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Abstract

Recent years have witnessed a rapid proliferation of gene editing in mammalian cells due to
the increasing ease and reduced cost of targeted gene knockout. There has been much
excitement about the prospect of engineering T-cells by gene editing in order to provide
these cells with optimal attributes prior to adoptive cell therapy for cancer and autoimmune
disease. | began by attempting to compare short hairpin RNA (shRNA) and zinc finger
nuclease (ZFN) approaches using the CD8A gene as a target for proof of concept of gene
editing in Molt3 cells. During the course of my studies the clustered regularly interspaced
short palindromic repeats (CRISPR) mechanism for gene editing was discovered so | also
included CRISPR/Cas9 in my studies. A direct comparison of the three gene editing tools
indicated that the CRISPR/Cas9 system was superior in terms of ease, efficiency of knockout

and cost.

As the use of gene editing tools increases there are concerns about the inherent risks
associated with the use of nuclease based gene editing tools prior to cellular therapy.
Expression of nucleases can lead to off target mutagenesis and malignancy. To circumvent
this problem | generated a non-nuclease based gene silencing system using the CD8A zinc
finger (ZF) fused to a Krippel associated box (KRAB) repressor domain. The ZF-KRAB fusion
resulted in effective silencing of the CD8A gene in both the Molt3 cell line and in primary
CD8+ T-cells. Importantly, unlike CRISPR/Cas9 based gene editing, the ZF-KRAB fusion was
small enough to be transferred in a single lentiviral vector with a TCR allowing simultaneous

redirection of patient T-cell specificity and alteration of T-cell function in a single construct.

To improve the efficiency of gene editing with CRISPR/Cas9 | developed an ‘all in one’
CRISPR/Cas9 system which incorporated all elements of the CRISPR/Cas9 gene editing
system in a single plasmid. The ‘all in one’ system was utilised to derive MHC-related protein
1 (MR1) deficient clones from the A549 lung carcinoma and THP-1 monocytic cell lines in
order to study MR1 biology. Mucosal-associated invariant T-cell (MAIT) clones were not

activated by MR1 deficient A549 or THP-1 clones infected with bacteria.



1 Introduction

1.1 The immune system

The immune system is fundamental for the clearance of the many pathogens to which
humans are exposed on a daily basis. The immune response can be divided into two phases
- the innate and adaptive immune response. Some pathogens are cleared by the innate
immune system alone, as the innate immune system provides the initial rapid defence
against a broad range of pathogens. In contrast, the adaptive immune system mounts a
response which is specific to the pathogen. The adaptive immune system can take a few
days to initiate a response. After a particular infectious agent has been encountered by the
adaptive immune system a small portion of the pathogen-specific cells persist in secondary
lymphoid organs as memory cells and are able to rapidly proliferate and respond to
subsequent infections from the same pathogen. This process is known as immunological
memory (Panum, 1847). This study is focused on the T-cell component of the adaptive
immune system and therefore the innate immune system and the other arms of the

adaptive immune system will not be discussed any further here.

1.1.1 T-cells

T-cells are derived from haematopoietic stem cells in the bone marrow which differentiate
and mature in the thymus. During T-cell development, thymocytes rearrange germline gene
segments termed variable (V), diversity (D) and joining (J) which are fused to a constant (C)
domain by alternative splicing to form an antigen receptor molecule known as a T-cell
receptor (TCR). The process of gene rearrangement is called VDJ recombination. Prior to T-
cells entering the circulation they must survive the process of negative and positive
selection in the thymus which eliminates self and non-reactive T-cells. A diverse T-cell
receptor repertoire is fundamental for the successful clearance of pathogen and abnormal
cells (Messaoudi et al. 2002). Deficiencies in these T-cell subsets lead to severe combined
immunodeficiency (SCID). Broadly speaking, T-cells can be subdivided into conventional T-

cells and unconventional T-cells and each of these subtypes will be described in turn.



1.1.1.1 Conventional T-cells

Conventional T-cells recognise peptides presented by classical major histocompatibility
complex (MHC) molecules (Doherty & Zinkernagel 1975). Typically, conventional T-cells
express a heterodimeric TCR consisting of an a and a B chain although some unconventional
T-cells also express an a TCR. The TCR chain usage in conventional T-cells is broad and
results in a diverse TCR repertoire (Reviewed in Nikolich-Zugich et al. 2004; Laydon et al.
2015). Conventional T-cells are located in peripheral blood, tissues and lymph nodes
(Gaspari & Tyring 2008). Conventional T-cells can be divided into two subsets which are

identifiable by the surface expression of either CD4 or CD8.

CD4+ T-cells

CD4+ T-cells recognise peptides 12-20 aa in length presented by MHC class Il molecules
(MHCII) (Murphy 2012). The CD4+ subset can further divided into two main subtypes -
helper cells (Murphy 2012; Kara et al. 2014) and regulatory cells subsets (Reviewed by
Sakaguchi et al. 2010). In addition, cytotoxic CD4+ T-cells have been identified (Marshall &
Swain 2011). The helper subset can be further divided into several subsets, Tyl, T2, Ty17
and follicular helper cell (Tgy) (Kara et al. 2014). The main role of helper T-cells is to aid B
cells in antibody production, affinity maturation and class switching and activate a wide
range of cell types including CD8+ T-cells, neutrophils, macrophages, basophils and
eosinophils to aid in pathogen clearance (Zhu & Paul 2010). T, cells are essential for
inducing self-tolerance and preventing autoimmunity by suppressing the function of other
immune cells (Sakaguchi et al. 2010). The exact mechanism of suppression is currently
unknown in humans, however, in vitro experiments have shown that human T, cells may
kill effector T-cells through granzyme secretion (Grossman et al. 2004), secretion of
immunosuppressive cytokines such as TGF-B (Powrie et al. 1996) and IL-10 (Asseman et al.
1999), through consumption of IL-2 (Hofer et al. 2012), through interaction of Fas : FasL

(Strauss et al. 2009) and by interaction of immune checkpoint receptors (Tai et al. 2012).

CD8+ T-cells
CD8+ T-cells express the CD8 co-receptor formed by a heterodimer of a and B CD8 chains.
CD8+ T-cells recognise MHC class | (MHCI) molecules presenting peptides 8-13 amino acids

(aa) in length (Wooldridge et al. 2010). Recognition of cognate antigen leads to activation of
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naive CD8+ T-cells and differentiation into cytotoxic T-cells. CD8+ cytotoxic T-cells can be
divided into two subsets — type 1 (Tcl) and type (Tc2) dependent on the cytokines produced
and secreted by the cells. Both Tcl and Tc2 subsets have high cytotoxic activity (Kemp et al.
2005). Tcl produce and secrete IFN-y and IL-2 (Kelso & Groves 1997). Tc2 produce and
secrete IL-4, IL-5, IL-6, IL-10 (Kelso & Groves 1997) and moderate levels of IFNy (Kemp et al.
2005). Cytotoxic T-cells are so called as they synthesise cytotoxic granules such as perforin
and granzyme leading to lysis of target cells (de Saint Basile et al., 2010). The release of
cytotoxic granules is highly regulated as they are secreted at the immunological synapse to
ensure precise killing of the target cell (Griffiths et al., 2010). Perforin released by cytotoxic
T-cells leads to the formation of pores on the cell surface of the target cell allowing the
entry of other cytolytic granules into the cell cytosol (Pipkin & Lieberman, 2007) such as
granzyme (Elemans et al. 2012). Cytotoxic T-cells also utilise the FAS : FASL pathway to
eradicate cells (Elemans et al., 2012). Activated cytotoxic cells express the FAS ligand which
induces apoptosis when it binds to FAS (CD95) on target cells leading to initiation of the
caspase cascade (Magnusson & Vaux 1999; Waring & Mullbacher 1999; Murphy 2012).

1.1.1.2 Unconventional T-cells

Unconventional T-cells are so named because they are not MHC restricted. Some
unconventional T-cells may not express TCRs formed from the conventional a and B chains,
and alternatively these T-cells may express a TCR formed by y and & chains. Unconventional
T-cells do not recognise peptides presented by MHCI or Il but instead can recognise lipids,
phosphoantigens, metabolites, MHC like stress ligands and altered peptides presented by
MHC-like molecules (Reviewed by Godfrey et al. 2015). In contrast to conventional T-cells
which express a diverse TCR repertoire due to a diverse range of gene segment usage,
unconventional T-cells typically express TCRs with a limited diversity (either germline
encoded, invariant or semi invariant) (Reviewed by Liuzzi et al., 2015) however, there are
exceptions such as y6 T-cells which are extremely diverse. MHC-like molecules are largely
invariant in the population and thus unconventional T-cells are not restricted to an
individual donor whereas conventional T-cells are restricted to specific allelic variants of
MHC molecules. Some unconventional T-cells are described as innate-like as they do not
require antigen stimulation to develop effector functions (Ribot et al. 2009; Gold et al.

2013). Several unconventional T-cell subsets have been described in the literature, these
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include y& T-cells, germline encoded mycolyl reactive (GEM) T-cells, invariant NKT (iNKT)

cells and mucosal-associated invariant T-cells (MAITS) (Reviewed by Godfrey et al. 2015).

Table 1.1 describes the main unconventional

unconventional T-cells will be discussed in greater detail in chapter 5.

Table 1.1. Types of unconventional T-cells

T-cell subsets.

