless, all data presented here relied on GFP+ thymocyte gating. As described in
Chapter 4.3.3, the use of a retrogenic system on a TCRα deficient background which allows
genuine GFP- DP thymocytes to develop using the endogenous TCRβ locus most likely
explains the lack of efficient selection in both WT and mutant TCRα retrogenic chains.
Further, the TCRα locus normally does not rearrange until the DN4-DP phase, with
progression dependent on the TCRβ-pTα autonomous signalling at the DN3 stage (Chapter
1.2.2). Retrogenic TCRα chains will be expressed earlier in thymocyte development and have
been shown to pair with newly rearranged TCRβ chains at the DN3 stage (Lacorazza et al,
2001 and Borowski et al, 2004). Such interactions are less efficient in positive signalling for
progression to the DN4-DP phase, and may also explain the poor positive selection in all
TCRα retrogenic mice. These limitations prevent a full comparison with the TCRβ retrogenic
WT and mutant chains in terms of selection efficiency, selection of nTregs and also prevented
a clear manifestation of any clear MHC bias as a result of mutating the αCDR1 and 2, a key
finding of this work for the βCDR1 and 2 modifed genes.
5.3 Analysis of germline and cassette generated CDR1 and 2 support a requirement for
diversity of MHC engagement
The analysis of amino acid usage per germline CDR position in Chapter 2 supports the notion
that the evolutionary strategy of TCR restriction to MHC has not diminished the germline
diversity of the TCR, relative to the unrestricted Igs. The studies that support the idea for a
restriction induced repertoire reduction often arise from comparison of mutational rates
between the molecules rather than a comparison of the sequences themselves (Tanaka et al,
1989 and Jaeger et al, 1994). The fact that mutational rates differ between species for the
same molecule (the TCR; Matsutani et al, 2011) emphasises the difficulty in forming any
broad conclusions when comparing distinct molecules such as the TCR and Ig. While the
analysis carried out here only analysed the most common length of all germline CDRs, this
grouping constituted over 75% of all genome sequences in mice and humans. Interestingly,
despite divergent evolutionary paths with distinct pathogen relationships and disparate MHC
sequences – where even the highly conserved co-receptor interactions are unique (Engelhard
et al, 1988), the overall repertoire of the murine and human TCR CDR1 and 2 regions show
remarkably similar patterns of amino acid usage. This “set” of residues has perhaps been
maintained as it represents a diverse stock with which to form suitable Ag receptors
regardless of the molecular nature of the ligand – which in this case includes diverse MHC
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molecules. This notion goes against the idea of a honing of a code designed to preferentially
recognise MHC, where one would therefore expect different genomic repertoires in divergent
species with dissimilar MHC. This is further supported by the fact a similar pattern of
conservation is seen between unrestricted murine and human Ig germline repertoires (Figure
2.2). Studies that have highlighted instances of conservation of germline motifs infer that the
code for germline restriction may have been laid down in earlier ancestors, which could also
explain the similar germline profiles of murine and human TCR CDR1 and 2. However an
ancestral code appears to be self-contradicting when the highlighted CDR residues interact
with MHC side chains that themselves have continued to diversify upon species divergence
(Scott-Browne et al, 2011). The fact some motifs are shared between different species could
be due to chance or could in fact be due to a shared ancestral V-segment. While one cannot
deny the importance of the Vβ8.2 Y48 and Y50 βCDR2 residues from the DO-11.10 TCR in
recognition of the H2-Ad-OVA pMHC (Scott-Browne et al, 2009), grafting of CDRs bearing
the same motif onto an otherwise identical TCR molecule, regardless of their evolutionary
source, could be expected to also be important in recognition of an already defined ligand.
Once again, the isolated and narrow focus of key germline contacts makes broader
conclusions less convincing.
Germline analysis therefore points towards the maintenance of diversity to maximise ligand
recognition. It is unsurprising therefore that the features that underpin αβTCR heterodimer
stability are found within the constant domain at the inter-chain interfaces (Richman et al,
2009) and not in the variable CDR loops. Further, the fact non-germline TCR CDR mutants in
this study could compete with endogenous WT chains in in vitro expression tests, further
underpins the flexibility of the ligand recognition portions of the TCR in terms of receptor
viability (Figure 4.3). However, while the germline diversity may not be affected by MHC
restriction, other more general features such as length appear to be. Relative to γδTCR and Ig
CDR3 loops, αβTCR CDR3 show a more conserved profile of lengths (Rock et al, 1994)
suggesting that recognition of Ag in the context of MHC enforces structural constraints on
CDR3 length, despite the non-germline nature of their generation. The germline lengths of the
CDR1 and 2 of the αβTCR are more conserved (and also generally shorter) than the IgH
counterparts (Figure 2.1), which further imply a structural constraint that must be
evolutionary maintained by restriction to the MHC for germline encoded TCR regions,
whereas the minimal lengths of three amino acids associated with the IgL chains is mostlikely related to their subservient role on Ig Ag recognition (Hamers-Casterman et al, 1993).
The unbiased approach of the cassette system revealed that in the βCDR1, despite generation
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of a diverse repertoire in terms of sequence selection, resulted in a maintenance in CDR
length, whether starting from the original WT or non-germline gly-ala linker template (Figure
3.6 and 3.14). This is most likely not because of an inherent restriction in the artificial system,
due to the variability of lengths seen in the corresponding βCDR2WT-Rec mice. Both the CDR1
and CDR3 loops are more likely to engage with the presented peptide Ag (Rudolph et al,
2006), thus perhaps the stringent length associated with CDR1 presented here and the
aforementioned CDR3 rather than CDR2 facilitates optimal binding generally to MHC in
more viable docking modes and places the emphasis of Ag recognition on the presented
peptide, rather than the presenting MHC. The relative range in terms of CDR2 length – which
generally engages with the MHC, may further highlight the diversity of this interaction,
assuming the minimal movements associated with germline CDR loops (Armstrong et al,
2008). Despite different restrictions in terms of CDR length, distinct roles of CDR1, 2 or 3 in
recognition of the Ag or MHC should by no means be considered fixed (Chapter 1.4.2; Borg
et al, 2005 and Manning et al, 1998) and this is further highlighted in the βCDR1γ2γ3Δ mice
where the Vγ1.1 CDR1 modification produced a CDR1 length of 10 amino acids long that
could mediate normal MHC-dependent T cell selection as efficiently as WT FVB/N mice
(Figure 4.22 and 4.23). Whether such receptors could respond to complex Ag as efficiently as
a receptor composing CDRs of a normal length would be an interesting test of these apparent,
but not essential, structural constraints.
The concept of variability being important in MHC binding was tested directly through the
novel recombination cassette approach outlined in Chapter 2.2.3. The generation and
selection of novel mutants in vivo represents a direct and unbiased method of testing for key
germline determinants in MHC recognition. The many novel CDR1 and 2 loops that were
present at frequencies higher than the germline templates demonstrated no germline set of
residues appeared to be preferentially used. While each individual sequence may still contain
elements of the germline code, taken as a population, all positions were shown to be amenable
to changes in some form or another. In the original cassette design, the highly conserved
tyrosine (position 46 Kabat; 54 IMGT) that exists upstream of the βCDR2 was conserved,
five residues upstream of the point of recombination and thus was conserved in all cassette
generated TCRβ chains. However all other shared residues with which this tyrosine has been
implicated in recognising MHC were modified by the system, and the idea of this single
residue overruling the full diversity of those CDRs generated seems highly unlikely. Further,
the sheer chemical diversity of non-germline amino acids utilised extended the range of
amino acids most likely utilised in MHC binding (Figure 2.2 and Figure 3.7). The most
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extreme example of this was a modified CDR2 that contained a string of 4 adjacent lysine
residues (Table 3.2). These further advocate a relaxed relationship between germline CDRs
and pMHC complexes that is reflected in the maintained diversity of the natural germline
TCR repertoire as described above. Interestingly, while the CDR1 loops generated on the
βCDR1Δ-Rec background were less diverse than those generated on the WT background (Figures
3.5 and 3.15), the range of positions modified was more spread out from the point of
recombination. This could be related to the relative inefficiency of small flexible gly-ala
linkers to interact well with MHC (as shown for the βCDR1Δ2Δ3Δ mice), meaning more extreme
modifications to terminal CDR positions were sought to facilitate successful selection when
on a chemically unexciting background. Arguably the most unexpected finding of this study
is the clear class II bias in TCRβ mutants modified via the recombination cassette or
conventional mutagenesis (discussed later). However, as the H2q recipient mice in the cassette
system encode only for a single H2-A class II molecule, it demonstrates a remarkable ability
for hundreds of unique non-germline CDR1 and 2 mutants to interact successfully with the
same MHC molecule, which despite varying selecting peptides, further proves that there must
be many, potentially hundreds, of solutions to bind to the same framework MHC, which could
contribute to requirement of cross-reactivity (Mason, 1998). While the diversity generated
with cassette system is less than that recorded for non-germline CDR3 regions (Figure 4.22;
Singh et al, 2010; Ferreira et al, 2009 and Ferreira et al, 2006) this can be attributed to the
fact the measurements of CDR3 diversity, while restricted to a single V-segment, included the
recombination to a full array of J-segments, thus providing much broader scope of source
material with which to create diverse sequences. Thus, when taken in context, one could
strongly argue that germline CDR1 and 2 have a comparable potential for hypervariability as
canonically generated CDR3 loops, further supporting the notion of a requirement of diversity
to recognise the vast array of MHC molecules. Perhaps if feasible from an evolutionary
perspective, a hypervariable mechanism to generate all CDR regions could have proven just
as effective as maintaining a concurrent hypervariable and combinatorial strategy.
5.4 Further uses of the recombination cassettes in MHC restriction and immunotherapy
The novel recombination cassette system described in this study has proved invaluable in
answering a fundamental question about TCR immunobiology, however it could also have
wider applications in immunotherapy. An interesting experiment to further address the
adaptability of conserved residues of defined TCR-pMHC interactions (Burrows et al, 2010),
would be to insert a recombination cassette into a CDR with proposed key germline contacts
with resultant mutants screened against the original cognate ligand (Huseby et al, 2005).
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Keeping all other aspects of the TCR-pMHC constant, assuming germline bias, one would
predict those mutants that retain specificity for the original ligand would most likely remake
or retain the same key germline residues. Indeed, work has shown that minimal conservation
of key germline motifs is sufficient to retain pMHC specificity in TCRs where the rest of the
sequence remains constant (Scott-Browne et al, 2011). While the mutants generated in this
study were selected on a fully WT array of self-pMHC complexes, the sheer diversity and
variability generated makes it unlikely that other combinations of non-germline residues
within a CDR1 or CDR2 would not find successful solutions to a shared pMHC ligand even
where the remaining TCR sequences was conserved. While the potential therapeutic
properties of Ig and Fab fragments have long been investigated, only relatively recently has
focus turned to modification of TCRs for therapeutic purposes (Till et al, 2008). The use of
TCRs is more complicated as while increasing the affinity of TCRs to induce more potent
responses to cognate ligand, one must consider the possibility of increased cross-reactivity or
introducing a TCR that would otherwise have been deleted in the thymus. Humanised murine
systems that contain a full complex of human MHC and TCR loci, effectively allows the
study of human T cell responses in a controlled experimental setting (Li et al, 2010). Using
such an MHC background, a recombination cassette system would generate mutant libraries
in vivo that will undergo thymic education, creating a self-limiting step screening step,
meaning only TCRs that function at acceptable physiological levels would be prevalent in the
periphery, which could thus be subjected to immune challenge.
5.5 Germline TCR CDRs have an optimising but non-essential role in MHC engagement
While the cassette approach concluded CDR structures other than germline regions,
even in the context of complete absence of WT CDR sequence, could mediate positive
selection on class I and II MHC (albeit with a clear bias), analysis of the thymi in these
mice was difficult due to the general inefficiencies of the retrogenic system being further
compounded by the artificial nature of cassette recombination. The single fixed TCRβ
chain on a TCRβδ‐/‐ background would ensure progression through to the DP phase of T
cell development, and quite possible divergence from the γδ lineage, whereas successful
T cell selection in cassette mice required recombination to occur at a random point of
genome integration. Further as the TCRβ chains produced would be variable it made
analysis of exact CDR roles more difficult. Replacement of the WT structures with short
glycine‐alanine linkers facilitated a more detailed analysis of the requirement of
germline CDRs while not prohibiting thymic reconstitution. Previous studies making
single residue changes to proposed evolutionary conserved interaction codon
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constituents reported a reduction in selection efficiency upon MHC recognition in the
thymus (Scott‐Browne, et al, 2009). This result was interesting as it demonstrated that
these positions affect the efficiency of MHC engagement on a broad array of MHC
regardless of MHC class or the presented bound peptide, as opposed to a defined and
crystallised pMHC ligand (Dai et al, 2008 and Feng et al, 2007). This result is somewhat
hard to reconcile with certain aspects of an interaction codon based theory (Garcia et al,
2009), which predicts that a single V‐segment would contain multiple codons whose
usage would change depending on its interaction environment (i.e. pMHC ligand). Thus
one could expect that removal of a single residue within such a diverse interacting
environment would not have such a significant effect. Using the same retrogenic
approach, the TCRβ mutants used here that removed seven germline positions from a
template that included tyrosines at both of the key βCDR2 positions (Figure 4.1), one
might expect a more pronounced or even catastrophic effect on T cell selection.
However while efficiency of MHC engagement was hindered, as evidenced by CD5
expression upon positive selection in the thymus and the inability to of T cells to expand
efficiently in empty hosts, presumably due to loss of homeostatic cues that control
expansion in lymphopenic mice (Figures 4.7 and 4.28; Takada and Jameson, 2009), loss
of MHC recognition was no less extreme than in the single point mutations made by
Scott‐Browne et al, suggesting it may be related to a more general CDR rather than
residue specific affect. Also, the reduction of CD5 expression in DP thymocytes in
βCDR1Δ2Δ3Δ mice cannot solely be attributed to a lack of selection on class I MHC as
suggested by the CD4 skew as both CD4 and CD8 peripheral T cells demonstrated an
increased homeostatic expansion (Figure 4.6). An interesting control by Scott‐Browne et
al would have been to generate double or triple mutant variants to see if a proportional
effect could be measured.
While the removal of the full germline CDR complement of the TCRα or β chain hindered
the efficiency of pMHC recognition, it did not negate this ability altogether, which a
germline encoded theory may have predicted. The ability to carry out pMHC‐dependent
immune functions such as class switching was not impaired and response to allogeneic
stimuli was also clear (discussed in more detail later). Further, nTregs, which select with
distinct TCR repertoires at higher affinities (Jordan et al, 2001), were present in the
TCRβ and most likely the TCRα mutant mice based on the presence of
CD4+CD25+FoxP3+Helios+ peripheral T cells. Importantly therefore, germline mutant
TCRs maintained a sensitivity that allowed them to mediate MHC mediated responses
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that require distinct types of interactions, for example in terms of different affinities.
The inefficiency of T cell selection was most likely also related to the inability of CDR
mutants to find suitable partner chains with which to audition for selection, exemplified
by the reduction in endogenous partner chain CDR3 repertoire diversity (Figure 4.20),
which had shortened lengths, characteristic of sub‐optimal MHC interactions (Ferreira
et al, 2006). The reduction in partner chain CDR3 diversity may reflect a reduction in the
variety of contacts germline CDRs are able to make with MHC, thus limiting the range of
pMHC complexes that can be recognised during selection, indirectly reducing the
diversity of the peptide recognising CDR3s. Alternatively, recent examples of TCR‐pMHC
structures have demonstrated the ability of hypervariable CDR3 to directly compensate
for a partner chain whose germline CDRs are excluded from the TCR‐pMHC interface
(Sethi et al, 2011). This data supports the requirement for a diverse germline repertoire
of CDR1 and 2, which could allow selection of a broader array of CDR3 regions, and thus
Ag recognition through provision of a greater potential to engage MHC. This concept of
diverse germline contacts providing a more diverse engagement strategy as opposed to
driving recognition is supported by recent work demonstrating that distinct CDR1 and 2
contacts from the TCRα chain facilitated the same TCRβ chain to diversify its range of
contacts against the same pMHC, furthering the scope for cross‐reactivity (Stadinski et
al, 2011).
The regained WT selection phenotype in mice using TCRβ chains with CDR1 and 2
modified to contain the comparable loops from a TCRγ chain demonstrated clearly that
any loss of in MHC recognition in mice using flexible glycine‐alanine linkers was thus
related to the loss of germline structure rather than sequence. While some γδ TCRs have
been shown to interact with MHC like molecules such as T22 (Adams et al, 2005), these
interactions are atypical and there is no definitive evidence to suggest γδ T cells are
restricted to MHC, particularly if one considers them to be the common ancestor that
evolved prior to MHC restriction (Richards and Nelson, 2000). This conclusion is further
backed up by preliminary data generated in the lab that shows TCRβ chains with CDR1
and 2 regions derived from IgH and IgL chains can also mediate WT like T cell
development (Meriem Attaf, unpublished). A key argument against the conclusions
reached so far, could be that the endogenous partner chains, which still maintain a full
germline complement of CDRs could be utilising evolutionary conserved interactions
with MHC to maintain restriction and recognition. However, any conserved germline
contacts that co‐evolved in the context of self‐MHC must have evolved in the context of
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their partner chains and their relationship with the MHC also; thus the extreme
modifications applied to the germline CDRs on an exogenous chain would inexorably
influence the ability of the endogenous germline CDRs to function normally (Kranz,
2005). This is supported by the reduction in partner chain CDR3/J‐segment but not V‐
segment usage (Figure 4.16‐4.20). If endogenous germline residues would drive MHC
recognition in the absence of exogenous germline CDRs, one would expect a narrowing
or skewing of the endogenous V‐segment repertoire, which was in fact broadly
comparable in both WT and mutant retrogenic TCR chains. The βCDR1Δ2Δ3Δ and αCDR1Δ2Δ
chains could be co‐expressed in vivo on a RAG‐/‐ background to directly test this
hypothesis, however this makes the large assumption that the modified chains would
form a viable heterodimer and that if it did it would engage with self‐pMHC in the
thymus at an affinity that mediates positive selection. This seems unlikely given the fact
that only 3% of TCRs generated from endogenous α and β loci meet these criteria
(Miller, 1961). Previous systems (Kouskoff et al, 1995) have designed exogenous mini‐
TCRα loci where a fixed Vα‐segment can recombine with a minimal array of Jα‐
segments, allowing the generation of a TCRα chain with fixed CDR1 and 2 but variable
CDR3α regions. Such a mini‐locus using the fixed mutated αCDR1 and 2 coupled to the
fixed βCDR1Δ2Δ3Δ chain would perhaps generate a repertoire of TCR lacking all germline
CDRs, but with diverse CDR3 regions facilitating a greater likelihood of viable receptors
to be made, thus placing the emphasis of selection on the lack of germline CDRs.
5.6 Implications for alloreactivity and tolerance to self-MHC
Perhaps the most damning evidence for the dispensability of germline CDRs in MHC
reactivity is the clear ability of TCRβ chains lacking 7 germline CDR residues with a
minimal triple glycine CDR3 to distinguish between self and non‐self MHC in vitro and in
vivo (Figure 4.26 and 4.27). As discussed in Chapter 4.4.3, the molecular nature of
alloreactivity has been demonstrated to be peptide or MHC centric. Theories promoting
an inherent germline affinity of TCR CDRs to MHC are more easily reconciled with
alloreactivity, consistent with the idea that positive selection on self‐MHC selects TCRs
where the inherent MHC reactivity of the TCR is subdued through the influence of
hypervariable CDR3 loops (Huseby et al, 2005 and Marrack et al, 2008) leaving the naïve
TCR repertoire tolerant to self but inherently reactive to non‐self MHC. In other words,
allo‐reactivity is merely an extension of co‐evolved MHC restriction. The data from this
study suggests that the two phenomena may be distinct. As discussed later in, the work
here presents a robust counter‐argument against germline encoded MHC restriction,
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which must otherwise be enforced through extrinsic forces such as co‐receptors (Van
Laetham et al, 2007). As the co‐receptor’s interactions with MHC occur at highly
conserved interfaces across the otherwise highly diverse MHC population (Chapter
1.4.3), the ability of the TCR to distinguish between MHC haplotypes must be TCR
dependent but not intrinsic. It has been noted as a terribly inefficient strategy if thymic
selection itself selects TCRs that are MHC restricted by chance from a pre‐selection
repertoire that contains no inherent preference and that germline predisposition makes
more sense (Kranz, 2009). However the tremendous inefficiency of positive selection
when taken into consideration relative to the proportion of thymocytes that successfully
engages and auditions with MHC (i.e. not just die by neglect; Merkenschlager et al, 1997)
makes such a notion less nonsensical. The small proportion of cells that exit the thymus
as mature naïve T cells that have undergone such stringent selection criteria, could
likely be highly focussed to the selecting haplotype in the context of extrinsic restriction
mechanisms, with TCRs only positively selected on a relatively weak affinity (Alam et al,
1996). The fact that outside molecules would impart restriction, places less constraint
on the types of interactions that could meet the criteria for positive selection, supporting
the observed variability and malleability of TCR CDR1 and 2 diversity described earlier.
Indeed, such variability may be essential in ensuring that enough cells are able to pass
through the intense censorship process. In an allogeneic setting therefore, recognition
of the allo‐MHC would be initiated by the extrinsic processes that mediate restriction to
all MHC molecules but with the stringent criteria of self‐MHC tolerance imparted during
positive selection not being met – which could also be a result different types of
interactions. Put simply, it suggests that germline CDR1 and 2 during allo‐recognition
function in a manner akin to CDR3 loops upon recognition of pathogenic Ag that were
not negatively selected against due to their absence in the thymus or more
appropriately, in a similar way to MHC unrestricted Ig molecules. Such a mechanism
implies that the pMHC is seen as a single surface rather than two distinct entities.
5.7 TCR docking angle and TCR binding and triggering
While no structural or kinetic work was carried out in this study, certain theories on
TCR binding and docking angles can also be questioned circumstantially in light of the
malleability of TCR CDR1 and 2. If the pMHC is seen as a single interaction surface, it
makes it unlikely that distinct interactions occur between the peptide and MHC – for
example as proposed by the two‐step binding model (Wu et al, 2002; Chapter 1.4.4).
Such a mechanism is also dependent on a germline affinity for MHC in the TCR that
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would mediate docking prior to peptide scanning. The mutant TCR’s ability to recognise
MHC in vivo as demonstrated here and the ability to signal in terms of thymic selection
and peripheral responses negates this idea, supporting work that demonstrates
elements of the whole pMHC complex and not distinct components can influence TCR
binding. TCR docking angles can be considered partially conserved in that the actual
angle is highly variable but the overall docking mode consistently diagonal with the
TCRα or β V‐domains always positioned relative to the same corresponding MHC
domains (Rudolph et al, 2006). Like TCR binding mechanisms to MHC, key germline
residues implemented in MHC recognition were also proposed to dominate the mode of
docking, with variations in angle related to the fact these conserved CDR positions were
focussed on depressions on top of the α‐helices of the MHC which could then act as a a
pivot, allowing the TCR to swivel within a confined axis (Marrack et al, 2008). These
CDR positions, Vα29, 31, 50 and 51 (Kabat and IMGT) and Vβ28, 29, 46, 48 and 54
(Kabat; 30, 31, 54, 56 and 67 IMGT) were altered in this study apart from two (Figure
4.1). One assumes that the library of TCR mutants generated in this study also utilise this
conventional docking approach despite lacking these key residues, based on their ability
to mediate MHC‐dependent functions in vivo, with no examples of alternative modes of
docking reported. As discussed in Chapter 1.5.2, a narrow spectrum of docking angles,
like MHC restriction in general, may be enforced by extrinsic molecules – for example
the requirement of diagonal binding to facilitate correct down stream positioning of
signalling molecules or to allow appropriate access of co‐receptors in the IS (Collins and
Riddle, 2008). However, Fab Ig molecules raised against pMHC complexes have also
demonstrated a binding mode akin to TCR, suggesting that docking angles may not be
controlled by co‐evolved interactions, but overall shape complementarity that facilitates
suitable access of the CDRs (from Ig or TCR) to the pMHC complex (Stewart‐Jones et al,
2009; see next section).
5.8 General features of CDR biology may be important in optimal MHC engagement
The discussion so far, implies that germline sequences are not vital in MHC recognition,
consistent with the diverse variants selected artificially in vivo via recombination
cassettes and the efficient TCR‐pMHC interactions mediated by structured CDR1 and 2
derived from TCRγ. Yet, germline CDR structures are maintained in evolution. General
CDR features may therefore promote optimal or efficient binding to MHC. It is possible
that shape complementarity plays a role, with structured CDRs positioned in a diagonal
orientation facilitating optimal access to the pMHC complexes. Replacement of WT
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complementarity resulting in less optimal MHC interactions, whereas those from non‐
germline mutants that contain structures comparable to canonical αβTCR CDR1 and 2
regions, for example the βCDR1γ2γ3Δ chain, could facilitate WT like engagement with MHC
(Figures 4.22 and 4.23). The aforementioned anti‐pMHC Fab Ig molecules that interacted
in a manner comparable to TCRs using their own CDRs, despite the lack of any co‐
evolutionary predisposition, also supports the notion that having the “shape” associated
with germline CDRs is sufficient to facilitate pMHC binding. If shape is not consistent
with efficient MHC recognition more general chemical properties that can be attributed
to both Ig and TCR CDRs may optimise the binding process. Analysis of Ig CDRs
proposed that tyrosines and asparagines were critically important in recognition of Ag
(Ofran et al, 2008). Interestingly the same amino acids are often highlighted as
important in TCR‐pMHC interactions, and form many of the so‐called “evolutionary
conserved” TCR CDR positions (Marrack et al, 2008). This view is further supported by
the comparable panel of amino acids found in the germline codes of both Ig and TCR
CDR1 and 2 regions (Figure 2.2), with both showing preferences for polar and aliphatic
(small hydrophobic) amino acids, along with a lesser preference for charged residues.
Further, these key residues are also found in the modified CDRs of the βCDR1γ2γ3Δ chain
and may contribute to the observed WT like selection phenotype. The fact that such
features may be beneficial as opposed to required is highlighted by the fact that the
random CDR mutants generated with the recombination cassette system did not show
any evidence of bias towards tyrosine or asparagine (Tables 3.1, 3.2 and 3.4).
Another general feature of CDRs that has recently been retrospectively attributed to the
docking angles and binding affinities of solved TCR‐pMHC structures is that of MSEP, as
described in Chapter 1.5.2 (Kahn and Ranganathan, 2011). As described in Chapter 2.1.4,
conservation of CDR position is not proportional to MHC interactions as exemplified by
the P3 histidine of the βCDR1 in both murine and human genomes (Figure 2.2). It is
possible therefore that this residue creates an important electrostatic environment that
is vital in guiding engagement with the reciprocal environment of MHC alleles.
Interestingly, the equivalent P3 histidine was relatively highly conserved in the βCDR1
recombination cassette mice despite being next to the point of recombination where
most diversity was otherwise observed (Figure 3.7). The study described in Chapter
1.5.2 that demonstrated loss of pMHC recognition upon deletion of a key MHC lysine
from the HLA‐A2‐Tax pMHC was not related to a loss of interaction with the TCR but
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rather a disruption in electrostatic compatibility that could be reverted with the mutual
deletion of a neighbouring glutamic acid (Gagnon et al, 2005). Such a requirement of
MSEP forces could explain the lack of efficiency in MHC engagement of the mutant
glycine‐alanine linker containing TCRs used in this study, while other non‐germline
mutants such as the βCDR1γ2γ3Δ were successful. The increase in net positive charge that
was preferentially associated with the βCDR2 containing recombination cassettes
(Figure 3.8), could be due to the positively charged CDR2 preferentially interacting with
selecting MHC resulting in the enrichment of charged sequences detected in the
periphery, that were most likely not enriched in the pre‐selection repertoire (Chapter
3.2.3). The class II bias associated with all three TCRβ chains modified with
recombination cassettes (Table 2.2) indicates the majority of T cells in these cassette
mice were selected on the sole class II H2‐A molecule, which is relatively highly
conserved across different haplotypes (Feng et al, 2007). Interestingly, the region of α1
domain of H2‐A that the βCDR2 has been shown to interact with does contain some
pockets of negative MSEP, which supports the notion of a positive charge in the TCR at
the βCDR2 being beneficial (Kahn and Ranganathan, 2011 Maynard et al, 2005) although
pockets of positive MSEP also exist. Unfortunately it is difficult to fully substantiate
these conclusions without analysing the pre‐selection or mature CD8 cassette
repertoires, which was attempted but was unsuccessful. Thus there is a potential role
for general chemical features of CDRs to optimise and guide MHC engagement as
highlighted tentatively in this study. Key studies would be to replace full CDRs with
chemically extreme CDRs and measuring preferences to MHC of defined MSEP in vivo.
5.9 Comment on the isolated case of autoimmunity in β CDR1Δ 2Δ 3Δ mice and MHC class bias
Two unexpected phenomena that arose from this unbiased approach to analyse the role of
germline CDRs was that of the MHC class bias, present in some of the TCR CDR mutants
and the isolated case of systemic autoimmunity observed in mice that received adoptively
transferred splenocytes from βCDR1Δ2Δ3Δ mice. The isolated case of systemic autoimmunity
occurred in an experimental group size of n = 6 with significant differences between mice that
received splenocytes from βCDR3Δ or βCDR1Δ2Δ3Δ mice in terms of weight and anti-dsDNA
antibodies suggesting this was a genuine event with the latter readout dependent on TCR
mediated responses. Thus the point of contention is why it was only observed on one occasion
despite a total of three similar experiments being set up using comparable group sizes (data
not shown). As discussed in Chapter 4.5, the two groups of mice contained different
proportions of CD4 T cells, although both contained cells with a regulatory phenotype. It is
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possible that the less efficient colonisation of empty recipients could have resulted in loss of a
functional Treg population – functionality tests from the WT and mutant mice could confirm
whether any difference in peripheral tolerance existed between the groups. Similarly, the
reduction in TCR diversity in mutant mice may have resulted in an impaired regulatory
repertoire, which can be associated with autoimmunity (Ferreira et al, 2009). Autoimmune
TCRs are nearly always associated with low affinity interactions with self-pMHC and
reduced signalling capacity has also been demonstrated to lead to an autoimmune TCR
response as evidenced by naturally occurring variants and directed mutagenesis of the CD3
ITAMs (Holst et al, 2008 and Lundholm et al, 2010). It is possible that a fraction of TCRs
from the mutant mice had impaired MHC recognition, which is clear in thymic selection in
the primary mice, that may result in decreased signalling strengths resulting in autoimmunity.
While atypical docking angles representative of some human autoimmune TCRs
(Wucherpfennig et al, 2009) have not been characterised for murine counterparts, one could
speculate that a diminished contribution at the pMHC interface mediated by a flexible
glycine-alanine linker may encourage altered binding modes that could result in
autoimmunity. Alternatively, if the flexible linkers of mutant TCRs are actively engaging
pMHC, recognition may be less stringent due to the same flexibility leading to pathogenic
cross-reactivity. Unfortunately, the lack of reproducibility of this phenotype allows only
conjecture in attempting to ascribe the underlying cause – with the biggest caveat relating to
the fact that other data presented here showed clear tolerance to self-MHC in an in vivo
transplant setting and in vitro proliferation assay (Figure 4.26 and 4.27).
The nature of class bias in the germline CDR mutants is arguably the most perplexing,
intriguing and unexpected result obtained in this study. While the CD8 skewing in αCDR1Δ2Δ
mice cannot be confirmed due to generally poor T cell development in all TCRα retrogenic
mice (Chapter 4.2.3), the clear skewing to the CD4 SP compartment in thymi of the
corresponding TCRβ CDR mutants markd a clear divergence in lineage choice. Generation of
transgenic αCDR1Δ2Δ expressing mice would facilitate clearer analysis of any CD4/8 skew.
Although some studies have proposed specific TCR V-segments contain slight inherent
preferences for MHC class (DerSimonian et al, 1991 and Jameson et al, 1990), all Vsegments contain the potential to contribute to class I or class II restricted receptors
(Valkenburg et al, 2010 and Jorgensen et al, 1992). The fact that βCDR1γ2γ3Δ containing TCRs
can mediate selection on class I and class II MHC comparable to TCRβ chains with WT
CDR1 and 2 argues against a concept where germline residues within each chain maintain
opposing inherent preferences. Further, mutagenesis studies on the YAe62 TCR, which has
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been crystallised with both class I and II pMHC ligands, showed that the same germline CDR
residues were important in recognition of both classes of MHC (Yin et al, 2011). Comparison
of class I specific TCRs made from distinct V-segments that were deemed to be CD8
dependent (2C, A6, B7 and KB5-C20; Buslepp et al, 2003b; Guimezanes et al, 2001 and
Daniels and Jameson, 2000) or independent (AHIII, BM3.3, LC13 and JM22; Guimezanes et
al, 2001; Sewell et al, 1999; Lawson et al, 2001 and Buslepp et al, 2003) were shown to form
two distinct groupings of Vα docking modes atop the MHC molecule (Buslepp et al, 2003b).
It was concluded the CD8 independent TCRs most likely sterically inhibit CD8 mediated
signalling through distinct docking modes (Collins and Riddle, 2008). If at a sufficient
affinity, these docking modes may facilitate co-receptor independent TCR signalling. Such
affinities would result in negative selection in the thymus, which is consistent with the
absolute requirement of CD8 in class I mediated selection (Crooks and Littman, 1994).
Endogenous TCRα chains pairing with retrogenic TCRβ chains using minimal glycinealanine linkers as CDRs, may be limited in their docking options with MHC during T cell
selection resorting in docking modes that also sterically block CD8 mediated signalling. As
CD8 help is required for successful signalling in selection of class I restricted T cells, it could
explain the observed CD4 skew in TCRβ mutant retrogenic mice using glycine-alanine
linkers but not structured non-germline replacements such as the βCDR1γ2γ3Δ chain. Such a
process is consistent with the notion of reduced selection efficiency as measured by CD5
expression (Figure 4.7) without a drop in endogenous partner chain Vα-segment usage
(Figure 4.19).
The skewing to MHC class II in the recombination cassette mice adds a further layer of
complexity. The fact the recombination system only modified one CDR at a time is consistent
with data showing modification of the βCDR2 to a gly-ala linker while maintaining the
germline CDR1 sequence is sufficient to induce a thymically selected class II skew (Figure
4.9). Conversely however, the non-germline modifications created through redirected V(D)J
recombination generated structured loops with the majority of modifications focussed at loop
apices, which makes the non-germline products of recombination more akin in structure to the
non-germline CDR loops in the βCDR1γ2γ3Δ mice, which produced no lineage skewing (Figure
4.24). This suggests that distinct mechanisms could account for the skewing noted between
the cassette modified and glycine-alanine linker containing non-germline TCRβ mutants. As
discussed in the previous section, the preference in class II skewing in cassette mice could be
attributed to the increase in net positive charge generating favourable MSEP with the
selecting H2-A class II molecule. Conversely, replacement of the WT βCDR1 and 2 with
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glycine-alanine linkers would have the opposing effect on the TCRβ MSEP through loss of
the two canonical positively charged residues (Figure 4.1). Intriguingly, the opposite is true
with regards to the modification of the C6 TCRα CDR1 and 2 with the glycine-alanine
linkers, which would result in an increase in positive MSEP through loss of the canonical
aspartic acid in the CDR2 (Figure 5.1). It is possible these opposing characteristics could play
an active role in MHC class preference, although it is hard to reconcile how an increase and
decrease in net positive charge in the cassette generated and glycine-alanine linker modified
TCRβ chains respectively, could both mediate a strong skew to the CD4 lineage. Repertoire
analysis of the inferior CD8 T cells populations from cassette mice could shed further light on
this discrepancy.
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Figure 5. 1: Replacement of C6 TCRα and TCRβ CDR1 and 2 with glycine-alanine linkers polarises the net
charge of each chain.
Homology model representations of the variable domains comparing the αWT and βCDR3Δ chains (top) with their
relevant mutant chains (bottom). The α and β chains are depicted as paired TCRs for simplicity with the dashed
line defining each chain. The MSEP is displayed with red equating negative charge and blue, positive charge as
described by Kahn and Ranganathan, 2011. The charged residues removed upon modification with glycinealanine linkers are highlighted in the top picture. Relative positions of the CDRs are highlighted indicated with
dotted circles. The models were built using the PDB 1NFD, which was selected based on a BLAST search of the
template sequences. The models were generated and kindly supplied by Shoba Ranganathan.

