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PREFACE

This thesis is a collection of some of the studies | have undertaken over the last 3.5 years
while working as a Research Assistant in the T cell modulation group at the Cardiff
University School of Medicine. The work contained within is linked by the common
theme of optimising interactions between peptide-Major Histocompatibility (pMHC)
molecules, the T cell receptor (TCR), and/or coreceptor that engages these ligands. The
work of the T cell modulation group is heavily focused on translational medicine. This
aspect of biomedicine is also strongly encouraged by my funding body, the Wellcome
Trust. My focus on translational aspects of interactions with pMHC ligands took my work
in several different directions. Initially, | examined ways of improving interactions with
PMHC that could be used to ameliorate the detection of antigen-specific T cells by flow
cytometry. My studies have improved this technology to a point where | can now
reliably claim to be able to stain the majority of relevant T cells with their cognate
multimeric antigen. The approaches | helped pioneer are now in use all over the world.
This work is reported in Chapters 3 and 5, and has resulted in two published primary
data papers. A third paper that examines pMHC multimer valency (described in Chapter
4) is in preparation. In addition to the above-mentioned work aimed at improving T cell-
related diagnostics using pMHC multimers, | also explored potential ways of improving
TCR/pMHC interactions for therapeutic approaches. Specifically, | was interested in
exploring whether TCRs displaying enhanced affinities for antigen would be useful in the
clinic. These studies necessitated that we establish optimal TCR gene transfer protocols
in Cardiff. | took the lead on these optimisation studies (Chapter 6). With the TCR gene
transfer technology optimised, | was able to investigate whether increasing functional
avidity of TCR-redirected T cells could be achieved by removing defined N-glycosylation
sites within the TCR constant domain. This work was based on my observation that the
desialylation of T cells improved the surface engagement of pMHC multimers and the
recognition of cognate antigen when displayed naturally on a target cell surface. These
studies were taken forward in Chapter 7. As part of my work with affinity enhanced
TCRs, | was fortunate to test a novel set of TCR-based soluble therapeutic reagents
comprising affinity-enhanced TCRs (Chapter 8). The enhanced TCRs were generated by
phage display and directed evolution using techniques that were pioneered by my T cell
modulation group colleague Jonathan Boulter while working at Avidex Ltd.
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ABSTRACT

aB T cells are some of the most important cells in our bodies as they: (i) orchestrate
immunity and are key elements in the control of infection; (ii) are important for the
natural eradication of cancer; (iii) hold the key to successful vaccination; (iv) are an
important factor in transplant rejection; (v) cause all autoimmune diseases; and, (iv)
mediate many allergic reactions. Consequently, T cells sit at the heart of most human
pathologies and it is very important that we understand how these pivotal cells operate.
aB T cells recognise short ‘foreign’ peptides bound to major histocompatibility complex
(MHC) molecules; the antigen specificity of T cells is conferred by the highly variable
complementarity determining regions (CDRs) of the aB T cell receptor (TCR) that interact
with the peptide-binding platform of the MHC. The CD8 and CD4 glycoproteins on the T
cell surface also act as receptors for pMHC class | and II, respectively in concert with the
TCR. CD8 and CD4 and have been termed ‘coreceptors’ to reflect this role. The pivotal
role T cells play in pathogen protection, cancer immunity and autoimmunity has ensured
that there is a huge interest in the detection, understanding and manipulation of
antigen-specific T cells. Recent advances using fluorochrome-conjugated multimeric
PMHC molecules in conjunction with flow cytometry have revolutionised the study of
antigen-specific T cells by enabling direct visualisation, enumeration, phenotyping and
clonotyping of these important cells. In the decade since their initial description such
multimeric pMHC molecules have been used in over 7000 published studies and there
are now half a dozen commercial enterprises aimed at manufacturing such reagents. My
laboratory has described that pMHC multimer staining and the sensitivity of T cells to
antigen density are dependent on TCR/pMHC affinity. We have also shown that the
interaction affinity required for good pMHC multimer staining can be substantially
higher than that required for T cell activation. As a result, current technology does not
detect all T cells that can respond to a particular pMHC antigen. This failure represents a
significant problem for the detection of anti-cancer and autoimmune T cells which tend
to have weaker binding TCRs. In this thesis | describe how the physical detection of T
cells with low affinity TCRs can be improved by: (i) enhancing coreceptor binding; (ii)
enhancing the valency of pMHC and fluorochrome within pMHC multimers by using a
larger multimerization scaffold; and, (iii) the use of the protein tyrosine kinase inhibitor
(PKI) dasatinib. These ‘tricks’ can all be used to detect and isolate antigen-specific T cells
that remain undetected by current technologies. | also examine several possibilities for
enhancing TCR recognition. First, | optimise a system for stable TCR expression in
primary CD8' T lymphocytes (Chapter 6). Second, | show that the antigen-sensitivity of
CD8’ T cells can also be enhanced by the removal of surface sialic acid residues from the
sugars that coat glycoproteins on the surface of all mammalian T cells, and | explore this
effect in more detail by examining whether the removal of particular N-glycosylation
sites on an aP TCR accounts for the increase in antigen sensitivity observed. Finally, |
experiment with a means of using soluble TCRs to redirect lysis by polyclonal CD8' T cells
using TCR-anti-CD3 fusion constructs called Immune mobilising monoclonal TCRs Against
Cancer/Virus (ImmTAC/Vs). In summary, my results have uncovered several important
‘tricks’ for improved physical detection of T cells and these methodologies are already
being employed by numerous research laboratories across the globe to identify and
characterise antigen-specific T cell responses. Furthermore, | have also shown that
enhanced affinity TCRs might provide effective therapeutic reagents either when
transferred into recipient host T cells by gene transfer or when used as soluble
molecules to recruit polyclonal T cell populations.
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ABBREVIATIONS

General

Abs Antibodies

ACT Adoptive T Cell Therapy

ALL Acute lymphoblastic leukaemia
APC Antigen presenting cell

APL Altered peptide ligand

7-AAD 7-Aminoactinomycin D

B.m B, microglobulin

BCR B cell receptor

CD (number) Clusters of Differentiation (number)

cML Chronic myeloid leukaemia

oV \Y) Cytomegalovirus

CTL Cytotoxic T lymphocyte

cPPT central Polypurine tract

DNA Deoxyribonucleic acid

DTT Dithiothreitol

EBV Epstein-Barr Virus

ELISA Enzyme linked immunosorbent assay
ELISpot Enzyme linked immunospot

ET Effector cell: Target cell

FACS Fluorescence activated cell sorter/ing
FATAL Fluorometric Assessment of T lymphocyte Antigen-specific Lysis
FCS Foetal calf serum

FPLC Fast protein liquid chromatography
GFP Green Fluorescent Protein

GOl Gene of Interest

HAART Highly Active Anti-Retroviral Therapy
HIV-1 Human Immunodeficiency Virus Type-1
HLA Human Leukocyte Antigen

HLA A2 HLA A*0201

IFNy Interferon gamma
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Ig Immunoglobulin

IL Interleukin

ImmTAC Immune mobilising monoclonal TCRs Against Cancer
ImmTAV Immune mobolising monoclonal TCRs Against Viruses
IPTG Isopropyl-1-thio-B-D-galactopyranoside

IRES Internal Ribosome Entry Site

IvT In Vitro Transcribed

Ko Dissociation constant

KD Kilodalton

LTR Long Terminal Repeats

LPS Lipopolysaccharide

MAGE Melanoma-associated antigen

MHC Major Histocompatibility Complex Class |

MiP-1B Macrophage Inflammatory Protein-18

MOl Multiplicity of Infection

mMRNA messenger Ribonucleic acid

NK cells Natural killer cells

oD Optical density

ORF Open Reading Frame

PBL Peripheral blood lymphocytes

PBMC Peripheral blood mononuclear cells

PBS Phosphate buffered saline

PCR Polymerase chain reaction

PHA Phytohaemagglutinin

PNA Peanut Agglutinin

PPI Preproinsulin

PTK Protein tyrosine kinase

PTKI Protein tyrosine kinase inhibitor

pMHCI peptide Major Histocompatibility Complex Class |
pMHCII peptide Major Histocompatibility Complex Class i
RANTES Regulated on Activation, Normal T Expressed and Secreted
RCR Replication Competent Retrovirus

SDS-PAGE Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis
18



SFFV Spleen Focus Forming Virus

SIN Self-Inactivating (vector)

Siv Simian Immunodeficiency Virus

SPR Surface Plasmon Resonance

TAA Tumour-Associated Antigen

TAP Transporter associated with Antigen Processing
TCR T Cell Receptor

TGF Transforming Growth Factor

Thl Type | helper T cells

Th2 Type Il helper T cells

TNF Tumour Necrosis Factor

WPRE Woodchuck hepatitis virus Post-transcriptional Regulatory Element
WT-1 Wilms’ Tumour antigen 1

Fluorochromes

APC Allophycocyanin

APC-Cy7 Allophycocyanin Cychrome-7

FITC Fluorescein isothiocyanate

PB Pacific Blue

PE Phycoerythrin

PE-Cy7 Phycoerythrin Cychrome-7

PerCP Peridinin Chlorophyll Protein

Signal transduction components

ITAM Immunoglobulin receptor family Tyrosine based Activation Motif
LAT Linker for Activation of T cells

Lck Lymphocyte specific protein tyrosine kinase

PI3K Phosphatidylinositol-3-Kinase

PKC Protein Kinase C

PTK Protein Tyrosine Kinase

PTKI Protein Tyrosine Kinase Inhibitor

SH Src Homology domain

SMACs Supramolecular activation clugters
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ZAP-70

Amino Acids
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Ala
Cys
Asp
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Phe
Gly
His
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Met
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Pro
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Arg
Ser
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Val
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Tyr

Zeta Associated Protein of 70 KD

Alanine
Cysteine
Aspartic acid
Glutamic acid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine
Arginine
Serine
Threonine
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Tryptophan

Tyrosine
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Chapter 1

Summary

The work contained within this thesis is linked by the common theme of optimising
interactions between peptide-Major Histocompatibility complex (pMHC) molecules and the
T cell receptor (TCR) and/or coreceptor that engages them. | explore several different
translational aspects that touch on a wide range of biomedical topics. | will begin by
providing an overview of the mammalian immune system with special emphasis on human
T cells and the molecular interactions they use to detect, and remove, threats to the host. In
later chapters | will examine how enhanced interactions with pMHC molecules can be used
to improve the physical detection of T cell using fluorochrome-conjugated antigens in
conjunction with modern polychromatic flow cytometry. | will therefore introduce this
technology in this general introduction. Later chapters also examine methodologies for
using enhanced TCRs in therapeutic strategies for curing viral disease and cancer. | will
introduce these aspect here by examining the role T cells play in clearing the body of
infected or dysregulated cells. Finally, | will put my own studies in context by reviewing the
current strategies that are in use for harnessing T cells for therapeutic benefit before

introducing the aims of the research work | have undertaken as part of my PhD studies.

1.1 Overview of the immune system

Mammals live in a world inhabited by a multitude of pathogenic organisms which are
constantly evolving. In order to protect themselves, they rely on a highly sophisticated
immune system, that itself evolves to keep pace with the pathogens that threaten the host
organism'’s existence. A fundamental feature of the immune system is its ability to detect
structural aspects of the pathogen that distinguishes it from host tissues. The level of
discrimination is fine-tuned to eliminate the threat of toxicity without causing damage to
the host tissues the immune system serves to protect. In order to deal with the vast number
and sophisticated evasion mechanisms displayed by pathogens and their toxins, the
immune system employs a division of labour between two types of immune response:
innate and adaptive. The innate branch of the immune system is a hard-wired response

encoded by genes in the host’s germline that specialise in the recognition of molecular
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patterns that are a common feature of many microbes and other host-invading organisms
(Fraser et al. 1998; Janeway and Medzhitov 2002). Although the innate branch of the
immune system is relatively inflexible in terms of the number of pathogenic organisms it
can respond to, it has the advantage of acting rapidly once a potentially harmful object is
encountered. The fast action of the response is attributed to the broad expression of
pattern recognition molecules on a large number of cells. The key players in the innate
immune response are phagocytic cells (monocytes, macrophages, and neutrophils), cells
that release inflammatory mediators (eosinophils and basophils), natural killer cells and
molecular components such as complement (Delves and Roitt 2000a; Delves and Roitt
2000b; Janeway and Medzhitov 2002). The components of the adaptive immune response
are encoded by gene elements capable of undergoing somatic rearrangements to generate
a vast repertoire of antigen-binding molecules greatly exceeding the number of primitive

pattern recognition receptors (PRRs) produced by the innate immune system.

The adaptive immune response relies on B and T lymphocytes, which mediate the humoral
(soluble) and cellular arms of the response, respectively (Delves and Roitt 2000a; Delves and
Roitt 2000b). Unlike the germline-encoded recognition molecules of the innate immune
response, the antigen-specific receptors of the adaptive immune response are encoded by
somatically-rearranged gene elements that make up T cell receptor (TCR, of two types: a
and y8) and immunoglobulin; ig (B cell receptor, BCR) genes. It is estimated that the human
adaptive immune response is capable of generating approximately 10'* BCRs, 10'® af TCRs
and 10%° v6 TCRs (Davis and Bjorkman 1988; Venturi et al. 2008). Since each B and T cell
expresses a potentially unique antigen recognition receptor (BCR or TCR, respectively), the
proportion of cells specific for a particular antigen at any given time is very small. As a
consequence, the responding lymphocytes must undergo expansion to reach sufficient
numbers before an effective attack on the pathogen is initiated. This need to proliferate
explains why the adaptive response takes longer to come into effect than the innate
response. Another important feature of the adaptive immune response is ‘immunological
memory’, whereby lymphocytes that have previously encountered antigen enter into an

apparently dormant state in which the cells can persist until they are re-challenged with
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antigen. These ‘memory cells’ retain immune memory of a particular antigen for years even
decades after their initial encounter (Obar and Lefrancois 2010b). Consequently, memory
cells are capable of eliciting a rapid response on repeated encounters with the same
antigen. Although, the innate and adaptive branches of the immune response are often
seen as completely separate entities, they complement each other; with the innate
response acting as the first line of defence allowing the cells of the adaptive response to
clonally expand and take over the fight against infection once sufficient numbers of cells
have been reached a few days later. The interplay between aspects of the innate and

adaptive braches of the immune response is essential in an effective immune system.

1.2 T cell development and selection

In order to recognise the vast universe of pathogenic antigens, T cells must be equipped
with a diverse repertoire of TCRs. This incredible level of diversity (up to 10 possible
human TCRs) is achieved through the somatic rearrangement of gene elements encoding
TCR alpha and beta chains, which are designated: variable (V), diversity (D), and joining (J)
gene elements (Schatz et al. 1992). The TCR alpha chain is assembled from V4 Jo, whilst the
beta chain comprises all three types of element VgDglg (Bonilla and Oettgen 2010). Because
the segments are rearranged randomly, millions of different TCR specificities are generated,
with additional diversity provided by the enzyme terminal deoxynucleotidyl transferase
(TdT) which adds additional deoxynucleotides into certain VDJ junctions (Nguyen et al.
2007). Due to its random nature, this process is also responsible for the generation of non-
functional TCRs, in addition to TCRs with specificities directed against self-antigens. The
selection of T cells carrying only functional and non-autoaggressive TCRs takes place in the
thymus (Godfrey et al. 1993). This complex lymphoid organ is subdivided into three

compartments, each with a distinct role:

i) Subcapsular zone: The site where immature bone marrow-derived pro-thymocytes

proliferate, differentiate, and rearrange their TCR B chains.
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i) Thymic cortex: The site where TCR a chain rearrangement takes place, and the
incorporation of some of these a chains into ap TCRs. The mature ap TCRs are subsequently
tested for functionality through their recognition of self-MHC molecules presented by the

cortical epithelium in a process called positive selection (Nitta et al. 2008).

iii) Thymic medulla: The site where mature T thymocytes are screened for autoreactivity, by
subjecting their TCRs to an extensive array of self-antigens expressed on specialised thymic

medullary epithelial cells. This process is called negative selection.

Thymocytes capable of recognising self MHC molecules progress from the thymic cortex to
the medulla (positive selection), whilst those that fail to do so die by neglect. In the thymic
medulla, thymocytes that recognise self-antigen with affinities greater than a set threshold
undergo deletion by apoptosis (negative selection), and the surviving cells exit into the
periphery (Savage and Davis 2001). The stringent selection process ensures that only ~5% of
developing T cells are permitted to enter circulation, and those that make it display very

weak/ intermediate affinities for self-antigen (Sebzda et al. 1999).

1.3 T cell antigen recognition and effector function

T cells are a major player in the adaptive arm of the immune response. There are two
subsets of T cells; ap and y6 T cells. The majority of human T cells in the periphery express
the aP TCR on their surface. The aB TCR mediates recognition of short peptide fragments
processed within cells and presented on their surface in association with Major
Histocompatibility Complex (MHC) molecules (Davis et al. 1998). This requirement for the T
cell to recognise antigenic peptides only in the context of MHC molecules permits the T cell
to ignore free extracellular antigen, shifting its focus on to the recognition of infected or
cancerous cells. There are two classes of MHC molecules; Whereas MHC class | (MHCI)
molecules are expressed on all nucleated cells, MHC class Il (MHCII) are only expressed by
‘professional’ antigen presenting cells (APC) such as macrophages, dendritic cells (DCs), B

cells, and activated human (but not murine) aB and y6 T cells. Peptides presented on MHCI
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molecules are derived from cytosolic degradation of all the proteins within the cell,
permitting the recognition of aberrant proteins as found in virally-infected or malignantly-
transformed cells (Janeway 2001). MHCl-associated peptides are typically 8-11 amino acids
in length. MHClI-restricted peptides are longer, varying between 13 and 17 amino acids in
length, although shorter or longer lengths are not uncommon (Chicz et al. 1992; Sercarz and
Maverakis 2003). MHCll-associated peptides are derived from lysosomal degradation of

proteins ingested outside the cell (e.g. phagocytosed bacteria).

The differing nature of the two MHC structures and their associated peptides lends itself to
recognition by two functionally distinct classes of aB T cells: CD8" T cells and CD4" T cells.
The nomenclature and function of CD8' T cells and CD4" T cells arises from the type of
coreceptor they express in conjunction with their TCR: CD8, and CDA4, respectively. The
coreceptors CD8 and CD4 are cell surface glycoproteins, which are associated closely with
the TCR on the surface of a T cell. The main function of CD8 and CD4 is thought to be
enhancing T cell signalling by contacting MHC molecules and by interacting with cytosolic
components of the TCR signalling machinery. Peptide-MHCI (pMHCI) is recognised by CD8*
cytotoxic T lymphocytes or ‘killer’ T cells, which as their name suggests posses the cytotoxic
activity to kill infected or neoplastic cells. They do this by releasing a number of cytolytic
enzymes such as granzymes (proteases that remain sequestered in lytic granules), and
soluble factors such as tumour necrosis factor (TNF), interferon-y (IFN-y), and macrophage
inflammatory protein 1B (MIP-1B) with wide-ranging anti-pathogenic effects (Kagi et al.
1996; Lieberman 2003). pMHCII molecules are recognised by CD4" T helper (Th) cells.

1.4 Molecular mechanisms of T cell recognition

1.4.1 MHCI and MHCII structures and antigen processing

The human MHC, designated Human Leukocyte Antigen (HLA), is encoded on the short arm
of chromosome 6. HLA class | molecules (designated HLA-A, -B, and -C) are cell-surface
heterodimeric glycoproteins consisting of a polymorphic transmembrane a-chain (or class |

heavy chain) which is subdivided into a, a, and a; domains and is non-covalently associated
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with an invariable B,-microglobulin (B,m) (Bjorkman 1997). The a; a and a; domains come
together to form a binding groove for the antigenic peptide that is closed at both ends,
allowing for some ‘bulging’ of the peptide in the middle of the groove. The a; domain of the
HLA class | heavy chain interacts with the CD8 coreceptor on CD8' T cells. The composite
structure of peptide and MHCI is the target of the MHCl-restricted af TCR on the surface of

CD8' T cells (Figure 1.1 A), in a phenomenon called ‘MHC restriction’ (Zinkernagel and
Doherty 1997).

As for HLA class | molecules, there are three classes of HLA class Il molecules designated
HLA-DR, HLA-DQ, and HLA-DP (Bjorkman 1997). The HLA class Il molecule is a complex
formed from the non-covalent association of an a and a B domain (instead of the B,m
subunit as in HLA class 1), and unlike B,m both chains span the membrane. Both the a and B
chains contain a short cytoplasmic tail, a transmembrane region, and two extracellular
domains; a; and a, for the alpha chain, and B, and B, for the beta chain. The a; and B; come
together to form the peptide binding groove, not dissimilar in structure from the MHCI a;-
a; arrangement (Bjorkman 1997). The a; and B, subunits provide support for the peptide
binding groove, whist the B, domain also forms the point of contact for the CD4 coreceptor.
The interaction of pMHCII molecules with the CD4 coreceptor restricts pMHCII recognition

to CD4’ T helper cells (Figure 1.1 B and (Konig et al. 1996)).

1.4.1a MHCI antigen presentation: endogenous pathway

The process by which intracellular proteins are degraded into peptides suitable for
presentation in the context of MHCI molecules is referred to as the MHCI antigen processing
pathway. The molecular machinery that generates these endogenous peptide antigens and
delivers the peptide-MHCI molecules to the cell surface is outlined in Figure 1.2 A.
Essentially, peptide fragments are generated from cellular proteins through the action of a
proteolytic machine composed of >25 subunits called the proteasome (Niedermann 2002).
The proteasome is constitutively expressed in all cells, where its main role is the
degradation of proteins as part of normal cellular homeostasis. However, if a pathogenic

threat is detected, release of IFNy by cells such as macrophages signals a transformation of
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Chapter 1

the proteasome into an immunoproteasome. The role of the immunoproteasome is the
production of peptide fragments of appropriate length and charge for binding into the
groove of MHCI molecules. On exiting the (immuno)proteasome, the peptides are
transported to the endoplasmic reticulum (ER), aided by a transporter composed of two
ATP-binding cassette subunits termed the transporter associated with antigen processing 1
and 2 (TAP1 and TAP2). Inside the ER, loading of peptide into the peptide-binding groove of
MHCI heavy chain is assisted by the ER protein tapasin with the help of chaperone proteins
calreticulin and calnexin. Interaction of the B.m subunit with peptide-MHCI heavy chain-
calnexin complex stabilises the structure and causes the chaperone calnexin to dissociate.
The complete pMHCI complex passes through the Golgi apparatus before being transported

to the cell surface in exocytic vesicles.