The MAIT subset of

Cell type Reactive against Presentation molecule Chain usage
GEMs Glucose monomycolate CD1b TRAV 1-2
TRAJ9
MAITs Riboflavin derivatives MR1 TRAV 1-2
TRAJ12, 33 or 20
TRBV 6 or 20
y6 T-cells IPP and HMBPP Butyrophilin TRDV2 and TRGV9
EPCR, ULBP and MICA MHC like stress ligands TRDV1 and 5
Undefined self lipids CD1c TRDV1
a-GalCer, sulfatide and other CDi1d TRDV1 and 3
lipids
Phosphatidylethanolamine CD1a TRDV1
from pollen
HLA-E restricted T- MHCI leader and CMV derived HLA-E
cells peptides
NK T-cells A-GalCer and other lipids CcDid
Type | TRBV25, TRAV10 and
Lysophosphatidylcholine and Ccbhid TRAJ18
Type Il other lipids
Other CD1 restricted Lysophosphatidylcholine, CD1a
T-cells Dideoxymycobactin and other
lipids
Glucose monomycolate, CD1b
Sulfoglycolipid and other lipids
Phosphomycoketides, CD1c

Methyl-lysophosphatidic acid
and other lipids

Table adapted from Godfrey et al. 2015.

1.2 TCR ligands

1.2.1 Classical MHC molecules

Conventional T-cells recognise antigens in the form of peptides presented by classical MHC

molecules known as human leukocyte antigens (HLA) in humans. The human HLA locus is

found on chromosome 6 at position 6p21.3 and encompasses several genes including the
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classical MHCI molecules (HLA-A, B and C) and MHCII (HLA-DR, -DP and —DQ) (Traherne
2008; Shiina et al. 2009; Murphy 2012).

MHCI

MHCI is a heterodimeric protein formed from a 44 kDa heavy a chain and a 12 kDa B2-
microglobulin (B2m) chain. The heavy a chain is polymorphic with many allelic variants
across the population (Neefjes et al. 2011). Folding of the heavy a chain forms three distinct
domains al, a2 and a3. The al and a2 domains form the peptide binding groove and the a3
domain covalently bonds to the B2m (Bjorkman et al. 1987). MHCI molecules are expressed
by almost all nucleated cells, they present short peptide fragments of 8-13aa derived from
antigen present in the cytosol and nucleus (Wooldridge et al. 2010; Neefjes et al. 2011; Rist

et al. 2013).

MHCII

The MHCII molecule is formed from a polymorphic a and B chain. Folding of the a and B
chain leads to the formation of 2 distinct domains in each chain. The al and B1 domains
form the peptide binding groove (Murphy 2012) which houses peptides 12 to 20aa in length
(Godkin et al. 2001). MHCII molecules have a more limited cellular expression pattern than
MHCI molecules and are only expressed on professional APCs (Neefjes et al. 2011) such as
dendritic cells (Shin et al. 2006), macrophages and B-cells (Reviewed by Reith et al. 2005).
MHCII present antigens derived from exogenous peptides (Roche & Furuta 2015). As MHCII

does not form an essential part of thesis it will not be discussed further.

1.2.2 Non-classical MHC molecules

In contrast to the conventional T-cells, unconventional T-cells do not recognise peptide-
MHC molecules. Instead, unconventional T-cells often recognise antigens presented by non-
classical MHC like molecules or MHC like stress ligands. For completeness, two of the main
non-classical MHC like molecules (HLA-E and CD1) will be discussed next in turn. The non-

classical MHC class I-related molecule (MR1) will be discussed in greater detail in chapter 5.
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HLA-E

The HLA-E molecule was identified in 1988 and shown to have a sequence with 63-65%
homology to that of HLA-A, B and C (Koller et al. 1988). Like the classical MHCI molecules,
HLA-E is formed form a heavy chain which consists of three distinct domains upon folding,
covalent bonded to a f2m molecule (Kaiser et al. 2008). Unlike the classical MHCI
molecules, HLA-E is invariant as only two alleles have been identified in the human
population HLA-E HLA-E*0101 (HLA-E'°"®) and HLA-E*0103 (HLA-E'®’®) (Grimsley et al. 2002;
Pietra et al. 2010). Low expression of HLA-E has been observed on a variety of cells (Pietra et
al. 2010). HLA-E has been shown to present signal sequences from classical MHCI molecules
(Lemberg et al. 2001), peptides from the leader sequence from CMV and glycoprotein UL40
(Tomasec et al. 2000) which are identical in sequence to sequences from various HLA-A and
—Cw alleles, peptides derived from HIV (Nattermann et al. 2005) and Salmonella enterica
(Salerno-Gongalves et al. 2004) which bear a high homology to leader sequences from
classical MHCI molecules. Presentation of the MHCI leader sequences is important for
natural killer cells immunosurveillance through NKG2A/CD94 interaction with HLA-E (Kaiser

et al. 2008).

CD1 molecules

The CD1 molecules are unlike the classical MHC molecules as they do not present peptides,
instead they present lipids. The structure of the CD1 molecules is similar to that of the
classical MHCI molecules as they are composed of a heavy chain with three distinct
extracellular domains covalently bonded to a f2m. In humans, the CD1 molecules can be
divided into either group 1 (CD1a, CD1b and CD1c) and group 2 (CD1d) (Reviewed by Barral
& Brenner 2007). CD1a is expressed on skin resident dendritic cells (DCs) (Wollenberg et al.
1996), CD1b is expressed on migrating DCs (Olivier et al. 2013). CD1c is expressed on
Langerhans cells, monocyte derived DCs (Sugita et al. 2000; Milne et al. 2015). CD1d is
expressed by intestinal epithelial cells (Landau et al. 1991), B-cells (Lang et al. 2008), dermal
and monocyte derived dendritic cells (Gerlini et al. 2001). CD1 group 1 restricted T-cells
were first identified in the CD4-CD8- T-cell subset (Porcelli et al. 1989) and then more
recently have been identified in the CD8+ (Rosat et al. 1999) and CD4+ (Sieling et al. 2000) T-
cell populations. It is thought that these cells are clonally diverse that is they express a

broad TCR chain usage (Reviewed by Barral & Brenner 2007). There appear to be two

13



subsets of cells that that recognise CD1d - CD1d-restricted iNKT-cells and CD1d-restricted
diverse NKT-cells. The CD1d restricted iNKT-cells have a invariant TCR chain usage and the
CD1d restricted diverse NKT-cells are less characterised but are thought to express a diverse

TCR repertoire (Reviewed by Barral & Brenner 2007).

1.3 Developing gene editing tools

The interest in developing and utilising gene editing tools has vastly increased in recent
years following the ease of creating genetically modified cells for experimental purposes
and the success of genetic modified cells for therapy in recent publications. The discovery of
zinc finger nucleases (ZFN), transcription activator like effectors nucleases (TALENs) and
more recently the clustered regularly interspaced short palindromic repeats (CRISPR) fused
to CRISPR associated proteins (Cas) system have been major developments in the field of
genetic engineering; these methods have extended the capabilities of gene editing on from

RNAI.

1.3.1 RNAi

RNAI is the term used to describe the inhibition of gene expression using RNA molecules.
Typically, this process induces gene silencing by inducing the degradation of specific
messenger (M)RNA sequences. Initial studies involving RNAi suggested that the gene
silencing observed was due to co-suppression (Napoli et al. 1990), quelling (Romano &
Macino 1992) and sense mRNA (Guo & Kemphues 1995). An explanation for the gene
silencing was published in 1998 which elicited that the silencing observed in the previous
studies was due to degradation of mRNA (Fire et al. 1998). Andrew Fire and Craig Mello
received a Noble prize in Physiology or Medicine for their work on RNAi in Caenorhabditis
elegans in 2006. Of particular interest in this thesis is short hairpin RNA (shRNA). shRNA will

be discussed further in chapter 3.

1.3.2 Nuclease gene editing

The alternative to RNAI interference is nuclease gene editing. The three nuclease gene
editing tools which will be discussed in this thesis can be characterised as either monomeric

or dimeric nucleases. The two examples of dimeric nuclease gene editing tools are ZFN and
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TALEN which consist of two binding domains and two corresponding copies of the Fokl
nuclease which require dimerisation to be activated and functional. More recently a
monomeric nuclease system has been identified known as the CRISPR/Cas9 system. The
CRISPR/Cas9 nuclease consists of a single Cas9 protein. The ZFN, TALEN and CRISPRCas9

system will be discussed in greater detail in chapter 3.

1.3.3 Features and principles of nuclease gene editing

The priniciple of gene editing is the same for ZFN, TALEN and CRISPR/Cas9. In each case a
protein or RNA binds to the specific DNA sequence at the target site. Once bound the DNA is
cleaved by the nuclease protein leading to a double strand break (DSB). The DSBs in DNA are
repaired by two mechanisms either by homogous recombination (HR) or non-homologous
end joining (NHEJ) (Sanjana et al. 2012). HR can correctly repair the DSBs in DNA by utilising
the sister chromatid as a template. In contrast, NHEJ is error prone and can result in
insertions or deletions at the DNA cleavage site (Mao et al. 2008; Kim et al. 2013). The
principle of the nuclease gene editing tools is shown in Figure 1.1. The medical importance
of genome editing with engineered nucleases was highlighted by Nature Methods in 2011

when it won method of the year (Nature methods, 2012).
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Figure 1.1. The main principles of nuclease gene editing. The DNA binding domain targets the DNA sequence of interest and the nuclease
domain induces a double strand break. The DNA can be repaired by NHEJ which is error prone and commonly introduces small indels into
the DNA sequence. Alternatively, DNA can be repaired by HR with or without introducing new template DNA which can lead to complete
repair of the DSB.