5.11 Summary
Overall, the work presented here has demonstrated the dispensability of germline TCR CDR
sequence in mediating a broad array of MHC mediated events, including T cell selection,
immune response, development of nTregs and alloreactivity as a well as the capacity of
hundreds of non-germline variants to mediate MHC recognition in vivo. Such data is
inconsistent with the notion that conserved pair wise interactions have developed and been
maintained between the TCR and MHC over evolutionary time and has ramifications in other
aspects of TCR-pMHC biology including the role of docking angles and binding mechanisms.
The tremendous capacity for modification within the intrinsic features of the TCR without
affecting the ability to mediate MHC restricted responses refocuses the attention on extrinsic
factors to underpin the fundamental nature of MHC restriction. Other data supports a more
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general role for germline CDRs that may function to optimise the nature of the TCR-pMHC
interaction. By allowing such flexibility in the germline CDRs, one subsequently lessens the
limitations on the hypervariable CDR3 regions, ultimately making the presented Ag the
driving force of the interaction and not the MHC. Only an approach such as this would
facilitate the level of cross-reactivity required to efficiently respond to the vast plethora of
peptide Ag that comes into contact with the adaptive immune system.
Such an extrinsically regulated system is perhaps the only approach that could lead to the
extreme level of diversity observed for TCR-pMHC interactions described in Chapter 1.4.2
and also why a clear, conserved mode of interaction has not emerged. The malleability of
germline CDR1 and 2 in terms of chemical composition neatly highlighted by the
recombination cassette system suggests that within a TCR-pMHC interface mediated by
extrinsic features such as co-receptors, it is the chemical and not biological nature of the
relationship that determines ligand suitability. In such an environment it would not be
surprising to find variable angles (albeit restricted by further extrinsic requirements) and
relationships where the “canonical” roles of the germline or hypervariable CDRs are switched
to recognise the Ag and MHC respectively (Stewart-Jones et al, 2003; Cole et al, 2009 and
Kjier-Nielson et al, 2003). Indeed, in the thymus any combination that could bind with
suitable affinity could be selected regardless of whether the peptide or CDRs were required to
change conformation upon engagement. While this approach may appear to compromise the
requirement of specificity, one could envisage a successful chemical interface between a
particular TCR and pMHC would, like any other favourable interaction, be the favoured
solution. Self-reactivity within any repertoire would be minimised through stringent positive
and negative selection (Merkenschlager et al, 1997) as described. The downside of relying on
extrinsic factors to determine TCR binding angles could be the allowance of abnormal and
pathogenic docking modes that a germline code could otherwise prevent (Wucherpfennig et
al, 2009 and Marrack et al, 2008). Similarly, the imperfect nature of co-receptor mediated
MHC restriction (van Laetham et al, 2007) that facilitates higher affinity interactions in the
periphery with alternate binding angles that exclude the co-receptor from the intracellular
interface

(Buslepp et al, 2003b), could explain the apparent recognition of non-pMHC

ligands even in the presence of co-receptors (Table 1.11).
In conclusion, the presence of a germline TCR code to mediate MHC restriction and
recognition may allow greater control over the consistency and perhaps specificity of the
interactions. However, while reliance on extrinsic control may facilitate pathogenic and
atypical ligand recognition, coupled to a highly stringent selection mechanism it eases the
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restrictions on the role of the germline CDRs, leading to generation of a diverse but largely
tolerant repertoire that has a more realistic chance in achieving the required levels of crossreactivity that are vital for a functional and effective adaptive immune response and
ultimately the survival of the organism.
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Chapter 6: Methods and Materials
6.1 TCR nomenclature
The TCR nomenclature of Arden et al (Arden et al, 1995) was used predominantly
throughout due to ease of comparison with other studies. The more recent
nomenclature derived from the IMGT database (Bosc et al, 2003) was used in the qRT‐
PCR analysis (Section 6.7.2.2) in conjunction with that of Arden et al, as it further
distinguishes between Vα‐segments Vα4 and Vα13 (TRAV6 and 5 from IMGT
numbering respectively) into TRAV6.1/6.2 and TRAV5.1/5.2. Specific primers in the
qRT‐PCR analysis of repertoire amplified the distinct segments and are marked on
Figure 4.19B.
6.2 TCR residue numbering
TCR residue numbering from both the unique number system from IMGT (Le Franc et al,
2003) and from the original numbering derived from the Kabat database (Johnson and
Wu, 2000) is used. Comparisons between the two are made where required in the text
and figures. All standard single letter amino acid codes are used throughout when
describing position numbers.
6.3 C6 TCR
The original C6 TCR is HY-specific and was isolated from a CBA (H2k) female mouse
immunised with CBA male splenocytes. The peptide epitope is TENSGKDI, derived from the
Smyc gene product that is recognised on the MHC class I H2-Kk molecule. The TCR itself is
Vβ11 and Vα8.3. Like most Vβ11 TCR, C6 TCRs interact with endogenous superantigens
encoded by mouse mammary viruses, normally leading to negative selection. The C6 TCR,
for not completely known reasons, is exceedingly well selected in the presence of
superantigens. Reflecting the selection on MHC class I molecules, the C6 transgenic mouse
shows a slight skew to CD8+ selected cells (Scott et al, 1995 and Chai et al, 1999).
6.4 Cell Counts
Cell counts were made using a haemocytometer (Neubauer 0.0025mm2, Germany) with 4
fields of view counted under a x10 objective on a standard light microscope (Wild Heerbrugg,
Germany) and averages taken.
6.5 Mice
WT C57BL/6 (H2b), CBA (H2k) and FVB/N (H2q) mice were obtained from Harlan
(Blackthorn, UK). CBA TCRα‐/‐ mice (H2k) contained a complete deletion of the TCRα loci
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encompassing the constant region gene segments, thus preventing any viable TCRα
chain from being made (Phillpot et al, 1992). FVB/N TCRβδ‐/‐ (H2q) mice (Mombaerts et
al, 1992) contain a deletion from the Dβ1.3 segment to the Cβ2 gene segment, thus also
lack the ability to generate any TCRβ chain due to loss of both constant region segments.
Both TCR deficient mice were kind gifts from Adrian Hayday. All mice were maintained
in specific‐pathogen free (SPF) conditions at the Hammersmith Campus of Imperial
College London. All experiments were carried out with Home Office and local ethical
committee approval.
6.6 Analysis of germline TCR and Ig repertoire
TCR and Ig segment sequences were downloaded from IMGT. All gene segments that
were deemed to be able to be expressed were included in the analysis; orphan gene
segments and pseudo‐genes were omitted. CDR lengths were calculated based on IMGT
boundaries (Le Franc et al, 2003). The most common length of CDR for each receptor
chains were analysed to facilitate a position‐by‐position comparison, as using all lengths
could have skewed the data, as not every V‐segment would be represented at each
position. Data is presented as the percentage each amino acid is used at that position
relative to the total number of V‐segments. Heat maps were generated using J‐color grid
software (Joachimiak et al, 2006). Shannon’s entropy analysis as described in Chapter
2.1, was calculated using the protein variability server, which calculates diversity based
on sequence alignments of a common length (Garcia‐Boronat et al, 2008).
6.7 Molecular Biology
6.7.1 RNA extraction and generation of cDNA
RNA was extracted from purified cells (see Section 6.10) using an RNAqueous® RNA
extraction kit following the manufacturer’s protocol (Applied Biosciences, USA). RNA
was eluted in 50µl of double‐distilled (dd)H20 containing 1U of RNA guard (Amersham
Pharmacia, UK) and stored at ‐80°C. Complementary (c)DNA was synthesised using the
Superscript III® system (Invitrogen, USA) according to manufacturer’s instructions.
Successful cDNA synthesis was confirmed through polymerase chain reaction (PCR; see
next section), amplifying for the housekeeping gene HPRT1, which encodes for the
hypoxanthine‐guanine phosphorbiosyltransferase (HPRT) protein that is ubiquitously
expressed throughout all cells (data not shown). cDNA was stored at ‐80°C.
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6.7.2 TCR repertoire analysis

6.7.2.1 Sequencing approach
Primers specific for the diverse region of interest (Table 6.1) were used in PCR under
standard cycling conditions. For each reaction, 2.5µl x10 reaction buffer (Invitrogen, USA),
0.75µl 50mM MgCl2 (Invitrogen, USA), 0.5µl 10mM mix of each dNTP (Bioline, USA),
0.5µl of 1U/µl BIOTAQTM (Bioline, USA), 1.25µl of 1% W1 (Bioline, USA), 1µl of 10µM
forward primer and 1µl of 10µM reverse primer was made up to 25µl with ddH2O. Cycling
conditions were as follows: 1x[95ºC 5 minutes], 25-35x[(95ºC 45 seconds)(XºC 45
seconds)(72ºC 45 seconds)], 1x[72ºC 10 minutes] with reactions maintained at 4ºC until
analysis. See Table 6.1 for exact annealing temperatures (X) and cycling number for each
primer pair. To analyse sequences, fresh PCR products were cloned using the TOPO® TA
cloning kit into the pCR®2.1-TOPO® vector using the manufacturer’s instructions and
transformed to chemically competent DH5α using one-shot TOP10® (Invitrogen, USA). 5, 50
and 100µl of bacteria were plated out on to LB-Agar plates containing a final concentration of
100µg/ml of ampicillin (Invitrogen, USA) and incubated at 37°C overnight. Colony PCR that
gave positive results (checked by running on a 1% agarose gel; data not shown) using the
original primer pair were analysed by sequencing using primers specific for the constant
region of the chain (Section 6.7.6). Repertoires of endogenous sequences were determined
through comparison of sequences to the IMGT database (Lefranc et al, 1999). The stacking
charts used in Figure 3.7 to summarise the repertoire diversity created by the recombination
cassette approach were generated using Web Logo (http://weblogo.berkeley.edu/logo.cgi;
accessed 07/12/11).