1.4.1b MHCII antigen presentation: exogenous pathway

Extracellular antigens destined for MHCII presentation are imported into the cell for
processing in endocytic vehicles, and include proteins derived from bacteria, viral particles,
allergens and environmental proteins. Fusion of endosomes with lysosomes causes
acidification, which leads to the degradation of the captured proteins (Turley et al. 2000).
Once MHCIl molecules have been synthesised and assembled in the ER, they are
transported to the MHCII loading compartment where they can associate with the peptides
generated in acidic late endosomes. To gain access to the MHCII peptide-binding groove,
peptides must displace the invariant chain (li) that shields the groove. The acidic
environment inside the MHCII loading compartment leads to the partial degradation of li,
and the remaining peptide fragment is exchanged for antigenic peptides with the help of
the HLA-DM molecule, which itself is structurally related to MHCII (Sadegh-Nasseri et al.
2008). The complete pMHCII molecules are transported to the cell surface in endosomes.

The steps of the exogenous presentation pathway are summarised in Figure 1.2 B.

1.4.1c Cross-presentation
Although the processing of antigen for MHCI and MHCII presentation was thought to occur

by the two distinct pathways described above, recent studies have shown that under
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certain circumstances antigen from outside the cell can also be presented on MHCI
molecules. This phenomenon is designated cross-presentation, and plays an important role
in antiviral immunity whereby viral escape mechanisms can inhibit aspects of the

endogenous pathway of antigen presentation (Sigal et al. 1999).

1.4.2 TCR/pMHC/CD8 (or CD4)

1.4.2a The TCR/pMHC interaction

Recognition of pMHC complexes by T cells is mediated by the TCR. This cell surface structure
is composed of an a and a B chain linked covalently by a disulphide bridge (van der Merwe
and Davis 2003). Each chain is subdivided into four regions: a membrane-distal variable
region (Va or VB), and a membrane-proximal immunoglobulin-like constant region (Ca or
CB), a transmembrane region, and a short cytoplasmic region. The TCR Va or VB domains
make up the pMHC binding site by each contributing three complementarity-determining
regions (CDR1-3) which are characterised by a very high degree of variability. The CDR2 and
CDR3 loops of each TCR a and B chain position themselves over the MHC (a; and a;
domains of MHCI, or a; and B; domains of MHCII), and the CDR3 loops make contact with
the antigenic peptide. Based on crystal structures solved for several TCR/pMHC complexes,
the af TCR is thought to bind pMHC in a diagonal fashion with the Va domain positioned
over the N-terminal of the antigenic peptide and the VB positioned over the C-terminal
((Hennecke and Wiley 2001; Rudolph and Wilson 2002) and Figure 1.1). Figure 1.3 depicts
the key molecules involved in antigen recognition at the CD8" T cell/ antigen presenting cell

(APC) interface.

1.4.2b The coreceptors CD8 and CD4

The cell surface glycoproteins CD8 and CD4 were initially described as markers of the two T
cells subsets: cytotoxic T lymphocytes and T helper cells, respectively (Swain 1983). Their
role in T cell activation was proposed nearly ten years later when it was shown that anti-
CD8 and anti-CD4 antibodies block T cells activation in response to antigen (Janeway 1992).

It is now well established that CD8 and CD4 are important in enhancing T cell sensitivity to
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Chapter 1

antigen and are required for optimal activation by most T cells. The level of enhancement
varies between different T cells and antigens, but a report by Holler and Kranz suggested
that CD8 may enhance CD8' T cell sensitivity to antigen by as much as 10° fold (Holler and
Kranz 2003). Both coreceptors have also been shown to play important roles in T cell

development (Fung-Leung et al. 1991; Rahemtulla et al. 1991; Van Laethem et al. 2007).

The extracellular domains of CD4 and CD8 coreceptors bind to MHC (Doyle and Strominger,
1987; Norment et al.,, 1988), whereas their cytosolic domains bind to Lck, a non-receptor
protein tyrosine kinase (Marth et al., 1986, Rudd et al., 1988; Veillette et al., 1988). A
principal role of the coreceptors is in sequestering Lck. Since the TCR lacks intrinsic kinase
activity, it must rely on the coreceptors to deliver the sequestered Lck within its vicinity.
Phosphorylation of specific phosphotyrosine motifs by Lck marks the early events of the T
cell signalling cascade, described in Section 1.4.4. A landmark study by Van Laethem et al.
demonstrated the importance of the coreceptors in shaping the T cell repertoire by showing
that aB T cells extracted from CD8/CD4 knockout mice were capable of recognising antigen
independently of MHC (Van Laethem et al. 2007). In the absence of the coreceptors, TCR
activation is mediated by passive capture of ‘free’ Lck, resulting in TCR-antigen engagement
independently of MHC (Van Laethem et al. 2007). Importantly, these dual coreceptor
knockout mice rapidly succumb to autoimmune conditions, highlighting the difficulty of
modulating af TCR signalling intensity in the absence of CD4 and CD8 (Van Laethem et al.
2007). The Lck-sequestering role of CD8/CD4 functions to ensure that the body only
generates T cells that recognise MHC-restricted ligands, thus limiting reactivity with self and
promoting interaction of T cells with other cells. As this thesis is primarily concerned with
antigen recognition by MHCl-restricted CD8" T cells, more time will be dedicated to the CD8

coreceptor with some mention of CD4 where relevant.

1.4.2¢ The structure and function of the CD8 coreceptor
The CD8 coreceptor is assembled from two chains and exists in two different forms on the
cell surface: either as an aa homodimer or as an a8 heterodimer (Moebius et al. 1991; Terry

et al. 1990). Whilst CD8ap is exclusively present on the surface of CD8" T cells, expression of
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CD8aa is restricted to y& T cells, NK cells, memory aB T cells, or a special subset of
intraepithelial lymphocytes (IEL) residing in the gut (Gangadharan and Cheroutre 2004;
Madakamutil et al. 2004). Each a and B chain is subdivided into four domains: a membrane
distal immunoglobulin-like ectodomain, a heavily glycosylated membrane-proximal
extended polypeptide stalk, a transmembrane domain, and a cytoplasmic domain (Gao et
al. 2000; Zamoyska 1998). Although the CD8 a and B subunits are topologically similar, they
show some differences in the stalk and cytoplasmic regions which reflect their different
functions. The CD8a cytoplasmic tail has been shown to associate with signalling molecule
Lck, and is involved in mediating efficient signal transduction leading to T cell activation
(Veillette et al. 1988). The CD8PB cytoplasmic tail is palmitoylated at position C179 and is
responsible for the recruitment of the CD8 coreceptor to lipid rafts, which are specialised
membrane microdomains rich in sphingolipids, cholesterol and molecules associated with T
cell signalling (Arcaro et al. 2000; Viola 2001). The CD8B tail also increases the efficiency of
CD8' T cell signal transduction by crosslinking components of the CD3 machinery with the
af TCR (Arcaro et al. 2000; Doucey et al. 2003). Briefly, the CD4 coreceptor is a single
polypeptide composed of four immunoglobulin-like domains designated D1-D4 (Brady and

Barclay 1996; Wu et al. 1997).

1.4.2d The pMHCI/CDS8 interaction

An association between the CD8 coreceptor and pMHC! was first postulated by Norment
and colleagues, by showing that B cells expressing pMHCI molecules were able to bind cells
transfected with high levels of CD8aa even in the absence of a TCR/pMHCI interaction
(Norment et al. 1988). Subsequently, a crystal structure of the human pMHCI/CD8aa
confirmed that the a chain of CD8 does indeed make contact with the a3 domain of pMHCI
((Gao et al. 1997) and Figure 1.3). The structure also revealed that the CD8aa binds to non-
polymorphic regions distinct from the polymorphic a; and a, regions which form the

peptide-binding groove recognised by the TCR.
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1.4.2e The pMHCII/CD4 interaction

A crystal structure of a human CD4 amino-terminal two-domain fragment complexed with
the murine MHCII I-A* has revealed that the D1 domain of CD4 binds to non-polymorphic
regions of the MHCII molecule (a; and B;) (Wang et al. 2001). The fact that CD4 contacts the
MHCII molecule at a site distinct from the TCR binding site is reminiscent of the MHCI
interaction with the CD8 coreceptor. However, whereas both domains of CD8 cooperatively
bind MHCI molecules, only one domain (the N-terminal D1 domain) of CD4 makes contact
with MHCII, whilst the second tandem CD4 domain remains distal to the interface (Wang et

al. 2001).

1.4.3 Kinetics of the TCR/pMHC and the pMHC/coreceptor interactions

1.4.3a Kinetics of the TCR/pMHC interaction

Compared to the strength of most antibody-antigen interactions (dissociation constants (Kp)
of <1 nM, (Mason and Williams 1980)), the majority of natural TCR-antigen interactions are
extremely weak (Cole et al. 2007; Gao et al. 2000). The Ky for the TCR/pMHCI interaction
normally ranges 1-50 uM (Gao et al. 2000). The kinetics of such weak, non-covalent protein-
protein interactions can be measured using 3D or 2D technologies. To date, the majority of
TCR/pMHC binding interactions have only been analysed three-dimensionally using a
technique called surface plasmon resonance (SPR) (Davis et al. 1998; Gascoigne et al. 2001;
Stone et al. 2009). In SPR experiments measuring TCR/pMHC binding, the pMHC is
immobilised on a ‘sensor chip’ and the TCR is pumped over the surface of the chip. As the
protein in solution binds to the immobilised protein, there is a change in refractive index at
the surface of the sensor chip that is detected by the instrument using polarised light. This is
related to the mass of protein close to the surface of the chip and thus allows measurement
of binding kinetics in real-time. This method for measuring protein-protein interactions is
classed as 3D chemistry because the protein present in the soluble phase is free to move
about in three dimensions prior to binding its ligand. Although, in general, a good
correlation has been demonstrated between the kinetics of binding (in particular the off-

rate) and the strength of T cell activation (Davis et al. 1998; Gascoigne et al. 2001; Stone et
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al. 2009), some researchers argue that SPR experiments are not an accurate representation

of T cell/APC interactions.

In a biological setting, when a T cell encounters its target APC, the TCR and pMHC molecules
are tethered to two opposing membranes and are therefore constrained to move in two
dimensions. In view of this, 2D chemistry techniques have been developed for the purpose
of measuring TCR/pMHC interactions with physiologically-relevant accuracy. A number of
different methods have been developed to measure protein-protein interactions in two
dimensions. In the fluorescence approach, TCR-expressing cells are placed on a glass-
supported bilayer reconstituted with lipid-anchored, fluorescently-labelled pMHC ligands
(Dustin et al. 1996; Dustin et al. 1997). TCR/pMHC interactions locally deplete free pMHC,
creating a density gradient that drives net diffusion of free ligands into the contact area.
This further pushes the process toward formation of more TCR/pMHC interactions and
diffusion of more free pMHC into the contact area, leading to ligand accumulation within
the contact area, as revealed by the higher fluorescence intensity inside than outside the
contact region. Alternatively, 2D affinities can be determined mechanistically, whereby,
interacting receptor/ligand complexes physically link two cells or a cell to a surface. The
binding kinetics of TCR/pMHC interactions can be quantified by several mechanical methods
such as the flow-chamber (Kaplanski et al. 1993), the micropipette (Chesla et al. 1998;
Huang et al. 2010) and the centrifugation methods (Piper et al. 1998). The differences in
kinetic measurements obtained by 2D and 3D approaches relate to how molecules
approach each other. Instead of approaching each other by free diffusion, as in 3D SPR
systems, molecules in 2D experiments are brought together (and apart) by membranes to
which they are anchored. Furthermore, as molecules are brought in together to interact,
more degrees of freedom are lost on binding of soluble molecules in a 3D setting than
membrane-anchored molecules in 2D experiments. This greater entropic penalty incurred
by free-flowing molecules in SPR experiments is thought to be accountable for the
differences in kinetic measurements determined using 2D and 3D systems (Dustin et al.

2001; Huang et al. 2010).
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Compared to 3D-derived data, 2D affinities and on-rates of the TCR for a panel of pMHC
ligands possess far broader dynamic ranges, which are much more closely matched to that
of their corresponding T cell responses (Huang et al. 2010). For instance, the low affinity
characteristic of TCR/pMHC interactions in 3D is explained by a slow association rate (K,n™
10%-10* M's’!) rather than a fast dissociation rate (Ko~ 0.5-0.01 s ) (Davis et al. 1998). The
slow association rate is thought to be a consequence of conformational flexibility at the
TCR/pMHC interface (Willcox et al. 1999a). The best 3D parameter for TCR/pMHC affinity is
however the dissociation rate, with agonist pMHC dissociating the slowest (Davis et al.
1998; Gascoigne et al. 2001; Stone et al. 2009). Contrastingly, in 2D, the affinities between a
TCR and its antigenic pMHCs are driven by rapid association rates and rapid dissociation
rates (up to 8,300-fold faster than off-rates determined in 3D) (Huang et al. 2010).
Evaluation of TCR/pMHC kinetics in 2D therefore proposes a scenario whereby T cells
rapidly and serially engage a few agonist pMHCs (via their TCRs) in a large self pMHC

background.

It has been shown that the CD8 coreceptor can increase TCR/pMHCI on-rates (Gakamsky et
al. 2005; Laugel et al. 2007) and reduce off-rates (Laugel et al. 2007; Wooldridge et al.
2005), at the same time as stabilising the TCR/pMHClI interaction by approximately two-fold
(Wooldridge et al. 2005). The ability of CD8 to influence TCR/pMHCI binding kinetics has
been attributed to the existence of spatially localised TCR-coreceptor adducts, which are
predicted to be substantially better at engaging pMHCI antigen than if the TCR and CD8
were spatially distinct (Arcaro et al. 2001; Doucey et al. 2003; Wooldridge et al. 2003;
Wooldridge et al. 2006). The currently proposed models of TCR association with pMHC and

how this leads to T cell activation are discussed in section 1.4.5.

1.4.3b Kinetics of the pMHCI/CD8 and pMHCII/CDA4 interactions

SPR analysis of the human pMHCI/CD8 interaction has revealed that the affinity of this
interaction is very low (Ko € 90-220 uM) (Figure 1.3), and is similar for both homodimeric
and heterodimeric forms of CD8 (Gao et al. 2000; Garcia et al. 1996; Wyer et al. 1999).

However, the pMHCI/CD8 interaction displays some interesting kinetics as the dissociation
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of CD8(aa) from the prevalent pMHCI allele HLA A2 is extremely rapid (Ko 2 187°) (Wyer et
al. 1999). As a result, the duration of a single TCR/pMHCI interaction can encompass many
PMHCI/CD8 association and dissociation events. The MHCII/CD4 interaction is much weaker
(Ko 2 200 puM) than the MHCI/CD8 interaction, making its kinetics difficult to measure
accurately by SPR (Xiong et al. 2001).

1.4.4 Overview of T cell activation

1.4.4a The immunological synapse

In addition to the coreceptor (CD8 or CD4), the antigen specific af TCR is present on the T
cell surface in association with the CD3 complex composed of four invariant accessory
subunits present in the ratio yde,{; (van der Merwe and Davis 2003; Weiss and Littman
1994). The main role of the CD3 machinery is to transduce signals to the interior of the cell
when the TCR makes contact with cognate pMHC (Salmond et al. 2009). T cell activation
also involves a host of antigen independent cell-cell interactions including CD2 (LFA-2),
CD40L, LFA-1, and CD28 located on the T cell surface, which contact CD58 (LFA-3), CD40,
ICAM-1, and CD80 (B7.1)/CD86 (B7.2) on the surface of APCs, respectively. Collectively, the
interactions act to strengthen T cell-APC contact and regulate T cell activation (Bennett et
al. 1998; Jenkins et al. 1991). Whereas effector and memory subsets of T cells that have
previously come into contact with antigen can become activated relatively independently of
the co-stimulatory signals provided by these extra interactions, naive T cells that have never
encountered antigen require costimulation. On encounter of an APC, a T cell initiates a
process of cell surface molecular rearrangement culminating in the formation of organised
cell-cell interfaces termed ‘immunological synapses’ or supramolecular activation clusters
(SMAC) (Grakoui et al. 1999). The SMAC is organised into: i} a central area (¢cSMAC) in which
the TCR-CD3 complex, its coreceptors CD8/CD4 and the costimulatory protein CD28 are
positioned for optimal interaction with pMHC, CD80 and CD86 on the APC; and, ii) a
peripheral area (pSMAC) where LFA-1, CD43, CDA4S, and ICAM-1 are sequestered. These
latter molecules located in the pSMAC regulate the activity initiated by the c¢SMAC
members. Although SMACs have taught immunologists a great deal about the mechanisms

involved in T cell-antigen recognition, these types of structures are generally only observed
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when very high peptide concentration (= 100 uM) are presented (Monks et al. 1998). Such
antigen densities are unnatural, and ‘real’ activation in vivo occurs at much lower antigen
densities (as few as ~ 10 pMHC copies per cell) (Irvine et al. 2002; Purbhoo et al. 2004;
Valitutti et al. 1995). Furthermore, the formation of a SMAC can take several hours and
requires for the T cell to be stationary in relation to the APC (lezzi et al. 1998). With the
availability of increasingly more powerful imaging techniques, it was observed that T cells
interact with their target APCs in a dynamic manner (Miller et al. 2004; Miller et al. 2002). In
a process called ‘serial triggering’, a single T cell is able to sequentially interact with several
APCs (Valitutti et al. 1995). This ensures that T cells are highly efficient at recognising and
responding to their target APCs even at very low effector to target ratios. As a result of low
levels of antigenic peptide presentation and the dynamic and rapid nature of T cells/APC
interactions, it is likely that the immunological synapse does not involve the formation of a

SMAC, but smaller more transient versions of such structures.

1.4.4b The TCR/CD3 complex

In resting cells, the CD3{ subunit exists in a partially phosphorylated state. However on
productive engagement of pMHC by the TCR and CD4/CD8 coreceptor couple, special
tyrosine residues located in regions of the CD3ge and CD3{ subunits known as the
immunoreceptor tyrosine-based activation motifs (ITAMs) become fully phosphorylated by
a member of the Src family of tyrosine kinases called Lck (Barber et al. 1989). The
phosphorylation of CD37 takes place in a series of ordered steps, all of which must be
completed for full T cell activation (Kersh et al. 1998). Each step of the phosphorylation
process represents a checkpoint, progression through which is related to the ability of a
particular pMHC ligand to activate a given TCR. Therefore, any factor that influences the
multistep CD3Z phosphorylation process will affect the outcome of TCR engagement (Kersh

et al. 1998).

1.4.4c The protein tyrosine kinase Lck
Early phosphorylation events triggered by TCR engagement of foreign pMHC is mediated by

protein tyrosine kinases (PTKs). PTKs are grouped into families: Src or Syk, which differ
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structurally (Chan et al. 1994). The aforementioned Lck is a Src PTK, and is expressed
abundantly in T cells. Structurally, Lck is similar to other members of the Src family and
contains three Src homology (SH) domains designated SH1-3. SH1 is a protein tyrosine
kinase domain with intrinsic ATPase activity and an autophosphorylation site at residue 394.
Phosphorylation of tyrosine-394 is thought to initiate the phosphorylation events of the T
cell signalling cascade (Abraham and Veillette 1990). The SH2 and SH3 domains mediate
protein-protein contacts between phosphotyrosine-containing motifs (Fantl et al. 1992).
The termini of Lck also have important roles. The amino terminus of Lck remains associated
with the plasma membrane (Resh and Ling 1990) and interacts with CD8/ CD4 coreceptors
(Shaw et al. 1990), whilst the carboxyl terminus of Lck contains a negative regulatory
tyrosine at position 505, the phosphorylation of which inactivates Lck (Veillette et al. 1988;
Weiss and Littman 1994). The PTK Csk is responsible for the phosphorylation of the
tyrosine-505, and consequently inhibition of Lck (Chow and Veillette 1995). Lck is positively
regulated by the tyrosine phosphatase CD45, the most abundant glycoprotein expressed on
the surface of T cells (Thomas 1989). CD45 is found associated with Lck in resting T cells
(Guttinger et al. 1992). On TCR/pMHC engagement, CD45 releases Lck by dephosphorylating
the negative regulatory phosphate on tyrosine-505 (Ostergaard and Trowbridge 1990).
Chapter 5 of this thesis investigates how inhibition of Lck by a PTK inhibitor dasatinib can be

exploited to improve the detection of low avidity T cells with pMHC tetramers.

1.4.4d T cell signal transduction cascade

A productive engagement of a TCR with its cognate pMHC and an interaction between
pMHC and CD8/CD4 coreceptors results in the activation of Src kinases Lck and Fyn (Weiss
and Littman 1994). Phosphorylation of CD3{ ITAM motifs by these kinases provides docking
sites for downstream signalling elements (Nel 2002; Nel and Slaughter 2002). The Syk family
PTK zeta chain-associated protein of 70 kD (ZAP-70) subsequently binds to the CD3 complex
via the phosphotyrosine motifs, and is in turn phosphorylated by Lck (Chan et al. 1995). On
activation, ZAP-70 acquires the ability to recruit and activate adaptor proteins which
possess no intrinsic enzymatic activity but are responsible for bringing together members of

the signalling cascade that would not associate with each other if left unaided (Myung et al.
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2000). One of the most important adaptor proteins in the signalling cascade is the linker for
activation in T cells (LAT). LAT is an integral membrane-associated protein whose principal
function is to recruit downstream signalling proteins including Grb2, PLC-y1, Cbl, SOS, Vav,
and SLP-76, thus linking extracellular TCR/pMHC engagement to intracellular signals. LAT
interacts with these signalling proteins via its 10 tyrosine residues, which once
phosphorylated by ZAP-70 can bind to SH2 domains of proteins found downstream in the
signalling cascade (Zhang et al. 1998). At this stage the signal transduction pathway
branches out into secondary pathways, but it ultimately culminates in the nucleus, where
transcription factors such as NF-kB, NFAT, and AP-1 are activated (Kuo and Leiden 1999;
Myung et al. 2000). Activation of these and other transcription factors elicits novel patterns

of gene expression and results in proliferation, differentiation, and effector functions.

1.4.5 TCR triggering and models of T cell activation

Although we are starting to piece together the details about molecular interactions that
take place on TCR association with pMHC antigen, we do not yet fully understand how the
TCR transduces signals across the plasma membrane, a process referred to as TCR
triggering. The central conundrum in TCR triggering is how the engagement of TCR with
antigen leads to ITAM phosphorylation. Despite numerous publications on the subject, no
unanimous consensus has thus far been reached. However, three basic categories of TCR

triggering models have been proposed, the key features of which are outlined below:

1.4.5a Aggregation models

The notion behind this group of models stems from observations that aggregation of TCRs
by antibody or pMHC muitimer binding is sufficient to initiate TCR triggering (Qian and
Weiss 1997; Weiss and Littman 1994). According to aggregation models, TCR triggering is
thought to occur by increasing the proximity of the TCR/CD3 complex to signalling
molecules such as the Src kinases Lck and Fyn (Boniface et al. 1998; van der Merwe 2001).
The models rely on the fact that either specific pMHC molecules exist on the antigen
presenting cell in high numbers, or that cognate pMHC are able to form dimers with self-

pMHC. Reports that a single specific pMHC is sufficient to induce TCR triggering (Irvine et al.
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2002; Purbhoo et al. 2004), and limited evidence for the existence of covalent pMHC
heterodimers have put serious doubt on the plausibility of aggregation models. However, a
possibility remains that TCR aggregation could amplify triggering initiated by other

mechanisms (Minguet et al. 2007).