1.3.4 Uses of gene editing tools

Several types of genetic modifications have been reported - gene disruption, gene insertion,
point mutations, gene correction and structural chromosomal rearrangements. Gene
disruption/ knockout rely on the introduction of small insertions and deletions (indels) by
the NHEJ DNA repair pathway which can lead to frameshifts in the open reading frame of
the protein. Frameshifts can lead to truncation or inactivation of the protein, which can

result in a complete loss of gene expression if it occurs on both alleles. Gene insertion — A



gene editing nuclease can be co-transfected with a DNA sequence flanked with arms which
are identical to the DNA near the target sequence this allows for this new sequence to be
inserted into targeted areas of the genome (Li et al. 2011). Point mutations and gene
correction — In a similar manner to gene insertion, gene editing tools can be co-transfected
alongside targeting vectors or single stranded oligodeoxynucleotides to lead to the
introduction of point mutations to repair mutated/ faulty genes (Soldner et al. 2011; Bialk et
al. 2015). Finally, gene editing tools can be used to induce structural chromosomal
rearrangements, such as duplications, deletions, inversions and translocations by
introducing two DSBs at particular chromosomal locations (Brunet et al. 2009; Lee et al.

2010; Sollu et al. 2010; Lee et al. 2012).

1.3.5 Delivery of gene editing tools into target cells

The frequency of biallelic knockout of genes is affected by the transduction and transfection
efficiency. Inefficient delivery decreases the frequency of biallelic inactivation. There are
several methods used by researchers to induce expression of an exogenous protein into the
cells such as mRNA (Kuhn et al. 2012), plasmid DNA (Luo & Saltzman 2000) or viral delivery
(Bouard et al. 2009). In humans, lentiviral delivery has been utilised for the transfer of genes
into T-cells such as TCR (Yang et al. 2008; Circosta et al. 2009) and ZFNs (Lombardo et al.
2007; Provasi et al. 2012). An integrase deficient lentiviral system has been developed which
has a mutant integrase enzyme preventing uncontrolled DNA integration and thereby
limiting cellular toxicity (Yanez-Munoz et al. 2006; Wanisch & Yafiez-Mufioz 2009). However,
the efficiency of transduction is typically lower with transient methods therefore the
integrating lentivirus system was used to deliver endogenous DNA into target cells for this
project. In previous studies, genetically modified cells became immunogenic (Riddell et al.
1996), however, a more recent clinical trial with ZFNs targeting the CCR5 gene concluded
that the treatment was considered safe and the genetically modified cells persisted in the
patients suggesting that editing the cells in this manner did not lead to them becoming

immunogenic (Tebas et al. 2014).
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1.4 Aims

The work in this thesis aimed to expand the existing knowledge of gene editing tools and
develop new tools that were safer and effective for gene silencing in primary T-cells. | set
out to compare shRNA, ZFN, TALEN and CRISPR/Cas9 reagents that target CD8A as proof of
principle. As there are currently concerns about the safety of nuclease based gene editing
tools | also aimed to generate a non-nuclease based gene silencing system. Prior to my
studies, the CRISPR/Cas9 system had relied upon several plasmids for the delivery of the
CRISPR/Cas9 elements into the target cell for gene knockout. To improve the effectiveness
of the CRISPR/Cas9 system, | also aimed to generate an ‘all in one’ CRISPR/Cas9 system that
incorporated all of the CRISPR/Cas9 elements into a single plasmid, allowing for more
efficient gene editing. As proof of principle this system was used to generate MR1 deficient
APCs, in order to study MAIT / MR1 restricted T-cell biology in greater detail and to gain

insight into antigen processing and presentation though MR1.
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2 Materials and Methods

2.1 Bacterial cell culture

2.1.1 Culture medium and agars

All bacterial mediums and agars were supplemented with either 50 mg/ L carbenicillin
(Carbenicillin Direct), 50 mg/ L Streptomycin (Sigma Aldrich) or 5 mg/ L Tetracycline HCI

(Sigma Aldrich) for the selection of transformants.

Luria Bertani (LB) medium

10 g/ L NaCl (Fisher Scientific), 10 g/ L tryptone (Fisher Scientific) and 5 g/ L yeast extract

(Fisher Scientific).

TYP medium
16 g/ L tryptone, 16 g/ L yeast extract and 5 g/ L potassium phosphate dibasic (Acros

organics).
PSI broth
5 g/ L yeast extract, 20 g/ L tryptone and 5 g/ L Magnesium sulphate, (pH to 7.6 with

potassium hydroxide).

Lemco culture media

5 g/ L Lemco powder (Oxoid), 10 g/ L tryptone, 5 g/ L NaCl and 0.5 mL/ L Tween 80 (Sigma-
Aldrich).

LB agar
10 g/ L NaCl, 10g/ L tryptone, 5 g/ L yeast extract, 15 g/ L agar bacteriological (Oxoid).

TYP agar
16 g/ L tryptone, 16 g/ L yeast extract, 5 g/ L potassium phosphate dibasic and 15 g/ L agar

bacteriological.
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Lemco agar
5 g/ L Lemco powder, 10 g/ L tryptone, 5 g/ L NaCl and 15 g/ L agar bacteriological

Freezing buffer

75% LB medium and 25% glycerol.

2.1.2 Chemically competent cells
Esherichia coli XL10-Gold (Agilent) competent cells were used as host for large plasmid
vectors and cultured in LB medium or on LB medium agar. BL21 Star (DE3) pLysS® (Thermo

Fisher) competent cells were used for protein expression and cultured in TYP medium or on

TYP agar.

2.1.2.1 Buffers

Tfbl

30 mM CH3COOK (Sigma Aldrich), 100 mM RbCl (Acros organics), 10 mM CaCl, (Sigma
Aldrich), 50 mM MnCI2 - 4H,0 (Fisher scientific) and 15% w/v glycerol (Fisher Scientific). pH

was adjusted to 5.8 with dilute acetic acid (Fisher Scientific).

Tfbll
10 mM MOPS (Sigma Aldrich), 75 mM CaCl,, 10 mM RbCl and 15% w/v glycerol. pH was

adjusted to 6.5 with dilute sodium hydroxide (Fisher Scientific).

2.1.2.2 Production of chemically competent cells

E. coli XL10-Gold and BL21 Star (DE3) pLysS were produced in house by inoculating 1 mL of a
30 mL PSI broth starter culture in 100 mL of PSI broth and monitoring the optical density
(OD) until it reached 0.45 at 600 nm (ODgg). At this stage the cells were placed on ice for 15
minutes (min), before being pelleted by centrifuging at 5465 x g for 10 min. The cells were
resuspended in 40 mL of Tfbl buffer and incubated on ice for a further 15 min. The cells
were pelleted once more by centrifuging at 5465 x g for 10 min and finally suspended in 4

mL of Tfbll, incubated on ice for 15 min and then snap frozen in 100 uL aliquots.
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2.1.3 Transforming chemically competent cells

Transformation was carried out in accordance with the manufacturer’s guidelines, briefly,
20 pL of chemically competent cells were thawed on ice, up to 100 ng (<5 uL) of DNA was
added to the cells, after a 5 min incubation on ice the cells were heat shocked at 42 °C for
90 seconds (sec), then rested on ice for a further 5 min. Dependent on the initial
concentration of DNA added and the antibiotic resistance the cells were immediately
streaked onto agar plates or incubated in an orbital shaker for one hour (h) at 37 °C with

100 pL of SOC medium (Invitrogen) before streaking onto agar plates.

2.1.4 Bacterial cultures
Bacterial cultures of either 5 mL, 30 mL or 250 mL were produced by incubating a single
colony from an agar plate into LB medium, TYP or PSI medium (with appropriate antibiotic)

and incubating the culture in an orbital shaker at 37 °C and 220 rpm for 16 h.

2.1.5 Mycobacterium smegmatis (M. smegmatis) strain
The mc2155 strain of M. smegmatis, which grows quickly in synthetic media, was used in

this thesis; it was kindly donated by Dr Matthias Eberl.

2.1.5.1 Culture of M. smegmatis

To culture M. smegmatis, a loop of the frozen glycerol stock was streaked onto a Lemco
agar plate and placed in an incubator at 37 °C for 48 h. Following this, a single colony was
inoculated into 20 mL of Lemco media. The bacteria culture was incubated in an orbital
shaker at 37 °C and 150 rpm for a minimum of 48 h. A growth curve was used to determine

the concentration and phase of growth of bacteria at a given time point.

2.1.5.2 Frozen stocks of M. smegmatis
M. smegmatis was cultured as described in section 2.1.5.1. After a minimum of 48 h the OD
was determined and the relative number of CFU/ mL was calculated. M. smegmatis was

then frozen in glycerol at a concentration of 10,000 CFU per vial.
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2.2 Protein chemistry

2.2.1 Generation of expression plasmids

To produce the HLA-A*0201 protein (referred to as HLA A2 from now on) bound to peptide
for tetramerisation and dextramerisation, the cDNA sequences encoding for the HLA A2 a
chain (a1, a2 and a3 chain domains) and the B2m were inserted into separate pGMT7
plasmids (Banham & Smith 1993) as described by Boulter et al. 2003. The HLA A2 a chain
(a1, a2 and a3 chain domains) and B2m were cloned into the pGMT7 plasmid downstream
of an isopropyl B-D-1- thiogalactopyranoside (IPTG) inducible T7 promoter enabling maximal
protein production by the introduction of IPTG during the log phase of E.coli growth. The
HLA A2 a chain was tagged with a 15 amino acid (aa) biotinylation sequence
(GLNDIFEAQKIEWHE) which allowed for the peptide-MHC (pMHC) monomer to be bound to
a tetramer streptavidin or dextran streptavidin backbone for use as tetramers or

dextramers. The full HLA A2 and B2m sequence is listed in Appendix Figure 1.