Table 6.1: Forward (F) and Reverse (R) primers used to analyse TCR repertoires via sequencing
PCR Target
Annealing Temp. (°C)
Sequence (5'-3')
Name
Endogenous V!7-CDR3 F TACAGGGTCTCACGGAAGAAGC
V!7
58
R CACTGATGTTCTGTGTGACAG
C!(C)
Endogenous V"9-CDR3 F ACACCGTTGTTAAAGGCACC
V"9
54
R CTTTCAGCAGGAGGATTCG
C"L
Cassette V!11 CDR1/2 F CAAGAAGCAACTCTGTGGTGTGAG CDR1-RecF
59
R CACTGATGTTCTGTGTGACAG
C!(C)
HPRT
F CCTGCTGGATTACATTAAAGCACTG
HPRTF
54
R GTCAAGGGCATATCCAACAACAAAC
HPRTR

Table 6. 1: Forward (F) and reverse (R) primers used to analyse TCR repertoires via sequencing
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6.7.2.2 Quantitative Real-time PCR approach
Quantitative Real-time (qRT) PCR was performed by Dr Raphael Genolet using LightCycler
FastStart DNA Master SYBR Green I® (Roche Diagnostics, Switzerland). 1 µl of cDNA
template from bead purified CD4+ splenocytes (Section 6.10) was mixed with 500nM of the
appropriate primers, 2mM MgCl2 and 2 µl of LightCycler® FastStart DNA Master SYBR
Green (Roche Applied Science, USA) in a total volume of 20µl. Amplification was performed
after an initial denaturation step at 1x[95°C 10 minutes] using the following protocol: 40x [(5
seconds 95°C) (5 seconds at the annealing temperature determined for each primer pair) (20
seconds 72°C)]. After the final amplification, dissociation curves were assessed in the range
of 60 to 95°C. Ct values were determined with the Fitpoint algorithm of the LightCycler
software (v3.5). The slope efficiency for every amplification reaction was calculated by linear
regression of four different Ct values taken in the linear phase of the amplification (0.2, 0.4,
0.8, 1.6 units of fluorescence). Data was presented for each Vβ segment relative to the
expression of the Cβ signal (i.e. 100%).
6.7.3 Mutant TCR generation by overlap PCR mutagenesis
The R1 and R2 reactions (see Figure 2.7) were carried out as separate 50µl reactions using
5µl x10 reaction buffer (Invitrogen, USA), 1.5µl 50mM MgCl2 (Invitrogen, USA), 1µl 10mM
mix of each dNTP (Bioline, USA), 0.5µl of 5U/µl high fidelity Taq polymerase (Invitrogen,
USA) and 1.25µl of 1% W1. The R1 reaction primers (10µM) contained a forward primer
tagged with a BglII restriction site and a reverse primer tagged with the desired modification.
The R2 reaction primers (10µM) contained a forward primer tagged with a sequence
complementary to that of the R1 reverse primer and a reverse primer tagged with an EcoRI
restriction site (See Table 6.2 for primer sequences). Cycling conditions for these reactions
were 1x[95ºC 5 minutes], 30x[(95ºC 30 seconds)(60ºC 30 seconds)(72ºC 30 seconds)],
1x[72ºC 10 minutes] with reactions left at 4ºC. The samples were treated with Dpn1
(Invitrogen, USA) for 1 hour at 37ºC to remove methylated template DNA and cleaned using
a PCR purification kit (Qiagen, USA) following the manufacturer’s instructions and eluted in
30µl ddH2O. For the extension reaction, equimolar amounts of R1 and R2 were mixed at a
final amount between 500-1000ng. This DNA mix was used in a 50µl PCR reaction set up as
for the original R1/R2 PCR, but excluding any primers. Cycling conditions were 1x[95ºC 5
minutes], 25x[(95ºC 30 seconds)(65ºC 30 seconds)(72ºC 30 seconds)], 1x[72ºC 10 minutes].
The R3 amplification step contained 1µl of 10 µM R1 forward primer and R2 reverse primer
added to the reaction mixture and cycled as described for the R1 and R2 reactions.
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Table 6.2: Forward (F) and Reverse (R) primer sequences for overlap mutagenesis
Targeted mutation
Reaction
Sequence (5'-3')
R1 Reaction
F GGAGATCTACCACCATGGCCCCCAGGCTC
R ACCTCCTCCGCTGCTTGCACAAAGATACAC
CDR3!
R2 Reaction
F GTGCAAGGCAGCGGAGGAGGTACCTTGTACT
R CCGAATTCGCTCAGGAATTTTTTTTCTTGACCATGG
R1 Reaction
F GGAGATCTACCACCATGGCCCCCAGGCTC
R GAAAACAGCTGTGTTGGAGAAATATGGAAGTGAAATTGGCTCACACCACA
CDR1"
R2 Reaction
F ATTTCACTTCCATATTTCTCCAACACAGCTGTTTTCTGGTACAGACAGAC
R CCGAATTCGCTCAGGAATTTTTTTTCTTGACCATGG
R1 Reaction
F GGAGATCTACCACCATGGCCCCCAGGCTC
R AATCATCTATATTGTAGTTTGTTGAGACGTAAGTCAGGAACTCCAGGCCC
CDR2"
R2 Reaction
F CCTGACTTACGTCTCAACAAACTACAATATAGATGATTCAGGGATGCCCA
R CCGAATTCGCTCAGGAATTTTTTTTCTTGACCATGG

Name
C6bBglF
C6bCDR3R
C6bCDR3F
C6bRIR
C6bBglF
!CDR1-TGV1R
!CDR1-TGV1F
C6bRIR
C6bBglF
!CDR1-TGV2R
!CDR1-TGV2F
C6bRIR

Table 6. 2: Forward (F) and reverse (R) primer sequences for overlap mutagenesis

6.7.4 Recombination cassette design and synthesis
Using the βCDR3Δ or βCDR1Δ2Δ3Δ chain as template (see Figure 2.9), the 7/23/9 RSS from murine
Vβ8.1 and the 9/12/7 RSS from Dβ1 joined by the endogenous 500bp sequence upstream on
Dβ1 were designed to insert into the centre of the relevant CDR (Appendices 1 and 2). The
constructs were synthesised de novo (Mr Gene®, Germany) with EcoRI and BglII restriction
sites tagged to the 3’ and 5’ ends respectively to facilitate cloning into the pMigR1 vector (see
Figure 2.5 and the next section).
6.7.5 Cloning of modified TCRs into pMigR1 vector
Modified TCRs generated by overlap mutagenesis or gene synthesis were cloned into the
pMigR1 retroviral vector by digesting both plasmid and sample with EcoRI and BglII (New
England Biolabs, USA; 4U/µg DNA) in a 100µl reaction containing 10µl EcoRI x10 reaction
buffer (New England Biolabs, USA), made up to 100µl with ddH2O and incubating overnight
at 37ºC. Digested products and vector were mixed at 3:1 ratio (90:30fmol) with 1µl 5U/µl T4
ligase and 4µl of the associated 5X buffer (Invitrogen, USA), made up to 20µl with ddH20
and left for 2 hours at room temperature (RT). 1µl of the ligation reaction was used to
transform chemically competent DH5α as described in Section 6.7.3 and plated overnight as
also described. Single colonies were grown in 5ml of LB medium (MRC Clinical Sciences
Centre, London) containing 100µg/ml of ampicillin (Invitrogen, USA) at 37°C overnight at
220 revolutions per minute (rpm) and plasmids purified using a quick-lyse Mini-Prep plasmid
purification kit (Qiagen, USA) following the manufacturer’s instructions and eluted in 30µl
ddH20. Presence of the insert was checked by re-digestion as described above with samples
run on 1% agarose gels, with positive clones then sequenced (see next section).
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6.7.6 DNA sequencing
All sequencing was carried out by the MRC genomics facility at Hammersmith Hospital,
London. Sequencing of colony PCR products analysing TCR repertoire diversity used one
way reverse sequencing primers specific for the TCRα or TCRβ constant region (Table
6.3). Modified TCRs cloned into pMigR1 for in vivo work were sequenced in both
directions using primers specific for edge of the multiple cloning site in pMigR1 itself
(Table 6.3 and Figure 2.5). Positive clones were further concentrated by transforming
and plating DH5α chemically competent bacteria as described in Section 6.7.5. Single
colonies were grown in 2ml of LB medium with 100µg/ml final concentration of
ampicillin for 8 hours at 37°C and 220rpm and then transferred to 100ml of similar
medium and left shaking overnight. Plasmids were purified using an endo‐toxin free
maxi‐prep plasmid purification kit (Qiagen, USA) with constructs eluted in ddH20 and
stored at ‐20°C. Sequences were analysed using 4peaks software (v1.7.2) and sequence
alignments generated using BioX (v1.6b1) with ClustalW alignment algorithm
(Thompson et al, 1994).

Table 6.3: List of sequencing primers
Name
Sequence (5'-3')
Direction
C!Seq
CATAGCTTTCATGTCCAGC Reverse
TRBCs
GATGGCTCAAACAAGGAG Reverse
MigR1Fs
CTAGGCGCCGGAATTAG
Forward
MigR1Rs
CTTATTCCAAGCGGCTTC Reverse

Target
TCR! constant region
TCR" constant region
5' end of pMigR1 multiple cloning site
3' end of pMigR1 multiple cloning site

Table 6. 3: List of sequencing primers

6.8 Transfection of Phoenix Ecotropic cell line
2x105/well of the Phoenix Ecotropic lenti-virus packaging cell line (PEco) were plated in a 6
well plate (Falcon, USA) with 2ml Iscove’s Modified Dubeccos Medium (IMDM; Gibco,
USA) supplemented with 10% foetal calf serum (FCS; Autogen Bioclear, UK) and 2mM Lglutamine (Sigma, USA). After 24 hours at 37°C (5% CO2), the media was replaced and cells
were prepared for transfection. For each well, 3µg of pMigR1 containing the desired insert in
conjunction with 1µg of pCL-Ecotropic helper vector (Naviaux et al, 1996) was added to
250µl in Opti-MEM® media (Invitrogen, USA). In separate tubes, 10µl lipofectamine-2000
(Invitrogen, USA) was added to 250µl Opti-MEM® media and incubated for 20 minutes at
RT. The tubes containing the DNA and lipofectamine were mixed and incubated for a further
20 minutes before being added to the cells. Viral supernatant (SN) was harvested after further
72 hour incubation at 37°C and either used directly for transductions (see next section) or
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frozen in liquid nitrogen for later use. Transfection efficiency was measured via flow
cytometry of PEco cells using GFP from pMigR1 as a marker (see Section 6.13).
6.9 Transduction of primary cells with viral supernatant
6.9.1 HSC
BM donor mice were injected intra-peritoneally (i.p.) with 150mg/kg 5’-Fluorouracil (5’FU;
Invivogen, USA) 72 hours prior harvesting. Cells were flushed from tibia, fibula and humeri
of desired donor mice with phosphate buffer solution (PBS; Sigma, USA) through a 70µm
cell strainer using a 30-gauge needle. Red blood cells were lysed for ten minutes on ice using
2ml of red cell lysis buffer (0.8% Ammonium Chloride, 0.1mM ethylinediaminetatreacetic
acid (EDTA) with KHCO3 as a buffer; StemCell technologies, France). Cells were then
washed with PBS by spinning at 1500rpm. 2x106 cells were plated in a 12-well plate (Nunc,
Denmark) in 2ml IMDM (10% FCS and 2mM L-Glutamine) in conjunction with 20ng/ml
recombinant mouse IL-3 (Invitrogen, USA), 10ng/ml IL-6 (Invitrogen, USA), 10ng/ml SCF
(Invitrogen, USA) and 10ng/ml recombinant human FLT-3 ligand (Invitrogen, USA). Media
and cytokines were topped up by 1ml after 24 hours incubation at 37°C (5% CO2) and after
48hrs conditioned media was retained and cells were harvested by scraping with a pipette tip.
Up to 4x106 cells were re-suspended in 2ml viral SN containing desired constructs with 1µl of
4mg/ml polybrene (Sigma, USA) and plated in a 12-well plate (Nunc, Denmark). Spin
infection of the cells was induced by centrifugation at 2000rpm for 90 minutes. After
centrifugation, 0.5ml of fresh media and 1ml of conditioned media was added to each well in
conjunction with fresh cytokines at final concentrations described above. Cells were further
incubated at 37ºC (5% CO2). After 48 hours cells were harvested by scraping once more and
~1x105 cells analysed by flow cytometry for expression of the retrogene. Recipient TCRα-/- or
TCRβ-/- mice were irradiated at 400 or 600rads respectively. The remaining cells were
washed with PBS and prepared to allow transfer of 0.1-1.0x106 GFP+ HSC per recipient
mouse in 200µl PBS via intravenous (i.v.) injection into the lateral tail vein.
6.9.2 ConA blasts
Single cell suspensions of splenocytes from C57BL/6 or CBAWT mice were made by teasing
cells through a 70µm cell strainer (BD Falcon, USA) and washed at 1500rpm with PBS
(Sigma, USA). 6x106 cells were plated in a 12-well plate (Nunc, Denmark) with 2ml of
Roswell Park Memorial Institute (RPMI; Gibco, USA) supplemented with 2mM L-Glutamine
(Sigma, USA) and 10% FCS in conjunction with 2ng/ml recombinant mouse IL-7 (SantaCruz, USA) and stimulated with 4ng/ml of Con A (Sigma, USA). The protocol continued as
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described for HSC in the previous section, but using reagents noted here. All cells were
harvested and subjected to flow cytometric analysis to analyse surface expression of the
transduced retrogene (Section 6.13).
6.10 Cell purification
T cells isolated for endogenous TCR repertoire analysis (Section 6.7.2) and in vitro
proliferation assays (Section 6.12) were purified using MACS® bead purification system
using self‐made MACS buffer (PBS, 2mM EDTA and 0.5% bovine serum albumin (BSA)).
Cells were purified using anti‐CD4 (L3T4) or anti‐CD8 microbeads (Milentyi Biotec,
Germany) following the manufacturer’s instructions using MS‐manual separation
columns.
6.11 Generation of BMDC
BMDC were generated based on the method of Inaba et al. (Inaba et al, 1992). BM was
flushed from the long bones of donor mice (TCR βδ-/-, TCRα-/- or C57BL/6) as described in
Section 6.9.1. Cells were re-suspended in IMDM (Gibco, USA) supplemented with 10% FCS
(Autogen Bioclear, UK), 2mM L-glutamine (Sigma, USA), 100IU/ml penicillin (Invitrogen,
USA) and 100µg/ml streptomycin (Invitrogen, USA) at a concentration of 1x106/ml and 10ml
plated in 20cm2 flasks (BD Falcon, USA) with 10% (v/v) GM-CSF containing supernatant at
37°C (5% CO2). On day 3, half of the media was replaced and fresh GM-CSF containing
supernatant added to 10% (v/v) and re-incubated. On day 6, the cells were harvested by
scraping and re-plated in similarly supplemented medium at the original density. On day 7,
the BMDC were activated with LPS (Sigma-Aldrich, St. Louis, MO, USA) at 100 ng/ml and
harvested on day 8 for use in in vitro cell proliferation assays (see next section). GM-CSF was
produced from the murine encoded gene cloned into the mammalian expression vector
(BCMGSNeo) and transfected into the X63-Ag8 plasmacytoma cell line. Cells were selected
with G418 (Sigma, USA) added at a concentration of 1mg/ml. To harvest SN, cells were
washed twice at 1500rpm in PBS (Sigma, USA), aliquoted and stored at -20°C.
6.12 In vitro proliferation assay
An in vitro mixed lymphocyte response (MLR) proliferation assay was carried out as
previously described (Chai et al, 1998). 1x105 CD4 T cells purified as described in Section
6.10 were co-cultured with 0, 1x104, 2x104 or 4x104 allogeneic or syngeneic irradiated
BMDC in a total volume 200µl of RPMI (Gibco, USA), supplemented with 10% FCS
(Autogen Bioclear, UK), 2mM L-glutamine (Sigma, USA), 100IU/ml penicillin (Invitrogen,
USA) and 100µg/ml streptomycin (Invitrogen, USA) in round-bottomed 96-well plates
210