1.4.5b Conformational change models

Conformational change models propose that on ligation of cognate pMHC, the TCR
undergoes a structural conformational change that is propagated to the CD3 complex,
initiating the tyrosine phosphorylation events. Although there was some initial evidence for
such a conformational change (Gil et al. 2002), analysis of a large number of TCR/pMHC
structures has conclusively shown that TCR binding to pMHC is not accompanied by any
consistent conformational change within the TCR that could lead to signal transduction
(Rudolph et al. 2006). Van der Merwe and colleagues have recently postulated that because
pMHC and TCR/CD3 are anchored in the plasma membrane of two distinct cells, the binding
of pMHC may exert a pulling force on the TCR, which could change its orientation with
respect to the CD3 subunits (Choudhuri and van der Merwe 2007). Although plausible, it is
not certain whether the TCR/pMHC interaction is sufficiently strong or long-lived to

generate the forces required for this to happen.

1.4.5¢c Segregation models
Two types of model fall into this category: i) the kinetic segregation model; and, ii) the lipid

raft model.

i) Kinetic segregation model

The kinetic segregation model postulates that the immunological synapse is organised into
multiple zones, with some zones being devoid of molecules with large ectodomains, such as
the inhibitory tyrosine phosphatases. Trapping of TCR/CD3 in these zones results in the
constitutive phosphorylation of CD3 ITAMs by Src kinases, potentially leading to TCR
triggering (Davis and van der Merwe 1996). The model is supported by a number of key

observations including that: i) inhibitory phbsphatases segregate from areas of TCR
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triggering (Lin and Weiss 2003); ii) truncation of phosphatase ectodomains inhibits TCR
triggering (Irles et al. 2003); and, iii) elongation of the pMHC complex inhibits TCR triggering
(Choudhuri et al. 2005). However the evidence does not establish whether the environment

within these zones is alone sufficient to induce TCR triggering.

i) Lipid raft model

The lipid raft model proposes that TCR binding to pMHC leads to TCR association with lipid
rafts, which are areas of the plasma membrane enriched in molecules associated with TCR
signal transduction such as Lck (Kabouridis et al. 1997), Fyn (van't Hof and Resh 1999), LAT
(Zhang et al. 1998b), and the coreceptors CD4 (Crise and Rose 1992) and CD8 (Arcaro et al.
2000). A key piece of evidence in support of the lipid raft model of T cell activation is the
fact that the CD8 coreceptor B chain is selectively palmitoylated (Arcaro et al. 2000). As a
consequence, CD8 aB (but not CD8 aa) is responsible for recruiting the TCR to the lipid
rafts, where it co-localises with Lck. In a similar fashion: i) Fyn has been shown to associate
preferentially with CD3 in lipid rafts (van't Hof and Resh 1999); and, ii) the formation of
dipalmitoylated CD4/Lck complexes was demonstrated in CD4"* T cells (Maroun and Julius
1994). The recruitment of TCRs to these rafts is predicted to lead to phosphorylation of
TCR/CD3 ITAMs and ultimately TCR triggering. Although a substantial body of evidence
supporting the role of lipid raft localisation in TCR signalling has been published (reviewed in
(Horejsi 2005)), a greater number of studies have challenged these claims (Glebov and

Nichols 2004; Zhu et al. 2005).

A number of other models have been proposed to address the important question of how a
relatively small number of agonist pMHC molecules can trigger a much larger number of
TCRs (Valitutti et al. 1995). The principles behind two favoured models are summarised

below:

1.4.5d Serial triggering model
The serial triggering model postulates that each ‘foreign’ pMHC serially engages many TCRs,

one after another (Valitutti and Lanzavecchia 1997). The model is consistent with the short-
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lived nature of the majority of TCR/pMHC interactions and dictates a requirement for an
optimal half-life for a given TCR/pMHC complex. Interactions with half-lives exceeding this
optimum are predicted to be less effective. The serial triggering model therefore predicts
that there exists an ‘affinity ceiling’ for TCR/pMHC interactions beyond which T cell
activation will become less efficient (Sewell 2002). Schmid et al. have recently tested this
hypothesis and concluded that above a defined TCR affinity threshold, T cell avidity and
function were not further enhanced (Schmid et al. 2010). These findings imply that TCRs
may not need to be optimised beyond a given affinity threshold to achieve best

functionality.

1.4.5e Kinetic proofreading model

The kinetic proofreading model proposes that TCR signalling goes through a series of
sequential steps, the completion of which is essential for full activation. On dissociation of
the antigen, these steps are fully reversed (McKeithan 1995; Rabinowitz et al. 1996). To
summarise, despite the extensive amount of research effort dedicated to studying the
events that take place following TCR/pMHC engagement and preceding T cell activation, the
process of TCR triggering remains poorly understood. And although experimental evidence
supports some of the models described here better than others, it is likely that these
models are not mutually exclusive. In view of this, the true mechanism of TCR triggering

may encompass aspects of several of the models described.

1.5 Glycosylation and T cell antigen recognition

Nearly all mammalian cell surface proteins are terminally modified by glycosylation. These
cell surface oligosaccharides have many roles, the importance of which becomes apparent
in cases where the glycosylation pathway is disrupted (Schachter and Freeze 2009). Glycans
regulate lateral mobility of proteins in the plasma membrane, influence protein-protein
interactions, and mediate organisation of proteins into domains (Baum 2002). Glycosylation
is also extremely important for cells of the immune system, where carbohydrate

interactions can influence lymphocyte development, migration and responsiveness (Daniels
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et al. 2002). For instance, early studies with carbohydrate-binding plant lectins have
demonstrated that the cell surface glycosylation profile for a T cell changes dramatically
during thymocyte development (Despont et al. 1975; Pink 1983; Reisner et al. 1976). More
specifically, the maturation of thymocytes coincides with increased expression of terminal
negatively-charged sialic acid residues (Baum et al. 1996; Gillespie et al. 1993; Reisner et al.
1976). In addition to the mass restructuring of glycans during T cell development in the
thymus, mature T cells experience changes in glycosylation of cell surface proteins during
activation and on transition into the memory state (Galvan et al. 1998; Harrington et al.
2000). Thus, the extent of protein modification by glycosylation fluctuates throughout the
lifetime of a lymphocyte, and this remodelling of cell surface carbohydrate is accompanied
by changes in T cell antigen sensitivity (Brennan et al. 2006; Daniels et al. 2002; Galvan et al.
1998; Garcia et al. 2005; Garcia and Miller 2003; Lowe 2001; Pappu and Shrikant 2004).
Chapter 7 of this thesis explores the potential of altering the level of cell surface

glycosylation to enhance T cell sensitivity to antigen.

1.6 pMHC multimers as tools for the detection, characterisation and isolation of T cells

The TCR/pMHC interaction is weak and typically lasts only a matter of seconds at
physiological temperatures, making soluble pMHC monomers inadequate reagents for the
detection and characterisation of specific T cell responses. A pioneering study by John
Altman and colleagues presented a means of extending the life-time of the TCR/pMHC
interaction by multimerizing soluble pMHC molecules (Altman et al. 1996). These first pMHC
‘tetramers’ consisted of four pMHC molecules around an avidin-biotin scaffold (O'Callaghan
C et al. 1999), and are still the most common form of pMHC multimer used to date.
Although different manufacturing techniques are employed by different research groups,
pMHC tetramers are essentially assembled from soluble biotinylated pMHC monomers

complexed with fluorochrome-conjugated avidin or streptavidin molecules in a 4:1 ratio.
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1.6.1 The avidity effect

In physical terms, affinity can be described as the strength of the reaction (or bond)
between a single antigen and its specific receptor, comprising the sum of the attractive and
repulsive forces operating between these two entities. In contrast, the avidity of a
multimeric interaction is a measure of the overall strength of binding between each antigen
and its cognate receptor. If affinity describes the strength of a single bond, than avidity
equates to the combined synergistic strength of multiple bond interactions, which is greater
than the sum of the individual affinities. In the biological setting, avidity is a property of
molecules with multiple binding sites, where it refers to the combined affinities of each of
the binding sites for their respective ligands. Measurement of monomeric and multimeric
TCR/pMHC interactions by surface plasmon resonance (SPR) has demonstrated that the
avidity for a set of interactions far exceeds the sum of the contributing affinities (Laugel et
al. 2005). This ‘avidity effect’ arises because the probability of all monomeric interactions
dissociating simultaneously is exceedingly small. With respect to pMHC tetramers, three of
the four pMHC arms are capable of engaging surface TCRs simultaneously (McMichael and
O'Callaghan 1998), greatly reducing the probability of complete pMHC tetramer dissociation
even if one of the TCR/pMHC contacts is momentarily disrupted (Figure 1.4). The avidity
effect extends the half-life of TCR/pMHC interactions from seconds (as monomer) to several
hours (as tetramer), making them extremely useful tools for specific surface staining of T
cells in a variety of laboratory and increasingly clinical applications. However, the avidity
effect does not come into play for all pMHC multimer binding events as it relies on the
duration of the monomeric TCR/pMHC interaction. To take advantage of the avidity effect,
the first monomer or ‘arm’ of the pMHC multimer must associate with a cognate TCR for
long enough to enable a second pMHC ‘arm’ to bind a second TCR. A TCR/pMHCI
interaction of Ko € 40 uM is required to observe good pMHC tetramer staining using
standard techniques (Laugel et al. 2007). The on-rate of the initial TCR/pMHC interaction is
also critical, as it determines the probability of a second TCR/pMHC interaction taking place.
Engagement of two or more pMHC monomers within a given pMHC mulitimer is believed to
determine whether the molecule is captured from solution (Wooldridge et al. 2009;

Wooldridge et al. 2005). As described in the next section, the likelihood of a pMHC multimer
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binding to the surface of a T cell is greatly dependent on the density of surface TCRs as well

as their distribution within the lipid bilayer (Wooldridge et al. 2009).

1.6.2 The importance of staining conditions
The ability of a given pMHC multimer to stain a particular T cell depends on a number of

factors, which can be adjusted to increase the staining efficiency:

1.6.2a Concentration

i) pMHC concentration:

Increasing the concentration of pMHC multimer is especially beneficial for weak TCR/pMHC
interactions. However, care must be taken to ensure that the increase in specific pMHC

multimer staining is not accompanied by concomitant increases in background staining.

ii) TCR concentration:

It is a known fact that the amount of surface TCR can fluctuate dramatically throughout a T
cell’s lifetime ((Drake et al. 2005; Xiao et al. 2007) and unpublished). It has been shown that
large increases in surface TCR concentration are achieved by incubating T cells with a
reversible protein tyrosine kinase inhibitor called dasatinib for 3 hours (Weichsel et al.
2008). In Chapter 5 of this thesis | evaluate how the treatment of T cells with dasatinib and
other similar reagents leads to a substantial improvement in specific T cell staining with

pPMHC tetramers.

1.6.2b Temperature

At physiological temperatures, pMHC multimers that have productively engaged TCRs on
the surface of a T cell are rapidly internalised into endocytic vesicles (Whelan et al. 1999).
The trapped pMHC multimers can no longer dissociate from the T cell surface, meaning that
performing staining at 37°C is particularly beneficial for weak TCR/pMHC interactions with
short binding half-lives. T cell homeostasis is slower at low temperatures (4°C), which
greatly reduced the internalisation of TCR-bound pMHC muitimers (Whelan et al. 1999).

Thus at low temperatures, the staining intensity depends wholly on the surface-bound
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pMHC multimers and consequently the ability of these reagents to remain in association
with surface TCR. Since pMHC multimer-induced TCR triggering is toxic to T cells, processes
where pMHC multimers are used to isolate or sort cells for culturing or cloning are typically

performed at low temperatures (Cebecauer et al. 2005).

1.6.2c¢ Duration of staining
While pMHC tetramers typically display very rapid association kinetics and are able to attain
their optimal staining intensity after a few minutes, other pMHC multimeric reagents such

as dextramers (see Chapter 4) require longer incubation periods.

1.6.2d Anti-coreceptor antibody

Staining with pMHC multimers is generally performed in conjunction with antibodies
specific for various cell-surface markers. Some of these antibodies, and in particular anti-
CD8 and anti-CD4 antibodies, have disruptive effects on pMHC multimer staining
(Wooldridge et al. 2003; Wooldridge et al. 2006). The hindering effect of certain antibodies
can be overcome by staining with pMHC tetramers before the addition of antibodies
(Whelan et al. 1999; Wooldridge et al. 2003; Wooldridge et al. 2006), or by using non-
blocking/enhancing coreceptor antibodies ((Wooldridge et al. 2003) and Clement et al.

submitted).

1.6.3 pMHCI versus pMHCII multimers

The use of pMHCII multimers is less widespread than the use of pMHCI multimers, largely
due to the TCR/pMHCII interaction being substantially weaker than TCR/pMHCI binding
(Cole et al. 2007). In addition, the CD4 coreceptor does nothing to enhance TCR/pMHCII
binding (Boniface et al. 1998; Crawford et al. 1998; Hamad et al. 1998) in contrast to the
way CD8 stabilises the TCR/pMHCI interaction (Choi et al. 2003; Laugel et al. 2007; Pittet et
al. 2003). Both of these factors explain why the majority of TCR/pMHCII associations fall

below the affinity threshold required for tetramer staining.
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1.6.4 Higher valency pMHC multimers

Although the pMHC tetramer is the most popular form of pMHC-based reagent, and is
considered optimal for the detection of T cells by flow cytometry and fluorescence
microscopy, other valencies of pMHC have been explored. The efficiency of lower (dimers)
and higher (pentamers, octamers, and pMHC-coated magnetic beads) valencies of pMHC
have been demonstrated by a number of groups (Bakker and Schumacher 2005; Buslepp et
al. 2001; Ogg et al. 1999). In addition to my work with pMHC tetramers, | evaluate the
merits of a novel type of pMHC multimer called a dextramer. Dextramers comprise large
numbers of pMHC monomers bound to streptavidin molecules arranged around a dextran
polymer scaffold laden with multiple copies of a fluorochrome. Whether the higher valency,
the predicted conformational freedom of pMHC molecules, or the large number of
fluorochrome moieties per reagent offer some advantage over standard pMHC tetramers in

the labelling of T cells is explored in Chapter 4 of this thesis.

1.6.5 Applications of pMHC multimers

1.6.5a Grading T cell responses

It has been shown that T cells within a population primed to respond to a particular antigen
display intrinsically different sensitivities to that antigen (Alexander-Miller 2000; Alexander-
Miller et al. 1996). Numerous studies have subsequently demonstrated that T cells capable
of recognising very low antigen densities are more effective than their less sensitive
counterparts at eliminating tumours and virally-infected cells in vivo (Alexander-Miller et al.
1996; Dutoit et al. 2001; Sedlik et al. 2000; Yee et al. 1999; Zeh et al. 1999). In view of this, it
is becoming increasingly accepted that the quality of T cells responding to an antigen is as
important as their quantity. Assessing the quality of a responding T cell population is of
outmost significance in adoptive T cell therapy, where the antigen sensitivity and
functionality of T cells can greatly influence the outcome of the therapy. pMHC multimers
have become invaluable tools for ‘grading’ the quality of antigen-specific T cell populations

for clinical and laboratory applications.
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1.6.5b Specific sorting and cloning of T cells

The purity of a T cell population responding to a particular antigen can be increased by sort-
cloning pMHC-labelled T cells. However, care must be taken to minimise the toxic effects of
PMHCI multimers (Cebecauer et al. 2005a). Most cell sorting protocols recommend
reducing staining times in addition to performing the staining at low temperatures (see

Section 1.6.2b).

1.6.5c¢ T cell activation

Soluble pMHC multimers have been used to examine the activation requirements of T cells.
Importantly, pMHC multimer-induced activation has enabled the study of TCR/pMHC and
pMHC/coreceptor interactions in isolation without altering the kinetics of these interactions

that is inherent to studies using antibodies targeting these components.

1.6.5d Identification and isolation of anti-tumour, anti-viral, and autoreactive T cells ex
vivo

Both adoptive T cell therapy (Section 1.8.2) and TCR gene transfer therapy (Section 1.8.3)
rely on the availability of specific T cell populations, which can be isolated from individuals
by means of pMHC multimer sorting. The apparent correlation between pMHC tetramer
staining and monomeric TCR/pMHC interaction affinity (Laugel et al. 2007) suggests that, in
general, it will be more difficult to stain T cells specific for tumour-associated and self-
antigens compared to T cells directed against viral antigens. In view of this, improvements in
the pMHC multimer staining efficiency are urgently needed. Furthermore, persistent viral
infection often results in the exhaustion of T cell populations (Oxenius et al. 2002). In such
cases, pMHC multimers allow the identification of T cells that express the antigen-specific
TCR but are no longer capable of making an immune response (Barnes et al. 2004). Isolation
of these cognate TCR genes and their subsequent transfer to autologous T cells restores

their functionality, and constitutes an important aspect of TCR gene transfer therapy.
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1.6.5e Manipulation of T cells in vivo

Soluble pMHC multimers might be useful for suppressing unwanted T cell responses or for
boosting desirable responses in vivo. Published examples of pMHC multimers include: the ex
vivo removal of alloreactive T cells before transplantation (Kappel et al. 2006), the deletion
of autoimmune T cells for the prevention of diseases such as type | diabetes (Casares et al.
2002; Masteller et al. 2003) and arthritis (Zuo et al. 2002), and the priming of beneficial T
cell responses in vivo (Maile et al. 2001). New generations of ‘suicide’ pMHC multimers,
coupled to radioactive isotopes or biological poisons are also being developed with

therapeutic implications (Hess et al. 2007; Yuan et al. 2004).

1.7 The role of CD8' T cells in the recognition and eradication of virally-infected and

tumour cells

The immune system has evolved to respond primarily to foreign pathogens. While CD8* T
cells effectively target and eradicate acute viral infections, the persistence of foreign
antigens encountered in chronic viral infection results in a dysfunctional immune response.
Furthermore, many pathogens associated with chronic viral infection display variable
antigenicity profiles and employ multiple evasion techniques to escape immune detection.
In contrast, cancer; a disease of the developed world associated with an increasingly aging
population, represents a relatively new challenge for the immune system. The poor
immunogenicity of tumour-associated antigens, the immunosuppressive tumour
microenvironment, and the low frequency of functional tumour-reactive T cells result in
inefficient cancer targeting. In this section, | describe the various challenges faced by the
CD8' T cell response in the eradication of chronic viral pathogens and tumour-transformed
cells, while the subsequent section (1.8) deals with the therapeutic methods employed to

overcome the immunological barriers presented by these diseases.

1.7.1 Viral infections
The adaptive immune response has developed an elegant strategy for the detection and

eradication of host cells infected with pathogenic viruses. The key event in this battle
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against infection is the recognition of viral peptide fragments presented in the context of
MHC class | molecules, by CD8" T cells. In response to pressures from the immune response,

viruses have in turn evolved ingenious evasion strategies.

1.7.1a Problems associated with viral antigen recognition

The majority of the mechanisms by which viruses are able to trick the host’s immune
defences involve the mutation of their genomes to prevent or alter the display of viral
antigens via the MHCI antigen presentation pathway. Examples of viruses targeting stages
of the MHCI antigen presentation pathway are summarised in Table 1.1 (Hansen and
Bouvier 2009). Since the work described in this thesis deals primarily with HIV infection,

reference to other viral pathogens will be kept to a minimum.

The detection of cells infected with a family of viruses called retroviruses poses a particular
challenge for CD8' T cells. Retroviruses are exemplified by the human immunodeficiency
virus (HIV). HIV is responsible for inducing acquired immunodeficiency syndrome (AIDS),
one of the most destructive diseases in human history. AIDS develops following depletion of
CD4' T cells as they become infected with HIV. The majority of AIDS patients die due to the
inability of the weakened immune system to control opportunistic infection. The
devastating nature of retroviruses such as HIV stems primarily from their single-stranded
RNA genomes, which are much more prone to spontaneous mutagenesis than the double-
stranded DNA genomes of other common viruses that target human cells. Thus, in addition
to employing non-mutational strategies of escape such as the Nef-mediated
downregulation of MHCI, HIV can mutate to disable or alter presentation of peptide antigen
on MHCI molecules. For instance, the virus can mutate epitopes that are normally available

for presentation to anti-viral T cells in a way that interferes with recognition by their TCRs.
In some cases however, by mutating to escape from a CD8" T cell response a virus can incur
significant structural or functional penalties. With respect to HIV, studies of both the simian
immunodeficiency virus (SIV) model and of natural HIV infection have shown that the virus
loses ‘fitness’ whilst attempting to escape from certain CD8" T cell responses (Crawford et

al. 2007; Friedrich et al. 2004; Leslie et al. 2004). Furthermore, HIV-infected individuals
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whose CD8’ T cells target the virus through these epitopes show improved viral clearance
and have longer life expectancy (Leslie et al. 2004). Such studies have set forth the analogy

of viruses such as HIV to ‘walking a tightrope’ by balancing the need to escape from the host

CD8' T cell response with the need to preserve ‘fitness’.

Virus

Effect on MHCI antigen presentation pathway

Epstein-Barr virus

(EBV)

EBV nuclear antigen 1 (EBNA1) acts as a proteasomal processing

inhibitor.

Herpes simplex

virus (HSV)

HSV protein ICP47 prevents transport of viral protein into the ER for
processing by blocking peptide binding to TAP.

Human
cytomegalovirus

(HCMV)

HCMV protein US6 prevents transport of viral protein into the ER
for processing by inhibiting ATP binding to TAP.

cytomegalovirus

(HCMV)

Adenovirus Adenovirus protein E3-19K retains peptide-loaded MHCI molecules
in the ER.
Human HCMV proteins US2 and US11 target MHCI molecules for

degradation by the proteasome.

Kaposi’s sarcoma-
associated virus

(KSHV)

KSHYV proteins kK3 and kKS induce rapid endocytosis of cell surface

pMHCI molecules into lysosomal vesicles for degradation.

Human
immunodeficiency

virus (HIV)

HIV protein Nef downregulates pMHCI moiecules from the cells

surface.