2.2.2 Peptides

Peptides with purity above 90% were used to produce monomers for tetramer and
dextramer production. For protein refolding and T-cell activation assays crude peptides with
a purity of between 50-60% were used. All peptides were synthesised by GL Biochem Ltd.
(Shanghai, China) and Peptide Protein Research Ltd. (Hampshire, UK) respectively. Peptides
were reconstituted in DMSO (Sigma Aldrich) at a concentration of 20 mg/ mL. For T-cell
activation assays, working concentrations of peptide were prepared on the day of an
experiment using RO medium. The peptides used in this thesis were: The HLA-A2 restricted
ELAGIGILTV peptide (designated as ELA) derived from Melan-A,c.35 and recognised by the
MEL5 TCR. The HLA-A2 restricted RQFGPDFPTI peptide (designated as RQF) which is a high
affinity version of the ALWGPDPAAA preproinsulinis,4 epitope recognised by the T-cells
bearing the PPl TCR. The HLA- B*1801 restricted peptide SELEIKRY derived from EBV
BZLF1173-180
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2.2.3 Protein expression as inclusion bodies

2.2.3.1 Buffers

Lysis buffer
10 mM TRIS (pH 8.1), 10 mM MgCl,, 150 mM NacCl, 10% Glycerol.

Triton wash buffer

0.5% Triton X (Sigma Aldrich), 50 mM TRIS (pH 8.1), 100 mM NaCl and 10 mM EDTA.

Resuspension buffer

50 mM TRIS (pH 8.1), 100 mM NaCl and 10 mM EDTA.

Guanidine buffer

6 M guanidine, 50 mM TRIS (pH 8.1), 100 mM NaCl and 10 mM EDTA.

2.2.3.2 Production of inclusion bodies (IB)

The pGMT7 plasmid vectors containing the 2m and HLA-A2 a chain were transformed in
BL21 Star (DE3) pLysS bacteria and cultured overnight at 37 °C on a TYP agar plate. A single
colony starter culture was set up for the f2m and HLA-A*0201 a chain constructs and grown
at 37 °C at 220 rpm in 30 mL of TYP medium overnight. All of the overnight starter culture
was transferred into 1 L of TYP and incubated at 37 °C at 220 rpm and the OD was
monitored until an OD of 0.5 at 600 nm (ODggo) was observed. The expression of the protein
was induced by the addition of 0.5 mM IPTG (Fisher Scientific) and incubating the culture for
three h in an orbital shaker at 37 °C at 220 rpm. The cells were harvested by centrifugation
for 20 min at 3452 x g in a Legend RT centrifuge (Sorvall) with a Heraeus 6445 rotor, the cell
pellet was resuspended in 40 mL of lysis buffer and sonicated using a MS73 probe (Bandelin)
for 20 min using a 2 sec on 2 sec off programme at 60% power. The sample was kept on ice
during sonication. The sample was treated with 200 pL of 20 mg/ mL DNAase (Sigma) and
incubated for 60 min at room temperature (RT). The pellet was resuspended in 100 mL of

Triton wash buffer and ultracentrifugation at 15,180 x g for 20 min at 4 °Cin an Evolution RC
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centrifuge with a SLA-1500 rotor (Sorvall). The pellet was resuspended in 100 mL of
resuspension buffer and ultracentrifuged at 15,180 x g for 20 min at 4 °C in an Evolution RC
centrifuge with a SLA-1500 rotor (Sorvall). The supernatant was discarded and the pellet
was resuspended in 5 mL of guanidine buffer. The concentration of protein was determined
using a NanoDrop ND1000 (Thermo Scientific) and calculated taking into account the
reading at 280 nm wavelength and the extinction co-efficient. A 20 pL fraction of the
suspension was taken at several time points (before IPTG treatment and 3 h after IPTG
induction). These fractions were run on a Sodium dodecyl sulphate-polyacrylamide (SDS-

PAGE) gel (section 2.2.6.) to assess the quality of the IB production.

2.2.4 Refolding of pMHCI

2.2.4.1 Buffers

MHC redox buffer

50 mM Tris (pH 8.1) (Fisher Scientific), 400 mM L-arginine (Sigma Aldrich), 2 mM EDTA
(Fisher Scientific), 6 mM L-cysteamine (Sigma Aldrich) and 4 mM L-cystamine (Sigma Aldrich)
in deO.

Dialysis Buffer
10 mM Tris in dH,0 (pH 8.1).

2.2.4.2 Refolding of pMHCI procedure

30 mg of HLA-A2 a chain with a biotin tag inclusion bodies, 30 mg of 2m inclusion bodies
and 4 mg of synthetic peptide were made up to 6.4 mL with guanidine buffer supplemented
with dithiothreitol (DTT) (final concentration 10 mM) (Sigma Aldrich) and denatured at 37 °C
for 15 min. The solution was then added to 1 L pre-chilled MHC redox buffer and incubated
for 3 h at 4 °C on a magnetic stirrer. After which the refold solution was transferred to a 12
KD cut-off dialysis tube (Sigma Aldrich). The tube was placed in 20 L of dialysis buffer for 24

h and then placed into 20 L of dialysis buffer for a further 24 h until the conductivity of the
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refold was below 2 mS/ cm. All buffers were filtered refolded protein samples were filtered

through a 0.45 pum and 0.22 um filter (Sartorius) before downstream purification steps.

2.2.5 Fast Protein Liquid Chromatography (FPLC) purification

2.2.5.1 Buffers

Buffer A
10 mM Tris in dH,0 (pH 8.1).

Buffer B
10 mM Tris (pH 8.1) and 1 M NaCl in dH,0.

Monomer buffer

1x PBS in dH,0.

2.2.5.2 Fast Protein Liquid Chromatography (FPLC) purification procedure

The refolded protein sample was purified using an anion exchange column (POROS® 50HQ,
Life Technologies). Briefly, the column was equilibrated with buffer A and the refolded
protein sample was loaded onto the column at a flow rate of 20 mL/ min with the alarm
pressure set to 5 MPa. The sample was then eluted from the column by increasing the salt
gradient and collecting the fractions in FPLC tubes (Greiner Bio-one). The fractions
corresponding to the peak were collected and run on an SDS-PAGE gel (section 2.2.6) to
assess the purity. The fractions of the refolded protein sample which were shown to contain
MHC from the SDS-PAGE gel (section 2.2.6) were pooled and concentrated to a volume of
100 pL by centrifuging the sample at 1900 x g in a Vivaspin centrifugal concentrator (10 kDa
molecular weight cut-off, Sartorius). The sample was made up to 700 uL with buffer A and
the monomers were biotinylated by the addition of 100 uL Biomix A (Avadin), 100 pL Biomix
B (Avadin), 100 uL d-Biotin 500 uM (Avadin) and 2 pL BirA enzyme (Avadin) and incubating
the sample at RT overnight. To remove aggregates and biotin gel filtration was carried out

using the Superdex HR 200 column (Amersham Pharmacia). The column was equilibrated in

25



monomer buffer by loading 40 mL of monomer buffer at a flow rate of 0.5 mL/ min with the
alarm pressure set to 2 MPa. Once equilibrated the concentrated refold sample was loaded
into the 2 mL loop and the purified sample was eluted into FPLC tubes. The fractions
corresponding to the peak were run on a SDS-PAGE gel (section 2.2.6.) to assess purity and
determine whether they contained a refold pMHCI protein. The monomers were stored as 5

pg aliquots at -80 °C until required.

2.2.6 SDS-PAGE electrophoresis

2.2.6.1 Buffers

5x non reducing loading buffer

125 mM Tris (pH 6.8), 4% SDS, 20% glycerol and 20 pug/ mL bromophenol blue.

5x reducing loading buffer

125 mM Tris (pH 6.8), 4% SDS, 20% glycerol, 20 ug/ mL bromophenol blue and 10% DTT.

2.2.6.2 Running of an SDS-PAGE gel

The quality and quantity of protein was determined by running a diluted sample of the
protein on a SDS-PAGE gel. Each sample was prepared to be run on the SDS-PAGE gel by
diluting in 5x non reducing loading buffer and 5x reducing loading buffer. The samples were
incubated at 90 °C for 5 min and run on a 10% Bis/Tris gel in 1X NuPAGE running buffer
(Invitrogen). A BLUeye, 10-245 kDa protein ladder (Geneflow) was run alongside the
samples to allow for the size of the proteins to be determined. 10% Bis/Tris gels were run at
200 V for 25 min. The gel was removed from the plastic cast and stained with Quick
Coomassie stain (Generon) heated in the microwave for 30 sec and then destained in dH,0

overnight.
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2.3 Mammalian cell culture

2.3.1 Mammalian cell culture medium

All Mammalian cell culture medias were filtered through a 0.2 um Stericup and Steritop
Vacuum Driven Sterile Filter (Merck Millipore) using a Divac 1.2 L pump. Cells were cultured
in 6, 24, 48, 96 multi well plates (Greiner Bio-One) or T25, T75 and T175 flasks (Greiner Bio-
One). To ensure that cell lines were not contaminated with Mycoplasma, regular screening

was carried out using the Mycoplasma kit (Lonza) manufacturer’s guidelines.

RO
Roswell Park Memorial Institute medium 1640 (RPMI-1640) (Invitrogen) supplemented with
2 mM L-glutamine (Invitrogen), 100 units/ mL penicillin (Invitrogen) and 100 pg/ mL

streptomycin (Invitrogen).

R5
RPMI-1640 medium supplemented with 5% FBS (fetal bovine serum) (Invitrogen), 2 mM L-

glutamine, 100 units/ mL penicillin and 100 pg/ mL streptomycin.

R10
RPMI-1640 medium supplemented with 10% FBS, 2 mM L-glutamine, 100 units/ mL

penicillin and 100 pg/ mL streptomycin.

Antibiotic-free R10

RPMI-1640 medium supplemented with 10% FBS and 2 mM L-glutamine.

D10

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 2 mM L-

glutamine, 100 units/ mL penicillin and 100 pg/ mL streptomycin.
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200 IU IL-2 T-cell medium

RPMI-1640 medium with 10% FBS, 2mM L-glutamine, 100 units/ mL penicillin and 100 pg/
mL streptomycin, IL-15 (25 ng/ mL) (Peprotech Inc), IL-2 (200 IU/ mL) (Proleukin), non-
essential amino acids (1x) (Life Technologies), Sodium pyruvate (1 mM) (Life Technologies)

and HEPES buffer (1 mM) (Life Technologies).