(Nunc, Denmark). BMDC were generated as described in the previous section and irradiated
at 1000 Rads prior to incubation. After 72 hours incubation at 37°C (5% CO2), wells were
pulsed with 1µCi [3H] thymidine in 1µl ddH20 (New England Nuclear, USA) and left for a
further 18 hours. Thymidine uptake was measured using a Wallac 1205 Betaplate liquid
scintillation counter (PerkinElmer, USA). All samples were measured as duplicates from at
least n=3 mice.
6.13 Flow cytometry
6.13.1 Antibodies and hardware used
Flow cytometric analyses were performed on a FACSCalibur (BD Bioscience, USA) or CyanADP (Dako, Denmark) instrument acquired with BD CellQuest and Summit® software
respectively. Data was analysed using FlowJo software (Treestar, v8.8.6). Antibodies were
obtained from eBiosciences (USA); CD4-FITC (RM4-5), CD8-APC (53-6.7), FoxP3-APC
(FJK-16s), FoxP3-FITC (FJK-16s), CD5-PE (53-7.3) and TCR-PE (H57-597), BD
Biosciences PharMingen (San Jose, CA, USA); CD25-PE (PC61), CD44-PE (IM7), CD44APC (IM7), CD4-PerCP (RM4-5), Vα2-PE (B20.1), Vα3.2-PE (8-8.96), Vα8.3-PE (B21.14),
Vα12-PE (B20.1), Vβ2-PE (B20.6), Vβ3-PE (KJ25), Vβ4-PE (KT4), Vβ5.1-PE (MR9-4),
Vβ6-PE (RR4-7), Vβ7-PE (TR310), Vβ8-PE (F23.1), Vβ8.1/8.2-PE (MR5-2) and Vβ11-PE
(RR3.15) and eBiosciences (USA); Helios-APC (22F6).
6.13.2 Preparation of tissues
Thymocytes and lymphocytes from spleen and LN were made into single cell
suspensions as described in Section 6.9.1. Inguinal, brachial and axillary LN were taken
as standard. Cells in culture were scraped from wells using a pipette tip. Splenocytes
were lysed on ice for 10 minutes in 2ml of red cell lysis buffer (0.8% Ammonium Chloride,
0.1mM EDTA with KHCO3 as a buffer; StemCell technologies, France). All cells were
washed twice in 50ml PBS (Sigma, USA) at 1500rpm and re-suspended in a final volume of
100µl for staining.
6.13.3 Surface staining
0.5‐1µl of required antibody was added to each sample for approximately every 1x106
cells and gently tapped. Samples were incubated in the dark at RT for 20 minutes before
washing twice with 2ml of PBS (Sigma, USA) at 1500rpm. Cells were re‐suspended in
300µl of PBS (Sigma, USA) and kept at 4°C until analysis.
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6.13.4 Internal staining
For internal staining of FoxP3 and Helios expression, at least 2x106 cells were prepared
and surface stained as described in Section 6.13.2 and 6.13.3. Cells were fixed and
permeablised in 0.3ml FixPermTM solution diluted with the designated dilutant (both
from eBiosciences, USA) at a 1:4 ratio. Samples were incubated in the dark at 4°C for a
minimum of 1 hour or maximum for overnight. Cells were washed in 0.8ml of Perm
BufferTM (eBiosciences, USA) diluted 1:10 in PBS (Sigma, USA). 0.5µl of the desired
internal staining antibody was added in 10µl of Perm BufferTM (eBiosciences, USA) and
incubated in the dark at 4°C for 20 minutes. The samples were washed again in 0.8ml of
Perm BufferTM (eBiosciences, USA) at 1500rpm and re‐suspended in 300µl PBS (Sigma,
USA). Samples were run immediately after the final wash step.
6.13.5 Secondary staining after serum incubation
The protocol for measuring anti‐allo Ig was based on that of Leenaerts et al (Leenaerts
et al, 1990). Whole splenocytes were made into a single cell suspension as described in
Section 6.9.1 but were left without lysing red blood cells. Fc receptors were blocked with
0.5ml of 2.4G2 SN (a kind gift from Jian‐Guo Chai) incubated with the cell pellet for 15
minutes at RT. Cells were re‐suspended in RPMI (Gibco, USA) at a final concentration of
1x106/ml. 100µl of suspension was used in each well of a round-bottomed 96-well plate
(Nunc, Denmark). Blood was collected from the tail vein of mice using a 21-gauge needle.
The blood was left to clot on the bench for around 10 minutes and was then spun down using
a bench top centrifuge for 1 minute at 5000rpm. Serum was collected from the upper phase of
the samples and transferred to new tubes and stored at -80°C. When ready to use, the serum
was thawed on ice and then a serial dilution made from 1 in 10 to 1 in 10,000. 100µl of the
desired dilution was transferred to plated cells and left at RT for 20 minutes. Cells were
harvested from the plate and washed twice at 1500rpm in ice cold PBS (Sigma, USA). Cells
were re-suspended in 100µl PBS (Sigma, USA) 0.5µl of anti-mouse IgG conjugated antibody
added to each sample and incubated at RT in the dark for 20 minutes. Cells were washed in
2ml of PBS (Sigma, USA) at 1500rpm and then re-suspended in 300µl PBS (Sigma, USA)
and kept at 4°C until analysed.
6.13.6 Fluorescence activated cell sorting (FACS)
To purify CD4 T cells from recombination cassette mice, whole spleens and LN were
prepared as described in Section 6.13.2. The cells were combined and surface stained
with anti‐CD4 conjugated antibody as described in Section 6.13.3. Samples were filtered
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through muslin and maintained in PBS (Sigma, USA) containing 10% FCS (Autogen
Bioclear, UK). Samples were sorted using a FACS Aria III (Beckton-Dickinson, USA) gating
on CD4+GFP+ cells. The MRC Clinical Sciences Flow Cytometry Facility based at
Hammersmith Hospital carried out all cell sorting. Samples were pelleted by centrifugation at
1500rpm and SN removed and pellets stored at -80°C until ready for RNA extraction (Section
6.7.1).
6.14 Histology
Immunohistochemical staining was kindly carried out by Dr Fang-Ping Huang at Imperial
College. Briefly, Snap-frozen kidneys were cut and fixed in cold acetone for 5 minutes and
air-dried. Sections were incubated with 20% normal goat serum to block non-specific
binding.
FITC-conjugated goat antibody specific for IgG1 (Serotec, STAR81F) (1/100 dilution), or
IgG2b (Serotec, STAR83F) was applied for 1 hour at RT. Slides were washed 5 minutes in
PBS (Sigma, USA) for three times and mounted with PermaFluor. The tissue slides were
analyzed using an Olympus BX4 fluorescence microscope and images were acquired with a
Photonic Science Color Coolview digital camera.
6.15 Enzyme-linked immunosorbent assay (ELISA)
6.15.1 Class switching ELISA
The ELISA was carried out using the BD PharmigenTM Mouse Immunoglobulin Isotyping
ELISA kit, following the manufacturer’s instructions. The kit contained an internal positive
control that required samples to be diluted such that absorbance readings fell into the
exponential phase of the internal positive control serial dilution. As such, sera from the TCRβ
retrogenic mice were diluted 1:200 into PBS (Sigma, USA) (along with C57BL/6 and TCRβ-/negative control) and the TCRα retrogenics were diluted 1:400 (including the TCRα-/negative control). Plates were read at 570nm-450nm as specified in the protocol
(SpectramaxM2, Molecular Devices, USA).
6.15.2 Autoimmune ELISA
96-well plates (Nunc, Denmark) were coated in 50µl of 1µg/ml streptavidin (Roche Applied
Science, USA) diluted in Boric Acid buffer (100mM boric acid, 25mM Na tetraborate and
75mM NaCl at pH 8.3-8.5) and incubated at 37ºC (5% CO2) for 3 hours. Wells were then
saturated with 100µl PBS (containing 0.5% BSA-NaN3; Sigma, USA) at RT for 1 hour.
Biotinylated dsDNA was added in 50µl at 200ng/ml in PBS (Sigma, USA) or 50µl PBS for
negative controls and incubated at 4ºC for 5 hours. Wells were saturated as before. Wells
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were washed 5 times with PBS (Sigma, USA) and diluted serum samples (1:100) added in
50µl PBS (plus 2% BSA) and incubated at 4ºC for 5 hours before being washed 5 times with
PBS as before. An alkaline phosphatase conjugated antibody (BD Pharmigen, USA) diluted
in 50µl PBS with 2% BSA (Sigma, USA) was added to each well and incubated for 5 hours at
4ºC, again being washed 5 times with PBS. Alkaline phosphatase substrate (Sigma, USA;
FAST p-Nitrophenyl phosphate tablet sets) was made up as directed and added in 50µl/well.
The reaction was allowed to proceed at RT being measured every hour for 5 hours at 405nm
(SpectramaxM2, Molecular Devices, USA).
6.16 Skin grafting
I am greatly indebted to Dr David Coe for carrying out skin grafting operations on my
behalf. Recipient mice were injected with 3x106 whole splenocytes i.v. from pooled
donors and allowed to expand for 4 weeks. Skin‐grafting procedure was based on that of
Billingham et al (Billingham et al, 1951). Skin sections approximately 1cm2 were taken
from syngeneic and allogeneic donor tail skin and kept in PBS (Sigma, USA) until use.
Recipient mice were anaethesetised with isoflurane (Halocarbon Products Corp, USA)
and then injected subcutaneously (s.c.) with 260ng of Metcam (Boehringer Ingelheim,
Germany). The mice were immobilised and the surgical site shaven and sterilised with
70% ethanol and Opsite spray® dressing applied. A corresponding 2cm2 skin section
was removed from the recipients above the right flank to create a graft bed. The
syngeneic and allogeneic donor skin was placed into the graft bed adjacent to each other
and then covered in Vaseline‐soaked muslin. A plaster was then applied around the
graft, extending to the thorax and mice were placed in a 32°C chamber to recover with
wet food. The plasters were removed after 8 days post‐operation and skin graft
rejection scoring was determined using a +/- system of graft rejection where ++ = full
acceptance, defined by no aggravation and growth of hair on grafted skin, + = No sign of hair
growth but no visible shrinking or aggravation of the graft, +/- = No hair growth with signs of
aggravation or scabbing but with no shrinking of graft, +/-- = as for +/- but with shrinkage of
graft and - = complete rejection no sign of original graft on graft area due to shrinking and
aggravation. Scoring was measured from the day of grafting.
6.17 Statistical Analysis
6.17.1 Shannon’s entropy analysis
A full description of Shannon’s entropy analyses used in this study is provided in the
relevant chapters. Please refer to Chapter 2.1.3 and 3.2.2.
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6.17.2 Unpaired student’s t-test and One-way ANOVA
All statistical analyses used excluding that in Section 6.17.1, was analysed with GraphPad
Prism (v5.0c for Mac OSX, USA). Tests for significance are described in relevant figure
legends throughout the study. The one way ANOVA analysis used a Tukey’s multiple
comparison post-test to compare columns within groups, where P<0.05 is counted as
significant.

215

References

Abarrategui, I. & M. S. Krangel, (2006) Regulation of T cell receptor-alpha gene recombination by transcription.
Nat Immunol 7: 1109-1115.
Adams, E. J., Y. H. Chien & K. C. Garcia, (2005) Structure of a gammadelta T cell receptor in complex with the
nonclassical MHC T22. Science 308: 227-231.
Adolfsson, J., R. Mansson, N. Buza-Vidas, A. Hultquist, K. Liuba, C. T. Jensen, D. Bryder, L. Yang, O. J.
Borge, L. A. Thoren, K. Anderson, E. Sitnicka, Y. Sasaki, M. Sigvardsson & S. E. Jacobsen, (2005)
Identification of Flt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised
road map for adult blood lineage commitment. Cell 121: 295-306.
Agenes, F., J. P. Dangy & J. Kirberg, (2008) T cell receptor contact to restricting MHC molecules is a
prerequisite for peripheral interclonal T cell competition. J Exp Med 205: 2735-2743.
Al-Lazikani, B., A. M. Lesk & C. Chothia, (2000) Canonical structures for the hypervariable regions of T cell
alphabeta receptors. J Mol Biol 295: 979-995.
Alder, M. N., I. B. Rogozin, L. M. Iyer, G. V. Glazko, M. D. Cooper & Z. Pancer, (2005) Diversity and function
of adaptive immune receptors in a jawless vertebrate. Science 310: 1970-1973.
Altmann, D. M., O. Lider, D. C. Douek & I. R. Cohen, (1987) Activation of specific T cell lines by the antigens
avidin and myelin basic protein in the absence of antigen-presenting cells. Eur J Immunol 17: 16351640.
Aleksic, M., O. Dushek, H. Zhang, E. Shenderov, J. L. Chen, V. Cerundolo, D. Coombs & P. A. van der Merwe,
(2010) Dependence of T cell antigen recognition on T cell receptor-peptide MHC confinement time.
Immunity 32: 163-174.
Anderson, M. S., E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. Turley, H. von Boehmer, R. Bronson, A.
Dierich, C. Benoist & D. Mathis, (2002) Projection of an immunological self shadow within the thymus
by the aire protein. Science 298: 1395-1401.
Apostolou, I., A. Sarukhan, L. Klein & H. von Boehmer, (2002) Origin of regulatory T cells with known
specificity for antigen. Nat Immunol 3: 756-763.
Arcaro, A., C. Gregoire, N. Boucheron, S. Stotz, E. Palmer, B. Malissen & I. F. Luescher, (2000) Essential role
of CD8 palmitoylation in CD8 coreceptor function. J Immunol 165: 2068-2076.
Arcaro, A., C. Gregoire, T. R. Bakker, L. Baldi, M. Jordan, L. Goffin, N. Boucheron, F. Wurm, P. A. van der
Merwe, B. Malissen & I. F. Luescher, (2001) CD8beta endows CD8 with efficient coreceptor function
by coupling T cell receptor/CD3 to raft-associated CD8/p56(lck) complexes. J Exp Med 194: 14851495.
Arden, B., S. P. Clark, D. Kabelitz & T. W. Mak, (1995) Mouse T-cell receptor variable gene segment families.
Immunogenetics 42: 501-530.
Armstrong, K. M. & B. M. Baker, (2007) A comprehensive calorimetric investigation of an entropically driven
T cell receptor-peptide/major histocompatibility complex interaction. Biophys J 93: 597-609.
Armstrong, K. M., K. H. Piepenbrink & B. M. Baker, (2008) Conformational changes and flexibility in T-cell
receptor recognition of peptide-MHC complexes. Biochem J 415: 183-196.
Arstila, T. P., A. Casrouge, V. Baron, J. Even, J. Kanellopoulos & P. Kourilsky, (1999) A direct estimate of the
human alphabeta T cell receptor diversity. Science 286: 958-961.

216

Ashton-Rickardt, P. G., A. Bandeira, J. R. Delaney, L. Van Kaer, H. P. Pircher, R. M. Zinkernagel & S.
Tonegawa, (1994) Evidence for a differential avidity model of T cell selection in the thymus. Cell 76:
651-663.
Asmuss, A., K. Hofmann, T. Hochgrebe, G. Giegerich, T. Hunig & T. Herrmann, (1996) Alleles of highly
homologous rat T cell receptor beta-chain variable segments 8.2 and 8.4: strain-specific expression,
reactivity to superantigens, and binding of the mAb R78. J Immunol 157: 4436-4441.
Azzam, H. S., A. Grinberg, K. Lui, H. Shen, E. W. Shores & P. E. Love, (1998) CD5 expression is
developmentally regulated by T cell receptor (TCR) signals and TCR avidity. J Exp Med 188: 23012311.
Azzam, H. S., J. B. DeJarnette, K. Huang, R. Emmons, C. S. Park, C. L. Sommers, D. El-Khoury, E. W. Shores
& P. E. Love, (2001) Fine tuning of TCR signaling by CD5. J Immunol 166: 5464-5472.
Babbitt, B. P., P. M. Allen, G. Matsueda, E. Haber & E. R. Unanue, (1985) Binding of immunogenic peptides to
Ia histocompatibility molecules. Nature 317: 359-361.
Baker, B. M., R. V. Turner, S. J. Gagnon, D. C. Wiley & W. E. Biddison, (2001) Identification of a crucial
energetic footprint on the alpha1 helix of human histocompatibility leukocyte antigen (HLA)-A2 that
provides functional interactions for recognition by tax peptide/HLA-A2-specific T cell receptors. J Exp
Med 193: 551-562.
Bajoghli, B., P. Guo, N. Aghaallaei, M. Hirano, C. Strohmeier, N. McCurley, D. E. Bockman, M. Schorpp, M.
D. Cooper & T. Boehm, (2011) A thymus candidate in lampreys. Nature 470: 90-94.
Baldwin, T. A., M. M. Sandau, S. C. Jameson & K. A. Hogquist, (2005) The timing of TCR alpha expression
critically influences T cell development and selection. J Exp Med 202: 111-121.
Bangham, R., G. A. Michaud, B. Schweitzer & P. F. Predki, (2005) Protein microarray-based screening of
antibody specificity. Methods Mol Med 114: 173-182.
Barber, E. K., J. D. Dasgupta, S. F. Schlossman, J. M. Trevillyan & C. E. Rudd, (1989) The CD4 and CD8
antigens are coupled to a protein-tyrosine kinase (p56lck) that phosphorylates the CD3 complex. Proc
Natl Acad Sci U S A 86: 3277-3281.
Barclay, A. N., (2003) Membrane proteins with immunoglobulin-like domains--a master superfamily of
interaction molecules. Semin Immunol 15: 215-223.
Barnd, D. L., M. S. Lan, R. S. Metzgar & O. J. Finn, (1989) Specific, major histocompatibility complexunrestricted recognition of tumor-associated mucins by human cytotoxic T cells. Proc Natl Acad Sci U
S A 86: 7159-7163.
Bartok, I., S. J. Holland, H. W. Kessels, J. D. Silk, M. Alkhinji & J. Dyson, (2010) T cell receptor CDR3 loops
influence alphabeta pairing. Mol Immunol 47: 1613-1618.
Bentley, G. A., G. Boulot, K. Karjalainen & R. A. Mariuzza, (1995) Crystal structure of the beta chain of a T
cell antigen receptor. Science 267: 1984-1987.
Benz, C., K. Heinzel & C. C. Bleul, (2004) Homing of immature thymocytes to the subcapsular
microenvironment within the thymus is not an absolute requirement for T cell development. Eur J
Immunol 34: 3652-3663.
Bevan, M.J. (1984) High determinant density may explain the phenomenon of alloreactivity. Imm Today 5: 128130
Billingham, R. E., P. L. Krohn & P. B. Medawar, (1951) Effect of cortisone on survival of skin homografts in
rabbits. Br Med J 1: 1157-1163.
Bjorkman, P. J., M. A. Saper, B. Samraoui, W. S. Bennett, J. L. Strominger & D. C. Wiley, (1987) Structure of
the human class I histocompatibility antigen, HLA-A2. Nature 329: 506-512.

217

Bjorkman, P. J., M. A. Saper, B. Samraoui, W. S. Bennett, J. L. Strominger & D. C. Wiley, (1987)b The foreign
antigen binding site and T cell recognition regions of class I histocompatibility antigens. Nature 329:
512-518.
Blackman, M., J. Yague, R. Kubo, D. Gay, C. Coleclough, E. Palmer, J. Kappler & P. Marrack, (1986) The T
cell repertoire may be biased in favor of MHC recognition. Cell 47: 349-357.
Boehm, T., (2011) Design principles of adaptive immune systems. Nat Rev Immunol 11: 307-317.
Boniface, J. J., J. D. Rabinowitz, C. Wulfing, J. Hampl, Z. Reich, J. D. Altman, R. M. Kantor, C. Beeson, H. M.
McConnell & M. M. Davis, (1998) Initiation of signal transduction through the T cell receptor requires
the multivalent engagement of peptide/MHC ligands [corrected]. Immunity 9: 459-466.
Boniface, J. J., Z. Reich, D. S. Lyons & M. M. Davis, (1999) Thermodynamics of T cell receptor binding to
peptide-MHC: evidence for a general mechanism of molecular scanning. Proc Natl Acad Sci U S A 96:
11446-11451.
Borbulevych, O. Y., K. H. Piepenbrink & B. M. Baker, (2011) Conformational melding permits a conserved
binding geometry in TCR recognition of foreign and self molecular mimics. J Immunol 186: 2950-2958.
Born, W. K., C. L. Reardon & R. L. O'Brien, (2006) The function of gammadelta T cells in innate immunity.
Curr Opin Immunol 18: 31-38.
Borowski, C., X. Li, I. Aifantis, F. Gounari & H. von Boehmer, (2004) Pre-TCRalpha and TCRalpha are not
interchangeable partners of TCRbeta during T lymphocyte development. J Exp Med 199: 607-615.
Bosc, N. & M. P. Lefranc, (2003) The mouse (Mus musculus) T cell receptor alpha (TRA) and delta (TRD)
variable genes. Dev Comp Immunol 27: 465-497.
Bosco, N., C. Engdahl, A. Benard, J. Rolink, R. Ceredig & A. G. Rolink, (2008) TCR-beta chains derived from
peripheral gammadelta T cells can take part in alphabeta T-cell development. Eur J Immunol 38: 35203529.
Bosco, N., F. Agenes, A. G. Rolink & R. Ceredig, (2006) Peripheral T cell lymphopenia and concomitant
enrichment in naturally arising regulatory T cells: the case of the pre-Talpha gene-deleted mouse. J
Immunol 177: 5014-5023.
Bouneaud, C., P. Kourilsky & P. Bousso, (2000) Impact of negative selection on the T cell repertoire reactive to
a self-peptide: a large fraction of T cell clones escapes clonal deletion. Immunity 13: 829-840.
Boursalian, T. E., J. Golob, D. M. Soper, C. J. Cooper & P. J. Fink, (2004) Continued maturation of thymic
emigrants in the periphery. Nat Immunol 5: 418-425.
Bowerman, N. A., M. T. Falta, D. G. Mack, J. W. Kappler & A. P. Fontenot, (2011) Mutagenesis of berylliumspecific TCRs suggests an unusual binding topology for antigen recognition. J Immunol 187: 36943703.
Boyd, L. F., S. Kozlowski & D. H. Margulies, (1992) Solution binding of an antigenic peptide to a major
histocompatibility complex class I molecule and the role of beta 2-microglobulin. Proc Natl Acad Sci U
S A 89: 2242-2246.
Bridgeman, J. S., A. K. Sewell, J. J. Miles, D. A. Price & D. K. Cole, (2011) Structural and biophysical
determinants of alphabeta T-cell antigen recognition. Immunology 135: 9-18.
Brodnicki, T. C., P. O. Holman & D. M. Kranz, (1996) Reactivity and epitope mapping of single-chain T cell
receptors with monoclonal antibodies. Mol Immunol 33: 253-263.
Brugnera, E., A. Bhandoola, R. Cibotti, Q. Yu, T. I. Guinter, Y. Yamashita, S. O. Sharrow & A. Singer, (2000)
Coreceptor reversal in the thymus: signaled CD4+8+ thymocytes initially terminate CD8 transcription
even when differentiating into CD8+ T cells. Immunity 13: 59-71.

218

Burrows, S. R., Z. Chen, J. K. Archbold, F. E. Tynan, T. Beddoe, L. Kjer-Nielsen, J. J. Miles, R. Khanna, D. J.
Moss, Y. C. Liu, S. Gras, L. Kostenko, R. M. Brennan, C. S. Clements, A. G. Brooks, A. W. Purcell, J.
McCluskey & J. Rossjohn, (2010) Hard wiring of T cell receptor specificity for the major
histocompatibility complex is underpinned by TCR adaptability. Proc Natl Acad Sci U S A 107: 1060810613.
Burtrum, D. B., S. Kim, E. C. Dudley, A. C. Hayday & H. T. Petrie, (1996) TCR gene recombination and alpha
beta-gamma delta lineage divergence: productive TCR-beta rearrangement is neither exclusive nor
preclusive of gamma delta cell development. J Immunol 157: 4293-4296.
Buslepp, J., H. Wang, W. E. Biddison, E. Appella & E. J. Collins, (2003b) A correlation between TCR Valpha
docking on MHC and CD8 dependence: implications for T cell selection. Immunity 19: 595-606.
Buslepp, J., S. E. Kerry, D. Loftus, J. A. Frelinger, E. Appella & E. J. Collins, (2003) High affinity xenoreactive
TCR:MHC interaction recruits CD8 in absence of binding to MHC. J Immunol 170: 373-383.
Campbell, K. S., B. T. Backstrom, G. Tiefenthaler & E. Palmer, (1994) CART: a conserved antigen receptor
transmembrane motif. Semin Immunol 6: 393-410.
Carrier, Y., J. Yuan, V. K. Kuchroo & H. L. Weiner, (2007) Th3 cells in peripheral tolerance. I. Induction of
Foxp3-positive regulatory T cells by Th3 cells derived from TGF-beta T cell-transgenic mice. J
Immunol 178: 179-185.
Cebecauer, M., P. Guillaume, P. Hozak, S. Mark, H. Everett, P. Schneider & I. F. Luescher, (2005) Soluble
MHC-peptide complexes induce rapid death of CD8+ CTL. J Immunol 174: 6809-6819.
Chai, J. G., I. Bartok, D. Scott, J. Dyson & R. Lechler, (1998) T:T antigen presentation by activated murine
CD8+ T cells induces anergy and apoptosis. J Immunol 160: 3655-3665.
Chan, S. H., D. Cosgrove, C. Waltzinger, C. Benoist & D. Mathis, (1993) Another view of the selective model
of thymocyte selection. Cell 73: 225-236.
Chang, H. C., K. Tan & Y. M. Hsu, (2006) CD8alphabeta has two distinct binding modes of interaction with
peptide-major histocompatibility complex class I. J Biol Chem 281: 28090-28096.
Cheroutre, H., F. Lambolez & D. Mucida, (2011) The light and dark sides of intestinal intraepithelial
lymphocytes. Nat Rev Immunol 11: 445-456.
Ciofani, M. & J. C. Zuniga-Pflucker, (2011) Determining gammadelta versus alphass T cell development. Nat
Rev Immunol 10: 657-663.
Claverie, J. M., A. Prochnicka-Chalufour & L. Bougueleret, (1989) Implications of a Fab-like structure for the
T-cell receptor. Immunol Today 10: 10-14.
Cochran, J. R., T. O. Cameron & L. J. Stern, (2000) The relationship of MHC-peptide binding and T cell
activation probed using chemically defined MHC class II oligomers. Immunity 12: 241-250.
Cole, D. K., F. Yuan, P. J. Rizkallah, J. J. Miles, E. Gostick, D. A. Price, G. F. Gao, B. K. Jakobsen & A. K.
Sewell, (2009) Germ line-governed recognition of a cancer epitope by an immunodominant human Tcell receptor. J Biol Chem 284: 27281-27289.
Colf, L. A., A. J. Bankovich, N. A. Hanick, N. A. Bowerman, L. L. Jones, D. M. Kranz & K. C. Garcia, (2007)
How a single T cell receptor recognizes both self and foreign MHC. Cell 129: 135-146.
Collins, E. J. & D. S. Riddle, (2008) TCR-MHC docking orientation: natural selection, or thymic selection?
Immunol Res 41: 267-294.
Correia-Neves, M., C. Waltzinger, D. Mathis & C. Benoist, (2001) The shaping of the T cell repertoire.
Immunity 14: 21-32.
Criscitiello, M. F., Y. Ohta, M. Saltis, E. C. McKinney & M. F. Flajnik, (2010) Evolutionarily conserved TCR
binding sites, identification of T cells in primary lymphoid tissues, and surprising trans-rearrangements
in nurse shark. J Immunol 184: 6950-6960.