Table 1.1: Examples of viral evasion by targeting the pMHC class | antigen presentation

pathway.
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Currently, the most widely used treatment for HIV infection is the administration of highly
active anti-retroviral therapy (HAART). Modern HAART regimens are combinations (or
‘cocktails’) comprising at least three anti-retroviral agents; inhibitors targeting reverse
transcriptase and protease enzymes, which are essential for retroviral replication. In light of
the fact that CD8’ T cells play a vital role in the detection and eradication of virally-infected
cells, recent therapeutic developments have focused on supplementing the patients’ own
immune system with CD8" T cells targeting HIV-derived epitopes. The numerous means by

which this can potentially be achieved are outlined in Section 1.8.

1.7.2 Cancer

Cancer is one of the leading causes of death in industrialised nations, and is likely to become
the most fatal disease threatening humanity as our average life expectancy increases in the
near future. Cancer arises when the checkpoints monitoring cellular replication, growth,
and/or death are no longer properly regulated due to mutations affecting the proteins
involved in these key processes. Generally, a healthy cell must accumulate approximately 6
mutations targeting different aspects of cell metabolism, homeostasis and physiology
before malignant growth occurs, permitting a cancerous tumour to develop (Hanahan and
Weinberg 2000). Curing cancer is a challenging prospect that requires the destruction of
every malignant cell whilst minimising the toxicity to the host’s healthy tissues. An attractive
way of eradicating cancer would be to induce an immune response to selectively target the

tumour without inducing autoreactivity.

A functional relationship between cancers and the immune system was proposed as early as
1863, when an infiltration of leukocytes was detected in an excised tumour (Virchow 1863).
Since then, our increased understanding of immune cell function has reinforced these initial
speculations about the involvement of the immune response in the prevention and
clearance of cancer. The recognition and eradication of cancer cells by the immune system
is termed cancer immunosurveillance (Smyth et al. 2001). As key mediators and effectors of
the adaptive immune response, T cells were proposed to play a critical role in the control of

malignant cell growth. Evidence that T cells can help control tumour development was
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demonstrated by reports of tumour prevalence in individuals with HIV-induced
immunodeficiency (Goedert 2000) and incidence of carcinogen-induced tumours in
immunosuppressive mouse models (Shankaran et al. 2001). Further evidence that
manipulation of the immune response (and in particular T cells) can cause the regression of
established tumours came from a study in which the cytokine interleukin-2 (IL-2) was
administered to patients with metastatic kidney cancer or melanoma (Rosenberg et al.
1985). IL-2 is an immune regulator produced by CD4' T-helper cells, and is responsible for
large-scale expansion of effector CD8" T cells. Since IL-2 has no direct effect on the viability
of malignant cells alone, its anti-tumour effect in vivo was attributed to the expansion of

CD8’ T cells with tumour-lytic activity.

In view of this, the modern approach for the treatment of cancer has attempted to distance
itself from systemically toxic conventional treatments such as chemotherapy, in favour of
engaging the immune response. Unfortunately, efforts to launch a therapeutic response by
the patient’s immune system have not been entirely successful. In the recombinant IL-2
administration study for instance, although regression of tumours was observed, the typical
response rate was low (~8% complete response, and ~9% partial response in a study of 409
kidney cancer and melanoma patients) (Rosenberg et al. 1998). Furthermore, the
magnitude of the response varied from patient to patient (Rosenberg et al. 1998). Since
then, better understanding of the molecular basis of tumour-host interactions has provided

some explanations for the limitations of the immune system in the fight against cancer.

1.7.2a Problems associated with cancer antigen recognition
Malignant tumours exhibit a variety of highly sophisticated tricks for evading attack from T

cells:
1) Establishment of an immunosuppressive tumour microenvironment; the tumour can

tolerise T cells to evade T cell recognition by the following mechanisms:

i) Downregulation of some MHC class | alleles for low surface antigen presentation.
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ii) Reduction in expression of co-stimulatory signals by the tumour cells, which can
result in anergy or deletion of naive T cells on exposure to antigen.

ili) Manipulation of immune cells by secretion of immunosuppressive chemokines
and cytokines such as transforming growth factor-g (TGF-B).

iv) Recruitment of regulatory T cells (Tregs) into the tumour microenvironment.

v) Tissue remodelling; solid tumours can provide a physical barrier for the infiltration
of T cells and APC.

vi) Induction of hypoxia (oxygen deprivation) within regions of the tumour has been

shown to inhibit CD8" T cell-dependent cytotoxicity (Hamai et al. 2010).

2) Selection pressure mounted by the immune response can encourage the persistence of
malignant cells that have altered their antigenic profile to avoid T cell-mediated recognition

(Chouaib et al. 1997).

1.7.2b Thymic deletion of autoreactive T cells during the process of negative selection

A further great concern in tumour immunology is a shortage of suitable candidates to act as
tumour antigens and the subsequent lack of T cells that can recognise them. As mentioned
previously, tumours arise due to the malignant transformation of healthy cells, meaning
that the majority of processed antigen presented in the context of MHCI molecules on the
tumour cell surface is identical to self-antigens presented by healthy cells (Rosenberg 2001).
Recognition of self-antigens by T cells would result in autoimmunity, a condition that the
immune system has developed strategies to minimise. Tolerance to self-antigens is built up
by thymic deletion, whereby thymocytes recognising self-peptides undergo apoptosis (Nitta
et al. 2008; Surh and Sprent 1994). This process of negative selection is highly dependent on
both the strength of the TCR/pMHC interaction and the amount of antigen presented in the
thymus (Ashton-Rickardt et al. 1994; Sebzda et al. 1994). These restrictions enable T cells
with TCR/pMHC interactions below a certain affinity threshold to leave the thymus and
enter the periphery (Liu et al. 1995; Oehen et al. 1994). A T cell repertoire that has been
shaped by such a mechanism of self-tolerance contains few tumour-reactive T cells, and

those that do graduate into the periphery generally display low affinities for cognate
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antigen (Kisielow et al. 1988). For instance, many common tumour-associated self-antigens,
including NY-ESO-1- and MAGE-A3-derived epitopes (see Table 1.2), have been found
expressed in the thymus (Gotter et al. 2004). Any T cells responding to these antigens are
thus subject to thymic tolerance mechanisms, explaining the low frequency of NY-ESO-1-
and MAGE-A3-specific T cells in the periphery. Furthermore, there is evidence to suggest
that the activity of any self-antigen-reactive T cells that enter the periphery may be
hampered by mechanisms of peripheral tolerance induction including clonal deletion (Rocha
and von Boehmer 1991), suppression by regulatory T cells (Tregs) (Wing et al. 2008), or
anergy (Ramsdell and Fowlkes 1992; Willimsky and Blankenstein 2005).

1.7.2c Which antigens are recognised in human cancers?

With the aim of generating an effective cancer therapy, significant effort has been devoted
to the identification of tumour-associated antigens (TAAs) recognised by anti-tumour CD8" T
cells that are shared between individuals. Unfortunately, the majority of these TAAs are
non-mutated self-antigens (Rosenberg 2001). Some of the common TAAs dealt with in this
thesis are summarised in Table 1.2. However, for the reasons described in the previous
paragraph, the endogenous T cell repertoire responding to these antigens is likely to be
small in size and activity (Romieu et al. 1998). Consequently, a number of therapeutic

approaches have been investigated and developed to address this major issue (Section 1.8).

TAA name: Description:

gp100 A melanocyte differentiation antigen (Adema et al. 1993; Cox et al.
1994).
MAGE-A3 A cancer testis antigen expressed by a wide variety of tumours (Celis et

al. 1994; Gaugler et al. 1994).

Melan-A/ A lineage-specific antigen expressed by a large proportion of primary and
MART-1 metastatic melanomas (Coulie et al. 1994; Kawakami et al. 1994).
NY-ESO-1 A cancer testis antigen expressed in multiple myeloma, melanoma and a

range of other cancers (Chen et al. 1997)

Table 1.2: Four commonly targeted tumour-associated antigens (TAAs).
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1.8 Current strategies for manipulation of immune system for targeting disease

1.8.1 Vaccination

Vaccination represents the most cost-effective and successful approach for the prevention
of infectious diseases, and is second only to sanitation in terms of the estimated number of
lives it has saved. Since the advent of widespread vaccination, the incidence of many
diseases such as measles, mumps, diphtheria, poliomyelitis and rubella has dropped
significantly. The greatest triumph of vaccination has been the global eradication of
smallpox. In the sixteenth century, before Jenner’s discovery of vaccination, smallpox was a
lethal disease, as widespread as cancer or heart disease are in modern times, but with the
difference that the majority of its victims were infants and young children. No endemic
cases of the disease have been reported since 1980. Therefore, due entirely to the success

of vaccination, smallpox is a disease of the past.

The purpose of vaccines is to prime the recipient's immune response (hence an alternative
name for vaccination is immunisation) in order to generate immunological memory in the
form of memory T cells. If successful, vaccination will elicit a heightened, more effective
immune response on re-exposure to a specific antigen. There are two categories of
vaccines: i) prophylactic vaccines, which are administered prior to the exposure to pathogen
and aim to offer protective immunity (eg. smallpox vaccine); and, ii) therapeutic vaccines,
which are administered following disease diagnosis, and aim to increase the frequency of
antigen-specific T cells targeting antigens associated with the disease (eg. cancer vaccines).
Over the years, several vaccination strategies have been developed, which use different
forms of immunising agent: i) whole organism (attenuated live/dead); ii) purified (subunit)
antigen; iii) recombinant antigen; iv) synthetic peptide; v) recombinant vector; and, vi) DNA
derived from the pathogen. All these approaches have one thing in common: they elicit a
specific immune response to the immunising agent without causing the disease they are

designed to prevent.
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Despite the fact that vaccination is the most successful medical intervention ever
developed, there are two areas where vaccines are not yet particularly effective: i)

pathogens of variable antigenicity (such as HIV); and, ii) cancer.

1.8.1a Vaccines targeting pathogens of variable antigenicity (specifically HIV)

Prophylactic vaccination represent the most cost-effective and successful approach for the
prevention of infectious disease. However, vaccination against pathogens of variable
antigenicity such as HBV (Michel et al. 2001), HCV (Leroux-Roels et al. 2005), and HIV
(Oxenius et al. 2002a), has not been entirely promising. Developing a vaccine against a
pathogen of variable antigenicity like HIV is problematic. As described in section 1.7.1a, HIV
is a retrovirus, capable of undergoing rapid mutagenesis to evade from the immune
response. Selecting a suitable antigen for immunisation against this virus presents a
veritable challenge. The gravity of the situation is illustrated by the fact that a recent clinical
trial conducted in Thailand was hailed as promising after eliciting a mere 30% reduction in
HIV infection. Such a low level of efficiency is clearly unacceptable, and there is currently no

publicly available vaccine against HIV (Vaccari et al. 2010).

1.8.1b Cancer vaccines

Although a handful of successful cancer vaccines exist, these typically target tumours that
have been induced as a result of viral infection: Hepatitis B vaccine (Maugh 1981) and very
recently, the human papillomavirus (HPV) vaccine (Frazer et al. 2010). The expression of
viral antigens on the surface of these virally-induced tumour cells easily distinguishes them
from healthy cells. However, the majority of cancer vaccines fail to induce an effective anti-
tumour immune responses. An extensive survey summarising the results of cancer
vaccination trials showed that a mere 3% of >600 patients enrolled showed an objective
response to the vaccination regimens (Rosenberg et al. 2004). This response rate is within
the range for spontaneous remissions. A major reason for the failure of cancer vaccination is
the limited repertoire of T cells capable of responding to the tumour antigens concerned
(Kisielow et al. 1988). Anti-tumour vaccines are typically designed around epitopes that are

over-expressed on tumours but are indistinguishable from the antigens presented by
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healthy cells. Thus, any T cells specific for these antigens are likely to have undergone
deletion during the process of negative selection in the thymus, or display very low affinities
for the target antigen. Other causes of poor anti-cancer vaccine success include rapid
degradation of target peptide antigens by proteases, possible immunosuppressive
mechanisms restricting the activity of primed T cells (see section 1.7.2a), and the severely
weakened immune defences in patients typically enrolled in phase I/l studies (Rosenberg et
al. 2004). Improving the efficacy of anti-tumour vaccines would require the identification of

TAAs that are restricted to tumour cells and are not presented by healthy tissues.

1.8.2 Adoptive T cell therapy (ACT)

The low frequency of anti-tumour T cells in the periphery has been blamed for the
disappointing outcome of anti-cancer peptide vaccination trials. A sensible solution would
thus involve increasing anti-tumour T cell numbers by adoptively transferring T cells of a
desired specificity to a patient. Adoptive T cell therapy (ACT) aims to do just that, and works
by providing an individual with mature antigen-responsive allogeneic or autologous T cell
subsets, with the hope that the infused cells would eliminate a tumour or pathogen and
prevent its reoccurrence. Figure 1.5 A summarises the main steps involved in the adoptive

transfer of lymphocytes.

Primary CD8" T cells have been selected as the cells of choice for adoptive therapy for their
cytotoxicity, and the fact that unlike other cytolytic cell subsets they display a high degree of
specificity by recognising antigen in the form of peptide-MHC class |. There are a number of
protocols for obtaining CD8" T cells specific for a desired cancer or viral antigen. The
preferred sources of cancer antigen-specific T cell are peripheral blood or tumour
specimens, the latter are often enriched for tumour-infiltrating lymphocytes (TiLs). Because
many patients are already primed to their tumours, the main challenge is improving the
quantity and quality of the desired T cell subset (Germeau et al. 2005). The use of pMHC
multimers for the ex vivo isolation of antigen-specific T cells using fluorescence cell sorting is
by far the most effective means of obtaining a pure population of effector cells of a desired

specificity. Once isolated, the T cells are expanded using microbeads coated with anti-CD3
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and anti-CD28 antibodies, and in the case of CD8" T cells a combination of IL-2 and IL-15
cytokines. Since anti-tumour T cells are typically characterised by their low affinity for
antigen, techniques aimed at enhancing the strength of TCR/pMHC interaction and thus the
detection with pMHC multimers, have been developed for the visualisation of cells which
are not detected by conventional means. Chapters 3, 4, and 5 deal with the sort of ‘tricks’

that can be employed to substantially improve T cell detection using pMHC multimer

technology.

Adoptive cell transfer for the treatment of tumours is not a novel concept; it was first
demonstrated in humans in the 1960s when Chester Southam and colleagues found that
subcutaneous growth of human tumour autografts transferred to patients bearing
advanced cancers was prevented by the cotransfer of autologous leukocytes (Southam et al.
1966). Despite its early discovery, there are few cases of FDA-approved ACT being carried

out today. The success of ACT in the clinic is hampered by a number of factors:

i) Firstly, the isolation of TAA-specific T cells from the self-restricted repertoire can be
problematic. In the majority of cancer patients, the frequency of TAA-primed lymphocytes
present in circulation is very low. Often, excision of the tumour must be performed to elute

any TiLs present.

ii) Secondly, the T cells isolated from an individual must undergo optimal and safe expansion
in vitro. Two main expansion protocols are employed: i) The polyclonal activation of T cells,
based on the assumption that a high proportion of these cells is equipped with the desired
TAA specificities; and, ii) The clonal expansion of cells. Although this second approach
guarantees antigen specificity without the possibility of coinfusion of hindering regulatory
and immunosuppressive T cell subsets, it suffers from being costly and labour-intensive.
Following observations that many cancer patients exhibit a substantial T cell response to
their tumours, the more rapid cost-effective polyclonal expansion approach has been

adopted when conducting randomised clinical trials (Rapoport et al. 2005). This polyclonal
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approach is also favoured from an ethical perspective, since it ensures that the treatment is

given to all patients and not just the minority that have tumour-reactive TiLs.

iii) Thirdly, the ability of a CD8" T cell clone to expand in culture and respond to a given
antigen in vitro does not guarantee its success at fighting tumours and infection in vivo.
Once infused into an individual, the CD8" T cells must not only target antigen specifically,
but also retain effector function, homing potential and persistence in vivo. Efforts are being
made to ensure that the protocols used to expand T cells in culture retain, or where
possible, improve the quality of the immune response once the cells are re-infused into the
individual undergoing therapy. In addition, studies with melanoma patients have shown
that chemotherapy-induced host conditioning prior to adoptive T cell transfer improves the
persistence of adoptively-transferred T cells by providing them with a niche (Dudley et al.
2002; Rosenberg et al. 2004). Under these lymphopenic conditions, approximately 50% of
patients receiving adoptive T cell therapy for metastatic melanoma showed reductions in

their tumour burden (Rosenberg and Dudley 2004).

iv) Finally, adoptive T cell therapy relies on the presence of tumour-specific T cells within
the T cell repertoire, and that these T cells are in turn functional. Since many tumour-
reactive T cells are either deleted during thymic development or display pitifully weak
affinities for cognate antigen, the availability of suitable T cell candidates for use in ACT is
often limited. Furthermore, patients selected to receive ACT (at this early stage of its
implementation) suffer from aggressive forms of cancer which become too advanced for

treatment by the time sufficient numbers of T cells have been expanded for infusion.

Although | have mainly addressed ACT as an anti-cancer therapy, the same principles and
drawbacks apply for the treatment of viral infections. Albeit, the biggest challenge for anti-
viral ACT is the identification and isolation of CD8" T cells capable of successfully targeting
viral escape mutants. Nevertheless, a number of studies have demonstrated the
effectiveness of adoptive T cell therapy for the protection of bone marrow transplant

patients from CMV- and EBV-mediated diseases, which are a major concern during the post-
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transplant immunodeficiency period (Haque et al. 2002; Rooney et al. 1995; Walter et al.
1995). As mentioned in the previous paragraph, a limitation of conventional adoptive
therapy is the time-consuming (~ 3 months) process associated with the detection, isolation
and generation of substantial numbers of autologous antigen-specific CD8" T cells required
to treat a patient. The aggressive nature of many lymphoproliferative disorders means that
there is a high likelihood of the condition proving fatal before a treatment is provided. An
initiative led by Prof. D Crawford aims to reduce the large time gap between disease
diagnosis and treatment by generating a T cell bank comprising hundreds of EBV- and CMV-
specific CD8" T cell lines derived from a wide range of donors with varied HLA profiles. The
cell bank ensures that suitable numbers of allogeneic partly HLA-matched CD8" T cells are
readily available for treatment. Adoptive transfer of these antigen-specific banked CD8" T
cells has thus far shown considerable success in the treatment of EBV-associated malignant
disorders including CNS lymphomas (Haque et al. 2007; Haque et al. 2002; Wynn et al.
2005).

1.8.3 TCR gene transfer therapy

Given the limitations of the endogenous T cell repertoire specific for tumour-associated
antigens, and the inadequacy of anti-viral CD8" T cells in targeting certain viral escape
mutants, the development of adoptive therapies that utilise TCR gene-modified T cells
seems an attractive prospect. The concept behind TCR gene therapy is simple, stemming
from the fact that the TCR is the only structure on the T cell surface that dictates antigen
recognition (Rudolph et al. 2006). Subsequently, the transfer of genes encoding a particular
TCR to another T cell should result in a shift in antigen specificity in the recipient cell whilst
preserving its effector functions. The main steps involved in TCR gene therapy are outlined
in Figure 1.5 B. The proof of principle that the transfer of TCR genes is sufficient to endow
recipient T cells with the specificity of donor cells was first shown by Steinmetz and
colleagues in 1986 (Dembic et al. 1986). The authors used a cosmid vector to deliver the a
and B TCR genes to a cytotoxic T cell hybridoma by means of protoplast fusion. Since this
exciting discovery, TCR gene transfer has seen some significant developments: addressing

the quality of TCR genes, the various TCR gene delivery methods used, and the efficiency of
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exogenous TCR expression on the surface of recipient T cells. These developments are

described in more detail in Chapter 6 of this thesis.

1.8.3a Potential risks associated with TCR gene transfer

General risks associated with retroviral vectors

The introduction of a live virus into host cells raises serious issues with regard to safety,
especially in cases where the virus is used as a vector for the introduction of therapeutic
genes, such as T cell receptors in TCR gene transfer therapy. A theoretical safety concern
during vector production is that a replication competent retrovirus (RCR) is generated. This
can happen if recombination takes place between the main retroviral vector and genomes
of packaging plasmids or the host cell (Temin 1990). The probability of this depends upon
the amount of nucleotide sequence homology between the vector and other retroviral or
cellular sequences. Measures to reduce the likelihood of RCR formation include separation
of the trans-acting and cis-acting elements required for viral assembly and replication on

separate plasmids, and reducing the amount of sequence homology among the constructs.

The ability of retroviruses to integrate into the host genome also raises the probability of
insertional mutagenesis and malignant transformation if the promoter elements of the virus
become suddenly flanked by genes involved in growth control. The dangers of such an event
were illustrated by a study in which 2 out of 10 children receiving retroviral vector therapy
for an inherited metabolic disorder went on to develop T cell leukaemia as a consequence
of the treatment (Hacein-Bey-Abina et al. 2008; Hacein-Bey-Abina et al. 2003). The
introduction of self-inactivating vectors, and a transition to using vectors derived from non-
oncogenic lentiviruses with low mitotic indexes has greatly reduced the probability of this

happening again (Anson and Fuller 2003).