200 1U IL-2 R20 T-cell media

RPMI-1640 medium with 20% FBS, 2 mM L-glutamine, 100 units/ mL penicillin and 100 pg/
mL streptomycin, IL-15 (25 ng/ mL), IL-2 (200 U/ mL), non-essential amino acids (1x),
Sodium pyruvate (1 mM) and HEPES buffer (1 mM).

20 U IL-2 T-cell medium

RPMI-1640 medium with 10% FBS, 2 mM L-glutamine, 100 units/ mL penicillin and 100 pg/
mL streptomycin, IL-15 (25 ng/ mL), IL-2 (20 IU/ mL), non-essential amino acids (1x), Sodium
pyruvate (1 mM) and HEPES buffer (1 mM).

20 U IL-2 Priming T-cell medium

RPMI-1640 medium with 10% FBS, 2 mM L-glutamine, 100 units/ mL penicillin and 100 pg/
mL streptomycin, IL-2 (20 IU/ mL), non-essential amino acids (1x), Sodium pyruvate (1 mM)

and HEPES buffer (1 mM).

2.3.2 Mammalian cell culture buffers

All mammalian cell culture buffers were sterilised using a 0.22 um nitrocellulose filter

(Millipore) before use.

Freezing medium

90% FBS and 10% DMSO (dimethyl sulfoxide).

Red cell lysis buffer

155 mM NH4Cl (Fisher Scientific), 10 mM KHCOs (BDH), 0.1 mM Ethylenediaminetetraacetic
acid (EDTA) (Sigma Aldrich) in dH,0 (pH adjusted to 7.2 to 7.4 with HCI (Fisher Scientific)).
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Dissociation buffer

2 mM EDTA in PBS.

MACS buffer

DPBS pH 7.2 CaCl, and MgCl," (life technologies), 0.5% bovine serum albumin (BSA) (Sigma

Aldrich) and 2 mM EDTA. The buffer was sterilised using a 0.2 um Stericup before use.

2.3.3 Cell lines and culture conditions

Cells were split regularly before reaching a cell density of <90% or before the medium
became yellow in colour. Suspension cell lines were split by suspending cells in fresh R10
medium at the optimal density. Adherent cell lines were split by removing the old medium
and replacing the medium with either Hank’s Cell Dissociation Buffer (Life Technologies) or
dissociation buffer and incubating at 37 °C for 5 min. After which the cells were transferred
to a 50 mL falcon tube and centrifuged at 558 x g, the cell pellet was resuspended in either

R10 or D10 cell culture medium and seeded into fresh flasks at the optimal seeding density.

HEK 293T clone 17 cell line (ATCC product code CRL- 11268)

The 293T cell line is an adherent and highly transfectable cell line. 293Ts are derived from
the 293 embryonic kidney cells which were transduced to stably express the SV40 large T

antigen. This cell line was cultured in D10 media and maintained at 37 °C with 5% CO,.

Molt3 (ATCC product code CRL- 1152)

The Molt3 cell line is a highly transfectable suspension hypertetraploid T lymphoblast cell
line derived from a patient with relapsing acute lymphoblastic leukaemia. This cell line is

cultured in R10 media and maintained at 37 °C with 5% CO,

THP-1 (ATCCTIB 202)

The THP-1 cell line is a transfectable suspension cell line derived from a patient with acute
monocytic leukaemia. This cell line is cultured in R10 media and maintained at 37 °C with 5%

CO,
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A549 (ATCC CCL 185)

The A549 cell line is a transfectable adherent cell line derived from lung carcinoma. This cell
line is cultured in R10 media and maintained at 37 °C with 5% CO,. The A549 cell line has
been HLA typed: A*2501/3001, B*18/4403 and C*1203/ 1601

Hela (ATCC CCL-2)

The Hela cell line is a transfectable adherent cell line derived from a patient with
adenocarcinoma of the cervix. This cell line is cultured in R10 media and maintained at 37 °C

with 5% CO,.

MM909.24
The MM909.24 cell line is a tumour cell line derived from a tumour excised from a patient
with metastatic melanoma which was kindly donated by I.M. Svane (Copenhagen University

Hospital). This cell line is cultured in R10 media and maintained at 37 °C with 5% CO,.

2.3.4 Culture of primary CD8+ T-cells

2.3.4.1 Processing the peripheral blood mononuclear cells (PBMCs) from blood

Buffy coats were ordered from the Welsh blood service in accordance with the human
tissue act and appropriate ethical approval. The Welsh blood service tested and confirmed
that each of the bags of buffy coats were seronegative for HIV-1, HBV and HCV before
delivery. The buffy coats were separated by density gradient centrifugation by layering 25
mL the buffy coats onto 25 mL of Ficoll Hypaque (Lymphoprep) in sterile 50 mL falcon tubes
and centrifugation for 20 min at 872 x g without brakes. The PBMC layer was aspirated from
the density gradient using a pasteur pipette and the PBMC layer was transferred into a
sterile 50 mL falcon tube. The volume was made up to 50 mL with RO and the cells were
centrifuged at 706 x g for 10 mins with the brake on. The supernatant was poured off and
the cells were resuspended in 25 mL of red blood cell lysis buffer (section 2.3.2) and
incubated in the water bath at 37 °C for 10 min. 25 mL of R10 was added to each tube to
make the volume up to 50 mL and the cells were centrifuged at 314 x g for 6 min and the

supernatant was poured off. The cells were resuspended in R10 media and counted.
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Isolated PBMCs were either used as feeders to expand T-cells or to isolate CD8+ T-cells for

lentiviral transduction.

2.3.4.2 Irradiation of PBMCs
An equal amount of PBMC from three donors were irradiated with Cesium-137 for 3100
centigrays (cGy) after irradiation the cells were recounted and then an equal number of cells

from each donor were pooled together.

2.3.4.3 T-cell expansion

Onday0,05-1x 10° T-cells were transferred to a T25 flask in 15 mL of 20 1U IL-2 T-cell
media containing 15 pg phytohaemagglutinin (PHA) (Alere) (1 pg/ mL final) and 1.5 x 10’
irradiated PBMCs (section 2.3.4.2), 5 days post stimulation 7.5 mL of the medium was
removed and replaced with 7.5 mL of fresh 20 IU T-cell media and incubated for a further 48
h, after which the cells were counted and plated in 24 well plates at a cell density of 3 - 4 x

10° cells per well in 2 mL of 200 IU IL-2 T-cell media.

2.3.4.4 MACs separation of CD8+ T-cells from PBMCs

PBMCs were isolated as described in section 2.3.4.1. CD8+ T-cells were purified from the
PBMCs using anti-CD8 microbeads (Miltenyi Biotec) following the manufacturer’s guidelines.
Briefly, the cells were counted and centrifuged at 300 x g for 10 min, the supernatant was
aspirated the pellet was resuspended in 80 pL of cold MACS buffer (section 2.3.2) per 1 x 10’
cells. 20 pL of anti-CD8 microbeads (Miltenyi Biotec) was added per 1 x 10’ cells and the cell
suspension was incubated for 15 min in the refrigerator after which the cells were washed
and resuspended in 500 pL of cold MACs buffer. Up to 2 x 10° cells were applied to a pre-
rinsed MS column and allowed to drain by gravity, the column was washed in 500 pL of cold
MACs buffer 3 times and finally the cells were eluted in 1 mL of cold MACs buffer. The cells

were centrifuged at 300 x g for 10 mins and resuspended in 200 IU IL-2 T-cell medium and

plated into 48 well plates at a density of 1 - 2 x 10° cells per well.
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2.3.5 Cell counting by Trypan exclusion

Cells were diluted to an appropriate density in RO medium. An equal volume of diluted cells
and trypan blue (STEMCELL Technologies) were combined and mixed. The cells were loaded
onto a haemocytometer (Weber Scientific International Ltd) and viable cells counted using a
microscope to visualise the cells and a cell counter to record the number. The number of
viable cells per mL was calculated as follows:

(Number of viable cells * Dilution factor) *10,000 = number of viable cells per mL

2.3.6 Cryopreservation of cell lines

2.3.6.1 Cryopreservation of cell lines procedure

Cells were centrifuged at 558 x g for 5 min, the supernatant was removed and the cell pellet
was resuspended in 1 mL of freezing medium described in section 2.3.2. Cells were
transferred to cryovials (Greiner bio-one) which were stored in Mr Frosty freezing pots
(Thermo Scientific) at -80 °C for 48 h, for long term storage the cryovials were transferred to
liquid nitrogen storage. Cell lines were typically frozen at a cell concentration of 1 - 2 x 10°

cells/ mL and primary T-cells and T-cell clones were frozen at 2 - 6 x 10° cells/ mL.

2.3.6.2 Thawing of cryopreserved cell lines

Cryovials containing the frozen cells were thawed briefly in a water bath at 37 °C, once
thawed the cells were transferred into a falcon tube containing 1 mL of R10 medium, the
cells were pelleted by centrifugation (558 x g for 5 min), the supernatant was removed and
the cell pellet was resuspended in appropriate medium before being transferred to a flask

or plate for culture.

2.3.7 Generation of transduced and transfected cells

Cells were transduced by integrase proficient lentivirus or transfected transiently by CaCl,

precipitation or lipofectamine.

2.3.7.1 Buffers

All of the buffers used were sterilised through a 0.22 um nitrocellulose filter before use.
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Buffered water

2.5 mM HEPES (Fisher Scientific) in dH,0. Final pH 7.3.

CaCI;
2.5 M CaCl,2H,0 (Fluka Biochemika) in dH,0.