219

Crooks, M. E. & D. R. Littman, (1994) Disruption of T lymphocyte positive and negative selection in mice
lacking the CD8 beta chain. Immunity 1: 277-285.
Dai, S., E. S. Huseby, K. Rubtsova, J. Scott-Browne, F. Crawford, W. A. Macdonald, P. Marrack & J. W.
Kappler, (2008) Crossreactive T Cells spotlight the germline rules for alphabeta T cell-receptor
interactions with MHC molecules. Immunity 28: 324-334.
Dai, S., G. A. Murphy, F. Crawford, D. G. Mack, M. T. Falta, P. Marrack, J. W. Kappler & A. P. Fontenot,
(2010) Crystal structure of HLA-DP2 and implications for chronic beryllium disease. Proc Natl Acad
Sci U S A 107: 7425-7430.
Danchin, E., V. Vitiello, A. Vienne, O. Richard, P. Gouret, M. F. McDermott & P. Pontarotti, (2004) The major
histocompatibility complex origin. Immunol Rev 198: 216-232.
Daniels, M. A. & S. C. Jameson, (2000) Critical role for CD8 in T cell receptor binding and activation by
peptide/major histocompatibility complex multimers. J Exp Med 191: 335-346.
Davis, M. M., J. J. Boniface, Z. Reich, D. Lyons, J. Hampl, B. Arden & Y. Chien, (1998) Ligand recognition by
alpha beta T cell receptors. Annu Rev Immunol 16: 523-544.
Davis, S. J. & P. A. van der Merwe, (2006) The kinetic-segregation model: TCR triggering and beyond. Nat
Immunol 7: 803-809.
Davis, C. B., N. Killeen, M. E. Crooks, D. Raulet & D. R. Littman, (1993) Evidence for a stochastic mechanism
in the differentiation of mature subsets of T lymphocytes. Cell 73: 237-247.
Davis-Harrison, R. L., F. K. Insaidoo & B. M. Baker, (2007) T cell receptor binding transition states and
recognition of peptide/MHC. Biochemistry 46: 1840-1850.
Davodeau, F., M. Difilippantonio, E. Roldan, M. Malissen, J. L. Casanova, C. Couedel, J. F. Morcet, M.
Merkenschlager, A. Nussenzweig, M. Bonneville & B. Malissen, (2001) The tight interallelic positional
coincidence that distinguishes T-cell receptor Jalpha usage does not result from homologous
chromosomal pairing during ValphaJalpha rearrangement. EMBO J 20: 4717-4729.
DerSimonian, H., H. Band & M. B. Brenner, (1991) "Increased frequency of T cell receptor V alpha 12.1
expression on CD8+ T cells: evidence that V alpha participates in shaping the peripheral T cell
repertoire". J Exp Med 174: 1287.
Ding, Y. H., B. M. Baker, D. N. Garboczi, W. E. Biddison & D. C. Wiley, (1999) Four A6-TCR/peptide/HLAA2 structures that generate very different T cell signals are nearly identical. Immunity 11: 45-56.
Doyle, C. & J. L. Strominger, (1987) Interaction between CD4 and class II MHC molecules mediates cell
adhesion. Nature 330: 256-259.
Durandy, A., (2003) Activation-induced cytidine deaminase: a dual role in class-switch recombination and
somatic hypermutation. Eur J Immunol 33: 2069-2073.
Durum, S. K., S. Candeias, H. Nakajima, W. J. Leonard, A. M. Baird, L. J. Berg & K. Muegge, (1998)
Interleukin 7 receptor control of T cell receptor gamma gene rearrangement: role of receptor-associated
chains and locus accessibility. J Exp Med 188: 2233-2241.
Dustin, M. L. & D. Depoil, (2011) New insights into the T cell synapse from single molecule techniques. Nat
Rev Immunol 11: 672-684.
Eastman, Q. M., T. M. Leu & D. G. Schatz, (1996) Initiation of V(D)J recombination in vitro obeying the 12/23
rule. Nature 380: 85-88.
Eilat, D. & W. F. Anderson, (1994) Structure-function correlates of autoantibodies to nucleic acids. Lessons
from immunochemical, genetic and structural studies. Mol Immunol 31: 1377-1390.

220

Ellis, S. A., R. E. Bontrop, D. F. Antczak, K. Ballingall, C. J. Davies, J. Kaufman, L. J. Kennedy, J. Robinson,
D. M. Smith, M. J. Stear, R. J. Stet, M. J. Waller, L. Walter & S. G. Marsh, (2006) ISAG/IUIS-VIC
Comparative MHC Nomenclature Committee report, 2005. Immunogenetics 57: 953-958.
Ely, L. K., S. R. Burrows, A. W. Purcell, J. Rossjohn & J. McCluskey, (2008) T-cells behaving badly: structural
insights into alloreactivity and autoimmunity. Curr Opin Immunol 20: 575-580.
Erman, B., A. S. Alag, O. Dahle, F. van Laethem, S. D. Sarafova, T. I. Guinter, S. O. Sharrow, A. Grinberg, P.
E. Love & A. Singer, (2006) Coreceptor signal strength regulates positive selection but does not
determine CD4/CD8 lineage choice in a physiologic in vivo model. J Immunol 177: 6613-6625.
Eyerich, S., K. Eyerich, D. Pennino, T. Carbone, F. Nasorri, S. Pallotta, F. Cianfarani, T. Odorisio, C. TraidlHoffmann, H. Behrendt, S. R. Durham, C. B. Schmidt-Weber & A. Cavani, (2009) Th22 cells represent
a distinct human T cell subset involved in epidermal immunity and remodeling. J Clin Invest 119:
3573-3585.
Falk, K., O. Rotzschke, S. Stevanovic, G. Jung & H. G. Rammensee, (1991) Allele-specific motifs revealed by
sequencing of self-peptides eluted from MHC molecules. Nature 351: 290-296.
Felix, N. J., D. L. Donermeyer, S. Horvath, J. J. Walters, M. L. Gross, A. Suri & P. M. Allen, (2007)
Alloreactive T cells respond specifically to multiple distinct peptide-MHC complexes. Nat Immunol 8:
388-397.
Felix, N. J. & P. M. Allen, (2007)b Specificity of T-cell alloreactivity. Nat Rev Immunol 7: 942-953.
Feng, D., C. J. Bond, L. K. Ely, J. Maynard & K. C. Garcia, (2007) Structural evidence for a germline-encoded
T cell receptor-major histocompatibility complex interaction 'codon'. Nat Immunol 8: 975-983.
Ferreira, C., A. Furmanski, M. Millrain, I. Bartok, P. Guillaume, R. Lees, E. Simpson, H. R. MacDonald & J.
Dyson, (2006) TCR-alpha CDR3 loop audition regulates positive selection. J Immunol 177: 2477-2485.
Ferreira, C., Y. Singh, A. L. Furmanski, F. S. Wong, O. A. Garden & J. Dyson, (2009) Non-obese diabetic mice
select a low-diversity repertoire of natural regulatory T cells. Proc Natl Acad Sci U S A 106: 83208325.
Fields, B. A., B. Ober, E. L. Malchiodi, M. I. Lebedeva, B. C. Braden, X. Ysern, J. K. Kim, X. Shao, E. S. Ward
& R. A. Mariuzza, (1995) Crystal structure of the V alpha domain of a T cell antigen receptor. Science
270: 1821-1824.
Fink, P. J. & D. W. Hendricks, (2011) Post-thymic maturation: young T cells assert their individuality. Nat Rev
Immunol 11: 544-549.
Finstad, J. & R. A. Good, (1964) The Evolution of the Immune Response. 3. Immunologic Responses in the
Lamprey. J Exp Med 120: 1151-1168.
Fontenot, A. P., M. Torres, W. H. Marshall, L. S. Newman & B. L. Kotzin, (2000) Beryllium presentation to
CD4+ T cells underlies disease-susceptibility HLA-DP alleles in chronic beryllium disease. Proc Natl
Acad Sci U S A 97: 12717-12722.
Fontenot, A. P., S. J. Canavera, L. Gharavi, L. S. Newman & B. L. Kotzin, (2002) Target organ localization of
memory CD4(+) T cells in patients with chronic beryllium disease. J Clin Invest 110: 1473-1482.
Fontenot, J. D., J. P. Rasmussen, L. M. Williams, J. L. Dooley, A. G. Farr & A. Y. Rudensky, (2005) Regulatory
T cell lineage specification by the forkhead transcription factor foxp3. Immunity 22: 329-341.
Foote, J. & C. Milstein, (1994) Conformational isomerism and the diversity of antibodies. Proc Natl Acad Sci U
S A 91: 10370-10374.
Furmanski, A. L., I. Bartok, J. G. Chai, Y. Singh, C. Ferreira, D. Scott, S. J. Holland, C. Bourdeaux, T.
Crompton & J. Dyson, (2010) Peptide-specific, TCR-alpha-driven, coreceptor-independent negative
selection in TCR alpha-chain transgenic mice. J Immunol 184: 650-657.

221

Fremont, D. H., M. Matsumura, E. A. Stura, P. A. Peterson & I. A. Wilson, (1992) Crystal structures of two viral
peptides in complex with murine MHC class I H-2Kb. Science 257: 919-927.
Fugmann, S. D., C. Messier, L. A. Novack, R. A. Cameron & J. P. Rast, (2006) An ancient evolutionary origin
of the Rag1/2 gene locus. Proc Natl Acad Sci U S A 103: 3728-3733.
Gagnon, S. J., O. Y. Borbulevych, R. L. Davis-Harrison, T. K. Baxter, J. R. Clemens, K. M. Armstrong, R. V.
Turner, M. Damirjian, W. E. Biddison & B. M. Baker, (2005) Unraveling a hotspot for TCR
recognition on HLA-A2: evidence against the existence of peptide-independent TCR binding
determinants. J Mol Biol 353: 556-573.
Gakamsky, D. M., E. Lewitzki, E. Grell, X. Saulquin, B. Malissen, F. Montero-Julian, M. Bonneville & I. Pecht,
(2007) Kinetic evidence for a ligand-binding-induced conformational transition in the T cell receptor.
Proc Natl Acad Sci U S A 104: 16639-16644.
Gao, G. F., J. Tormo, U. C. Gerth, J. R. Wyer, A. J. McMichael, D. I. Stuart, J. I. Bell, E. Y. Jones & B. K.
Jakobsen, (1997) Crystal structure of the complex between human CD8alpha(alpha) and HLA-A2.
Nature 387: 630-634.
Garcia, K. C., M. Degano, R. L. Stanfield, A. Brunmark, M. R. Jackson, P. A. Peterson, L. Teyton & I. A.
Wilson, (1996) An alphabeta T cell receptor structure at 2.5 A and its orientation in the TCR-MHC
complex. Science 274: 209-219.
Garcia, K. C., J. J. Adams, D. Feng & L. K. Ely, (2009) The molecular basis of TCR germline bias for MHC is
surprisingly simple. Nat Immunol 10: 143-147.
Garcia-Boronat, M., C. M. Diez-Rivero, E. L. Reinherz & P. A. Reche, (2008) PVS: a web server for protein
sequence variability analysis tuned to facilitate conserved epitope discovery. Nucleic Acids Res 36:
W35-41.
Glusman, G., L. Rowen, I. Lee, C. Boysen, J. C. Roach, A. F. Smit, K. Wang, B. F. Koop & L. Hood, (2001)
Comparative genomics of the human and mouse T cell receptor loci. Immunity 15: 337-349.
Godfrey, D. I., H. R. MacDonald, M. Kronenberg, M. J. Smyth & L. Van Kaer, (2004) NKT cells: what's in a
name? Nat Rev Immunol 4: 231-237.
Govern, C. C., M. K. Paczosa, A. K. Chakraborty & E. S. Huseby, (2010) Fast on-rates allow short dwell time
ligands to activate T cells. Proc Natl Acad Sci U S A 107: 8724-8729.
Gorer, P.A., (1936) The detection of antigenic differences in mouse erythrocytes by the employment of immune
sera. Br J Exp Biol 17: 42-46.
Gorer, P.A., S. Lyman and G.D. Snell (1948) Studies on the genetic and antigenic basis of tumour
transplantation. Linkage between a histocompatability gene and ‘fused’ in mice Proc R Soc Lond 135:
499-505.
Gras, S., S. R. Burrows, L. Kjer-Nielsen, C. S. Clements, Y. C. Liu, L. C. Sullivan, M. J. Bell, A. G. Brooks, A.
W. Purcell, J. McCluskey & J. Rossjohn, (2009) The shaping of T cell receptor recognition by selftolerance. Immunity 30: 193-203.
Gugasyan, R., C. Velazquez, I. Vidavsky, B. M. Deck, K. van der Drift, M. L. Gross & E. R. Unanue, (2000)
Independent selection by I-Ak molecules of two epitopes found in tandem in an extended polypeptide
antigen. J Immunol 165: 3206-3213.
Guimezanes, A., G. A. Barrett-Wilt, P. Gulden-Thompson, J. Shabanowitz, V. H. Engelhard, D. F. Hunt & A.
M. Schmitt-Verhulst, (2001) Identification of endogenous peptides recognized by in vivo or in vitro
generated alloreactive cytotoxic T lymphocytes: distinct characteristics correlated with CD8
dependence. Eur J Immunol 31: 421-432.

222

Hahm, K., B. S. Cobb, A. S. McCarty, K. E. Brown, C. A. Klug, R. Lee, K. Akashi, I. L. Weissman, A. G.
Fisher & S. T. Smale, (1998) Helios, a T cell-restricted Ikaros family member that quantitatively
associates with Ikaros at centromeric heterochromatin. Genes Dev 12: 782-796.
Hahn, M., M. J. Nicholson, J. Pyrdol & K. W. Wucherpfennig, (2005) Unconventional topology of self peptidemajor histocompatibility complex binding by a human autoimmune T cell receptor. Nat Immunol 6:
490-496.
Haks, M. C., J. M. Lefebvre, J. P. Lauritsen, M. Carleton, M. Rhodes, T. Miyazaki, D. J. Kappes & D. L. Wiest,
(2005) Attenuation of gammadeltaTCR signaling efficiently diverts thymocytes to the alphabeta
lineage. Immunity 22: 595-606.
Hale, J. S. & P. J. Fink, (2010) T-cell receptor revision: friend or foe? Immunology 129: 467-473.
Hamers-Casterman, C., T. Atarhouch, S. Muyldermans, G. Robinson, C. Hamers, E. B. Songa, N. Bendahman &
R. Hamers, (1993) Naturally occurring antibodies devoid of light chains. Nature 363: 446-448.
Hanada, K., Q. J. Wang, T. Inozume & J. C. Yang, (2011) Molecular identification of an MHC-independent
ligand recognized by a human {alpha}/{beta} T-cell receptor. Blood 117: 4816-4825.
Hao, Y., N. Legrand & A. A. Freitas, (2006) The clone size of peripheral CD8 T cells is regulated by TCR
promiscuity. J Exp Med 203: 1643-1649.
Harkiolaki, M., S. L. Holmes, P. Svendsen, J. W. Gregersen, L. T. Jensen, R. McMahon, M. A. Friese, G. van
Boxel, R. Etzensperger, J. S. Tzartos, K. Kranc, S. Sainsbury, K. Harlos, E. D. Mellins, J. Palace, M. M.
Esiri, P. A. van der Merwe, E. Y. Jones & L. Fugger, (2009) T cell-mediated autoimmune disease due
to low-affinity crossreactivity to common microbial peptides. Immunity 30: 348-357.
Hataye, J., J. J. Moon, A. Khoruts, C. Reilly & M. K. Jenkins, (2006) Naive and memory CD4+ T cell survival
controlled by clonal abundance. Science 312: 114-116.
Haughn, L., S. Gratton, L. Caron, R. P. Sekaly, A. Veillette & M. Julius, (1992) Association of tyrosine kinase
p56lck with CD4 inhibits the induction of growth through the alpha beta T-cell receptor. Nature 358:
328-331.
Hayes, S. M., L. Li & P. E. Love, (2005) TCR signal strength influences alphabeta/gammadelta lineage fate.
Immunity 22: 583-593.
Heber-Katz, E., D. Hansburg & R. H. Schwartz, (1983) The Ia molecule of the antigen-presenting cell plays a
critical role in immune response gene regulation of T cell activation. J Mol Cell Immunol 1: 3-18.
He, X., C. Viret & C. A. Janeway, Jr., (2002) Self-recognition and the biased mature repertoire in TCR beta
transgenic mice: the exception that supports the rule. Trends Immunol 23: 467-469.
Hedrick, S. M., D. I. Cohen, E. A. Nielsen & M. M. Davis, (1984) Isolation of cDNA clones encoding T cellspecific membrane-associated proteins. Nature 308: 149-153.
Hedrick, S. M., E. A. Nielsen, J. Kavaler, D. I. Cohen & M. M. Davis, (1984)b Sequence relationships between
putative T-cell receptor polypeptides and immunoglobulins. Nature 308: 153-158.
Hennecke, J. & D. C. Wiley, (2002) Structure of a complex of the human alpha/beta T cell receptor (TCR)
HA1.7, influenza hemagglutinin peptide, and major histocompatibility complex class II molecule,
HLA-DR4 (DRA*0101 and DRB1*0401): insight into TCR cross-restriction and alloreactivity. J Exp
Med 195: 571-581.
Hernandez-Munain, C., B. P. Sleckman & M. S. Krangel, (1999) A developmental switch from TCR delta
enhancer to TCR alpha enhancer function during thymocyte maturation. Immunity 10: 723-733.
Hibino, T., M. Loza-Coll, C. Messier, A. J. Majeske, A. H. Cohen, D. P. Terwilliger, K. M. Buckley, V.
Brockton, S. V. Nair, K. Berney, S. D. Fugmann, M. K. Anderson, Z. Pancer, R. A. Cameron, L. C.
Smith & J. P. Rast, (2006) The immune gene repertoire encoded in the purple sea urchin genome. Dev
Biol 300: 349-365.

223

Hogquist, K. A., S. C. Jameson, W. R. Heath, J. L. Howard, M. J. Bevan & F. R. Carbone, (1994) T cell receptor
antagonist peptides induce positive selection. Cell 76: 17-27.
Holst, J., H. Wang, K. D. Eder, C. J. Workman, K. L. Boyd, Z. Baquet, H. Singh, K. Forbes, A. Chruscinski, R.
Smeyne, N. S. van Oers, P. J. Utz & D. A. Vignali, (2008) Scalable signaling mediated by T cell
antigen receptor-CD3 ITAMs ensures effective negative selection and prevents autoimmunity. Nat
Immunol 9: 658-666.
Horwitz, D. A., S. G. Zheng & J. D. Gray, (2008) Natural and TGF-beta-induced Foxp3(+)CD4(+) CD25(+)
regulatory T cells are not mirror images of each other. Trends Immunol 29: 429-435.
Housset, D., G. Mazza, C. Gregoire, C. Piras, B. Malissen & J. C. Fontecilla-Camps, (1997) The threedimensional structure of a T-cell antigen receptor V alpha V beta heterodimer reveals a novel
arrangement of the V beta domain. EMBO J 16: 4205-4216.
Houston, E. G., Jr., R. Nechanitzky & P. J. Fink, (2008) Cutting edge: Contact with secondary lymphoid organs
drives postthymic T cell maturation. J Immunol 181: 5213-5217.
Hsu, E., (1996) Canonical VH CDR1 nucleotide sequences are conserved in all jawed vertebrates. Int Immunol
8: 847-854.
Huseby, E. S., J. White, F. Crawford, T. Vass, D. Becker, C. Pinilla, P. Marrack & J. W. Kappler, (2005) How
the T cell repertoire becomes peptide and MHC specific. Cell 122: 247-260.
Huppa, J. B., M. Axmann, M. A. Mortelmaier, B. F. Lillemeier, E. W. Newell, M. Brameshuber, L. O. Klein, G.
J. Schutz & M. M. Davis, (2010) TCR-peptide-MHC interactions in situ show accelerated kinetics and
increased affinity. Nature 463: 963-967.
Ignatowicz, L., J. Kappler & P. Marrack, (1996) The repertoire of T cells shaped by a single MHC/peptide
ligand. Cell 84: 521-529.
Illigens, B. M., A. Yamada, N. Anosova, V. M. Dong, M. H. Sayegh & G. Benichou, (2009) Dual effects of the
alloresponse by Th1 and Th2 cells on acute and chronic rejection of allotransplants. Eur J Immunol 39:
3000-3009.
Inaba, K., M. Inaba, N. Romani, H. Aya, M. Deguchi, S. Ikehara, S. Muramatsu & R. M. Steinman, (1992)
Generation of large numbers of dendritic cells from mouse bone marrow cultures supplemented with
granulocyte/macrophage colony-stimulating factor. J Exp Med 176: 1693-1702.
Irving, B. A., F. W. Alt & N. Killeen, (1998) Thymocyte development in the absence of pre-T cell receptor
extracellular immunoglobulin domains. Science 280: 905-908.
Irwin, M. J., K. R. Hudson, K. T. Ames, J. D. Fraser & N. R. Gascoigne, (1993) T-cell receptor beta-chain
binding to enterotoxin superantigens. Immunol Rev 131: 61-78.
Itano, A., P. Salmon, D. Kioussis, M. Tolaini, P. Corbella & E. Robey, (1996) The cytoplasmic domain of CD4
promotes the development of CD4 lineage T cells. J Exp Med 183: 731-741.
Jackson, A. M. & M. S. Krangel, (2005) Allele-specific regulation of TCR beta variable gene segment chromatin
structure. J Immunol 175: 5186-5191.
Jaeger, E. E., R. E. Bontrop & J. S. Lanchbury, (1994) Structure, diversity, and evolution of the T-cell receptor
VB gene repertoire in primates. Immunogenetics 40: 184-191.
Jameson, S. C., J. Kaye & N. R. Gascoigne, (1990) A T cell receptor V alpha region selectively expressed in
CD4+ cells. J Immunol 145: 1324-1331.
Jenne, D. E. & J. Tschopp, (1988) Granzymes, a family of serine proteases released from granules of cytolytic T
lymphocytes upon T cell receptor stimulation. Immunol Rev 103: 53-71.
Jerne, N. K., (1971) The somatic generation of immune recognition. Eur J Immunol 1: 1-9.