Specific risks for TCR gene transfer: TCR chain mispairing

A potential problem that arises from the introduction of a T cell receptor into T cells that
already express their own native TCR is the mispairing of the endogenous TCR a and B
chains with the exogenous TCR a and B chains. If this occurs, a single T cell can theoretically

express a total of four different TCRs: native, exogenous, and two mispaired variants. Since
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TCRs have to compete for available CD3 molecules for expression at the cell surface, the
formation of mispaired TCRs can reduce the expression of relevant TCR af heterodimers,
resulting in insufficient function of transduced T cells. The generation of TCRs with novel
and unknown specificities through chain mispairing carries a potential risk of some of these
TCRs being autoreactive. The dangers of TCR mispairing have not as yet been fully assessed,
with some groups reporting associated pathology (Bendle et al. 2009; Bendle et al. 2010;
van Loenen et al. 2010), whilst others observing no adverse effects (Johnson et al. 2009;
Morgan et al. 2006; Robbins et al. 2011). Several strategies have been developed to reduce
the level of mispairing and enhance the association of exogenous TCRs with CD3 molecules.
Boulter et al. engineered a means of encouraging exogenous TCR a and B chains to
preferentially pair with each other by mutating defined residues in the constant regions to
cysteines, which can participate in the formation of an additional disulphide bond between
the transduced TCR chains (Boulter et al. 2003; Cohen et al. 2007; Kuball et al. 2007). Other
groups have reported improvements in TCR pairing and enhanced association with CD3
molecules by i) exchanging the human TCR constant regions for murine ones, ii) introducing
retroviral vectors encoding small interfering RNA (siRNA) constructs that specifically
downregulate endogenous TCR, or by iii) fusing TCR chains to CD3{ molecules to bypass the
need for endogenous CD3 (Cohen et al. 2006; Okamoto et al. 2009; Sebestyen et al. 2008).
The 868 TCR used in this investigation lacks any of the above modifications but has
undergone codon optimisation for enhanced expression in mammalian cells. Codon
optimisation works by minimising some of the problems associated with expressing
transgenes in mammalian cells, including transcriptional silencing, low mRNA half-life,
alternative splicing events, premature polyadenylation and limited availability of certain
tRNAs (Bradel-Tretheway et al. 2003). Altering the GC-content, modifying the secondary
structure of the resultant mRNA transcript, and adapting the codon bias with respect to
non-limiting tRNA pools of the mammalian cell act to increase the efficiency of
transcription, stability of the transcript, and ultimately allow for a high level of protein
production within the mammalian host. It is one of the aims of this chapter to determine
the extent of TCR chain mispairing when a codon-optimised 868 TCR is transduced into

primary CD8' T lymphocytes.
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1.8.3b Advantages of TCR gene transfer therapy over ACT

TCR gene transfer therapy offers several important advantages over adoptive T cell therapy:

i) Firstly, TCR gene therapy is substantially more rapid. If a TCR specific for a particular
antigen is known, its genes can be delivered to autologous T cells (derived from the

individual receiving the therapy) and the cells expanded in a matter of days.

ii) Secondly, the T cells with the desired specificities may not be naturally present in the T
cell repertoire. The potential of introducing TCR genes into T cells, thus endowing them with

new specificities represents an attractive solution.

iii) Thirdly, TCR gene therapy offers the prospect of modifying TCRs (in terms of affinity,
expression levels, signalling and TCR chain pairing), and thus the functionality of the

recipient T cell population.

TCR gene transfer therapy is particularly important in tumour immunology, where the
available tumour-reactive T cell repertoire is weakened by thymic selection. Three different
approaches can be employed to ensure that the TCRs used for TCR gene transfer have a
sufficiently high affinity for the target antigen: i) using xenoreactive TCRs that contain
murine sequence elements; ii) using alloreactive TCRs that have not undergone thymic
selection; or, iii) subjecting TCRs derived from peripheral T cells to artificial affinity
maturation procedures. The use of xenoreactive TCRs for TCR gene therapy is relatively
uncommon, due to the ‘foreign’ nature of murine TCR regions. In contrast, a number of
studies have demonstrated the successful application of TCR gene transfer for the
treatment of human leukaemias by endowing T cells with a high affinity alloreactive TCR
specific for an epitope of the Wilms’ tumour antigen 1 (WT1) (Baird and Simmons 1997;
Morris et al. 2006; Oji et al. 2003c; Oji et al. 2003b; Oji et al. 2003a). The WT1 antigen is
overexpressed in a large number of human cancers but assumes normal expression levels in
healthy tissues, making it a good candidate for TCR gene therapy. It will be very interesting

to see how the promising results achieved with the WT1-specific alloreactive TCR in the
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laboratory translate into the clinical setting. A phase | trial is currently underway to address

this.

In cases where high affinity TCRs cannot be extracted naturally from the T cell repertoire
either by staining with low avidity pMHC multimers or by priming with low concentrations
of antigen, they must be generated artificially. Two developments have helped solve the
problem of low TCR affinities: yeast and phage display techniques. Using yeast display,
Holler et al. were able to increase the Kp of the 2C TCR over 100-fold to 9nM (Holler et al.
2000). The most effective means of generating high affinity TCRs for use in TCR gene
transfer is now considered to be TCR phage display (Li et al. 2005). With this approach, TCR
genes are displayed on the surface of the M13 bacteriophage, fused to the gene Il of the
phage. Essentially, a library of phage expressing a surface TCR gene is screened for high
affinity TCR/pMHC interactions using immobilised pMHC molecules of interest. Rounds of
bacterial re-infection and panning of immobilised pMHC selects for the highest affinity
variants. Mutations in the highest affinity CDR sequences are then combined in a single high
affinity TCR (Li et al. 2005). This process is described in more detail in section 8.1.2 of
Chapter 8. Phage display has the following attributes: i) it can be applied to any TCR; ii) it
does not include a mutant selection step with clonotypic antibodies (unlike yeast display);
and, iii) it can be used to screen library sizes of > 10'° variants. This approach has been used
to improve the affinity of TCRs by a million-fold to pM affinities (Laugel et al. 2005). More
recent unpublished studies have produced TCRs with affinities for cognate antigen in the fM
range and that bind with half-lives > 48 hours. Several studies have demonstrated the
success of high affinity TCRs generated by phage display in targeting both tumour-
associated (Zhao et al. 2007) and viral (Varela-Rohena et al. 2008b) antigens in vitro and in
murine models. The latter study, documenting how enhancing TCR affinity is beneficial to
the clearance of rapidly mutating viruses such as HIV from culture, represents an
international collaborative effort involving research groups from the University of
Pennsylvania, and Oxford and Cardiff Universities (Varela-Rohena et al. 2008). The ultimate
advantage of TCR gene therapy is that it not an entirely personalised approach, and can be

used in any individual provided they carry the restricting HLA allele for a particular cognate
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TCR/pMHC pair. One can envisage whole libraries of delivery vectors encoding a broad
range of TCR genes being compiled to target the most common epitopes associated with

cancer and viral infections.

1.8.3c Limitations of TCR gene transfer therapy over ACT

Despite sounding very promising, TCR gene therapy is without its limitations. In a clinical
trial involving melanoma cancer patients, the success of conventional adoptive T cell
therapy with expanded Melan-A specific TiLs (~50% response rate, (Rosenberg and Dudley
2004)) was far greater than the anti-melanoma activity of the TCR-transduced lymphocytes
(2/15 patients showed tumour regression, (Morgan et al. 2006)). These observations
suggest that the efficiency of TCR gene therapy should be improved to achieve a better
clinical outcome. The measures taken to improve the success of TCR gene therapy are
discussed in Chapter 6 of this thesis. Whilst optimisation of TCR gene therapy is under way,
a number of safety issues must also be considered. The introduction of TCR specificities that
lie outside the normal T cell repertoire have the potential to cause autoimmunity. New
unknown specificities can theoretically be generated by the mispairing of the introduced
and endogenous TCR chains. Although evidence of autoimmunity arising from TCR
mispairing has been difficult to produce, a recent murine study has shown some cause for
concern (Bendle et al. 2010). A further risk of autoimmunity is posed by transfer of a TCR
which is derived from a donor with a different MHC haplotype than the recipient. In such a
situation, CD8" T cells transduced with the donor TCR can potentially react towards
allogeneic MHC molecules presenting self-antigen. In view of this, the compatibility
between donor TCRs and recipient MHC haplotype profiles should be assessed for each
individual receiving TCR gene therapy. Because enhancing the affinity of a TCR is thought to
correlate with increased crossreactivity (the property of a single TCR to recognise more than
one antigen) (Mason 1998), altering the affinity of a TCR must be treated with caution. The
side effects associated with enhanced TCR affinity were demonstrated in a TCR gene
transfer clinical trial conducted with patients undergoing treatment for melanoma (Johnson
et al. 2009). During the trial period 30% of patients responded to the treatment, but a small

number exhibited destruction of healthy melanocytes in the skin, eye and ear, resulting in
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the conditions vitiligo, uveitis and hearing loss, respectively. Although this is an extreme
and isolated case, this study highlights the importance of rigorous testing of engineered T
cells in an in vitro setting prior to administering them to patients. It also highlights the need
for the identification of TAAs that differ from the self-antigens expressed on healthy tissues.
However, in comparison to induction of T cell immunity by vaccination and adoptive T cell
transfer, TCR gene transfer is likely to prove itself the most useful in the clinical setting,
provided any associated immunopathology issues are rapidly resolved. Periodic vaccination
with peptide antigen following T cell transfer may then be relied upon for enhancing the

beneficial immune response.

1.8.4 Chimeric Antigen Receptors (CARs)

As described in the previous section, TCR gene transfer therapy has shown considerable
promise in redirecting immune recognition to target tumours and virally-infected cells.
However, the use of TCRs is this context is limited by a number of factors, namely; i) the
requirement for an antigen-restricting HLA allele; ii) the downregulation of pMHCI
complexes from the surface of the tumour or virally infected targets; and, iii) the difficulty
of finding suitable antigens for TCR recognition. The use of chimeric antigen receptors
(CARs) represents an alternative approach to targeted immune therapy, and promises to
bypass some of these problems. The concept of CARs originated in the 1980s, when
Professor Zelig Eshhar’s group first demonstrated that the functional redirection of a T cell
to a protein antigen could be achieved by the expression of a receptor consisting of a
protein-binding domain fused to a T cell signalling molecule (Gross et al. 1989). The
archetypal CAR consists of a single-chain antibody fragment (scFv) capable of binding
antigen, fused (either directly or via a spacer) to a component of the T cell receptor
complex, which on antigen binding primes the engrafted T cell for cytotoxic activity. The
combination of various extracellular, transmembrane and signalling domains has lead to the
development of a multitude of different CARs. There appears to be little reported rational
strategies for CAR structure design, with many groups simply opting for their favourite

structural and functional components. Table 1.4 contains examples of various CAR
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structures that have been developed to date, and highlights the preference for CD3{

(primarily due to the large number of ITAMs) and FceRly as signalling domains.

1.8.4a Advantages and disadvantages of CAR versus TCR immunotherapy

The use of CARs in immunotherapy has a number of advantages over the use of TCRs.
Firstly, the CAR approach bypasses the need for MHC restriction, meaning it is more generic
and applicable in all patients, not just those harbouring a particular HLA allele. Secondly,
CARs overcome the clever defences of tumours and viruses that can escape from TCR-
mediated recognition through the downregulation of MHCI expression (see sections 1.7.1
and 1.7.2). Thirdly, many CAR structures are manufactured using antibody technology, and
thus are able to target any antigen for which an antibody is available, thus bypassing the
need for MHC-associated antigen. However, the recognition of surface proteins rather than
processed peptide carries associated risks. This is especially true for tumour recognition,
where the degree of tumour specificity and relative expression of target antigen on normal
tissue may be a source of toxicity. A recent in vivo murine study reported that T cells
engrafted with a CD19-specific CAR bearing a CD3{ signalling domain resuited in
considerable depletion of healthy B cells (Cheadle et al. 2009). Efforts are currently
underway to quantify the level of off-target toxicity that is acceptable for CAR-based
immunotherapy, and limit damage to healthy tissues accordingly. A further advantage of
CARs over TCRs is that they carry their own signalling domains and therefore do not rely on
the interaction with components of the CD3 complex for cell surface expression and
function. As a result, CARs can be delivered into cells other than T cells, harnessing their
different effector functions. Although the development of non-T cell CAR therapy is still at a
relatively early stage, a number of studies have successfully demonstrated the suitability of
CARs for the transduction of NK cells. Primary CD3'CD56" human NK cells transduced with a
retroviral vector encoding a Neu/HER2-specific CD3{CD28 receptor showed redirected
function against cell lines presenting cognate antigen in vitro and in short term in vivo
assays (Kruschinski et al. 2008). NK cells have also been shown to be permissive to RNA-
based electroporation with a CD19-specific CAR, following which they gained specificity for

transformed B cells (Li et al. 2009). In summary, over twenty years of research has seen the
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transfer of CARs into the clinical setting with CAR-transduced T cells now reported in
completed trials for the treatment of HIV (Mitsuyasu et al. 2000) and cancer (Kershaw et al.
2006). Going head to head with TCR-based therapies, it remains to be seen whether CARs

offer an overall therapeutic advantage in the long term.

Antigen Spacer | Transmembrane | Signalling domain Reference
Specificity Domain
CEA - CD3Y CD3¢ (Gilham et al. 2002)
Neu/HER2 - CD3T CD3Y (Stancovski et al. 1993)
gp120 CD8 CD3{ CD3{ (Patel et al. 1999)
gp100 CcD8 CcD8 CD3{ (Masiero et al. 2005)
CD19 - CD3T CD3{ (Cheadle et al. 2009)
OKT8 CD8 CD8 CD3{ (mutated) (Chae et al. 2004)
TCR - H2-Kb CD3{ (mutated) (Geiger et al. 2001)
CEA - CD3e CD3e (Nolan et al. 1999)
DAP10 CD19 CcD8 DAP10 (Marin et al. 2007)
CEA higG FceRly FceRly (Heuser et al. 2003)
CEA higG1 FceRly FceRly (Hombach et al. 2007)
CEA CcD8 FceRly FceRly (Haynes et al. 2001)
Neu/HER2 - FceRly FceRly (Eshhar et al. 1993)
CEA higG1 FcyRI FcyRI (Biglari et al. 2006)
TCR - H2-Kb CD3{Lck (Geiger et al. 2001)
TNP - CD4 or CD8 Syk (Fitzer-Attas et al. 1998)
TNP - CD4 or CD8 ZAP-70 (Fitzer-Attas et al. 1998)

Table 1.4: Examples of Chimeric Antigen Receptors (CARs).
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1.9 Aims of the thesis
The work contained within this thesis aims to explore diagnostic and therapeutic uses of
optimised interactions between peptide-Major Histocompatibility complex (pMHC)
molecules and the T cell receptor (TCR) and/or coreceptor that engages them. Specifically, |

aimed to:

1) Experiment with a number of ‘tricks’ to improve the detection of T cells using soluble

pMHC multimers;

2) Explore the use of TCRs in TCR gene transfer;

3) Investigate the role of glycosylation in antigen recognition by the TCR and,

4) To assess the therapeutic potential of novel reagents based on high affinity soluble TCRs.
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2.1 Reagents and consumables

2.1.1 Antibodies
2.1.1a Activating antibodies
Anti-CD3 and anti-CD28 unconjugated antibodies were purchased from Pharmingen, BD

Biosciences (San Jose, CA).

2.1.1b Fluorescent conjugated anti-human antibodies for detection of cell surface protein
expression

Anti_CD3FITC, PerCP, PECy7’ anti-CD4F'Tc’ PE, Cy-SPE PerCPCyS.5, APC’ anti_CDSHTC, PE, PerCP, APC, Q-705‘ anti-
TCRaB™™™ "¢, pan-TCRy8™, anti-CD25°% **°, anti-CDE9™ ™™ #P°Y” %€, anti-CD19*“ A*°Y’  anti-
CD28"C, anti-CD45RA™ PEY7, anti-CDASROF® (&% Red) - anti-CCR77Y, anti-CD107a™™,
Vivid™fic B¢ 304 Viaprobe™ were purchased from Pharmingen, BD Biosciences (San Jose,
CA). Anti-HLA-A2 BB7.2 was purchased from Serotec (Oxford, U.K.). The panel of anti-TCR
VBFTC PE antibodies (Appendix S for a full list) was purchased from Beckman Coulter and

Immunotech Coulter (Fullerton, CA). The anti-TCR VB5 (a)"™ and anti-TCR Va2 were

purchased from Thermo Fisher Scientific.

2.1.2 Cellular dyes

Carboxyfluorescein diacetate Succinimydyl! Ester (CFSE)

CFSE powder was purchased from Invitrogen and suspended in ddH,0 to give a 10 mM
stock solution, which was sterile filtered, dispensed in to 10 pl aliquots and stored at -20°C.

Aliquots were thawed once and not re-frozen.

2.1.3 Peptides

Peptides used in the study were HLA A2 restricted and prepared to >95% purity (for pMHC
tetramer refolds) or 50% purity (crude fragments for all other readouts) by PepScan
(Netherlands). All peptides were received in powder form and dissolved in DMSO, prior to

dilution in RPMI medium to the desired concentration. Peptides were pulsed onto target
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cells (all assays apart from ELISpot) by incubating 10° CIR cells in 1 ml of R10 media (see
section 2.1.5 below) with peptide, for a minimum of 1 hour at 37°C, 5% CO..

2.1.4 Protein kinase inhibitors (PKis)

2.1.4a Dasatinib
N-(2-Chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-piperazin-1-yl)-2-methylpyrimidin-4-
ylamino) thiazole-5-carboxamide (BMS-354825) alternatively known as dasatinib was
synthesized as described previously (Lombardo et al. 2004). Biological activity was tested in
a cell death titration assay on BA/F3 bcr-abl cells as described in (Magnusson et al. 2002).
Dasatinib was dissolved in DMSO to a concentration of 1 mM, and stored in aliquots at -
20°C. Once thawed, these stocks were stored at 4°C and used within 3-4 days of thawing as
the reagent had a limited stability at this temperature. The 1 mM DMSO stock was diluted
1/10,000 in PBS on the day of experimentation to achieve a working solution of 100 nM.
Subsequent 1/2 dilution in cellular assays yielded a final concentration of 50 nM, which was

the standard concentration used unless stated otherwise.

2.1.4b Other PKis

Staurosporine was purchased from Biomol (Exeter, U.K.). Lck inhibitor I, genestein,
herbimycin A, PP2 and PP3 were all purchased from Calbiochem (San Diego, CA). The PKls
were dissolved in DMSO and stored at -20°C, prior to being diluted in PBS and tested in
assays at concentrations of 1 nM, 3 nM, 5 nM, 10 nM, 20 nM, 100 nM, 250 nM, 500 nM, and
1uM.

2.1.5 Cell culture media and associated reagents

2.1.5a PSG media (Penicillin, Streptomycin, Glutamine)

Roswell Park Memorial Institute medium-1640 (RPMI-1640) supplemented with 2 mM L-
glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin.
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2.1.5b R10 media
PSG supplemented with 10% heat inactivated (at 56°C for 1 hour) foetal calf serum (FCS;
Sigma Aldrich, Poole, U.K., and PAA Laboratories Limited, Pasching, Austria).

2.5.1c CK media
R10 supplemented with 2.5% Cellkines (Helvetica Healthcare, Geneva), 200 IU/ml IL-2
(Pharmacy) and 25 ng/ml IL-15 (PeproTech, London, U.K.).

2.5.1d 293 T cell culture media (DMEM-10)

Dulbecco modified Eagle’s minimal essential media (DMEM), supplemented with 2 mM L-
glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin, 1% sodium pyruvate, and 10%
heat inactivated FCS.

2.5.1e Freezer mix
PSG supplemented with 10% sterile domethyl sulfoxide (DMSO; Sigma Aldrich, Poole, U.K.)
and 50% FCS, passed through a 0.2 u filter.

RPMI-1640, DMEM, phosphate buffer saline (PBS), L-glutamine, penicillin, streptomycin,
sodium pyruvate, and 0.5% trypsin in HBSS were purchased from Gibco, Invitrogen (Paisley,

U.K.).

2.1.6 Bacterial plasmids

The pUC19 plasmid used for all the cloning steps prior to transfer into a lentiviral vector
originates from the University of California and can be purchased commercially from a
number of suppliers (eg. NEB, Sigma). The plasmid was modified in my laboratory by
insertion of a restriction cassette for shuttling TCR alpha and beta fragment in and out of
the plasmid. A TCR alpha chain sequence was inserted via Xba | and Xho | restriction
enzymes, while the TCR beta chain sequence was Kpn | and Not | restriction enzymes. The
pUC19 vector was further modified by insertion of a 2A peptide-encoding sequence and a

SGSG spacer sequence in between the insertion sites for TCR alpha and beta genes
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(Appendix 1 C). A schematic of the modified pUC19 x-SGSG-2A-y shuttle vector can be found
in Chapter 6 of this thesis (Figure 6.5).

2.1.7 Viral vector and packaging plasmids
The Lenti-SxW lentiviral vector and the packaging plasmids pMD.2G and pA8.91 were kindly
donated by Qasim Waseem (Molecular Immunology Unit, UCL, London) and are fully

documented in (Demaison et al. 2002).

2.2 Mammalian cell lines and clones

2.2.1 Human CD8'T cell lines

Blood from HLA A*0201 (HLA A2 from hereon) positive donors was used to generate CD8" T
cell lines. CD8' T cells were initially stimulated by exposure to peptide-pulsed autologous
peripheral blood mononuclear cells (PBMCs). CD8" T cell lines specific for the human
telomerase reverse transcriptase (hTERT)s40.548 (ILAKFLHWL) and Melan-Ays.35 (ELAGIGILTV)
epitopes, both restricted by HLA A2, were generated by pulsing 6x10° PBMC from an HLA A2
individual with cognate peptide at concentrations of 1 uM and 100 uM respectively, for 1
hour at 37°C. Cells were subsequently washed and resuspended in R10 only. After 3 days,
increasing amounts of Interleukin-2 (IL-2) were gradually added to the media, reaching a
maximum concentration of 20 1U/ml by day 14. Expansion of antigen specific CD8" T cells
was assessed by FACS staining with cognate peptide/HLA A2 tetramers and anti-CD8
antibody conjugated to a fluorochrome, as well as by Interferon-y (IFNy) enzyme linked

immunospot (ELISpot) (section 2.11.1).

2.2.2 Human CD8' T cell clones

The ILA1 CD8' T cell clone is specific for the HLA A2 restricted human telomerase reverse
transcriptase (hTERT) epitope ILAKFLHWL (hTERTs40.545). Mel13 and Mel5 CD8' T cell clones
are specific for the HLA A2 restricted Melan-Ay¢ 35 epitope ELAGIGILTV. 3F2 CD8' T cell clone
recognises the HLA A2-restricted epitope of the preproinsulin (PPlyss; ALWGPDPAAA)

antigen, called ALW. CD8" T cell lines responding to the three epitopes mentioned were

86



Chapter 2

initially expanded by exposure to peptide-pulsed autologous PBMC in R10 and then further
stimulated with mixed irradiated allogeneic feeder PBMC from three unrelated donors in
PSG media supplemented with foetal calf serum and antibiotics together with
phytohemaglutinin (PHA) (4 pg/ml) and T-STIM (10%; BD Biosciences) or Cellkines (2.5%;
Helvetica Healthcare, Geneva) instead of T-STIM for clone 3F2. ILA1, Mel13, Mel5 and 3F2
clones were all generated by limiting dilution culture from the peptide-specific T cells lines

(section 2.3.5).

2.2.3 Culture of human CD8' T cell lines and clones

CD8' T cells were grown from cryopreserved stocks in 24-well tissue culture plates in CK
media for two weeks following restimulation using 5 pg/ml PHA with 5x10° irradiated
allogeneic PBMC in 2 ml of media per well of a 24 well tissue culture plate. Following this,
the cells were maintained in CK media for several months without the need for
restimulation with antigen and/or irradiated autologous PBMC feeders. CD8' T cell clones
maintained and cultured in the presence of IL-15 for three months exhibited an identical
activation profile in terms of early tyrosine phosphorylation events and effector function
(specific lysis of antigen-bearing target cells, production of macrophage inflammatory
protein 1B (MIP-1B) and IFNy) to CD8' T cells maintained in media supplemented with IL-2

alone.