HEPES-buffered saline 2x

0.28 M NaCl, 0.05 M HEPES and 1.5 mM anhydrous Na,HPO,4 (BDH) in dH,0. The pH was
adjusted to 7 with 1 M NaOH (Fisher Scientific).

TE buffer
10 mM Tris (pH 8.1) (Fisher Scientific) and 1 mM EDTA with dH,0. Final pH 8.0 with HCI.

2.3.7.2 Lentivirus production

2" and 3" generation lentivirus were used within this thesis, for the production of 2™
generation lentiviruses a three plasmid system (pMD2.G, pCMV-dR8.74 and a
pPRRLSIN.cPPT.PGK-GFP.WPRE transfer vector containing hPGK internal promoter and target
genes with or without a GFP reporter) was used. For the production of 3 generation
lentiviruses a four plasmid system (pMD2.G, pMDLg/pRRE, pRSV-Rev and pELNSxv transfer
vector containing EF-1 alpha promoter and target genes with or without a rCD2 reporter)
was used. Prior to commencing lentiviral production 293T cells were seeded in a T175 flask,
at a cell density of 2 x 10° cells in 20 mL D10 medium, the cells were at 60-80% confluency
on the day of transfection. 4 h prior to transfection cell confluency was assessed; the
medium was carefully removed and replaced with 20 mL of fresh D10 medium. Lentiviruses
were produced as described previously (Mikkola et al. 2000). Briefly 1.1 mL TE, 550 puL
buffered water, were combined with either 13 ug pMD2.G and 24 pug pCMV-dR8.74 or 15 ug
pMD2.G, 15 pug pMDLg/pRRE and 15 pg pRSV-Rev per sample dependent on the generation
of lentivirus being produced. The solutions were vortexed briefly to mixed, before the
addition of 18.75 pg of the transfer vector containing the DNA of interest and 190 uL CaCl,
mix. 1.9 mL of HEPES buffered saline was added in dropwise fashion whilst vortexing the
solution. The solution was left at RT for 15 - 25 min to allow precipitates to form. After

which the solution was slowly added to the media of the 293Ts in a dropwise fashion whilst
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the flask was gently agitated to mix the solution into the medium. The cells were incubated
overnight at 37 °C and 5% CO,. 16 h after the transfection the medium was carefully
removed and replaced with 17 mL of D10 medium, the cells were incubated for a further 48
h at 37 °C and 5% CO,, the supernatant was collected at 24 h intervals (24 and 48 h), the
supernatants were filtered through a 0.45 um nitrocellulose filter (Millipore) and the 24 hr
and 48 h supernatants were pooled and concentrated by ultracentrifugation at 150,146 x g
for 2 h at 4 °C in sterilised ultra-clear ultracentrifuge tubes (Beckman Coulter). After
centrifugation, the medium was discarded and the lentivirus pellet was resuspended in
either 300 pL T-cell media for infecting T-cells or 1 mL R10 or D10 if infecting a cell line. The
lentivirus preparations were aliquoted into cryovials and snap frozen on dry ice before

transferring to -80 °C where they were stored until required.

2.3.7.3 Transduction of cell lines

Cells were plated at a concentration of 1 - 5 x 10° cells per well in a 24 well plate in 900 pL of
appropriate medium and the cells were transduced with 100 pL of concentrated lentivirus.
The cells were incubated overnight at 37 °C 5% CO,, 16 h post transduction the media was
removed from the cells and the cells were resuspended in cell appropriate cell culture

medium.

2.3.7.4 Transduction of CD8+ T-cells

CD8+ T-cells were isolated from PBMCs as described in section 2.3.4.4, the CD8+ T-cells were
activated with anti CD3 anti CD28 Dynabeads (Life technologies) at a ratio of 1 : 1 for 24 h
and cultured at a concentration of 2 x 10° cells/ well in a 48 well plate (2 mL final volume).
The following day 1.1 mL of medium was removed and 100 uL of concentrated lentivirus
added to the cells in addition to Polybrene (Santa Cruz Biotechnology, CA) at a
concentration of 500 pg/ mL. The cells were incubated overnight at 37 °C 5% CO,, the
following day 1 mL of 200 IU IL-2 R20 T-cell media was added to the cells. The beads were

removed using a MACS magnet (Miltenyi Biotec) 4 days post CD8+ T-cell isolation.
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2.3.8 Calcium chloride transfection of 293T cells

293T cells were plated in 6 well plates 24 h prior to CaCl, transfection, on the day of
transfection the cells were 60 - 80% confluent. 5 pg of the plasmid of interest was made up
to a volume of 250 plL with TE buffer, then 180 pL of HEPES buffered H,0 and 75 uL CaCl,
was added to the solution. 500 pL of HEPES buffer saline was added in dropwise fashion
whilst vortexing. The solution was left for 15 - 25 min for precipitates to form and then
slowly added to the cells. The cells were incubated overnight at 37 °C and 5% CO,. 16 h after

the transfection the medium was carefully removed and replaced with fresh D10 medium.

2.3.9 Lipofectamine transfection

Cells were transfected using the lipofectamine 2000 reagent kits (Invitrogen). Briefly, the
cells of interest were plated in 96 well plates 24 h prior to lipofectamine transfection, on the
day of transfection the cells were 70 - 90% confluent. 2.5 pL of lipofectamine 2000 reagent
was made up to 25 pL with opti-MEM medium (Thermo Fisher). In a separate tube 2.5 ug of
plasmid DNA was made up to a volume of 125 plL with opti-MEM medium. The reagent mix
and DNA mix were vortex briefly to mix and then combined at a 1 : 1 ratio. The solution was
incubated at room temperature for 5 min and then 10 pL of the solution was added to the

appropriate wells containing the cells of interest.

2.3.10 Flow cytometry analysis

The expression of cell surface markers and the antigen specificity of the TCR were
monitored by antibody and pMHC tetramer/ dextramer staining. Flow cytometry data was
collected on the FACSCalibur (BD Bioscience) or the FACSCanto Il (BD Bioscience) flow
cytometry machines. Cell sorting was carried out on the FACSAria (BD Bioscience) flow

cytometry machine. All FACS data was analysed using FlowJo software (Treestar Inc).

2.3.10.1 Buffers

All buffers were filtered through a 0.22 um nitrocellulose filter to sterilize.

FACS buffer
2% FBS and PBS (Life technologies).
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Wash buffer
0.4% EDTA and PBS.

Cell fixing buffer

2% paraformaldehyde (PFA) and PBS.

2.3.10.2 Surface marker antibodies

For analysis by flow cytometry cells were stained with a combination of the antibodies listed
in Table 2.1 and live dead markers in Table 2.2. To compensate for spectral overlap anti-
mouse Igk antibody capture beads (BD Biosciences) were used to prepare individual

compensation tubes for each fluorochrome used in an experiment.

2.3.10.3 Staining protocol

Prior to commencing staining the cells were counted and an appropriate number of cells
were washed with wash buffer in FACS tubes (Elkay) by centrifugation at 706 x g for 3 min at
RT. The supernatant was discarded and the cells were stained with a dead stain dye (Vivid)
diluted 1 : 40 in PBS for 5 min in the dark at RT. A cocktail of the cell surface markers with or
without 7AAD was added to the cells and the samples were incubated for 20 min on ice in
the dark. The cells were washed in 3 mL FACS buffer by centrifugation at 706 x g for 3 min at
RT. The supernatant was discarded and the cells were resuspended in 200 uL of FACS buffer.
Cells which were transduced with lentivirus and cells which were stained more than 1 hr

prior to flow cytometry analyse required fixing (section 2.3.10.4).
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Table 2.1.1. Cell surface marker antibodies

Marker Colour Brand Clone Isotype

D8 APCY Miltenyi Biotec BW 135/80 | IgG2a
PE Vio770 Miltenyi Biotec BW 135/80 | IgG2a

CD3 PerCp Miltenyi Biotec BW 264/56 | IgG2a

CD19 PB Biolegend HIB19 IgG1k

CD14 PB Biolegend M5E2 IgG2a

Pan aff TCR APCY Biolegend IP26 IgG1k
PE eBioscience IP26 IgG1K

rat CD2 PE Biolegend OX-34 lgG2a

MR1 PE Biolegend 26.5 lgG2a

Mouse 'gG2a PE eBioscience eBM2a

isotype control

HLA-A, Band C APCY Biolegend W6/32 IgG2a

Table 2.2. Live / dead stain antibodies

Live dead stain Colour Brand

7AAD eBioscience

Live dead vivid Violet Life Technologies

2.3.10.4 Fixing cells
After cell surface staining the cells were resuspended in cell fixing buffer (section 2.3.10.1)

and incubated for 30 min on ice in the dark. The cells were washed in FACS buffer and
resuspended in 200 uL of FACS buffer. The samples were stored in the dark at 4 °C for up to

48 h before being analysed on the flow cytometer.

2.3.11 Tetramer and dextramer staining

The cells of interest were counted and 5 x 10° — 1 x 10° cells were washed in wash buffer by

centrifugation at 706 x g for 5 min at RT in a FACS tube.

2.3.11.1 Treatment with Protein kinase inhibitor (PKI)

Prior to tetramer or dextramer staining cells were treated with PKI. Briefly, a working
concentration of 100 nM of PKI (Dasatinib, Axon Medchem) was prepared. The cells were
resuspended in a volume of 50 uL wash buffer after washing and 50 pL of 100 mM PKI was
added so that cells were treated with a final concentration of 50 nM PKI. The cells were

incubated at 37 °C for 30 min before continuing to tetramer/ dextramer staining.
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2.3.11.2 Tetramer preparation

Tetramer with a streptavidin (strept) APCY backbone was prepared by adding 3 pL of strept
APCY backbone (Life Technologies) to 5 ug of biotinylated monomer (section 2.2.5) in 5
equal amounts of 0.6 pL at 20 min intervals whilst incubating on ice. Finally, 1 uL of protease
inhibitor was added to the tetramer and the concentration was adjusted to a final

concentration of 0.1 pg/ puL with PBS.