224

Joachimiak, M. P., J. L. Weisman & B. May, (2006) JColorGrid: software for the visualization of biological
measurements. BMC Bioinformatics 7: 225.
Johnson, G. and Wu, T. T., Kabat database and its applications: 30 years after the first variability plot. Nucleic
Acids Res 28 (1), 214 (2000).
Jordan, M. S., A. Boesteanu, A. J. Reed, A. L. Petrone, A. E. Holenbeck, M. A. Lerman, A. Naji & A. J. Caton,
(2001) Thymic selection of CD4+CD25+ regulatory T cells induced by an agonist self-peptide. Nat
Immunol 2: 301-306.
Jores, R., P. M. Alzari & T. Meo, (1990) Resolution of hypervariable regions in T-cell receptor beta chains by a
modified Wu-Kabat index of amino acid diversity. Proc Natl Acad Sci U S A 87: 9138-9142.
Jorgensen, J. L., U. Esser, B. Fazekas de St Groth, P. A. Reay & M. M. Davis, (1992) Mapping T-cell receptorpeptide contacts by variant peptide immunization of single-chain transgenics. Nature 355: 224-230.
Josefowicz, S. Z. & A. Rudensky, (2009) Control of regulatory T cell lineage commitment and maintenance.
Immunity 30: 616-625.
Juang, J., P. J. Ebert, D. Feng, K. C. Garcia, M. Krogsgaard & M. M. Davis, (2010) Peptide-MHC heterodimers
show that thymic positive selection requires a more restricted set of self-peptides than negative
selection. J Exp Med 207: 1223-1234.
Kang, J., M. Coles & D. H. Raulet, (1999) Defective development of gamma/delta T cells in interleukin 7
receptor-deficient mice is due to impaired expression of T cell receptor gamma genes. J Exp Med 190:
973-982.
Kapitonov, V. V. & J. Jurka, (2005) RAG1 core and V(D)J recombination signal sequences were derived from
Transib transposons. PLoS Biol 3: e181.
Kappler, J. W., B. Skidmore, J. White & P. Marrack, (1981) Antigen-inducible, H-2-restricted, interleukin-2producing T cell hybridomas. Lack of independent antigen and H-2 recognition. J Exp Med 153: 11981214.
Kappler, J., R. Kubo, K. Haskins, C. Hannum, P. Marrack, M. Pigeon, B. McIntyre, J. Allison & I. Trowbridge,
(1983) The major histocompatibility complex-restricted antigen receptor on T cells in mouse and man:
identification of constant and variable peptides. Cell 35: 295-302.
Kasahara, M., (2007) The 2R hypothesis: an update. Curr Opin Immunol 19: 547-552.
Kelley, C. M., T. Ikeda, J. Koipally, N. Avitahl, L. Wu, K. Georgopoulos & B. A. Morgan, (1998) Helios, a
novel dimerization partner of Ikaros expressed in the earliest hematopoietic progenitors. Curr Biol 8:
508-515.
Kern, P. S., M. K. Teng, A. Smolyar, J. H. Liu, J. Liu, R. E. Hussey, R. Spoerl, H. C. Chang, E. L. Reinherz & J.
H. Wang, (1998) Structural basis of CD8 coreceptor function revealed by crystallographic analysis of a
murine CD8alphaalpha ectodomain fragment in complex with H-2Kb. Immunity 9: 519-530.
Khan, J. M. and Ranganathan, S., Understanding TR binding to pMHC complexes: how does a TR scan many
pMHC complexes yet preferentially bind to one. PLoS One 6 (2), e17194 (2011).
Kieper, W. C. & S. C. Jameson, (1999) Homeostatic expansion and phenotypic conversion of naive T cells in
response to self peptide/MHC ligands. Proc Natl Acad Sci U S A 96: 13306-13311.
Kim, J. M. & A. Rudensky, (2006) The role of the transcription factor Foxp3 in the development of regulatory T
cells. Immunol Rev 212: 86-98.
Kim, H. J., D. Guo & D. B. Sant'Angelo, (2005) Coevolution of TCR-MHC interactions: conserved MHC
tertiary structure is not sufficient for interactions with the TCR. Proc Natl Acad Sci U S A 102: 72637267.

225

Kim, H. M., S. C. Oh, K. J. Lim, J. Kasamatsu, J. Y. Heo, B. S. Park, H. Lee, O. J. Yoo, M. Kasahara & J. O.
Lee, (2007) Structural diversity of the hagfish variable lymphocyte receptors. J Biol Chem 282: 67266732.
Kjer-Nielsen, L., C. S. Clements, A. W. Purcell, A. G. Brooks, J. C. Whisstock, S. R. Burrows, J. McCluskey &
J. Rossjohn, (2003) A structural basis for the selection of dominant alphabeta T cell receptors in
antiviral immunity. Immunity 18: 53-64.
Klein, L., M. Hinterberger, G. Wirnsberger & B. Kyewski, (2009) Antigen presentation in the thymus for
positive selection and central tolerance induction. Nat Rev Immunol 9: 833-844.
Kondilis-Mangum, H. D., H. Y. Shih, G. Mahowald, B. P. Sleckman & M. S. Krangel, (2011) Regulation of
TCRbeta Allelic Exclusion by Gene Segment Proximity and Accessibility. J Immunol.
Kouskoff, V., K. Signorelli, C. Benoist & D. Mathis, (1995) Cassette vectors directing expression of T cell
receptor genes in transgenic mice. J Immunol Methods 180: 273-280.
Krangel, M. S., J. Carabana, I. Abbarategui, R. Schlimgen & A. Hawwari, (2004) Enforcing order within a
complex locus: current perspectives on the control of V(D)J recombination at the murine T-cell receptor
alpha/delta locus. Immunol Rev 200: 224-232.
Kranz, D. M., (2005) T cell receptor CDRs: starring versus supporting roles. Nat Immunol 6: 130-132.
Kranz, D. M., Two mechanisms that account for major histocompatibility complex restriction of T cells. F1000
Biol Rep 1 (2009).
Krimpenfort, P., R. de Jong, Y. Uematsu, Z. Dembic, S. Ryser, H. von Boehmer, M. Steinmetz & A. Berns,
(1988) Transcription of T cell receptor beta-chain genes is controlled by a downstream regulatory
element. EMBO J 7: 745-750.
Krogsgaard, M., Q. J. Li, C. Sumen, J. B. Huppa, M. Huse & M. M. Davis, (2005) Agonist/endogenous peptideMHC heterodimers drive T cell activation and sensitivity. Nature 434: 238-243.
Kuhns, M. S., A. T. Girvin, L. O. Klein, R. Chen, K. D. Jensen, E. W. Newell, J. B. Huppa, B. F. Lillemeier, M.
Huse, Y. H. Chien, K. C. Garcia & M. M. Davis, (2010) Evidence for a functional sidedness to the
alphabetaTCR. Proc Natl Acad Sci U S A 107: 5094-5099.
Kumar, R., M. Ferez, M. Swamy, I. Arechaga, M. T. Rejas, J. M. Valpuesta, W. W. Schamel, B. Alarcon & H.
M. van Santen, (2011) Increased sensitivity of antigen-experienced T cells through the enrichment of
oligomeric T cell receptor complexes. Immunity 35: 375-387.
Kurobe, H., C. Liu, T. Ueno, F. Saito, I. Ohigashi, N. Seach, R. Arakaki, Y. Hayashi, T. Kitagawa, M. Lipp, R.
L. Boyd & Y. Takahama, (2006) CCR7-dependent cortex-to-medulla migration of positively selected
thymocytes is essential for establishing central tolerance. Immunity 24: 165-177.
Lang, H. L., H. Jacobsen, S. Ikemizu, C. Andersson, K. Harlos, L. Madsen, P. Hjorth, L. Sondergaard, A.
Svejgaard, K. Wucherpfennig, D. I. Stuart, J. I. Bell, E. Y. Jones & L. Fugger, (2002) A functional and
structural basis for TCR cross-reactivity in multiple sclerosis. Nat Immunol 3: 940-943.
Lacorazza, H. D. & J. Nikolich-Zugich, (2004) Exclusion and inclusion of TCR alpha proteins during T cell
development in TCR-transgenic and normal mice. J Immunol 173: 5591-5600.
Lacorazza, H. D., C. Tucek-Szabo, L. V. Vasovic, K. Remus & J. Nikolich-Zugich, (2001) Premature TCR
alpha beta expression and signaling in early thymocytes impair thymocyte expansion and partially
block their development. J Immunol 166: 3184-3193.
Lapidot, T. & I. Petit, (2002) Current understanding of stem cell mobilization: the roles of chemokines,
proteolytic enzymes, adhesion molecules, cytokines, and stromal cells. Exp Hematol 30: 973-981.

226

Lawson, T. M., S. Man, E. C. Wang, S. Williams, N. Amos, G. M. Gillespie, P. A. Moss & L. K. Borysiewicz,
(2001) Functional differences between influenza A-specific cytotoxic T lymphocyte clones expressing
dominant and subdominant TCR. Int Immunol 13: 1383-1390.
Leenaerts, P. L., D. De Ruysscher, M. Vandeputte & M. Waer, (1990) Measurement of alloantibody by flow
cytometry. J Immunol Methods 130: 73-79.
Lefranc, M. P., C. Pommie, M. Ruiz, V. Giudicelli, E. Foulquier, L. Truong, V. Thouvenin-Contet & G. Lefranc,
(2003) IMGT unique numbering for immunoglobulin and T cell receptor variable domains and Ig
superfamily V-like domains. Dev Comp Immunol 27: 55-77.
Leahy, D. J., R. Axel & W. A. Hendrickson, (1992) Crystal structure of a soluble form of the human T cell
coreceptor CD8 at 2.6 A resolution. Cell 68: 1145-1162.
Leenaerts, P. L., D. De Ruysscher, M. Vandeputte & M. Waer, (1990) Measurement of alloantibody by flow
cytometry. J Immunol Methods 130: 73-79.
Leitao, C., A. A. Freitas & S. Garcia, (2009) The role of TCR specificity and clonal competition during
reconstruction of the peripheral T cell pool. J Immunol 182: 5232-5239.
Li, L. P., J. C. Lampert, X. Chen, C. Leitao, J. Popovic, W. Muller & T. Blankenstein, (2010) Transgenic mice
with a diverse human T cell antigen receptor repertoire. Nat Med 16: 1029-1034.
Li, Y., Y. Huang, J. Lue, J. A. Quandt, R. Martin & R. A. Mariuzza, (2005) Structure of a human autoimmune
TCR bound to a myelin basic protein self-peptide and a multiple sclerosis-associated MHC class II
molecule. EMBO J 24: 2968-2979.
Litwin, S. and Jores, R. (1992) In theoretical and experimental insights into immunology, (Edited by Perelson A.
S. and Weisbuch G.), Springer-Verlag, Berlin
Lo, W. L., N. J. Felix, J. J. Walters, H. Rohrs, M. L. Gross & P. M. Allen, (2009) An endogenous peptide
positively selects and augments the activation and survival of peripheral CD4+ T cells. Nat Immunol
10: 1155-1161.
Luescher, I. F., E. Vivier, A. Layer, J. Mahiou, F. Godeau, B. Malissen & P. Romero, (1995) CD8 modulation of
T-cell antigen receptor-ligand interactions on living cytotoxic T lymphocytes. Nature 373: 353-356.
Lundberg, K., W. Heath, F. Kontgen, F. R. Carbone & K. Shortman, (1995) Intermediate steps in positive
selection: differentiation of CD4+8int TCRint thymocytes into CD4-8+TCRhi thymocytes. J Exp Med
181: 1643-1651.
Lundholm, M., S. Mayans, V. Motta, A. Lofgren-Burstrom, J. Danska & D. Holmberg, Variation in the Cd3 zeta
(Cd247) gene correlates with altered T cell activation and is associated with autoimmune diabetes. J
Immunol 184: 5537-5544.
Luz, J. G., M. Huang, K. C. Garcia, M. G. Rudolph, V. Apostolopoulos, L. Teyton & I. A. Wilson, (2002)
Structural comparison of allogeneic and syngeneic T cell receptor-peptide-major histocompatibility
complex complexes: a buried alloreactive mutation subtly alters peptide presentation substantially
increasing V(beta) Interactions. J Exp Med 195: 1175-1186.
MacDonald, H. R. & A. Wilson, (1998) The role of the T-cell receptor (TCR) in alpha beta/gamma delta lineage
commitment: clues from intracellular TCR staining. Immunol Rev 165: 87-94.
Macdonald, W. A., Z. Chen, S. Gras, J. K. Archbold, F. E. Tynan, C. S. Clements, M. Bharadwaj, L. KjerNielsen, P. M. Saunders, M. C. Wilce, F. Crawford, B. Stadinsky, D. Jackson, A. G. Brooks, A. W.
Purcell, J. W. Kappler, S. R. Burrows, J. Rossjohn & J. McCluskey, (2009) T cell allorecognition via
molecular mimicry. Immunity 31: 897-908.
Madden, D. R., D. N. Garboczi & D. C. Wiley, (1993) The antigenic identity of peptide-MHC complexes: a
comparison of the conformations of five viral peptides presented by HLA-A2. Cell 75: 693-708.

227

Magarian-Blander, J., P. Ciborowski, S. Hsia, S. C. Watkins & O. J. Finn, (1998) Intercellular and intracellular
events following the MHC-unrestricted TCR recognition of a tumor-specific peptide epitope on the
epithelial antigen MUC1. J Immunol 160: 3111-3120.
Malissen, M., J. Trucy, E. Jouvin-Marche, P. A. Cazenave, R. Scollay & B. Malissen, (1992) Regulation of TCR
alpha and beta gene allelic exclusion during T-cell development. Immunol Today 13: 315-322.
Marrack, P., J. P. Scott-Browne, S. Dai, L. Gapin & J. W. Kappler, (2008) Evolutionarily conserved amino acids
that control TCR-MHC interaction. Annu Rev Immunol 26: 171-203.
Marth, J. D., C. Disteche, D. Pravtcheva, F. Ruddle, E. G. Krebs & R. M. Perlmutter, (1986) Localization of a
lymphocyte-specific protein tyrosine kinase gene (lck) at a site of frequent chromosomal abnormalities
in human lymphomas. Proc Natl Acad Sci U S A 83: 7400-7404.
Mason, D., (1998) A very high level of crossreactivity is an essential feature of the T-cell receptor. Immunol
Today 19: 395-404.
Matsutani, T., Y. Fujii, K. Kitaura, S. Suzuki, Y. Tsuruta, T. Takasaki, K. Ogasawara, N. Nishimoto, I. Kurane
& R. Suzuki, Increased positive selection pressure within the complementarity determining regions of
the T-cell receptor beta gene in New World monkeys. Am J Primatol 73: 1082-1092.
Matzinger, P. & M. J. Bevan, (1977) Hypothesis: why do so many lymphocytes respond to major
histocompatibility antigens? Cell Immunol 29: 1-5.
Maynard, J., K. Petersson, D. H. Wilson, E. J. Adams, S. E. Blondelle, M. J. Boulanger, D. B. Wilson & K. C.
Garcia, (2005) Structure of an autoimmune T cell receptor complexed with class II peptide-MHC:
insights into MHC bias and antigen specificity. Immunity 22: 81-92.
Mazza, C., N. Auphan-Anezin, C. Gregoire, A. Guimezanes, C. Kellenberger, A. Roussel, A. Kearney, P. A. van
der Merwe, A. M. Schmitt-Verhulst & B. Malissen, (2007) How much can a T-cell antigen receptor
adapt to structurally distinct antigenic peptides? EMBO J 26: 1972-1983.
Mazza, C. & B. Malissen, (2007) What guides MHC-restricted TCR recognition? Semin Immunol 19: 225-235.
McBeth, C., A. Seamons, J. C. Pizarro, S. J. Fleishman, D. Baker, T. Kortemme, J. M. Goverman & R. K.
Strong, (2008) A new twist in TCR diversity revealed by a forbidden alphabeta TCR. J Mol Biol 375:
1306-1319.
McDougall, S., C. L. Peterson & K. Calame, (1988) A transcriptional enhancer 3' of C beta 2 in the T cell
receptor beta locus. Science 241: 205-208.
McKeithan, T. W., (1995) Kinetic proofreading in T-cell receptor signal transduction. Proc Natl Acad Sci U S A
92: 5042-5046.
Merkenschlager, M., D. Graf, M. Lovatt, U. Bommhardt, R. Zamoyska & A. G. Fisher, (1997) How many
thymocytes audition for selection? J Exp Med 186: 1149-1158.
Miller, J. F., (1961) Immunological function of the thymus. Lancet 2: 748-749.
Miller, P. J., Y. Pazy, B. Conti, D. Riddle, E. Appella & E. J. Collins, (2007) Single MHC mutation eliminates
enthalpy associated with T cell receptor binding. J Mol Biol 373: 315-327.
Millrain, M., P. Chandler, F. Dazzi, D. Scott, E. Simpson & P. J. Dyson, (2001) Examination of HY response: T
cell expansion, immunodominance, and cross-priming revealed by HY tetramer analysis. J Immunol
167: 3756-3764.
Minguet, S. & W. W. Schamel, (2008) Permissive geometry model. Adv Exp Med Biol 640: 113-120.
Misslitz, A., O. Pabst, G. Hintzen, L. Ohl, E. Kremmer, H. T. Petrie & R. Forster, (2004) Thymic T cell
development and progenitor localization depend on CCR7. J Exp Med 200: 481-491.

228

Mombaerts, P., A. R. Clarke, M. A. Rudnicki, J. Iacomini, S. Itohara, J. J. Lafaille, L. Wang, Y. Ichikawa, R.
Jaenisch, M. L. Hooper & et al., (1992) Mutations in T-cell antigen receptor genes alpha and beta block
thymocyte development at different stages. Nature 360: 225-231.
Moore, C. B., M. John, I. R. James, F. T. Christiansen, C. S. Witt & S. A. Mallal, (2002) Evidence of HIV-1
adaptation to HLA-restricted immune responses at a population level. Science 296: 1439-1443.
Moore, T. A., U. von Freeden-Jeffry, R. Murray & A. Zlotnik, (1996) Inhibition of gamma delta T cell
development and early thymocyte maturation in IL-7 -/- mice. J Immunol 157: 2366-2373.
Morris, G. P., P. P. Ni & P. M. Allen, (2011) Alloreactivity is limited by the endogenous peptide repertoire. Proc
Natl Acad Sci U S A 108: 3695-3700.
Morrison, S. J., N. Uchida & I. L. Weissman, (1995) The biology of hematopoietic stem cells. Annu Rev Cell
Dev Biol 11: 35-71.
Moses, C. T., K. M. Thorstenson, S. C. Jameson & A. Khoruts, (2003) Competition for self ligands restrains
homeostatic proliferation of naive CD4 T cells. Proc Natl Acad Sci U S A 100: 1185-1190.
Naeher, D., M. A. Daniels, B. Hausmann, P. Guillaume, I. Luescher & E. Palmer, (2007) A constant affinity
threshold for T cell tolerance. J Exp Med 204: 2553-2559.
Nagata, S., (1994) Fas and Fas ligand: a death factor and its receptor. Adv Immunol 57: 129-144.
Naviaux, R. K., E. Costanzi, M. Haas & I. M. Verma, (1996) The pCL vector system: rapid production of
helper-free, high-titer, recombinant retroviruses. J Virol 70: 5701-5705.
Newell, E. W., L. K. Ely, A. C. Kruse, P. A. Reay, S. N. Rodriguez, A. E. Lin, M. S. Kuhns, K. C. Garcia & M.
M. Davis, (2011) Structural basis of specificity and cross-reactivity in T cell receptors specific for
cytochrome c-I-E(k). J Immunol 186: 5823-5832.
Nitta, T., S. Murata, K. Sasaki, H. Fujii, A. M. Ripen, N. Ishimaru, S. Koyasu, K. Tanaka & Y. Takahama,
(2010) Thymoproteasome shapes immunocompetent repertoire of CD8+ T cells. Immunity 32: 29-40.
Norment, A. M., R. D. Salter, P. Parham, V. H. Engelhard & D. R. Littman, (1988) Cell-cell adhesion mediated
by CD8 and MHC class I molecules. Nature 336: 79-81.
Ofran, Y., A. Schlessinger & B. Rost, (2008) Automated identification of complementarity determining regions
(CDRs) reveals peculiar characteristics of CDRs and B cell epitopes. J Immunol 181: 6230-6235.
Paige, L. A., M. J. Nadler, M. L. Harrison, J. M. Cassady & R. L. Geahlen, (1993) Reversible palmitoylation of
the protein-tyrosine kinase p56lck. J Biol Chem 268: 8669-8674.
Pancer, Z., C. T. Amemiya, G. R. Ehrhardt, J. Ceitlin, G. L. Gartland & M. D. Cooper, (2004) Somatic
diversification of variable lymphocyte receptors in the agnathan sea lamprey. Nature 430: 174-180.
Pancer, Z. & M. D. Cooper, (2006) The evolution of adaptive immunity. Annu Rev Immunol 24: 497-518.
Pang, S. S., R. Berry, Z. Chen, L. Kjer-Nielsen, M. A. Perugini, G. F. King, C. Wang, S. H. Chew, N. L. La
Gruta, N. K. Williams, T. Beddoe, T. Tiganis, N. P. Cowieson, D. I. Godfrey, A. W. Purcell, M. C.
Wilce, J. McCluskey & J. Rossjohn, (2010) The structural basis for autonomous dimerization of the
pre-T-cell antigen receptor. Nature 467: 844-848.
Papageorgiou, A. C., C. M. Collins, D. M. Gutman, J. B. Kline, S. M. O'Brien, H. S. Tranter & K. R. Acharya,
(1999) Structural basis for the recognition of superantigen streptococcal pyrogenic exotoxin A (SpeA1)
by MHC class II molecules and T-cell receptors. EMBO J 18: 9-21.
Papayannopoulou, T., C. Craddock, B. Nakamoto, G. V. Priestley & N. S. Wolf, (1995) The VLA4/VCAM-1
adhesion pathway defines contrasting mechanisms of lodgement of transplanted murine hemopoietic
progenitors between bone marrow and spleen. Proc Natl Acad Sci U S A 92: 9647-9651.