2.2.4 Human CD4' T cell lines and clones

The CD4' T cell clone (Flu2-5) specific for the HLA DR*0101-restricted influenza virus A
HA307.319 epitope PKYVKQNTLKLAT (PKY) was kindly donated by A. Godkin (Cardiff University,
Cardiff). The JF-HA CD4" T cell line specific for the same Flu epitope was kindly donated by T.
Scriba (Oxford University, Oxford). The CD4" T cell lines and clones were cultured in the
same way as CD8' T cells with the exception that no Cellkines were added to the culture

media.
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2.2.5 Other cell types

2.2.5a Stable HLA A2-expressing C1R B cell clones

Endotoxin free pcDNA3.1 mammalian expression vectors (Invitrogen) with inserts encoding
either full length HLA A2 or one of the following mutants: HLA A2 DT227/8KA, HLA A245V,
HLA A2 Q115E or chimeric HLA A2/Kb (where the a3 HLA A2 domain has been substituted
with the a3 of murine H-2K®) were generated then linearised before transfection into the
C1R cell line by electroporation. The C1R cell line is a Class | negative Epstein-Barr virus
(EBV) transformed B cell line cultured in R10 (Storkus et al. 1989; Messer et al. 1992). The
transfected C1R cell lines were cloned by limiting dilution (section 2.3.5). The clones were
then regularly tested for HLA A2 expression by staining with HLA A2 conformation specific
antibody clone BB7.2 conjugated to FITC (Serotec; Oxford, U.K.), and analysed on the
FACSCalibur flow cytometer. All clones showed 100% HLA A2 expression, with equal MFls in
the FL1 channel.

2.2.5b 10 cells
A CD4’ T cell line typically employed for the study of HIV-1 infection. TO cells were cultured
in R10 media.

2.2.5¢ T2 cells
A CD4' T cell line typically employed for the study of HIV-1 infection and peptide binding
assays. The cells are very similar to TO cells but are deficient in TAP, and are thus only

capable of exogenous peptide presentation. T2 cells were cultured in R10 media.

2.2.5d 293 T (HEK 293) lentiviral packaging cell line

The 293 T cell line was originally derived from human embryonic kidney (HEK) cells by
transformation of cultured cells with sheared adenovirus-5 DNA (Graham et al. 1977) 293 T
cells were chosen as the packaging cell line for the production of the lentiviral particles due
to its ease of transfection. 293 T is an adhesive cell line, and was therefore cultured in
specialised tissue culture flasks (T25, T75, and T175) and petri dishes (all supplied by Fisher
Scientific), in 293 T cell culture media (DMEM-10). Cultures reaching 100% confluency were
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removed from the tissue culture plastic by incubation with 0.5% trypsin in HBSS (Gibco,
Invitrogen) washed with 293T culture media (DMEM-10) to remove the trypsin, and split
every 2 days to ensure log phase growth. The passage numbers were kept low, as the

lentiviral titre from 293T cells decreases after 1 month of continuous culture.

2.2.6 Cryopreservation of cells

2-10 x 10° lymphocytes were pelleted at 500 x g (Sorvall RT 6000D centrifuge; Dupont
Instruments) for 5 minutes then resuspended in 1 ml freezer mix and transferred to a
cryovial (Nunc). Cryovials were stored in polystyrene containers at -80°C for 48 hours before
being transferred to liquid nitrogen containers for long term storage. When required, cell
stocks were rapidly thawed at 37°C to minimize cell death, washed once in PSG to remove

the DMSO, and resuspended in appropriate culture media.

2.3 Mammalian cell-based techniques

2.3.1 Counting cells with Trypan blue

An aliquot of cells was mixed with an equal volume of 0.1% Trypan blue in PBS (w/v) and
loaded on to an improved Neubaur haemocytometer (Weber Scientific International
Limited, Lancing, U.K.). Viable cells assuming a colourless appearance were counted at 100

times magnification on a light microscope (Olympus CK40 model).

2.3.2 Preparation of peripheral blood mononuclear cells (PBMC)

Typically 50 ml of peripheral blood was collected into a sterile S0 ml Falcon tube (BD
Biosciences) containing the anti-coagulant heparin (Unihep Leo) at 1000 units/ml. PBMC
were generated by Ficoll-Hypaque density gradient centrifugation. Peripheral blood was
gently layered onto an equal volume of Ficoll-Hypaque solution (Lymphoprep, Nycomed)
and centrifuged for 15 minutes at 733 x g (Sorvall RT 6000D centrifuge; Dupont Instruments)
with the break off. The buffy coat layer was gently removed from the gradient interface

using a sterile Pasteur pipette and placed in a 20 ml universal for washing. Cells were
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washed twice with PSG by centrifugation at 600 x g for 10 minutes followed by 500 x g for 5
minutes (Sorvall RT 6000D centrifuge; Dupont Instruments), with maximum break. After the

final wash, cells were resuspended in R10 and kept in the incubator at 37°C/5% CO,.

2.3.3 Preparation of cord blood mononuclear cells (CBMC)

Typically 30ml of blood was collected from the umbilical cord of a newborn during an
elected caesarean section. Since isolation of cord blood neutrophils had to be performed for
other projects in the group, isolation of CBMC employed a different protocol from that used
for standard PBMC isolation. Following blood collection, 5 ml of anti-coagulant and calcium-
chelator sodium citrate (Martindale Pharma) was added to 30ml of blood, and centrifuged
at 500 x g (Sorvall RT 6000D centrifuge; Dupont Instruments) for 20 minutes at RT with no
break. All plasma was then gently removed with a Pasteur pipette and placed into a 15 ml
falcon tube, before being centrifuged at 833 x g (Sorvall RT 6000D centrifuge; Dupont
Instruments) for 20 minutes at RT to give platelet-poor plasma (PPP). PPP and 90% Percoll
(Sigma-Aldrich) 10% saline (Sigma-Aldrich) were used make up the gradient in a 15 ml falcon
tube:

42%- 0.84 ml 90% Percoll + 1.16 ml PPP (top layer)
51%- 1.02 ml 90% Percoll + 0.98 ml PPP (bottom layer)

Meanwhile, 6 mi of dextran (Pharmacosmos, Holbaek, Denmark) was added to the sodium
citrate layer, before making the volume up to the original 30 mi with warm (37°C) saline
(Sigma-Aldrich, Poole, U.K.). The cell/saline mixture was left to incubate for 30 minutes in a
water bath set to 37°C. The uppermost cell-rich layer was aspirated and centrifuged at 500 x
g (Sorvall RT 6000D centrifuge; Dupont Instruments) for 6 minutes at RT, before being
resuspended in 2 ml PPP and gently layered onto the Percoll-PPP gradient. The loaded
gradient was centrifuged at 433 x g (Sorvall RT 6000D centrifuge; Dupont Instruments) for
13 minutes at RT with no break. The neutrophil (lower layer) and lymphocyte (upper layer)
were collected using a Pasteur pipette, washed in PSG, and resuspended in appropriate

media. To increase the yield of this procedure, which is not optimal for lymphocyte
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isolation, the remaining volume of Percoll-PPP-cell mixture was again separated using the

standard lymphocyte isolation protocol (section 2.3.2).

2.3.4 MACS bead isolation

For positive CD8" T cell selection: 10’ cells were resuspended in 80 pl of chilled MACS buffer
(PBS, 0.5% FCS, 2 mM EDTA,; filtered), to which 20 pl anti-CD8 antibody coated microbeads
(Miltenyi Biotech) were added. The cells and beads were agitated together for 15 minutes
at 4°C. The mixture was washed by adding 1-2 mi MACS buffer and centrifugation at 300 x g
for 10 minutes (Sorvall RT 6000D centrifuge; Dupont Instruments). The supernatant was
aspirated and the cells resuspended in 500 pl of MACS buffer and administered to a 25 ms
MACS separation column (Miltenyi Biotech) equilibrated with 500 pul MACS buffer, held in a
MACS magnet (MACS). The CD8 negative cells passed through the column and were
discarded with the flow through, or used as feeder cells after irradiation. The column was
washed by running 3 x 500 pl MACS buffer through it, and the CD8’ T cells were eluted by
application of 1 ml MACS buffer and a plunger. The CD8' T cells were isolated with 99%
purity. This protocol also applies to CD4", CD25" selection for isolation of CD4" T cells and
Tregs from PBMC, however the latter procedure also involved an initial depletion of CD4,

CD127% cells.

For the anti-Fluorescein isothiocyanate (FITC)/anti-Phycoerythrin (PE) isolations: The
protocol was identical to the one above except for the cells being stained with a particular
antibody (or pMHCI tetramer) conjugated to FITC or PE fluorochromes, and the beads were

coated with anti-FITC and anti-PE secondary antibodies.

2.3.5 Generation of human CD8" T cell clones by limiting dilution

Cloning mix consisting of 2x10° PBMCs and 2x10° peptide-pulsed allogeneic B cells per ml of
R10, supplemented with 10% T-STIM (BD Biosciences) or 2.5% Cellkines (Helvetica
Healthcare, Geneva) and 200 IU/ml IL-2 was made and y-irradiated (30Gy). Cells to be
cloned were added to the cloning mix at a concentration of 1 cell per 600 pl mix, then

plated out at 200 pl per well of a round-bottom 96 well plate (i.e. 0.3 cells per well). Control
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wells at 10 and 100 cells per well were also set up. Plates were cultured at 37°C/5% CO, and
after 14-21 days examined for clones. Clones were re-stimulated as necessary, transferring
them first to a 48 well plate, then at a second restimulation to a 24 well plate. Since the
discontinuation of T-STIM in 2007, all CD8" T cell clones and lines were subsequently

cultured in CK media.

2.4 Bacterial cell-based techniques

2.4.1 Bacterial culture media and strains
2.4.1a LB low salt media
1% Bacto-tryptone (Difco), 0.5% NaCl (Sigma Aldrich), 0.5% yeast extract (Difco).

2.4.1b TYP media
1.6% yeast extract (Difco), 1.6% Bacto-tryptone (Difco), 0.5% NaCl, 0.25% K, HPO, (Sigma
Aldrich).

All media was autoclaved on a liquid cycle at 121°C for 60 minutes, and supplemented with

100 pg/ml ampicillin/carbanicillin (Fisher Scientific) prior to use.

2.4.1c Agar plates
15 g Bacto-agar/litre (Fisher Scientific) supplemented with 100 ug/ml ampicillin/carbanicillin

(Fisher Scientific).

2.4.1d Bacterial strains

Strain Description/Application Antibiotic resistance Supplier

Top10 Plasmid amplification for Ampicillin/Carbanicillin  Invitrogen
transformation, sequencing or

transfection.
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BL21 (DE3) High stringency expression in Ampicillin/Carbanicillin  Invitrogen
pLysS bacterial cell culture under the

control of the T7 promoter.

2.4.2 Making competent bacterial cells

Bacterial cells were streaked out onto an LB agar plate and incubated overnight at 37°C. 200
mi of LB low salt media was inoculated with a single colony and grown to an ODgy of 0.5-
0.7. Cells were pelleted by centrifugation at 1590 x g for 20 minutes in a Beckman J2-MC
centrifuge with a JA 10 rotor at 4°C. The pellet was resuspended in 40 ml of ice cold TFB1
(30 mM KOAc, 50 mM MnCl,, 100 mM KCl pH5.8, 10 mM CaCl,, and 15% v/v glycerol). After
pelleting by centrifugation as above, the bacterial cells were resuspended in 20 ml ice cold
TFB2 (10 mM Na-MOPS pH7, 75 mM CaCl,, 10 mM KCl and 15% v/v glycerol). Cells were
then aliquoted into pre-chilled eppendorf tubes and stored at -80°C.

2.4.3 Transformation of competent bacterial cells by heat shock method

Aliquots of competent bacteria, prepared as instructed above were thawed slowly on ice.
50-100 ng of plasmid DNA (quantified by absorbance at 260 nm) was added to 50 pl thawed
competent bacteria, kept on ice for 15 minutes, before being transferred to 37°C for 2
minutes, and replaced on ice for 1 minute. Following this heat shock procedure, 100 ml| of
SOC media (Invitrogen) was added to the bacteria, and the mixture placed in a 37°C shaker
set to 220 rpm for 30 minutes. Cells were then streaked out on LB agar plates supplemented
with 100 pg/ml ampicillin/carbanicillin (Fisher Scientific) and incubated overnight at 37°C. A

negative control tube containing bacteria alone was plated out for every transformation.

2.4.4 Target gene expression in bacterial cell culture

A single colony from a plate of freshly transformed BL21 bacteria was used to inoculate 50
ml of TYP media supplemented with 100 ug/ml ampicillin/carbanicillin and agitated
overnight at 220 rpm, 37°C. The following morning 1 litre of TYP media (supplemented with
100 pg/ml ampicillin/carbanicillin) was inoculated with 2-5 ml of the starter culture and

agitated at 37°C until the ODgoo reached between 0.4 and 1 (ideally 0.6). A 1 ml pre-
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induction sample was collected, microcentrifuged at 15600 x g (Centrifuge 5415D;
Eppendorf) for 1 minute and the pellet stored at -20°C. Protein expression was induced by
adding dioxin free isopropyl-1-thio-B-D-galactopyranoside (IPTG; Melford Laboratories) to
make a final concentration of 0.5 mM. Flasks were agitated for a further 4-6 hours post
induction. A 1 mi post-induction sample was taken and stored as for the pre-induction
sample. The remaining culture was centrifuged at 1725 x g for 20 minutes at 4°C in a
Beckman JE-6B centrifuge and the supernatant discarded. The bacterial pellet was either
resuspended in lysis buffer for immediate inclusion body preparation (section 2.7.1), or in

10-15 ml d.H,0 and stored at -20°C.

2.5 Molecular Biology

2.5.1 DNA-based techniques

2.5.1a Mini-prep of plasmid DNA

A single transformed bacterial colony was grown overnight under agitation at 220 rpm in 5
ml LB media supplemented with 100 pug/ml ampicillin/carbanicillin at 37°C. Bacterial cells
were pelleted by centrifugation at 1,333 x g (Sorvall RT 6000D centrifuge; Dupont
Instruments) for 10 minutes at RT and the supernatant discarded. Plasmid DNA was
extracted using a commercially available miniprep kit (Miniprep 250 kit; Qiagen) based on
the alkaline lysis method. Extracted DNA was resuspended in warm (50°C) d.H,0 and stored
a-20°C.

2.5.1b Maxi-prep of plasmid DNA

A single bacterial colony previously transformed with plasmid DNA was used to inoculate a
starter culture of 5 ml LB media (supplemented with 100 pug/mi ampicillin/carbanicillin) and
shaken for 8 hours at 220 rpm at 37°C. 0.5-2 ml of starter culture was used to inoculate
100-200 ml LB media (for high-copy plasmids) and 250-500 ml LB media (for low-copy
plasmids), which was subsequently shaken overnight at 220 rpm, 37°C. The cultures were
centrifuged at 1,333 x g (Sorvall RT 6000D centrifuge; Dupont Instruments) for 20 minutes

at 4°C and the supernatant discarded. The bacterial pellet was treated using a commercial
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endotoxin-free maxi-prep kit (Qiagen and Invitrogen) to extract the plasmid DNA. In the
final step of the protocol the ethanol precipitated and dried DNA pellets were resuspended
in 200-500 pl TE buffer and the concentration of eluted DNA quantified as outlined below. A
maxi-prep typically yielded 700 ug of plasmid DNA.

2.5.1c Quantification of DNA

2 ul of DNA eluted following a mini- or maxi-prep procedure was diluted in 198 ul d.H,0
(milliQ). The absorbance of this solution was then measured on a spectrophotometer set to
record at 260 nm wavelength. MilliQ d.H,0 was used as a blank reference. An absorbance of
1 at 260 nm was assumed to indicate a DNA concentration of 50 ng/ul (after the extinction

coefficient for DNA, and the dilution factor were taken into account).

2.5.1d DNA sequencing
Sequencing was performed after each cloning step or PCR site directed mutagenesis (see
sections 2.5.1f) to verify the construct. For a construct containing the final TCR alpha-2A-

beta sequence, three sequencing reactions were set up:

1) To check the pUC plasmid-TCR alpha junction.
2) To check the pUC plasmid-TCR beta junction.
3) To check the alpha-2A-beta junction.

500 ng of DNA template, 1 ul forward or reverse primer (MWG) (primer stock at 25
pmol/ul), 1 pl ABI BigDye enzyme and 3 pl of the corresponding sequencing buffer, made up
to a final volume of 15 pl. DNA was denatured at 95°C for 15 seconds, primers allowed to
anneal at 50°C for 30 seconds, and DNA allowed to elongate at 60°C for 4 minutes for a total
of 25 cycles. The sequencing reaction was cooled to 4°C before ethanol precipitation was

performed (section 2.5.1e).
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2.5.1e Ethanol precipitation

To the 15 pl of the sequencing PCR reaction (above), 35 ul of 100% ethanol (Sigma Aldrich)
was added, and the mixture incubated at RT for 10 minutes. The reaction was centrifuged at
13,400 x g (Microcentaur, MSE) for 10 minutes and the supernatant was carefully aspirated
and discarded. 50 ul of 70% ethanol was used to resuspend the DNA pellet for washing. The
same centrifugation step was repeated and the supernatant again discarded. The pellet was
allowed to dry before being sequence analysed at the central biotechnology services (CBS,

Cardiff University) facility.

2.5.1f PCR site directed mutagenesis (PCR-SDM)

To perform site directed mutagenesis of the N-glycosylation sites on the HLA A2 restricted
SL9 epitope-specific 868 TCR, the alpha-2A-beta construct was supplied in a pUC (University
of California) background. Five point mutations were made in the alpha chain and two in the
beta chain using oligonucleotide pairs designed to insert the desired mutation. The resulting
asparagine to glutamine substitutions alleviated the target sites for enzymes involved in the
N-glycosylation process. The PCR reaction (30 ng DNA template, 10 pl forward primer and
10 pl reverse primer (both at 100 pmol/ul; MWG), 1 ul 10 mM dNTPs (Promega), 1 ul Pfu
polymerase (2.5 U/ul; Stratagene), 5 ul Pfu 10x buffer (Stratagene), and 22 pl d.H,O was
placed in a sterile 0.2 ml PCR tube. DNA was denatured at 95°C for 30 seconds, primers
allowed to anneal at 55°C for 1 minute, and DNA allowed to elongate at 68°C for 14 minutes
for a total of 25 cycles. PCR tubes were cooled by placing on ice. The Dpnl endonuclease is
specific for methylated and hemimethylated DNA (target sequence: 5-Gm6ATC-3’). The
parental DNA template was digested by adding 10 U Dpnl endonuclease (Promega) for each
tube and incubating at 37°C for 2 hours. Competent DHSa bacteria were transformed with
10 pul of the Dpnl treated PCR reaction mix (section 2.5.1f) and the bacteria grown overnight
at 37°C. The next day 5 colonies were randomly selected from each plate, grown overnight,
and had their DNA extracted (section 2.5.1a). All the constructs were verified to contain the

desired mutations by sequencing (section 2.5.1d).
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2.5.2 RNA-based techniques

2.5.2a In vitro transcription (IVT)

RNA was synthesized using the mMessage mMachine T7 kit (Ambion) in line with the
manufacturer’s instructions. One 20 l reaction required: 1 ug pure linear template DNA, 10
pl 2x NTP/CAP, 2 pl 10x reaction buffer, 2 ul enzyme mix, made up to 20 pl with nuclease
free water. The reaction was incubated for 2.5 hours at 37°C, followed by enzyme
inactivation (5 minute incubation at 70°C) and DNase treatment to remove the DNA
template (15 minute incubation at 37°C with 1 ul TURBO DNase (Ambion), 30 ul nuclease
free water, and 30 ul LiCl). The synthesized RNA was precipitated by centrifugation at
13,400 x g (Microcentaur, MSE) for 30 minutes at 4°C. The supernatant was removed and
replaced with 1 ml of nuclease free 70% ethanol before another centrifugation step (13,400
x g for 10 minutes at 4°C). The supernatant was again discarded and the pellets dried at
room temperature, and resuspended in 20 pl nuclease free water. The polyA tail was made
by adding the following components to the 20 pl reaction mixture; 36 ul nuclease free
water, 20 ul 5x E-PAP buffer, 10 pl 25 mM MnCl;, 10 ul ATP solution, and finally 4 pl E-PAP
enzyme. The 100 ul reaction incubated at 37°C for 15-20 minutes. The RNA was recovered
using the RNAeasy kit (Quigen). The concentration of RNA was quantified from absorbance
at 260 nm wavelength using a spectrophotometer and on an RNA TBE gel (Invitrogen), and

stored at -80°C. A typical 20 pl reaction yielded 20-30 ug RNA.

2.5.2b Transient transfection (Electroporation of IVT mRNA)

Jurkat cells were adjusted to a concentration of 7.5x10%/ml in R10. The counted cells, 0.4 cm
cuvettes (Biorad), and mRNA were pre-chilled on ice for 5 minutes prior to electroporation.
5 ug of IVT mRNA and 400 pl of cell suspension (3x10° cells) were applied to one pre-chilled
cuvette, while the control cuvette contained cells only. Using the Gene Pulsar Il
electroporator (Biorad), the cells were electroporated at 0.270 kV and 975 pF. The
electroporated cells were immediately transferred to 6 ml of pre-warmed (37°C) R10 into a
well of a 6-well tissue culture plate, and incubated for 24 hours at 37°C/5% CO, before

carrying out flow-cytometric analysis for target protein expression levels.
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2.6 Lentiviral technologies

2.6.1 Viral assembly

2.6.1a Initial method"

The transfection reagent was prepared by mixing 150 ul CaCl, and 1300 ul dH,0, to which
the three plasmids were added in the following amounts:

pA8.91 15 pg

pMD2G 10 pg

pDNA (containing the construct of interest) 20 ug

The mixture of DNA and diluted 10 mM CaCl, was then added drop by drop to 1500 ul 2x
HEPES pH7.1 (Calcium phosphate transfection kit, Sigma Aldrich), as it was being bubbled
using a 5 ml serological pipette to encourage formation of viral particles. The solution was

incubated at RT for 20 minutes.

2.6.1b method’

174 pl of Express-In transfection reagent (Thermo Scientific) was slowly added to 3 ml of
DMEM-10/10 mM HEPES pH7.1 in a 15 ml falcon tube. The tube was inverted 4 times and
incubated at RT for 20 minutes. Meanwhile, the DNA mix was prepared by combining the
three plasmids in the following amounts:

pA8.91 18 ug

pMD2G 7 ug

pDNA (containing the construct of interest) 15 pg

1 m! of the DMEM/Express-In mix was then slowly added to the DNA, mixed and transferred
to the remainder of the transfection reagent solution, inverted 4 times to mix and left to

incubate for a further 30 minutes at RT.