2.3.11.3 Dextramer preparation

Dextramers with a APCY backbone were prepared by adding 12.12 pL APCY dextran
backbone (Immundex) per 1 pg of biotinylated monomer (section 2.2.5) and incubating the
sample at RT in the dark for 30 min. 1 pL of protease inhibitor was added to the dextramer
and the concentration was adjusted to a final concentration of 0.1 pug/ uL with dextramer

buffer (Immundex).

2.3.11.4 Tetramer/ dextramer staining protocol

Prior to tetramer/ dextramer staining the cells were counted, washed in wash buffer and
treated with PKI (optional) (section 2.3.11.1). Without a further wash step the cells were
stained with 3 pL tetramer or 3 pL dextramer, the tubes were vortexed briefly and
incubated in the dark on ice for 30 min. The cells were washed with 3 mL of wash buffer and
centrifuged at 706 x g for 3 min at RT after which the supernatant was discarded. The cells
were stained with live/dead and cells surface marker antibodies as described in section

2.3.10.4.

2.3.12 CD8+ T-cell effector function assays

2.3.12.1 Peptide titration assay

T cells were washed by the addition of excess RO medium and centrifugation at 654 x g for 5
min. The supernatant was discarded and the cells were resuspended in R5 medium and
incubated for a minimum of 18 h at 37 °C with 5% CO,. The APC cell line was pulsed with the
appropriate concentration of peptide for 2 h incubated at 37 °C with 5% CO; after which the
APCs and T-cells were washed in R5 medium 3 times and resuspended in R5. T- cells and

APCs were counted and plated at a ratio of 2 : 1 T-cells : APCs in a U bottomed 96 well plate

38



and incubated overnight at 37 °C with 5% CO,. Cell supernatants were collected after 18 h
and the production of cytokines was analysed by Enzyme-linked immunosorbent assay

(ELISA) (section 2.3.13).

2.3.13 ELISA

2.3.13.1 Buffers

Wash buffer

0.05% Tween 20 (Sigma Aldrich), PBS tablets (1x) (Oxoid ™) to dH,0.

Reagent diluent

10% BSA and PBS tablets (Oxoid) (10x) in dH,0. A working 1x solution was made by diluting

the 10x stock in the appropriate volume of dH,0.

2.3.13.2 ELISA procedure

ELISAs were used for the detection of IFN-y, TNFa and MIP-1B cytokine production using the
IFN-y, TNFa and CCL4 Duoset ELISA kits (R&D Systems). The kit was used in combination
with the accessory reagents - wash buffer, reagent diluent (section 2.3.13.1) and
strepavidin-HRP, reagent A (tetramethylbenzidine) (R&D Systems), reagent B (hydrogen
peroxide) (R&D Systems) and stop solution (sulphuric acid) (R&D Systems) according to the
manufacturer’s guidelines. The plates were washed 3 times with 190 uL/ well of wash buffer
using a plate washer Il (tricontinent) plate washer between every step of the protocol, after
washing the plates were carefully blotted to remove excess liquid before commencing with
the next step of the protocol. Briefly, 96-well half well flat bottom ELISA microplates
(Corning Costar) were coated with 50 puL of mouse anti-human IFN-y, TNFa or MIP-13
capture antibody diluted in PBS (1.5 pg/ mL) and incubated overnight at RT. The plates were
blocked with 150 uL of reagent diluent for a minimum of 1 h. The plate was washed 3 times
and 50 pL of supernatant collected from an activation assay was added to the appropriate
wells. Alongside the supernatant, 50 L of reagent diluent or standard solution titrated from
1000 pg/ mL to 15.6 pg/ mL in reagent diluent were aliquoted into each well (in duplicate) in
order to produce a standard curve allowing for the concentration of cytokine to be
determined. The plate was incubated at RT for a further 75 min. The plate was washed 3
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times and 50 plL of biotinylated goat anti-human IFN-y, TNFa and MIP-1[ detection antibody
diluted in reagent diluent to a concentration of 50 ng/ mL was aliquoted into each well. The
plates were incubated at room temperature for a further 75 mins. The plate was washed 3
times and 50 pL of strepavidin-horseradish peroxidase pre-diluted in reagent diluent
according to manufacturer guidelines was aliquoted into each well. The plates were
incubated for a further 20 min. Following 3 washes 50 pL of a 1 : 1 solution of reagent A and
reagent B was added per well. The plates were incubated in the dark for up to 20 min, until
there was an observable colour change, at which point 25 uL of stop solution (2 N sulphuric
acid) was added per well. OD readings of plates were taken at 450 nm (Bio-rad iMark
microplate reader) with correction set to 570 nm. The results were analysed with Excel

(Microsoft) and GraphPad Prism 5 (GraphPad) software.

2.3.14 Enrichment of MR1 deficient THP-1 cells

To generate MR1 deficient THP-1 cells, THP-1 cells were first transduced with CRISPR/Cas9
MR1 crRNA A lentivirus. The bulk population was incubated with the D481A9 MAIT clone at
an E : T ratio of 1 : 2 (T-cell : APCs) using 50,000 THP-1 cells to 25,000 D481A9 MAIT cells.
The cells were incubated for 1 week in priming media (section 2.3.1) after which the media
was replaced with R10 which allowed for the D481 A9 MAIT clone to die off whilst the THP-1

cell number expanded.

2.3.15 Enrichment of MR1 deficient MM909.24 cells

MR1 deficient MM909.24 tumour cells were generated by transducing the cells with
CRISPR/Cas9 MR1 crRNA A lentivirus and incubating the bulk MM909.24 tumour cells with
the MC.7.G5 MAIT clone which was identified and characterised by Michael Crowther
(unpublished data). The MM909.24 deficient cells were enriched from the bulk population
by incubation with the MC.7.G5 clone at an E : T ratio of 1 : 2 (T-cell : APCs) using 50,000
MM909.24 cells to 25,000 MC.7.G5 cells. The cells were incubated for 1 week in priming
media after which the media was replace with R10 which allowed for the MM909.24 cell

number to expand and the MC.7.G5 clone numbers to decline.
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2.3.16 Assessing the function of MR1 deficient A549 and THP-1 cells by

infection with M. smegmatis
The MAIT cell clones (D426B1 and D481A9) were washed with RO medium and then rested
in R5 medium overnight. The A549 and THP-1 cells (WT and MR1 knockouts) were washed
with RO and cultured in antibiotic-free R10 overnight. On the day of the experiment,
bacteria density of the M. smegmatis culture was determined and the A549 and THP-1 cells
were exposed to M. smegmatis at a multiplicity of infection (MOI) of 100 : 1 (bacteria to
cells) in antibiotic-free R10 and incubated for 2 h in an incubator at 37 °C. The A549s and
THP-1s were washed in R10 and the supernatant was removed and the cells were
resuspended in R10. The cells were incubated for a further 2 h. To ensure all bacteria were
killed the A549s and THP-1 cells were washed in R10 medium three times and finally
resuspended in R5 medium. Control cells were mock-treated with R10 instead of M.
smegmatis. The A549 and THP-1 cells were plated into U bottom 96 well plates at a density
of 6 x 10* cells per well. The MAIT cells were plated into the appropriate wells at a density of
3 x 10* cells per well. The cells were cultured overnight and the supernatant was harvested

after 16 h and assayed for MIP-1B, TNFa and IFN-y ELISA (section 2.3.13).

2.3.17 Assessing the function of MR1 deficient MIM909.24 cells with the
MC.7.G5 clone

The MC.7.G5 T-cell clone was washed with RO medium and then rested in R5 medium for 16
h. The WT and MR1-/- MM909.24 tumour cells were washed in RO, resuspended in R5
media and plated into U bottom 96 well plates at a density of 6 x 10 cells per well. The
MC.7.G5 MAIT cells were washed in RO media, resuspended in R5 media and plated into the
appropriate wells at a density of 3 x 10* cells per well. The cells were cultured overnight and
the supernatant was harvested after 16 h and assayed for MIP-1 and TNFa ELISA (section
2.3.13).
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2.4 Molecular biology

2.4.1 Cloning by enzymatic digestion

During the course of these projects a variety of DNA constructs were generated. The
constructs were generated by the digestion and ligation of inserts and vectors by restriction
enzymes (Fast digest Agel, BamHI, BsmBI, EcoRIl, Ndel, Nhel, Nsil, Sall, Spel, Xbal and Xhol
(Thermo Scientific)) (section 2.4.5). The restriction sites were introduced at DNA synthesis
or by polymerase chain reaction (PCR). Plasmid maps for each of the constructs used in this
thesis is shown in Figure 2.1. The cloning process for each of the constructs is described in
Appendix Table 1. The inserts and vectors were ligated using T4 ligase (Thermo Scientific)
(section 2.4.6). DNA was transformed into XL10-Gold E. coli bacteria (section 2.1.3). To
confirm that the colonies contained plasmids with the correct DNA sequence, colony PCR
was performed to check whether the inserts were the correct size before confirming the
nucleotide sequence by Sanger sequencing and analysing data using APE software (A

plasmid Editor, M. Wayne Davis).