229

Park, J. H., S. Adoro, T. Guinter, B. Erman, A. S. Alag, M. Catalfamo, M. Y. Kimura, Y. Cui, P. J. Lucas, R. E.
Gress, M. Kubo, L. Hennighausen, L. Feigenbaum & A. Singer, (2010) Signaling by intrathymic
cytokines, not T cell antigen receptors, specifies CD8 lineage choice and promotes the differentiation of
cytotoxic-lineage T cells. Nat Immunol 11: 257-264.
Pasqual, N., M. Gallagher, C. Aude-Garcia, M. Loiodice, F. Thuderoz, J. Demongeot, R. Ceredig, P. N. Marche
& E. Jouvin-Marche, (2002) Quantitative and qualitative changes in V-J alpha rearrangements during
mouse thymocytes differentiation: implication for a limited T cell receptor alpha chain repertoire. J Exp
Med 196: 1163-1173.
Pear, W. S., J. P. Miller, L. Xu, J. C. Pui, B. Soffer, R. C. Quackenbush, A. M. Pendergast, R. Bronson, J. C.
Aster, M. L. Scott & D. Baltimore, (1998) Efficient and rapid induction of a chronic myelogenous
leukemia-like myeloproliferative disease in mice receiving P210 bcr/abl-transduced bone marrow.
Blood 92: 3780-3792.
Pennington, D. J., B. Silva-Santos, T. Silberzahn, M. Escorcio-Correia, M. J. Woodward, S. J. Roberts, A. L.
Smith, P. J. Dyson & A. C. Hayday, (2006) Early events in the thymus affect the balance of effector
and regulatory T cells. Nature 444: 1073-1077.
Philpott, K. L., J. L. Viney, G. Kay, S. Rastan, E. M. Gardiner, S. Chae, A. C. Hayday & M. J. Owen, (1992)
Lymphoid development in mice congenitally lacking T cell receptor alpha beta-expressing cells.
Science 256: 1448-1452.
Podack, E. R. & P. J. Konigsberg, (1984) Cytolytic T cell granules. Isolation, structural, biochemical, and
functional characterization. J Exp Med 160: 695-710.
Porritt, H. E., L. L. Rumfelt, S. Tabrizifard, T. M. Schmitt, J. C. Zuniga-Pflucker & H. T. Petrie, (2004)
Heterogeneity among DN1 prothymocytes reveals multiple progenitors with different capacities to
generate T cell and non-T cell lineages. Immunity 20: 735-745.
Rao, A., W. W. Ko, S. J. Faas & H. Cantor, (1984) Binding of antigen in the absence of histocompatibility
proteins by arsonate-reactive T-cell clones. Cell 36: 879-888.
Raulet, D. H., R. D. Garman, H. Saito & S. Tonegawa, (1985) Developmental regulation of T-cell receptor gene
expression. Nature 314: 103-107.
Reinherz, E. L., K. Tan, L. Tang, P. Kern, J. Liu, Y. Xiong, R. E. Hussey, A. Smolyar, B. Hare, R. Zhang, A.
Joachimiak, H. C. Chang, G. Wagner & J. Wang, (1999) The crystal structure of a T cell receptor in
complex with peptide and MHC class II. Science 286: 1913-1921.
Reinink, P. & I. Van Rhijn, (2009) The bovine T cell receptor alpha/delta locus contains over 400 V genes and
encodes V genes without CDR2. Immunogenetics 61: 541-549.
Reiser, J. B., C. Darnault, A. Guimezanes, C. Gregoire, T. Mosser, A. M. Schmitt-Verhulst, J. C. FontecillaCamps, B. Malissen, D. Housset & G. Mazza, (2000) Crystal structure of a T cell receptor bound to an
allogeneic MHC molecule. Nat Immunol 1: 291-297.
Reiser, J. B., C. Gregoire, C. Darnault, T. Mosser, A. Guimezanes, A. M. Schmitt-Verhulst, J. C. FontecillaCamps, G. Mazza, B. Malissen & D. Housset, (2002) A T cell receptor CDR3beta loop undergoes
conformational changes of unprecedented magnitude upon binding to a peptide/MHC class I complex.
Immunity 16: 345-354.
Reiser, J. B., C. Darnault, C. Gregoire, T. Mosser, G. Mazza, A. Kearney, P. A. van der Merwe, J. C. FontecillaCamps, D. Housset & B. Malissen, (2003) CDR3 loop flexibility contributes to the degeneracy of TCR
recognition. Nat Immunol 4: 241-247.
Richards, M. H. & J. L. Nelson, (2000) The evolution of vertebrate antigen receptors: a phylogenetic approach.
Mol Biol Evol 17: 146-155.
Richman, S. A., D. H. Aggen, M. L. Dossett, D. L. Donermeyer, P. M. Allen, P. D. Greenberg & D. M. Kranz,
(2009) Structural features of T cell receptor variable regions that enhance domain stability and enable
expression as single-chain ValphaVbeta fragments. Mol Immunol 46: 902-916.

230

Rock, E. P., P. R. Sibbald, M. M. Davis & Y. H. Chien, (1994) CDR3 length in antigen-specific immune
receptors. J Exp Med 179: 323-328.
Rogozin, I. B., L. M. Iyer, L. Liang, G. V. Glazko, V. G. Liston, Y. I. Pavlov, L. Aravind & Z. Pancer, (2007)
Evolution and diversification of lamprey antigen receptors: evidence for involvement of an AIDAPOBEC family cytosine deaminase. Nat Immunol 8: 647-656.
Rohrlich, P. S., N. Fazilleau, F. Ginhoux, H. Firat, F. Michel, M. Cochet, N. Laham, M. P. Roth, S. Pascolo, F.
Nato, H. Coppin, P. Charneau, O. Danos, O. Acuto, R. Ehrlich, J. Kanellopoulos & F. A. Lemonnier,
(2005) Direct recognition by alphabeta cytolytic T cells of Hfe, a MHC class Ib molecule without
antigen-presenting function. Proc Natl Acad Sci U S A 102: 12855-12860.
Rosen, H. & E. J. Goetzl, (2005) Sphingosine 1-phosphate and its receptors: an autocrine and paracrine network.
Nat Rev Immunol 5: 560-570.
Rossi, F. M., S. Y. Corbel, J. S. Merzaban, D. A. Carlow, K. Gossens, J. Duenas, L. So, L. Yi & H. J. Ziltener,
(2005) Recruitment of adult thymic progenitors is regulated by P-selectin and its ligand PSGL-1. Nat
Immunol 6: 626-634.
Rubtsova, K., J. P. Scott-Browne, F. Crawford, S. Dai, P. Marrack & J. W. Kappler, (2009) Many different
Vbeta CDR3s can reveal the inherent MHC reactivity of germline-encoded TCR V regions. Proc Natl
Acad Sci U S A 106: 7951-7956.
Rudolph, M. G., R. L. Stanfield & I. A. Wilson, (2006) How TCRs bind MHCs, peptides, and coreceptors. Annu
Rev Immunol 24: 419-466.
Rumfelt, L. L., D. Avila, M. Diaz, S. Bartl, E. C. McKinney & M. F. Flajnik, (2001) A shark antibody heavy
chain encoded by a nonsomatically rearranged VDJ is preferentially expressed in early development
and is convergent with mammalian IgG. Proc Natl Acad Sci U S A 98: 1775-1780.
Sakaguchi, S., (2005) Naturally arising Foxp3-expressing CD25+CD4+ regulatory T cells in immunological
tolerance to self and non-self. Nat Immunol 6: 345-352.
Sallusto, F., A. Langenkamp, J. Geginat & A. Lanzavecchia, (2000) Functional subsets of memory T cells
identified by CCR7 expression. Curr Top Microbiol Immunol 251: 167-171.
Sarafova, S. D., B. Erman, Q. Yu, F. Van Laethem, T. Guinter, S. O. Sharrow, L. Feigenbaum, K. F. Wildt, W.
Ellmeier & A. Singer, (2005) Modulation of coreceptor transcription during positive selection dictates
lineage fate independently of TCR/coreceptor specificity. Immunity 23: 75-87.
Schatz, D. G. & Y. Ji, (2011) Recombination centres and the orchestration of V(D)J recombination. Nat Rev
Immunol 11: 251-263.
Schlenner, S. M., V. Madan, K. Busch, A. Tietz, C. Laufle, C. Costa, C. Blum, H. J. Fehling & H. R. Rodewald,
(2010) Fate mapping reveals separate origins of T cells and myeloid lineages in the thymus. Immunity
32: 426-436.
Schlissel, M. S., S. D. Durum & K. Muegge, (2000) The interleukin 7 receptor is required for T cell receptor
gamma locus accessibility to the V(D)J recombinase. J Exp Med 191: 1045-1050.
Schwartz, R. H., (1985) T-lymphocyte recognition of antigen in association with gene products of the major
histocompatibility complex. Annu Rev Immunol 3: 237-261.
Schwarz, B. A. & A. Bhandoola, (2006) Trafficking from the bone marrow to the thymus: a prerequisite for
thymopoiesis. Immunol Rev 209: 47-57.
Scimone, M. L., I. Aifantis, I. Apostolou, H. von Boehmer & U. H. von Andrian, (2006) A multistep adhesion
cascade for lymphoid progenitor cell homing to the thymus. Proc Natl Acad Sci U S A 103: 7006-7011.
Scott, B., H. Bluthmann, H. S. Teh & H. von Boehmer, (1989) The generation of mature T cells requires
interaction of the alpha beta T-cell receptor with major histocompatibility antigens. Nature 338: 591593.

231

Scott, D. M., I. E. Ehrmann, P. S. Ellis, C. E. Bishop, A. I. Agulnik, E. Simpson & M. J. Mitchell, (1995)
Identification of a mouse male-specific transplantation antigen, H-Y. Nature 376: 695-698.
Scott-Browne, J. P., J. White, J. W. Kappler, L. Gapin & P. Marrack, (2009) Germline-encoded amino acids in
the alphabeta T-cell receptor control thymic selection. Nature 458: 1043-1046.
Scott-Browne, J. P., F. Crawford, M. H. Young, J. W. Kappler, P. Marrack & L. Gapin, (2011) Evolutionarily
Conserved Features Contribute to alphabeta T Cell Receptor Specificity. Immunity 35: 526-535.
Sebzda, E., V. A. Wallace, J. Mayer, R. S. Yeung, T. W. Mak & P. S. Ohashi, (1994) Positive and negative
thymocyte selection induced by different concentrations of a single peptide. Science 263: 1615-1618.
Sebzda, E., S. Mariathasan, T. Ohteki, R. Jones, M. F. Bachmann & P. S. Ohashi, (1999) Selection of the T cell
repertoire. Annu Rev Immunol 17: 829-874.
Seong, R. H., J. W. Chamberlain & J. R. Parnes, (1992) Signal for T-cell differentiation to a CD4 cell lineage is
delivered by CD4 transmembrane region and/or cytoplasmic tail. Nature 356: 718-720.
Sewell, A. K., U. C. Gerth, D. A. Price, M. A. Purbhoo, J. M. Boulter, G. F. Gao, J. I. Bell, R. E. Phillips & B.
K. Jakobsen, (1999) Antagonism of cytotoxic T-lymphocyte activation by soluble CD8. Nat Med 5:
399-404.
Shannon, C. E. (1948) The mathematical theory of communication. The Bell system Technical Journal, 27, 379423 & 623-656.
Sherman, L. A. & A. M. Lara, (1989) Unrestricted recognition of a nonpeptide antigen by CD8+ cytolytic T
lymphocytes. J Immunol 143: 3444-3447.
Shore, D. A., H. Issafras, E. Landais, L. Teyton & I. A. Wilson, (2008) The crystal structure of CD8 in complex
with YTS156.7.7 Fab and interaction with other CD8 antibodies define the binding mode of CD8
alphabeta to MHC class I. J Mol Biol 384: 1190-1202.
Singer, A., S. Adoro & J. H. Park, (2008) Lineage fate and intense debate: myths, models and mechanisms of
CD4- versus CD8-lineage choice. Nat Rev Immunol 8: 788-801.
Singh, Y., C. Ferreira, A. C. Chan, J. Dyson & O. A. Garden, (2010) Restricted TCR-alpha CDR3 diversity
disadvantages natural regulatory T cell development in the B6.2.16 beta-chain transgenic mouse. J
Immunol 185: 3408-3416.
Sleckman, B. P., C. H. Bassing, M. M. Hughes, A. Okada, M. D'Auteuil, T. D. Wehrly, B. B. Woodman, L.
Davidson, J. Chen & F. W. Alt, (2000) Mechanisms that direct ordered assembly of T cell receptor beta
locus V, D, and J gene segments. Proc Natl Acad Sci U S A 97: 7975-7980.
Speir, J. A., J. Stevens, E. Joly, G. W. Butcher & I. A. Wilson, (2001) Two different, highly exposed, bulged
structures for an unusually long peptide bound to rat MHC class I RT1-Aa. Immunity 14: 81-92.
Stadinski, B. D., P. Trenh, R. L. Smith, B. Bautista, P. G. Huseby, G. Li, L. J. Stern & E. S. Huseby, (2011) A
Role for Differential Variable Gene Pairing in Creating T Cell Receptors Specific for Unique Major
Histocompatibility Ligands. Immunity.
Starr, T. K., M. A. Daniels, M. M. Lucido, S. C. Jameson & K. A. Hogquist, (2003) Thymocyte sensitivity and
supramolecular activation cluster formation are developmentally regulated: a partial role for sialylation.
J Immunol 171: 4512-4520.
Stern, L. J., J. H. Brown, T. S. Jardetzky, J. C. Gorga, R. G. Urban, J. L. Strominger & D. C. Wiley, (1994)
Crystal structure of the human class II MHC protein HLA-DR1 complexed with an influenza virus
peptide. Nature 368: 215-221.
Stewart, J. J. et al., A Shannon entropy analysis of immunoglobulin and T cell receptor. Mol Immunol 34 (15),
1067 (1997).

232

Stewart-Jones, G. B., A. J. McMichael, J. I. Bell, D. I. Stuart & E. Y. Jones, (2003) A structural basis for
immunodominant human T cell receptor recognition. Nat Immunol 4: 657-663.
Stewart-Jones, G., A. Wadle, A. Hombach, E. Shenderov, G. Held, E. Fischer, S. Kleber, N. Nuber, F. StennerLiewen, S. Bauer, A. McMichael, A. Knuth, H. Abken, A. A. Hombach, V. Cerundolo, E. Y. Jones &
C. Renner, (2009) Rational development of high-affinity T-cell receptor-like antibodies. Proc Natl
Acad Sci U S A 106: 5784-5788.
Stone, J. D., A. S. Chervin & D. M. Kranz, (2009) T-cell receptor binding affinities and kinetics: impact on Tcell activity and specificity. Immunology 126: 165-176.
Stone, J. D., D. H. Aggen, A. S. Chervin, S. Narayanan, T. M. Schmitt, P. D. Greenberg & D. M. Kranz, (2011)
Opposite effects of endogenous peptide-MHC class I on T cell activity in the presence and absence of
CD8. J Immunol 186: 5193-5200.
Stone, J. D. & L. J. Stern, (2006) CD8 T cells, like CD4 T cells, are triggered by multivalent engagement of
TCRs by MHC-peptide ligands but not by monovalent engagement. J Immunol 176: 1498-1505.
Sun, R., S. E. Shepherd, S. S. Geier, C. T. Thomson, J. M. Sheil & S. G. Nathenson, (1995) Evidence that the
antigen receptors of cytotoxic T lymphocytes interact with a common recognition pattern on the H-2Kb
molecule. Immunity 3: 573-582.
Sun, J., D. J. Leahy & P. B. Kavathas, (1995)b Interaction between CD8 and major histocompatibility complex
(MHC) class I mediated by multiple contact surfaces that include the alpha 2 and alpha 3 domains of
MHC class I. J Exp Med 182: 1275-1280.
Sun, Z. J., K. S. Kim, G. Wagner & E. L. Reinherz, (2001) Mechanisms contributing to T cell receptor signaling
and assembly revealed by the solution structure of an ectodomain fragment of the CD3 epsilon gamma
heterodimer. Cell 105: 913-923.
Szabo, S. J., S. T. Kim, G. L. Costa, X. Zhang, C. G. Fathman & L. H. Glimcher, (2000) A novel transcription
factor, T-bet, directs Th1 lineage commitment. Cell 100: 655-669.
Takada, K. & S. C. Jameson, (2009) Naive T cell homeostasis: from awareness of space to a sense of place. Nat
Rev Immunol 9: 823-832.
Tanaka, T. & M. Nei, (1989) Positive darwinian selection observed at the variable-region genes of
immunoglobulins. Mol Biol Evol 6: 447-459.
Tarakhovsky, A., S. B. Kanner, J. Hombach, J. A. Ledbetter, W. Muller, N. Killeen & K. Rajewsky, (1995) A
role for CD5 in TCR-mediated signal transduction and thymocyte selection. Science 269: 535-537.
Terszowski, G., S. M. Muller, C. C. Bleul, C. Blum, R. Schirmbeck, J. Reimann, L. D. Pasquier, T. Amagai, T.
Boehm & H. R. Rodewald, (2006) Evidence for a functional second thymus in mice. Science 312: 284287.
Thai, T. H., M. M. Purugganan, D. B. Roth & J. F. Kearney, (2002) Distinct and opposite diversifying activities
of terminal transferase splice variants. Nat Immunol 3: 457-462.
Thompson, J. D., D. G. Higgins & T. J. Gibson, (1994) CLUSTAL W: improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res 22: 4673-4680.
Thornton, A. M., P. E. Korty, D. Q. Tran, E. A. Wohlfert, P. E. Murray, Y. Belkaid & E. M. Shevach, (2011)
Expression of Helios, an Ikaros transcription factor family member, differentiates thymic-derived from
peripherally induced Foxp3+ T regulatory cells. J Immunol 184: 3433-3441.
Till, B. G., M. C. Jensen, J. Wang, E. Y. Chen, B. L. Wood, H. A. Greisman, X. Qian, S. E. James, A.
Raubitschek, S. J. Forman, A. K. Gopal, J. M. Pagel, C. G. Lindgren, P. D. Greenberg, S. R. Riddell &
O. W. Press, (2008) Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell
lymphoma using genetically modified autologous CD20-specific T cells. Blood 112: 2261-2271.

233

Tomonari, K., S. Fairchild & O. A. Rosenwasser, (1993) Influence of viral superantigens on V beta- and V
alpha-specific positive and negative selection. Immunol Rev 131: 131-168.
Trautmann, A. & C. Randriamampita, (2003) Initiation of TCR signalling revisited. Trends Immunol 24: 425428.
Troy, A. E. & H. Shen, (2003) Cutting edge: homeostatic proliferation of peripheral T lymphocytes is regulated
by clonal competition. J Immunol 170: 672-676.
Townsend, A., C. Ohlen, J. Bastin, H. G. Ljunggren, L. Foster & K. Karre, (1989) Association of class I major
histocompatibility heavy and light chains induced by viral peptides. Nature 340: 443-448.
Trautmann, L., N. Labarriere, F. Jotereau, V. Karanikas, N. Gervois, T. Connerotte, P. Coulie & M. Bonneville,
(2002) Dominant TCR V alpha usage by virus and tumor-reactive T cells with wide affinity ranges for
their specific antigens. Eur J Immunol 32: 3181-3190.
Turner, J. M., M. H. Brodsky, B. A. Irving, S. D. Levin, R. M. Perlmutter & D. R. Littman, (1990) Interaction of
the unique N-terminal region of tyrosine kinase p56lck with cytoplasmic domains of CD4 and CD8 is
mediated by cysteine motifs. Cell 60: 755-765.
Tynan, F. E., N. A. Borg, J. J. Miles, T. Beddoe, D. El-Hassen, S. L. Silins, W. J. van Zuylen, A. W. Purcell, L.
Kjer-Nielsen, J. McCluskey, S. R. Burrows & J. Rossjohn, (2005) High resolution structures of highly
bulged viral epitopes bound to major histocompatibility complex class I. Implications for T-cell
receptor engagement and T-cell immunodominance. J Biol Chem 280: 23900-23909.
Tynan, F. E., S. R. Burrows, A. M. Buckle, C. S. Clements, N. A. Borg, J. J. Miles, T. Beddoe, J. C. Whisstock,
M. C. Wilce, S. L. Silins, J. M. Burrows, L. Kjer-Nielsen, L. Kostenko, A. W. Purcell, J. McCluskey &
J. Rossjohn, (2005)b T cell receptor recognition of a 'super-bulged' major histocompatibility complex
class I-bound peptide. Nat Immunol 6: 1114-1122.
Tynan, F. E., H. H. Reid, L. Kjer-Nielsen, J. J. Miles, M. C. Wilce, L. Kostenko, N. A. Borg, N. A. Williamson,
T. Beddoe, A. W. Purcell, S. R. Burrows, J. McCluskey & J. Rossjohn, (2007) A T cell receptor flattens
a bulged antigenic peptide presented by a major histocompatibility complex class I molecule. Nat
Immunol 8: 268-276.
Valkenburg, S. A., E. B. Day, N. G. Swan, H. A. Croom, F. R. Carbone, P. C. Doherty, S. J. Turner & K.
Kedzierska, (2010) Fixing an irrelevant TCR alpha chain reveals the importance of TCR beta diversity
for optimal TCR alpha beta pairing and function of virus-specific CD8+ T cells. Eur J Immunol 40:
2470-2481.
Van Bleek, G. M. & S. G. Nathenson, (1991) The structure of the antigen-binding groove of major
histocompatibility complex class I molecules determines specific selection of self-peptides. Proc Natl
Acad Sci U S A 88: 11032-11036.
Van Gent, D. C., D. A. Ramsden & M. Gellert, (1996) The RAG1 and RAG2 proteins establish the 12/23 rule in
V(D)J recombination. Cell 85: 107-113.
Van der Merwe, P. A. & O. Dushek, (2011) Mechanisms for T cell receptor triggering. Nat Rev Immunol 11: 4755.
Van der Vliet, H. J. & E. E. Nieuwenhuis, (2007) IPEX as a result of mutations in FOXP3. Clin Dev Immunol
2007: 89017.
Van Laethem, F. et al., Deletion of CD4 and CD8 coreceptors permits generation of alphabetaT cells that
recognize antigens independently of the MHC. Immunity 27 (5), 735 (2007).
Vidovic, D., N. Boulanger, O. Kuye, J. Toral, K. Ito, J. Guenot, H. Bluethmann & Z. A. Nagy, (1997) The helper
T-cell repertoire of mice expressing class II major histocompatibility complex beta chains in the
absence of alpha chains. Immunogenetics 45: 325-335.
Villey, I., D. Caillol, F. Selz, P. Ferrier & J. P. de Villartay, (1996) Defect in rearrangement of the most 5' TCR-J
alpha following targeted deletion of T early alpha (TEA): implications for TCR alpha locus
accessibility. Immunity 5: 331-342.