2.6.2 Transfection of packaging cell line and processing of viral supernatant
2.6.2a Initial method"
Following a 20 minute incubation at RT, the transfection reagent was applied directly to

293T cells (ideally 80% confluent), cultured in a T175 flask in 30 ml of DMEM-10 media.

98



Chapter 2

Transfection was allowed to proceed for 48 hours, after which the cell culture supernatant
was aspirated, centrifuged at 1,000 x g (Sorvall RT 6000D centrifuge; Dupont Instruments) to
remove any cell debris, and loaded onto Ultra-Clear 38.5 ml thin-wall centrifuge tubes
(Beckman Coulter) for concentration of the viral supernatant in the ultracentrifuge (Optima
L-100 XP Ultracentrifuge, SW 28.1 rotor, Beckman Coulter) at 129463 x g for 2 hours. The
supernatant was discarded and the viral pellet resuspended in 500 ul PSG, before being

either stored at -80 °C or used in transduction of cell lines.

2.6.2b Revised method’

3 ml of the DMEM/Express-in/DNA mix was then applied to 293T cells (just exceeding 50%
confluency) in a T175 culture flask, from which all DMEM-10 media has been aspirated. The
reagent was left to cover the cells for 1 minute, before 22 mi of fresh DMEM-10 were added
to the cells, and the flask was incubated at 37°C, 5% CO, for 48 hours. The viral supernatant
was harvested and processed as described in the initial method except for the following
changes: After centrifugation at 1,000 x g (Sorvall RT 6000D centrifuge; Dupont Instruments)
to remove the cell debris, the viral supernatant was syringed through a 0.45 p nylon filter

(Nalgene), and the concentrated virus was resuspended in 2 ml of CK media.

2.6.3 Transduction of lymphocytes

2.6.3a Initial method”

For transduction of Jurkat cell line, 1-128 ul of 1/50 diluted viral supernatant were applied
to 2x 10° cells per well of a 24 well plate, initially to establish the multiplicity of infection
(MOI) for a particular virus. 128 pl was typically sufficient to cause 100% transduction of 2x
10° Jurkat cells.

For primary CD8" T cells, the entire 500 ul of the concentrated viral supernatant was
administered to 10° cells in a well of a 24 well plate, from which all the media was removed.
The cells and virus were incubated together for 4 hours, at 37°C, 5% CO,, before 2 m| CK
media was added to the cells, and they were left to express the protein of interest for a

further 70 hours.

99



Chapter 2

In both cases, the efficiency of transduction was assessed by following target protein

expressing using flow cytometry.

2.6.3b Revised method’

24 hours prior to transduction, the CD8' and CD4" T cells were isolated from PBMC using
anti-CD8, anti-CD4 MACS beads, MACS separation columns and a MACs magnetic cell sorter
(all from Miltenyi Biotech) as described in section 2.3.4. 10° CD8* and CD4" cells were mixed
in a 1:1 ratio in CK media, applied to a well of a 24 well tissue culture plate, and stimulated
to divide by addition of 6x 10° pre-washed (3 times, using R10) anti-CD3/anti-CD28 antibody
coated microbeads (Dynabeads T cell expander, Invitrogen) at a 1:3 cell: bead ratio.
Following a 24 hour incubation at 37°C, 5% CO,, 1 of 2 mil of CK media was aspirated and 1
ml of viral supernatant added onto the celi-bead mix. Efficiency of transduction was

assessed by flow cytometry after a 72 hour culture period.

! Lentiviral production protocol obtained courtesy of Dr. P. Brennan, Cardiff University, UK.

2 An adaptation of the lentiviral production protocol obtained through a collaboration with

the University of Pennsylvania, USA.

2.6.4 Titering viral supernatant and calculating multiplicity of infection (MOI)

2x10° Jurkat cells in 1 ml of R10 were placed in each of 9 wells of a 24 well plate. The
concentrated virus supernatant was diluted 1/50 in R10 and the following amounts of
diluted virus were added to the Jurkat cell-containing wells; O pl, 1 pl, 2 pi, 4 pl, 8 i, 16 pl,
32 pl, 64 pl, and 128 pl. The cells were then allowed to incubate with the virus for 28 hours
at 37°C.

Multiplicity of infection (MOI) is the number of infectious viral particles per number of cells.
We have to assume that each particle infects a cell (this of course isn’t the case but accurate
enough for calculating MOI). For example, if 10 pl of GFP viral supernatant was added to 10°
Jurkat cells and 26% became infected, 10 pl of viral supernatant would contain 26% of 10°
(260,000) particles of virus, meaning 1 pl contains 26,000 particles. Plotting the percentage

of GFP positive cells at each amount of viral supernatant added against the amount of viral
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supernatant added produces a titration curve (Figure 6.8). The MOI is then estimated from
values on the linear range of the curve as after the curvilinear and plateau phase the virus
saturates the system and MOI estimates become inaccurate. Knowing the average number
of cells infected in the linear portion of the titration curve, it is possible to calculate the
number of particles of virus per pl assuming each particle infects a single cell. As an
example, if 1 ul of viral supernatant contains 792,000 particles we assume it infects 792,000

cells, giving an MOI of 1.

2.7 Protein Chemistry

2.7.1 Inclusion body preparation

Biotin-tagged MHCI heavy chains (wild type and Q115E mutant) and B,m (wild type and
K58E mutant) were expressed under the control of the T7 promoter as insoluble inclusion
bodies in the Escherichia coli strain BL21 (DE3) plys (Invitrogen) as described in section
2.4.4. Inclusion bodies were released from IPTG-induced E. coli as follows. The bacterial
pellet from 1 litre culture was re-suspended in 20 m! of lysis buffer (10 mM Tris pH8.1
(Sigma), 10 mM MgCl, (Sigma), 150 mM NacCl (Sigma) and lysozyme (Fisher Scientific)) were
added both to a final concentration of 0.2 mg/ml. Finally, a cocktail of 5 protease inhibitors:
S00 uM AEBSF, 1 ug/ml Aprotinin, 1 uM E-64, 500 uM EDTA and 1 pM Leupeptin
(Calbiochem) was added and bacterial suspension stirred at RT for 60 minutes. The bacterial
suspension was then transferred to a 50 ml centrifuge tube (Falcon) and lysed by three
repeated freeze/thaw cycles or by sonication to release the inclusion bodies. Inclusion
bodies were purified by adding 5 volumes of Triton wash buffer (0.5% Triton X-100 (Sigma),
50 mM Tris pH8.1 (Sigma), 100 mM NaCl (Sigma), 10 mM EDTA (Sigma), 2 mM DTT (Sigma)),
pelleted by centrifugation at 1,333 x g (Sorvall RT 6000D centrifuge; Dupont Instruments)
for 20 minutes at 4°C and the supernatant containing the bacterial cell debris discarded.
This step was repeated 2-3 times (a homogenizer was used each time to resolubilise the
pellet in the Triton buffer) or until the inclusion body preparation was clean enough on the
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel. Once clean,

the inclusion body pellet was denatured in 8 M urea or guanidine buffer (8 M urea or
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guanidine, 50 mM Tris pH8.1, 100 mM NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA)
pH8 and 10 mM dithiothreitol (DTT), all from Sigma), the concentration estimated as

described in section 2.7.5 and then stored in 1 ml aliquots at -80°C.

2.7.3 Fast protein liquid chromatography (FPLC)

The table on the next page outlines some of the properties of the Amersham Pharmacia
columns used in the next section. All the columns were used by attaching them to an
automated FPLC system (Amersham Pharmacia). Protein levels were continuously

monitored by UV at 280 nm.

Column Description|{ Use(s) Column| Volumeof| Flow Volume of
volume | sample rate Fractions
(ml) added (ml/min)| collected
(ml) (ml)
HiTrap Q Anion Purification 5 500- 5 1
Exchange of pMHCI 1000
monomers
or TCR
HiTrap Q Gel Removal 5 0.5 0.5 0.5
desalting Filtration | of salt prior
to biotiny-
lation
Superdex Gel Removal 23 2 0.5 0.5
HR 75 Filtration of excess
biotin
after bioti-
nylation

2.7.3 Production of soluble human biotinylated peptide-MHC class | monomers

For the manufacture of pMHCI monomers, 30 mg of HLA A2 heavy chain with a biotin tag
and 30 mg of B,m inclusion body preparations were denatured separately in 10 mi 8 M urea
or guanidine buffer (8 M urea (Sigma), 50-mM Tris pH8.1 (Sigma), 100 mM NacCl (Sigma), 10
mM EDTA pH8 (Sigma) and 10 mM DTT (Sigma)) for 30 minutes at 37°C. Refolding was
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initiated by adding (in the order described) 1 ml peptide (4 mg/ml in DMSO), 30 mg
denatured B,m, 30 mg denatured heavy chain in 1 litre of a pre-chilled B-
mercaptoethylamine/cystamine redox buffer (100 mM Tris pH8.1 (Sigma), 400 mM L-
arginine HCL (Sigma), 2 mM EDTA (Sigma), 6.5 mM B-mercaptoethylamine (Sigma) and 3.7
mM cystamine (Acros organics) at 4°C while stirring vigorously. After stirring for 4 hours at
4°C the refold was transferred into 12 KDa dialysis tubing (Sigma), and dialysed against 12
litres of d.H,0O overnight then against 12 litres 10 mM Tris pH8.1 for 8 hours. Following
equilibration of a 5 ml anion exchange column (Hi Trap Q HP; Amersham Pharmacia) with 10
mM Tris pH8.1, the refold was loaded onto the column and the protein eluted with a salt
gradient (0-500 mM NaCl in 10 minutes/10 mM Tris pH8.1). Figure 2.1 A shows a typical
anion exchange trace where peak 1 contains refolded monomer and peak 2 contains the
misfolded protein. The fractions containing peak 1 were collected, protease inhibitors
added to prevent biotin tag cleavage, stored at 4°C and analysed by SDS-PAGE. If fractions
contained the correctly refolded pMHCI, the SDS-PAGE gel showed two main bands (with
some impurities after this ion exchange phase): a band at ~37 KDa (pMHCI heavy chain) and
a band at ~12 KDa (B,m) (Figure 2.1B). The pMHCI band was typically more prominent than
the B.m band. After analysis of the collected fractions on the SDS-PAGE gel, the fractions
containing the two correctly folded proteins were pooled, concentrated down to 500 pl
using 10 KDa cut off Ultrafree centrifugal filter (Millipore) and desalted using a 5 ml Hi Trap
desalting column (Amersham Pharmacia) equilibrated with 10 mM Tris pH8.1 (Sigma).
Desalted pMHCI monomer fractions were collected and biotinylated in a 2 ml biotinylation
reaction (10 mM Tris pH8.1 (Sigma), 0.1 mM Tris HCl/1 mM biotin (Sigma), 8 mM MgCl,
(Sigma), 5 mM ATP (Sigma), 2.5 pg Bir A enzyme (Invitrogen) (O'Callaghan C et al. 1999)
overnight at room temperature. The removal of excess biotin and buffer exchange into PBS
was performed by gel filtration (size exclusion) chromatography using a Superdex HR 75
10/30 column (Amersham Pharmacia) equilibrated in PBS. Figure 2.2 shows a typical gel
filtration profile, where peak 1 is the biotinylated pMHCI monomer and peak 2 is excess
biotin. The excess biotin was concentrated and recycled for use in further biotinylation
reactions. The peak 1 fractions were concentrated down to a 300 pl volume and stored at -

80°C.
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Figure 2.2: Gel filtration to remove excess biotin from biotinylated pMHCI monomers.
Removal of excess biotin following the biotinylation reaction involved loading the
biotinylated monomers onto a Superdex HR 75 10/30 size exclusion column, previously
equilibrated in PBS. The graph shows the typical size exclusion profile, where peak 1 is the
biotinylated monomer and peak 2 is the excess biotin.

2.7.4 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by SDS-PAGE using the Biorad Protean Il electrophoresis system.
Glass plates were wiped down with ethanol, assembled and the space between the plates
was filled with resolving gel (125 mM Tris pH8.8, 0.1% SDS, 2 ul/ml of 25% AMPS solution,
0.55 pl/ml TEMED, 12-15% acrylamide (all from Sigma)) to a height of 1 cm from the top of
the plates, covered with a thin layer of dH,0 and allowed to polymerise for 30 minutes.
Excess water was removed and the denser stacking gel solution (125 ml Tris pH6.8, 0.1%
SDS, 7.5 ul/ml 25% AMPS solution, 0.625 pl/ml TEMED, 6% acrylamide (all from Sigma))
applied gently to the top of the plates. The comb was inserted into the stacking gel, and the
gel left to polymerise for a further 40 minutes. After removal of the comb, the gel was
transferred into an electrophoresis tank and submerged in running buffer (192 mM glycine,
50 mM Tris pH8.8, 350 uM SDS). Samples were prepared by diluting 1:5 in 6x sample buffer
(125 mM Tris pH6.8, 4% SDS, 10% B-mercaptoethanol, 20% glycerol, 20 ug/ml bromothenol
blue) and heating to 95°C for 4 minutes. The samples and the molecular weight marker
(Seeblue Plus2 marker, Invitrogen) were loaded into separate lanes on the gel. Gels were

run at 80 mA for 45 minutes, and stained by agitating them for 1 hour with Coomasie Blue

105



Chapter 2

staining solution (40% methanol (BDH), 7% acetic acid (BDH), 0.025% Brilliant Blue G). The
gels were destained by further agitation for a minimum of 1 hour with destain solution (10%

methanol (BDH), 10% acetic acid (BDH)).

2.7.5 Estimating protein concentration by UV spectrophotometry

Inclusion bodies were diluted 1 in 100 in either 8 M urea or 6 M guanidine buffer,
depending on the original solvent. The refolded pMHCI monomer samples were diluted 1 in
10 in PBS. Using either the urea/guanidine buffers (for inclusion bodies) or PBS (for refolds)
as reference blanks, readings at 280 nm wavelength were recorded. Protein concentration
was calculated using the extinction co-efficient for each protein previously calculated from
the amino acid sequence using Vector NTI suite (Microsoft). For example the extinction co-

efficient for monomeric pMHCI is 0.46.

2.8 pMHC multimer technology

2.8.1 Manufacture of pMHCI tetramers

Streptavidin (SA) has four binding sites for biotin therefore pMHCI tetramers can be
constructed by adding streptavidin to a solution of biotinylated pMHCI monomers in a 1:4
molar ratio. Tetramers were conjugate to R-phycoerythrin (PE) (Molecular Probes) and
Allophycocyanin (APC) (Caltag) for use in flow cytometry, or Alexa Fluor-488 and Alexa
Fluor-594 (both from Molecular Probes) for use in fluorescence microscopy. The volume of
conjugated streptavidin required for each tetramer preparation was calculated and added
in 5 aliquots of equal volume at 20 minutes intervals at 4°C, mixing the contents well each
time. By adding streptavidin in aliquots as described the complete saturation of all four
biotin binding sites for streptavidin is ensured with each addition. The tetramers were
stored at 4°C for a period of up to four weeks, or until the tetramer showed signs of

disintegration.
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2.8.2 pMHCI tetramer decay experiments

10° CD8' T cells were stained in 100 pl azide buffer (PBS, 0.1% NaN3/0.5% FCS (Sigma)) for
20 minutes on ice with a concentration of tetramer, previously determined by titration that
gave a starting fluorescence intensity (MFI) of 200 (+/- 50). After washing with 1-2 ml| of
azide buffer, the CD8" T cells were resuspended in 110 pl azide buffer. A 10 pl aliquot was
placed in a separate FACS tube to act as a control without the addition of competing
unconjugated HLA A2-specific antibody. To the other tube containing the remaining 100 pl
of cell suspension, 10 ul of unconjugated anti-HLA A2 mAb (clone BB7.2, Serotec, UK) at 100
ug/ml was added to block tetramer re-binding. Aliquots of 10 ul were taken at the following
time points after addition of the antibody; 0, 2, 5, 8, 10, 15, 18, 20, and 30 minutes, added
to FACS tubes containing 100 ul of PBS, and analysed on a FACSCalibur flow cytometer (BD).

The control sample without any HLA A2 antibody added was analysed at 30 minutes.

2.8.3 pMHCI tetramer association experiments

10° CD8" T cells were pelleted and resuspended in 200 pl PBS. A specific concentration of
pMHCI tetramer was applied to the cell suspension, and 10 ul aliquots were taken out and
placed in individual FACS tubes containing 100 ul PBS. The aliquots were removed from the
master mix at the following time points; 0, 1, 2, 4, 6, 8, 10, 12, 15, 18, 20, 25, 28, and 30

minutes, and were analysed on the FACSCalibur (BD).

2.8.4 Assembly of pMHC dextramers

Dextramers are composed of a dextran backbone decorated with streptavidin bound to
biotinylated pMHC molecules (as in a pMHC tetramer), and several copies of a
fluorochrome. The dextran backbones (obtained from Immudex, Denmark) were available
with three types of fluorochrome attached: PE, APC, and FITC. The method of dextramer
assembly with all three types of backbone was essentially the same, but the ratios of
backbone to pMHC varied slightly. To prepare 500 pl (50 tests) of dextramer reagent with
pMHCI monomers (Mr= 48.5 KDa) if the monomer is for instance at a concentration of 1.95

mg/ml is outlined below:
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1) Dextramer-PE: 2 ul of dextran backbone is required for each 10 pl test of assembled

dextramer reagent. Therefore for 50 tests, 100 u! of dextran-PE backbone and 7.9 pl
of pMHCI monomer (at 1.95 mg/ml) were incubated together for 30 minutes at RT in
the dark. The reagent was made up to 500 pl with 392.1 ul assembly buffer (0.05 M
TRIS-HCL, 15 mM NaNs, pH7.2).

2) Dextramer-APC: 100 ul of dextran-APC and 4.4 ul of pMHCI monomer were

incubated together for 30 minutes at RT in the dark. 395.6 ul of assembly buffer was
added to make up the volume to 500 pl.

3) Dextramer-FITC: Two different types of FITC dextramer were made. For flow

cytometry a reagent with 1 pMHC monomer per streptavidin molecule was
assembled as follows: 100 pl of dextran-FITC and 5.6 ul of pMHCI monomer were
incubated for 30 minutes at RT in the dark. Subsequently, 394.4 ul of assembly
buffer was added to the pMHC monomer backbone mix. For microscopy work, a
dextramer containing 3 pMHC molecules per streptavidin was made up as follows:
100 pl of dextran-FITC and 16.8 pl of pMHCI monomer were incubated together for
30 minutes at RT in the dark. 383.2 ul of assembly buffer were added to complete

the process.

The final concentration of dextramer in the preparations was 3.2x10°M, and a 10 pl volume
was typically used per stain. The concentrations of monomeric pMHC in a 10 pl preparation

of each type of fluorochrome-conjugated dextramer reagent are outlined below:

1) Dextramer-PE : 6.6 Streptavidin (SA) molecules/ dextramer, 3 pMHC/SA.

Total pMHC per dextramer : 19.8

Amount of pMHC (n) = 3.2x108/100000 (for 10 pl)

= 3.2x10™3 moles of dextramer in 10 pl

19.8 MHC per dextramer so 19.8 x (3.2x10™3) = 6.33x10 2 moles (or 0.3 ug)
Therefore dextramer-PE contains 6.3x10*2 moles (or 0.3 pg) pMHC monomer per 10

ul staining volume.

2) Dextramer-APC: 2.9 SA/dextramer, 3 pMHC/SA.
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Total pMHC per dextramer: 8.7

n = 3.2x10°%/100000 (for 10 pl)

= 3.2x10 ™ moles of dextramer in 10 pl

8.7 pMHC per dextramer-APC so 8.7 x (3.2x10 %) = 2.78x10" moles (or 0.13 pg)
Therefore dextramer-APC contains 2.8x102 moles (or 0.13 pg) pMHC monomer per

10 ul staining volume.

3) Dextramer-FITC (MHC High version): 14.25 SA/dextramer, 3 pMHC/SA.

Total pMHC per dextramer: 42.75

n = 3.2x10°/100000 (for 10 pl)

= 3.2x10™* moles of dextramer in 10 pl

42.75 pMHC per dextramer so 42.75 x (3.2x10™%) = 13.68x10? moles (or 0.65 pg)
Therefore dextramer-FITC contains 13.7x10™* moles (or 0.65 pg) pMHC monomer

per 10 pl staining volume.

For comparison, the calculation for determining the concentration of monomeric pMHC in

each 0.5 ug pMHC tetramer preparation is shown below:

Tetramer-PE/APC/FITC: 1 SA/tetramer, 4 pMHC/SA.

Total pMHC per tetramer: 4

Amount (n) = mass (m)/ Molar mass (M,)

n = 0.5x10° g/48 KDa (average Mr of pMHCI)

= 1.04x10** moles (or 0.5 pg) of MHC

Therefore 0.5 pg of tetramer preparation contains 1.04x10™' moles pMHCI

monomer.
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2.9 Treatment of cells with dasatinib and neuraminidase

2.9.1 Dasatinib treatment
Dasatinib was synthesized according to the published procedure (Lombardo et al. 2004).

After initial optimization, CD8" T cells were incubated with 50 nM drug for 30 minutes at 37
°C.

2.9.2 Neuraminidase treatment

5x10° CD8' T cells were treated with 0.011 U of vibrio cholerae neuraminidase in a total
volume of 500 ul of PSG medium for 15 minutes at R.T. The cells were subsequently washed
with R10, as the FCS also inactivates neuraminidase. The cells were stained with FITC-
conjugated peanut agglutinin (PNA) for 20 min at 4 °C to verify the desialylation status of

the neuraminidase treated and untreated cells.

2.10 Flow cytometry

2.10.1 pMHC tetramer staining of T cell clones, lines and PBMC

Unless otherwise stated ~10° CD8" T cells specific for an antigen of interest were re-
suspended in 50 ul PBS and stained with 1 or 0.5 pg PE (Molecular Probes) or APC (Caltag)
conjugated pMHCI tetramer for 15 minutes at 37°C or 20 minutes on ice, washed in PBS and
centrifuged at 500 x g (Sorvall RT 6000D centrifuge; Dupont Instruments) for S minutes and
resuspended in 50 pl PBS. The cells were then stained with 3 pl of an antibody (eg. anti-CD3
FITC, clone SK7; BD) and 5 pl 7-Aminoactinomycin D (7AAD) (Viaprobe; BD) for 30 minutes
on ice. After washing in PBS, cells were resuspended in 200 ul PBS or FACSfix (4%
formaldehyde), and analysed using a FACSCalibur or a Canto Il (both BD) flow cytometer

(when using fluorochromes other than FITC, PE, and PerCP).