234

Vinuesa, C. G., S. G. Tangye, B. Moser & C. R. Mackay, (2005) Follicular B helper T cells in antibody
responses and autoimmunity. Nat Rev Immunol 5: 853-865.
Walker, L. S., A. Chodos, M. Eggena, H. Dooms & A. K. Abbas, (2003) Antigen-dependent proliferation of
CD4+ CD25+ regulatory T cells in vivo. J Exp Med 198: 249-258.
Wang, B., T. M. Primeau, N. Myers, H. W. Rohrs, M. L. Gross, L. Lybarger, T. H. Hansen & J. M. Connolly,
(2009) A single peptide-MHC complex positively selects a diverse and specific CD8 T cell repertoire.
Science 326: 871-874.
Wang, J. H., R. Meijers, Y. Xiong, J. H. Liu, T. Sakihama, R. Zhang, A. Joachimiak & E. L. Reinherz, (2001)
Crystal structure of the human CD4 N-terminal two-domain fragment complexed to a class II MHC
molecule. Proc Natl Acad Sci U S A 98: 10799-10804.
Wang, X. X., Y. Li, Y. Yin, M. Mo, Q. Wang, W. Gao, L. Wang & R. A. Mariuzza, (2011b) Affinity maturation
of human CD4 by yeast surface display and crystal structure of a CD4-HLA-DR1 complex. Proc Natl
Acad Sci U S A 108: 15960-15965.
Wang, X., Z. E. Parra & R. D. Miller, (2011) Platypus TCRmu Provides Insight into the Origins and Evolution
of a Uniquely Mammalian TCR Locus. J Immunol 187: 5246-5254.
Weaver, C. T., L. E. Harrington, P. R. Mangan, M. Gavrieli & K. M. Murphy, (2006) Th17: an effector CD4 T
cell lineage with regulatory T cell ties. Immunity 24: 677-688.
Wherry, E. J., (2011) T cell exhaustion. Nat Immunol 12: 492-499.
White, J., A. Pullen, K. Choi, P. Marrack & J. W. Kappler, (1993) Antigen recognition properties of mutant V
beta 3+ T cell receptors are consistent with an immunoglobulin-like structure for the receptor. J Exp
Med 177: 119-125.
Wiest, D. L., J. M. Ashe, R. Abe, J. B. Bolen & A. Singer, (1996) TCR activation of ZAP70 is impaired in
CD4+CD8+ thymocytes as a consequence of intrathymic interactions that diminish available p56lck.
Immunity 4: 495-504.
Willcox, B. E., G. F. Gao, J. R. Wyer, J. E. Ladbury, J. I. Bell, B. K. Jakobsen & P. A. van der Merwe, (1999)
TCR binding to peptide-MHC stabilizes a flexible recognition interface. Immunity 10: 357-365.
Williams, D. E., F. A. Fletcher, S. D. Lyman & P. de Vries, (1991) Cytokine regulation of hematopoietic stem
cells. Semin Immunol 3: 391-396.
Wilson, A., C. Marechal & H. R. MacDonald, (2001) Biased V beta usage in immature thymocytes is
independent of DJ beta proximity and pT alpha pairing. J Immunol 166: 51-57.
Wolfson, M. Y., K. Nam & A. K. Chakraborty, (2011) The effect of mutations on the alloreactive T cell
receptor/peptide-MHC interface structure: a molecular dynamics study. J Phys Chem B 115: 8317-8327.
Wooldridge, L., H. A. van den Berg, M. Glick, E. Gostick, B. Laugel, S. L. Hutchinson, A. Milicic, J. M.
Brenchley, D. C. Douek, D. A. Price & A. K. Sewell, (2005) Interaction between the CD8 coreceptor
and major histocompatibility complex class I stabilizes T cell receptor-antigen complexes at the cell
surface. J Biol Chem 280: 27491-27501.
Wooldridge, L., B. Laugel, J. Ekeruche, M. Clement, H. A. van den Berg, D. A. Price & A. K. Sewell, (2010)
CD8 controls T cell cross-reactivity. J Immunol 185: 4625-4632.
Wooldridge, L., J. Ekeruche-Makinde, H. A. van den Berg, A. Skowera, J. J. Miles, M. P. Tan, G. Dolton, M.
Clement, S. Llewellyn-Lacey, D. A. Price, M. Peakman & A. K. Sewell, (2011) A single autoimmune
T-cell receptor recognizes over a million different peptides. J Biol Chem 287: 1168-1177.
Wu, H., P. D. Kwong & W. A. Hendrickson, (1997) Dimeric association and segmental variability in the
structure of human CD4. Nature 387: 527-530.
Wu, L. C., D. S. Tuot, D. S. Lyons, K. C. Garcia & M. M. Davis, (2002) Two-step binding mechanism for T-cell
receptor recognition of peptide MHC. Nature 418: 552-556.

235

Wucherpfennig, K. W., M. J. Call, L. Deng & R. Mariuzza, (2009) Structural alterations in peptide-MHC
recognition by self-reactive T cell receptors. Curr Opin Immunol.
Wucherpfennig, K. W., P. M. Allen, F. Celada, I. R. Cohen, R. De Boer, K. C. Garcia, B. Goldstein, R.
Greenspan, D. Hafler, P. Hodgkin, E. S. Huseby, D. C. Krakauer, D. Nemazee, A. S. Perelson, C.
Pinilla, R. K. Strong & E. E. Sercarz, (2007) Polyspecificity of T cell and B cell receptor recognition.
Semin Immunol 19: 216-224.
Xiong, Y., P. Kern, H. Chang & E. Reinherz, (2001) T Cell Receptor Binding to a pMHCII Ligand Is Kinetically
Distinct from and Independent of CD4. J Biol Chem 276: 5659-5667.
Yamasaki, S., E. Ishikawa, M. Sakuma, K. Ogata, K. Sakata-Sogawa, M. Hiroshima, D. L. Wiest, M. Tokunaga
& T. Saito, (2006) Mechanistic basis of pre-T cell receptor-mediated autonomous signaling critical for
thymocyte development. Nat Immunol 7: 67-75.
Yamashita, I., T. Nagata, T. Tada & T. Nakayama, (1993) CD69 cell surface expression identifies developing
thymocytes which audition for T cell antigen receptor-mediated positive selection. Int Immunol 5:
1139-1150.
Yamashita, M., M. Ukai-Tadenuma, T. Miyamoto, K. Sugaya, H. Hosokawa, A. Hasegawa, M. Kimura, M.
Taniguchi, J. DeGregori & T. Nakayama, (2004) Essential role of GATA3 for the maintenance of type
2 helper T (Th2) cytokine production and chromatin remodeling at the Th2 cytokine gene loci. J Biol
Chem 279: 26983-26990.
Yanagi, Y., Y. Yoshikai, K. Leggett, S. P. Clark, I. Aleksander & T. W. Mak, (1984) A human T cell-specific
cDNA clone encodes a protein having extensive homology to immunoglobulin chains. Nature 308: 145149.
Ye, S. K., K. Maki, T. Kitamura, S. Sunaga, K. Akashi, J. Domen, I. L. Weissman, T. Honjo & K. Ikuta, (1999)
Induction of germline transcription in the TCRgamma locus by Stat5: implications for accessibility
control by the IL-7 receptor. Immunity 11: 213-223.
Yin, Y., Y. Li, M. C. Kerzic, R. Martin & R. A. Mariuzza, (2011) Structure of a TCR with high affinity for selfantigen reveals basis for escape from negative selection. EMBO J 30: 1137-1148.
Yin, L., E. Huseby, J. Scott-Browne, K. Rubtsova, C. Pinilla, F. Crawford, P. Marrack, S. Dai & J. W. Kappler,
(2011)b A Single T Cell Receptor Bound to Major Histocompatibility Complex Class I and Class II
Glycoproteins Reveals Switchable TCR Conformers. Immunity.
Zerrahn, J., W. Held & D. H. Raulet, (1997) The MHC Reactivity of the T Cell Repertoire Prior to Positive and
Negative Selection. Cell 88: 627-636.
Zhang, L., V. Camerini, T. P. Bender & K. S. Ravichandran, (2002) A nonredundant role for the adapter protein
Shc in thymic T cell development. Nat Immunol 3: 749-755.
Zhang, J., C. Niu, L. Ye, H. Huang, X. He, W. G. Tong, J. Ross, J. Haug, T. Johnson, J. Q. Feng, S. Harris, L.
M. Wiedemann, Y. Mishina & L. Li, (2003) Identification of the haematopoietic stem cell niche and
control of the niche size. Nature 425: 836-841.
Zhou, L., M. M. Chong & D. R. Littman, (2009) Plasticity of CD4+ T cell lineage differentiation. Immunity 30:
646-655.
Zinkernagel, R. M. & P. C. Doherty, (1975) H-2 compatability requirement for T-cell-mediated lysis of target
cells infected with lymphocytic choriomeningitis virus. Different cytotoxic T-cell specificities are
associated with structures coded for in H-2K or H-2D. J Exp Med 141: 1427-1436.
Zinkernagel, R. M., G. N. Callahan, A. Althage, S. Cooper, P. A. Klein & J. Klein, (1978) On the thymus in the
differentiation of "H-2 self-recognition" by T cells: evidence for dual recognition? J Exp Med 147: 882896.

236

Appendices

I.

7

Nucleotide sequence of Vβ8.2Dβ1 recombination cassette

mV 8.2 RSS
23

9

CACAGTGATGTGGGGTTTCCTCCCCTCTGCACAGAAAGGTTACATCACGTCATTTCACACTCGTTGTTAGAAATGTGGTGCATTC
TTCACCACCGTTCTAAGAAGTCCAGAGCCTAAGTTAGCCCCTTGAAAAGGCTCAAATTTGTCACACACAGAGTCTTGATTGTGGG
ACAAGGTATAACCTCTGAGTGACGCACAGCCTTAGGGCAAGGGCAAAGCTAGGCTAGATTGGGGGCTGTTACTTCTTCATAGG
GTGGTTCCCTTATATGACAAAAATTTGAGAAGGGCGGATACAAGAGGGAATCCAGCCCCTTCAGCAAAGATCATTTCAATGACA
CCCAGCGCCAAGAAAAAAGAACATTCAAAAGAAGAACAGGGGGTAAAGAGGAAACCCCTGCATTAGCTCGCATCTTACCACCAC
CTTGCACAATGGGGGTCGGGGGGGGATGTCACCTTCCTTATCTTCAACTCCCCCCCAGAGGAGCAGCTTATCTGGTGGTTTCTT
CCAGCCCTCAAGGGGTAGACCTATGGGAGGGTCCTTTTTTGTATAAAGCTGTAACATTGTG

9

12
7
mD 1 RSS
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II.

Sequences synthesised for βCDR1WTRec, βCDR2WTRec and βCDR1ΔRec recombination
cassettes

CDR1WT-Rec
BglII

START

GGAGATCTACCACCATGGCCCCCAGGCTCCTTTTCTGTCTGGTTCTTTGCTTCTTGAGAGCAGAACCAACAAATGC
TGGTGTCATCCAAACACCTAGGCACAAGGTGACAGGGAAGGGACAAGAAGCAACTCTGTGGTGTGAGCCAATTTC
AGGACATCACAGTGATGTGGGGTTTCCTCCCCTCTGCACAGAAAGGTTACATCACGTCATTTCACACTCGTTGTTA
GAAATGTGGTGCATTCTTCACCACCGTTCTAAGAAGTCCAGAGCCTAAGTTAGCCCCTTGAAAAGGCTCAAATTTG
TCACACACAGAGTCTTGATTGTGGGACAAGGTATAACCTCTGAGTGACGCACAGCCTTAGGGCAAGGGCAAAGCT
AGGCTAGATTGGGGGCTGTTACTTCTTCATAGGGTGGTTCCCTTATATGACAAAAATTTGAGAAGGGCGGATACAA
GAGGGAATCCAGCCCCTTCAGCAAAGATCATTTCAATGACACCCAGCGCCAAGAAAAAAGAACATTCAAAAGAAGA
ACAGGGGGTAAAGAGGAAACCCCTGCATTAGCTCGCATCTTACCACCACCTTGCACAATGGGGGTCGGGGGGGG
ATGTCACCTTCCTTATCTTCAACTCCCCCCCAGAGGAGCAGCTTATCTGGTGGTTTCTTCCAGCCCTCAAGGGGTA
GACCTATGGGAGGGTCCTTTTTTGTATAAAGCTGTAACATTGTGAGTGCTGTTTTCTGGTACAGACAGACCATTGT
GCAGGGCCTGGAGTTCCTGACTTACTTTCGAAATCAAGCTCCTATAGATGATTCAGGGATGCCCAAGGAACGATT
CTCAGCTCAGATGCCCAATCAGTCGCACTCAACTCTGAAGATCCAGAGCACGCAACCCCAGGACTCAGCGGTGTA
TCTTTGTGCAAGCAGCGGAGGAGGTCAGGGGGCTCGGAGTCAAAACACCTTGTACTTTGGTGCGGGCACCCGA
CTATCGGTGCTAGAGGATCTGAGAAATGTGACTCCACCCAAGGTCTCCTTGTTTGAGCCATCAAAAGCAGAGATTG
CAAACAAACAAAAGGCTACCCTCGTGTGCTTGGCCAGGGGCTTCTTCCCTGACCACGTGGAGCTGAGCTGGTGG
GTGAATGGCAAGGAGGTCCACAGTGGGGTCAGCACGGACCCTCAGGCCTACAAGGAGAGCAATTATAGCTACTG
CCTGAGCAGCCGCCTGAGGGTCTCTGCTACCTTCTGGCACAATCCTCGAAACCACTTCCGCTGCCAAGTGCAGTT
CCATGGGCTTTCAGAGGAGGACAAGTGGCCAGAGGGCTCACCCAAACCTGTCACACAGAACATCAGTGCAGAGG
CCTGGGGCCGAGCAGACTGTGGAATCACTTCAGCATCCTATCATCAGGGGGTTCTGTCTGCAACCATCCTCTATG
AGATCCTACTGGGGAAGGCCACCCTATATGCTGTGCTGGTCAGTGGCCTGGTGCTGATGGCCA
TGGTCAAGAAAAAAAATTCCTGAGCGAATTCGG
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GGAGATCTACCACCATGGCCCCCAGGCTCCTTTTCTGTCTGGTTCTTTGCTTCTTGAGAGCAGAACCAACAAATGC
TGGTGTCATCCAAACACCTAGGCACAAGGTGACAGGGAAGGGACAAGAAGCAACTCTGTGGTGTGAGCCAATTTC
AGGACATAGTGCTGTTTTCTGGTACAGACAGACCATTGTGCAGGGCCTGGAGTTCCTGACTTACTTTCGAAATCAC
AGTGATGTGGGGTTTCCTCCCCTCTGCACAGAAAGGTTACATCACGTCATTTCACACTCGTTGTTAGAAATGTGGT
GCATTCTTCACCACCGTTCTAAGAAGTCCAGAGCCTAAGTTAGCCCCTTGAAAAGGCTCAAATTTGTCACACACAG
AGTCTTGATTGTGGGACAAGGTATAACCTCTGAGTGACGCACAGCCTTAGGGCAAGGGCAAAGCTAGGCTAGATT
GGGGGCTGTTACTTCTTCATAGGGTGGTTCCCTTATATGACAAAAATTTGAGAAGGGCGGATACAAGAGGGAATCC
AGCCCCTTCAGCAAAGATCATTTCAATGACACCCAGCGCCAAGAAAAAAGAACATTCAAAAGAAGAACAGGGGGTA
AAGAGGAAACCCCTGCATTAGCTCGCATCTTACCACCACCTTGCACAATGGGGGTCGGGGGGGGATGTCACCTTC
CTTATCTTCAACTCCCCCCCAGAGGAGCAGCTTATCTGGTGGTTTCTTCCAGCCCTCAAGGGGTAGACCTATGGGA
GGGTCCTTTTTTGTATAAAGCTGTAACATTGTGCAAGCTCCTATAGATGATTCAGGGATGCCCAAGGAACGATTCT
CAGCTCAGATGCCCAATCAGTCGCACTCAACTCTGAAGATCCAGAGCACGCAACCCCAGGACTCAGCGGTGTATC
TTTGTGCAAGCAGCGGAGGAGGTCAGGGGGCTCGGAGTCAAAACACCTTGTACTTTGGTGCGGGCACCCGACT
ATCGGTGCTAGAGGATCTGAGAAATGTGACTCCACCCAAGGTCTCCTTGTTTGAGCCATCAAAAGCAGAGATTGCA
AACAAACAAAAGGCTACCCTCGTGTGCTTGGCCAGGGGCTTCTTCCCTGACCACGTGGAGCTGAGCTGGTGGGT
GAATGGCAAGGAGGTCCACAGTGGGGTCAGCACGGACCCTCAGGCCTACAAGGAGAGCAATTATAGCTACTGCC
TGAGCAGCCGCCTGAGGGTCTCTGCTACCTTCTGGCACAATCCTCGAAACCACTTCCGCTGCCAAGTGCAGTTCC
ATGGGCTTTCAGAGGAGGACAAGTGGCCAGAGGGCTCACCCAAACCTGTCACACAGAACATCAGTGCAGAGGCC
TGGGGCCGAGCAGACTGTGGAATCACTTCAGCATCCTATCATCAGGGGGTTCTGTCTGCAACCATCCTCTATGAG
ATCCTACTGGGGAAGGCCACCCTATATGCTGTGCTGGTCAGTGGCCTGGTGCTGATGGCCA
TGGTCAAGAAAAAAAATTCCTGAGCGAATTCGG
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GGAGATCTACCACCATGGCCCCCAGGCTCCTTTTCTGTCTGGTTCTTTGCTTCTTGAGAGCAGAACCAACAAATGC
TGGTGTCATCCAAACACCTAGGCACAAGGTGACAGGGAAGGGACAAGAAGCAACTCTGTGGTGTGAGCCAATTTC
GGCAGGACACAGTGATGTGGGGTTTCCTCCCCTCTGCACAGAAAGGTTACATCACGTCATTTCACACTCGTTGTTA
GAAATGTGGTGCATTCTTCACCACCGTTCTAAGAAGTCCAGAGCCTAAGTTAGCCCCTTGAAAAGGCTCAAATTTG
TCACACACAGAGTCTTGATTGTGGGACAAGGTATAACCTCTGAGTGACGCACAGCCTTAGGGCAAGGGCAAAGCT
AGGCTAGATTGGGGGCTGTTACTTCTTCATAGGGTGGTTCCCTTATATGACAAAAATTTGAGAAGGGCGGATACAA
GAGGGAATCCAGCCCCTTCAGCAAAGATCATTTCAATGACACCCAGCGCCAAGAAAAAAGAACATTCAAAAGAAGA
ACAGGGGGTAAAGAGGAAACCCCTGCATTAGCTCGCATCTTACCACCACCTTGCACAATGGGGGTCGGGGGGGG
ATGTCACCTTCCTTATCTTCAACTCCCCCCCAGAGGAGCAGCTTATCTGGTGGTTTCTTCCAGCCCTCAAGGGGTA
GACCTATGGGAGGGTCCTTTTTTGTATAAAGCTGTAACATTGTGGCAGGAGTTTTCTGGTACAGACAGACCATTGT
GCAGGGCCTGGAGTTCCTGACTTACTTTGGAGCTGGTGCTCCTATAGATGATTCAGGGATGCCCAAGGAACGATT
CTCAGCTCAGATGCCCAATCAGTCGCACTCAACTCTGAAGATCCAGAGCACGCAACCCCAGGACTCAGCGGTGTA
TCTTTGTGCAAGCAGCGGAGGAGGTCAGGGGGCTCGGAGTCAAAACACCTTGTACTTTGGTGCGGGCACCCGA
CTATCGGTGCTAGAGGATCTGAGAAATGTGACTCCACCCAAGGTCTCCTTGTTTGAGCCATCAAAAGCAGAGATTG
CAAACAAACAAAAGGCTACCCTCGTGTGCTTGGCCAGGGGCTTCTTCCCTGACCACGTGGAGCTGAGCTGGTGG
GTGAATGGCAAGGAGGTCCACAGTGGGGTCAGCACGGACCCTCAGGCCTACAAGGAGAGCAATTATAGCTACTG
CCTGAGCAGCCGCCTGAGGGTCTCTGCTACCTTCTGGCACAATCCTCGAAACCACTTCCGCTGCCAAGTGCAGTT
CCATGGGCTTTCAGAGGAGGACAAGTGGCCAGAGGGCTCACCCAAACCTGTCACACAGAACATCAGTGCAGAGG
CCTGGGGCCGAGCAGACTGTGGAATCACTTCAGCATCCTATCATCAGGGGGTTCTGTCTGCAACCATCCTCTATG
AGATCCTACTGGGGAAGGCCACCCTATATGCTGTGCTGGTCAGTGGCCTGGTGCTGATGGCCATGGTCAAGAAAA
AAAATTCCTGAGCGAATTCGG
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qRTPCR of cDNA from CD4+ T cells from FVB/N WT and TCRβ retrogenic mice
from an H2k background measuring endogenous Vα segment repertoire
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