2.10.2 pMHC dextramer staining of T cell clones, lines and PBMC
Unless otherwise stated ~10° CD8'/CD4" T cells specific for an antigen of interest were re-

suspended in 40 pl PBS and stained with 10 pl PE, APC, or FITC-conjugated pMHCI
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dextramer (Immudex, Denmark) for 30 minutes at RT. The unbound dextramers were
removed by performing three washes with PBS, and the cells resuspended in 50 pl PBS prior

to staining with cell surface antibodies as in section 2.10.1 above.

2.10.3 Gating strategy for phenotyping PBMC

When performing flow cytometric analysis it is important to employ a stringent gating
strategy to exclude artefacts that may be contaminating the data. This is especially
important in experiments when the cells of interest are present in very low frequencies in
the sample. Figure 2.3 exemplifies the sort of gating strategy that was employed to
phenotype CD4" T cells from a PBMC sample. In order to get to the final CD4" population,
the following steps were taken: 1) FSC-H vs. SSC-H gating on the live lymphocyte population;
2) FSC-A vs FSC-H to eliminate any doublets; 3) Dead cells and CD14" and CD19" cells were
excluded in the dump channel, and the gate placed around CD3" cells; 4) and finally CD4"
cells. The CD4" population was separated further into effector memory, central memory,
and naive subsets according to their differential expression of CD27 and CD45RO
phenotypic markers. Variations of this gating strategy were used for other cells types such
as CD8' T cells, B cells, and y& T cells. The gating strategy can be made even more stringent
by performing a Boolean gating step after the first lymphocyte gate was drawn. Boolean
gating serves to eliminate outliers that may occur due to fluorochrome spreading between

FL channels.

2.11 CD8' T cell effector function assays

2.11.1 Enzyme linked immunospot (ELISpot) assay for interferon-y (IFNy)

96-well PVDF-backed plates (Millipore) were coated with IFNy capture antibody 1-DIK
(Mabtech) at 15 pug/ml overnight at 4°C. Plates were washed twice in PSG and blocked with
RPMI containing 10% FCS for 3 hours at 37°C. For target cell ELISpots: 2.5x10%-5x10% CD8" T
cells/well and 2.5x10* CIR B cells expressing HLA A2/well +/- peptide were applied to
duplicate wells of pre-coated plates in a total volume of 200 pl in PSG and incubated for 4-

12 hours at 37°C. For tetramer ELISpots: 2x10° CD8" T cells +/- various concentrations of
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pMHCI tetramer (starting at 1 pg/ml) were applied to duplicated wells of pre-coated plates
in a total volume of 200 ul PSG and incubated for 4-12 hours at 37°C. Plates were washed 6
times with PBS at RT and incubated for 90 minutes with 1 ug/ml anti-IFNy-mAb-7B6-1 biotin
(Mabtech). After 6 further washes, a 1:1000 dilution of alkaline-phosphatase (AP)-
conjugated streptavidin (Mabtech) was added and incubated at RT for 40 minutes. After
further washes, chromogenic AP substrate (Bio-Rad) was added for 10-15 minutes and the
development stopped by rinsing twice with H20. Spots were counted using an ELISpot
reader system ELRO2 (Autoimmun Diagnostika; Strassberg). The mean of the two duplicates

was plotted.

2.11.2 Enzyme linked immunosorbent assay (ELISA) for macrophage inflammatory
protein-18 (MIP-18)

CD8' T cells were washed twice in PSG and rested overnight (for CD8" T cell clones) and for 3
days for cultured CD8' T cells and TCR-transduced CD8" cells. The next day CD8’ T cells were
adjusted to a concentration of 2.5x10° CD8" T cells/ml in PSG. Serial 1/10 dilutions (in PSG)
of a specific peptide were made, starting at the highest peptide concentration of 100 uM.
1x10° C1R target cells were then pulsed in a 50 pl volume of each peptide concentration for
1 hour at 37°C. After washing with PSG, target C1R cells were counted and adjusted to
2.5x10° cells/ml. 2.5x10° CD8" T cells were placed into each well of a 96-U bottom plate with
or without 2.5x10* pulsed C1R target cells in a final volume of 200 pl/well. Plates were
incubated for 4-12 hours at 37°C. Supernatants was removed and assayed for MIP-1B using
a Quantikine ELISA kit (R&D systems). Alternatively the supernatant from the ELISA was
assayed for other cytokines and chemokines using the cytometric bead assay (CBA) (see

section 2.11.3).

2.11.2a MIP-18 ELISA for combinatorial peptide library screening

Background

The measurement of TCR cross-reactivity in a laboratory setting employs the combinatorial
library screening technique. Combinatorial peptide libraries consist of all possible peptides
of a defined length that can be synthesized from the 20 natural L-amino acids (Figure 2.4).

Since the typical ap TCR recognizes peptides 9-11 amino acids in length, a 9mer library is a
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sensible place to begin. For a 9mer library, each mixture contains 1.7x10° different 9mer
peptides. When used at 100 pg/ml, the concentration of each peptide in each mixture is
very low (5.3x10™* M). In order to measure even the slightest CD8" T cell responses, a highly
sensitive MIP-1B ELISA has become the method of choice for assessing TCR cross-reactivity

of a human CD8' T cell line or clone.

Position: 1 2 3 456 7829
O X X X X X X X X
X 0 X X X X X X X
X X 0 X X X X X X
X X X 0 X X X X X
X X X X 0 X X X X
X X X X X 0 X X X
X X X X X X 0 X X
X X X X X X X 0 X
X X X X X X X X O

Figure 2.4: A nanomer (9mer) peptide library layout.Libraries are ordered in a position-
scanning format. The 9mer library consists of 180 different peptide mixtures, each having
one of the 20 L-amino acids in a defined fixed position (O) and all the other amino acids
except cysteine at the remaining positions (X). Using this system the amino acids are entered
into the fixed position (O) in alphabetical order according to their single letter code, the first
mixture would contain peptides that all have an alanine (A) fixed at position one, and all the
other possible amino acid combinations in the remaining positions. Whilst, the peptides in
mixture 180 would all terminate in a tyrosine (Y).

The assay

The effector CD8" T cells were ‘rested’ in R2 media (2% FCS) for three days prior to the date
of experiment to reduce the background cytokine levels. 5 ul of each 1 mM (1000 uM)
peptide mix was added per well of a 96 well plate to C1R target cells (60,000 cells/well in 45
pl/well volume), giving a final peptide concentration of 100 uM. 5 pl of PSG was added to
the zero wells, and 5 pl of the relevant index peptide (at a final concentration of 1 uM) was

used as a positive control. The target cells were incubated with the peptides for 2 hours at
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37°C, before the addition of effector CD8" T cells at a concentration of 30,000 cells per 50 pl.
The assembled assay was incubated for 12-20 hours at 37°C. 50 pl of supernatant was
collected from each well and either diluted 2.4x in assay diluent to be developed according
to the standard ELISA protocol (section 2.11.2a) or frozen at -20°C for future analysis. All

assays were performed in duplicate and averaged.

2.11.3 Cytometric bead array (CBA)

Peptide-pulsed C1R target cells were incubated with CD8 T cells (in a 3:1 target: effector
ratio) for 4-12 hours at 37°C. The supernatant was assayed using the human Th1/Th2
Cytokine kit (BD) according to the manufacturer’s instructions. The sample acquisition was
performed on a FACSCalibur (BD) flow cytometer, and the results analysed using standard

curves constructed with the aid of CBA software (BD).

2.11.4 TCR/CD8 downregulation assay

HLA A2-expressing C1R cells were either pulsed with 1 UM peptide for 1 hour or incubated
in PSG media alone. After two washes with PSG, 6x10° pulsed or unpulsed targets were
incubated with 3x10° effector CD8' T cells for 4-12 hours at 37°C. Following the incubation,
the cells were pelleted and the supernatant removed or analysed for cytokines in ELISA or
CBA assays. The cell pellets were stained with anti-TCR"™ (Clone BMA 031; Serotec) and
anti-CD8*" (clone RPA-T8; BD Pharmingen) for 30 minutes on ice, washed twice, and
resuspended in PBS. Data was acquired using a FACSCalibur (BD) flow cytometer and

analysed using FlowJo software (Treestar Inc., Ashland, OR, USA).

2.11.5 Intracellular cytokine staining (ICS) for CD8" T cell effector functions

This procedure enables quantification of various CD8" T cell effector functions by flow
cytometry. The assay set up was identical to a MIP-1pB ELISA (section 2.11.2a and b), and the
E:T ratio was typically 2:1, but 90,000 (instead of 60,000) CD8" effectors were used per well
of a 96 well plate (100 pl assay volume). Once the effector and target cells were placed in
the wells, 1 pl/ml of BFA (stock at 10 mg/ml, Sigma-Aldrich), 0.7 pl/ml Monensin (Golgi-
stop, BD), and 3 pl/well anti-CD107a (optional) were added. The assay was incubated for 6-
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12 hours at 37 °C, 5% CO,. After the desired incubation period, the assay plate was
centrifuged at 667 x g for 3 minutes (Sorvall RT 6000D centrifuge; Dupont Instruments), and
the supernatant discarded. The samples were washed once by application of 200 ul of PBS
and centrifuged at 667 x g for 3 minutes (Sorvall RT 6000D centrifuge; Dupont Instruments).
Once the supernatant was once again discarded, the pelleted cells were stained with a
mixture of surface antibodies (typically binding the surface molecules CD3, CD8, CD4, CD14,
and CD19) in a 50 wl volume for 20 minutes at RT. The cells were washed twice using the
washing procedure with PBS, and resuspended in 100 ul 1x cytofix/cytoperm solution (BD),
and incubated for 20 minutes at RT, protected from light. The samples were then washed
twice with 150 pl perm wash buffer (BD) diluted 1:10 with d.H,0 and centrifugation at 733 x
g for 3 minutes (Sorvall RT 6000D centrifuge; Dupont Instruments). The cell pellets were
subsequently resuspended in 100 pl intracellular antibody mix (typically targeting activation
markers IL-2, MIP-1B, TNF, and IFNy), and incubated for 20 minutes at RT, protected from
light. The cells were finally given a further two washes with the perm wash buffer, and
resuspended in 100 pl perm wash or PBS. The samples were analysed by flow cytometry

using the FACS Canto Il (BD) and FlowJo software (Tree Star Inc.).

2.11.6 Infection of TO and primary CD4’ T cells with HIV-1 and intracellular staining for the
HIVgag p24 protein

Intracellular staining for the p24 protein is used to assess the extent of HIV infection by flow
cytometry. TO cells are very permissive to infection with HIV-1. To infect, ~10° TO cells were
pelleted by centrifugation at 500 x g for 5 minutes (Sorvall RT 6000D centrifuge; Dupont
Instruments) and the pellet incubated with 100 pl HIV-1 (Strain HTLV-IIIB/H9 (NIH), which is
CXCR4-dependent T cell-tropic) supernatant for 1 hour at 37 °C, 5% CO,. The cells were then
resuspended in 10 ml R10 media and placed in a T75 flask for culture. The cells were
maintained in culture and remained infected with HIV for prolonged periods (up to several
months), but the percentage of infected cells generally declined if cells remained in culture
in excess of this culture period. Supernatant from the infected TO cells containing HIV-1
particles and was used to infect new batches of TO cells, as well as primary CD4" T cells. For

this, CD4" T cells were MACS-sorted from fresh PBMC isolated from HLA A2 positive blood
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donors (see section 2.3.4). 10° CD4" T cells per well of a 24 well plate were stimulated with
anti-CD3/anti-CD28 coated microbeads in ratio of 1:3 cells: beads for a period of 48 hours in
R10 media containing 200 1U/ml IL-2 (IL-2 media). 1 ml of viral supernatant (depleted of TO
cells by centrifugation at 1,000 x g for 10 minutes (Sorvall RT 6000D centrifuge; Dupont
Instruments)) was applied to the pre-activated CD4" T cells in the presence of 200 IU/ml IL-2
and incubated for 3 days at 37 °C, 5% CO,. Following this incubation with the virus, the

beads were magnetically removed and the cells placed in IL-2 media for further expansion.

Both TO and primary CD4" T cells were tested for HIV infection by intracellular staining for
the p24 protein, which forms part of the HIV capsid. Cells were pelleted in Sml FACS tubes

and incubated with Aqua®™"

viability dye, washed 3 times in 1 ml PBS, resuspended in 250
ul cytofix/ cytoperm solution (BD), and incubated for 20 minutes at 4 °C in the dark. The
cells were then washed again (3 times with 1 ml perm/wash buffer (BD)) and stained with
the following antibodies: CD3 **“"7, cD8 P, and p24 ™ for 20 minutes at 4 °C in the dark.
Unbound antibodies were washed off (three times with 200 pl perm/wash buffer) and the
cells resuspended in 200 ul of PBS. The cells were acquired on a FACS Aria flow cytometer
(BD) and the data analysed using FlowJo (Treestar). Figure 2.5 shows the gating strategy

typically used to assess the success of HIV infection.

2.11.7 Fluorometric assessment of T lymphocyte antigen-specific lysis (FATAL)-CD8' T cell
killing assay

3x10* of either pulsed (with antigenic or control peptide, for 1 hour) or unpulsed (incubated
in media alone) target cells (typically C1R, TO or T2 cells) were stained with two different
concentrations of CFSE (1 pl/ml and 10 pl/ml of 1/375 pre-diluted 10 mM stock) for 10
minutes (and protected from light) to distinguish the antigen-presenting and internal
control populations, prior to application of both population to a well of a 96-well U-bottom
plate. 15x10° CD8' T cells (giving an E:T ratio of 5:1) were applied to the same plate (either
specific for the antigenic peptide presented by targets or in conjunction with an ImmTAC/V

reagent specific for the peptide) in a final of 200 pl. The assay was incubated for 4-12 hours
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at 37°C and the cells harvested following removal of the supernatant. If PBMC were used as
effector cells in this assay, the cells were typically stained with the following antibodies:

Anti-CD3%", anti-CD4“>", anti-CD8%7%, pan-TCRy8™", anti-CD69 *°C, anti-CD45ROEO(Texs
Red) anti-CD19*"Y, and Vivid™“fc B¢ 3| purchased from Pharmingen, BD Biosciences (San

Jose, CA).

The FACS dot plots in Figure 2.6 give an example of how specific lysis of target cells is

determined using a FATAL assay.

2.12 Fluorescence microscopy

10° CD8' T cells were treated stained with 4',6-diamidino-2-phenylindole (DAPI) nuclear
stain (Invitrogen) and either Alexafluor-488 conjugated (Molecular Probes) peptide-MHC
tetramers (at a final concentration of 12.5 ug/mi) or FITC-conjugated dextramers (Immudex,
Denmark) (at a final concentration of 16.25 pg/ml) for 30 minutes at RT. Following three
washes with PBS, each sample was fixed in 2% paraformaldehyde. After fixing, the CD8"' T
cells were re-suspended in 100 ul of 2% FCS/PBS and then spun onto a microscope slide at
550 rpm for 5 minutes using a cytospin Il centrifuge (Harlow Scientific). Samples were

subsequently analysed on a Leica DM LB2 (Leica Microsystems) fluorescence microscope.
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Chapter 3
3.1 Introduction

The interaction between the TCR and peptide-MHC is central to T cell recognition of
infected and dysregulated cells. Exploiting the high degree of specificity, afforded by the
TCR/pMHC interaction, through the use of soluble pMHC molecules to target T cells bearing
cognate TCRs, presents an attractive prospect for the detection of specific T cells in ex vivo
samples. However, the monomeric TCR/pMHC interaction is classically weak and lasts only a
matter of seconds at physiological temperatures, rendering the use of monomeric pMHC
inadequate for such purposes. A solution was provided by Altman et al, who in 1996
published a landmark paper describing the generation of tetrameric forms of pMHC
molecules (Altman et al. 1996). As a result of the avidity effect which arises on
multimerization, the half life of the TCR/pMHC interaction was increased from seconds to
hours, permitting the use of specific fluorochrome-conjugated pMHC tetramers to detect T
cells of interest by flow cytometry. Over a decade later, the uses of pMHC tetramers, still
the most favoured form of pMHC multimer, have grown dramatically (see section 1.6 of the
main Introduction for a few examples) and with it so too has our knowledge of T cell
responses. It is no longer enough to simply highlight a select population of T cells and report
its presence. Immunologists, my group included, are increasingly interested in
characterising and grading the quality of specific T cell responses. The majority of these T
cell responses are studied due to their involvement in diseases such as cancer, chronic
infection, and autoimmunity. For the reasons described in more detail in section 1.7 of the
Introduction of this thesis, the TCRs on many of these T cells display very low affinities for
their cognate antigen. The low affinity of some TCR/pMHC interactions means it is not
possible to use conventional pMHC tetramer technology to detect T cells bearing such TCRs.
As part of my investigations into optimising TCR/pMHC interactions for targeting disease, |
have developed a number of ‘tricks’ aimed at improving the detection and characterisation
of low avidity T cells using multimeric pMHC molecules (Chapters 3-5). In this chapter |
report the use of pMHCI tetramers with enhanced CD8 binding. | will begin by laying out key
aspects of research generated by members of my group, which have provided a basis for my

own studies.
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3.1.1 CD8 coreceptor dependence of CD8' T cell activation and pMHCI tetramer binding

As described in section 1.4 of the main Introduction, the CD8 coreceptor is a key player in
the process of antigen recognition by CD8" T cells. Understanding how CD8 influences the
dynamics of the TCR/pMHCI interaction and thus CD8" T cell function represents a major
focus of the ‘T cell modulation group’. At the heart of this investigation were two important
questions: i) What range of TCR/pMHCI affinities is required for the detection of antigen-
specific CD8" T cells by pMHCI tetramers? and, ii) How does the CD8 coreceptor influence
this process? My colleague Bruno Laugel proceeded to address these questions by studying
the efficiency of cell staining with a set of altered pMHCI tetramers, assembled from
monomeric pMHCI molecules which exhibited impaired CD8 binding (Laugel et al. 2007).
These ‘CD8-null’ pMHCI tetramers were constructed from HLA A2 monomers containing a
double D227K/T228A substitution in the a3 domain (Purbhoo et al. 2001), which completely
abrogated binding to the CD8 coreceptor whilst leaving the TCR/pMHC interaction
unperturbed. Data obtained with these CD8-null pMHCI tetramers indicated that the CD8
coreceptor was required for binding of antigenic ligands that display suboptimal TCR/pMHCI
affinities. Furthermore, the extent of coreceptor dependence appeared to be inversely
correlated with TCR/pMHCI affinity (Laugel et al. 2007). In order to obtain a quantitative
measure of the contribution of CD8 binding to the engagement of soluble tetrameric pMHCI
molecules, a CD8' T cell clone that recognises the HLA A2-restricted human telomerase
reverse transcriptase (hTERT)ss0.s4s peptide (ILAKFLHWL, ILA from hereon), called ILA1
(Laugel et al. 2007; Purbhoo et al. 2007), was stained with a panel of pMHCI molecules
displaying: i) varying affinities for CD8; and, ii) a number of biophysically characterised
altered peptide ligands (APLs). The APLs used in this study were selected from a peptide
library of ~50 monosubstituted ILA peptides, based on their divergent abilities to stimulate
the ILA1 clone. The activation results, measured by IFNy ELISpot are summarised in Figure
3.1B. From this initial ILA variant peptide screen, the number of APLs was narrowed down to
six: 8E, 5Y, 4L, 3G8T, 3G, and 8Y. The 3G, 3G8T and 8Y high affinity binders can be referred
to as ‘superagonists’ relative to the index peptide, whist 5Y, 8E and 4L represent weak
agonists. Together with the index ILA peptide, these ligands span a wide range of binding
affinities for the ILA1 TCR. The dissociation constant (Kp), which is determined by surface

plasmon resonance (SPR) binding equilibrium experiments, is a measure of TCR/ligand
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A
Ligand 8E SY 4L ILA 8Y 3G8T | 3G
index
Dissociation >500 | 242 117 36.6 22.6 4.04 3.7
constant K, (uM)
B
2 - 2

IFNy release SFC/ 200 RAL
cells/well

Figure 3.1: Kinetic and functional characteristics of the ILA epitope variants recognized by
ILA1 CD8"* T cells. A. Table of K, values calculated from kinetic parameters determined by
surface plasmon resonance (SPR). B. An IFNy ELISpot screen of the peptide positions
recognized by the ILA1 CD8' T cell clone. The height of the peaks represents the strength of
the IFNy signal quantified as the number of spot-forming cells per 200 ILA1 T cells added
per well of the assay. The left-most peak represents the IFNy response exerted by the ILA
index peptide, which was used as a reference. The number labels on the x-axis refer to the
positions of the amino acids in the index ILA (ILAKFLHWL) peptide, which are indicated by
the single letter code. Positions 2 and 9 are anchor residues and were thus kept the same
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asin the index sequence. (Data kindly provided by B. Laugel).
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Chapter 3
affinity. The Kp values for the monomeric ILA1 TCR/APL ligand interactions are summarised
in Figure 3.1A. ILA1 TCR-binding to the weakest variant 8E has an estimated Kp value of ~2
mM. However, because the affinity of this ligand lies on the threshold of detection by SPR,

we can only confirm its Kp as being > 500 uM with certainty.

To assess the influence of the monomeric TCR/pMHCI affinity and presence of a pMHCI/CD8
interaction on pMHCI tetramer staining of CD8" T cells, the APLs summarised in Figure 3.1A
were complexed with MHCI molecules (either wildtype or CD8-null) and assembled into
fluorochrome-conjugated pMHCI tetramers. The two panels of pMHCI tetramers were then
tested for their ability to stain the ILA1 clone under different staining conditions (4°C versus
37°C). Figure 3.2 illustrates the differences in brightness intensity of the ILA1 CD8" T cell
clone when labelled with either wildtype (Figure 3.2A) or CD8-null (Figure 3.2B) pMHCI
tetramers refolded around several ILA APLs, at 37°C or 4°C (Figure 3.2 C and D, respectively).
The results indicate that a functional wildtype pMHC/CD8 interaction is essential for the
visualisation of CD8’ T cells in cases where the pMHCI tetramer used to stain these cells
incorporated a low affinity APL. From the pMHCI tetramer staining data, it was deduced
that under ‘normal’ staining conditions (staining with 10 pg/ml tetrameric pMHCI at 37°C
for ~ 15 minutes) a TCR/pMHCI interaction of Kp < 40 uM was required for good pMHCI
tetramer staining of CD8' T cells. Importantly, the only variant in these clonal studies is the
antigenic peptide used. Thus, the level of TCR and CD8 expression on the T cell surface are
constant within any given experiment. The findings from this study set a basis for the work

presented in this chapter.
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