42



I

Rev RRE hPGK - N
| Ndel EcoRl BamHI

Rev RRE

]

Xhol Xbal BamHI Nsil Sall

~—— Rev RRE crRNA

|

BamHI

~— Rev RRE

Xhol Xhol

Spel Agel BamHI Xbal

—— Rev RRE

Xhol BamHI Agel Xbal Sall

hol Ndel Xbal Sall

X
(o)
<
X
X
m
x]
N———

[— Rev RRE

~—— Rev RRE

Nhel Xhol BamHI Sall

~—— Rev RRE

hel Xhol

Figure 2.1. Plasmid maps of all plasmids used in this thesis. A) pLKO.1 shRNA GFP B) pRRL ZF Fok1 GFP C) crRNA CRISPRIentiV2 puro D)
PRRL 1x/3x reporter system E) pV2 ZF repressor domain F) pRRL RZF-KRAB G) pRRL KRABx H) pRRL RZF-KRAB 5G KRAB I) pRRL RZF-KRAB
5G SID J) pELNSxv TCR RZF-KRAB K) pELNSxv TCR rCD2
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2.4.2 Agarose gel production

2.4.2.1 Buffers

Electrophoresis loading buffer

A 6x loading buffer was made by combining 30% glycerol and 20 pg/ mL bromophenol blue
in dH,0.

50x Tris acetate EDTA (TAE) buffer

40 mM Tris (pH 8.1), 20 mM acetic acid and 1 mM EDTA in dH,0.

5x Tris borate EDTA (TBE) buffer

90 mM Tris (pH 8.1), 90 mM boric acid and 2 mM EDTA in dH,0.

2.4.3 Agarose gel electrophoresis

DNA was run on 1 - 2% agarose gel dependent on fragment size. 1 pL of 6x electrophoresis
loading buffer was added to every 5 puL of DNA. Agarose (0.5 g for 1% gel or 1 g for a 2% gel)
(Invitrogen) was dissolved in 50 mL Tris acetate EDTA buffer (or tris borate EDTA buffer for
the Surveyor assay) by heating the solution in a microwave. Once the solution had cooled to
40 °C 2 uL of Midori green nucleic acid stain (Nippon genetics) was added and the gel was
poured into a gel mold with the appropriate size combs. Agarose gels were run at 80 V for
20 - 40 min dependent on the fragment size. 5 pL of hyperladder 25 bp or hyperladder 1 kb
(Bioline) was loaded alongside the DNA to determine fragment size. Agarose gels were

visualised in a transilluminator (Modern Biology Inc).

2.4.4 DNA purification from agarose gel

Agarose gels were run as described in section 2.4.3, inserts and vectors were excised from
the agarose gel and the DNA extracted using the Wizard SV Gel and PCR Clean-Up System
(Promega) according to manufacturer’s guidelines. Briefly, the excised gel was dissolved in
10 pL membrane binding solution per 10 mg of gel slice and incubated at 65 °C until the gel

was dissolved. The solution was transferred to the mini column and incubated at RT for 1
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min. The column was centrifuged at 16,000 x g for 1 min and the flow through was
discarded. The column was washed with wash buffer twice (700 pL for 1 min at 16,000 x g,
followed by a second wash 500 pL for 5 min at 16,000 x g). The flow through was discarded
and the column was spun for a further 1 min at 16,000 x g to remove excess ethanol. The
DNA was eluted from the column in 50 puL of dH,0. The concentration of DNA was

determined using a NanoDrop ND100 (Thermo Scientific).

2.4.5 Digestion with restriction enzymes

Restriction enzyme digestion was carried out by combining 2 plL of green fast digest buffer
(Thermo Scientific), 0.5 pL of each restriction enzyme and up to 5 pug of DNA, the solution
was made up to a final volume of 20 uL with nuclease free water. The reaction was briefly
vortexed and centrifuged then incubated at 37 °C for 30 min and heat deactivated at 70 °C
for 15 min before running the samples on an agarose gel (section 2.4.3). The appropriate

DNA band was excised and the DNA extracted (section 2.4.4).

2.4.6 Ligation

Inserts were cloned into vectors by ligation with T4 ligase (New England Biolabs) following
manufacturer’s guidelines. Briefly, the concentration of DNA of the vector and inserts was
determined using a NanoDrop ND1000. Inserts were cloned at a ratio of either 1:10r5:1,
using 1 uL of T4 ligase, 2 pL of 10x T4 ligase buffer (New England Biolabs) and made up to a
final volume of 20 pL with nuclease free water. The solution was incubated at room

temperature for a minimum of 30 min before bacterial transformation (section 2.1.3).

2.4.7 Plasmid DNA extraction

Plasmid DNA was extracted from bacterial cultures with the use of miniprep kit (Sigma
Aldrich) for 5 mL cultures or the PurelLink HiPure plasmid filter purification kit (Invitrogen)

for 250 mL cultures. DNA extractions were carried out following manufacturer’s guidelines.

2.4.7.1 Miniprep DNA extraction
Briefly, the 5 mL culture was centrifuged at 12,000 x g for 1 min to pellet the E.coli cells,

which were resuspended in 200 uL of resuspension buffer. The cells were lysed by the
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addition of 200 pL of lysis buffer and incubated at RT for a maximum of 5 min, after which
the solution was neutralised with 350 pL of precipitation buffer. The solution was
centrifuged at 12,000 x g for 10 min to pellet the cell debris. The supernatant was
transferred to a DNA column which had been treated with column preparation solution, the
solution was loaded and centrifuged at 12,000 x g for 1 min. The flow through was discarded
before washing the column 750 pL wash buffer and centrifugation at 12,000 x g for 1 min.
The flow through was discarded and the column was centrifuged at 12,000 x g for 2 min to
remove excess ethanol. The DNA was eluted in 100 pL of dH,0. The concentration of DNA

was determined using a NanoDrop ND1000.

2.4.7.2 Maxiprep DNA extraction

Briefly, the maxiprep column was prepared by the addition of 30 mL of equilibration buffer
and allowing the solution to drain by gravity flow. The 250 mL E.coli culture was centrifuged
at 4,000 x g to pellet the E.coli. The pellet was resuspended in 10 mL of resuspension buffer,
the E.coli were lysed by the addition of 10 mL of lysis buffer, the falcon tube was inverted to
ensure homogeneous lysis and incubated at RT for a maximum of 5 min. The solution was
neutralised with 10 mL of precipitation buffer and loaded onto the maxiprep column and
allowed to drain by gravity flow. The column was washed with 50 mL of wash buffer and the
flow through drained by gravity flow. The DNA was eluted into a fresh 50 mL falcon tube
containing 10.5 mL of isopropanol with 15 mL of elution buffer. The tube was centrifuged at
12,000 x g for 30 min at 4 °C and the supernatant was carefully removed. The pellet was
resuspended in 5 mL of 70% ethanol and centrifuged at 12,000 x g for 5 min at 4 °C. The
supernatant was poured off and the pellet allowed to air dry before being resuspended in
an appropriate volume of dH,O. The concentration of DNA was determined using a

NanoDrop ND1000.

2.4.8 QPCR

2.4.8.1 RNA extraction

Up to 10 million cells were resuspended in 1 mL Trizol. 200 uL of chloroform was added and
the sample was shaken vigorously for 15 seconds. The sample was incubated at RT for 3 min
then centrifuged for 5 min at 12,000 x g at 4 °C. The aqueous phase was transferred to a
new Eppendorf tube and 500 pL of 100% propanol-2-ol was added. The sample was
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incubated at RT for 10 min. The sample was centrifuged for 10 min at 12,000 x g at 4 °C. The
supernatant was discarded and 1 mL of 70% ethanol was added onto the pellet. The sample
was vortexed briefly then centrifuged for 5 min at 7,500 x g at 4 °C. The supernatant was
discarded and the pellet was allowed to air dry for 10 min before resuspension in RNAse
free water and incubation at 55 °C for 15 min to dissolve the pellet. The concentration of
RNA was determined on a NanoDrop ND1000 and the quality and integrity of RNA was

determined on a bioanalyser by CBS staff.

2.4.8.2 cDNA synthesis

cDNA was produced utilising the Superscript 20 VILO cDNA synthesis kit following
manufacturer’s guidelines, briefly 4 uL of 5X VILO™ Reaction Mix was combined with 2 uL of
10X SuperScript® Enzyme Mix and up to 2.5 ug of RNA. The mixture was then made up to 20
puL using DEPC-treated water. The tube was gently mixed before being placed in a

thermocycler for the following reaction programme:

Temperature Time
25°C 10 min
42 °C 120 min
85°C 5 min

2.4.8.3 SYBR green QPCR set up

A master mix was prepared for each set of primers which consisted of 10 uL Power SYBR
Green PCR Master Mix (Thermo Scientific ), 0.3 pL forward primer (100 uM stock), 0.3 uL
reverse primer (100 uM stock) and 4.4 pL H,0 per well. cDNA was synthesised as described
in section 2.4.8.2, the cDNA was diluted into a final volume of 20 ng per 1 pL with dH,0. 5 L
of diluted cDNA (100 ng) was aliquoted into each of the appropriate wells. Eppendorfs
containing the master mixes and cDNA mixes were vortexed and centrifuged briefly. 15 uL
of master mix was aliquoted into each of the appropriate wells. All QPCRs were set up in

triplicate and run on a ViiA7 real time PCR system for the following PCR programme:

Stage Temperature Time

Activation 95 °C 10 min

Denaturing 95 °C 15 sec x40 cycles
Annealing/ Extension 60 °C Imin
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2.4.8.4 TagMan QPCR set up

A master mix was prepared for each set of primers which consisted of 5 uL TagMan Fast
advance master mix (Thermo Scientific ), 0.5 uL TagMan gene expression assay and 2.5 ulL
dH,0 per well. cDNA was synthesised as described in section 2.4.8.2, the cDNA was diluted
into a final volume of 25 ng per 1 pL with dH,0. 2 uL of diluted cDNA (50 ng) was aliquoted
into each of the appropriate wells. 8 uL of master mix was aliquoted into each of the
appropriate wells. All QPCRs were set up in triplicate and then placed in a ViiA7 real time

PCR system for the following PCR programme:

Stage Temperature Time

Incubation 50 °C 120 sec

Activation 90 °C 20 sec

Denaturing 95 °C 1sec x40 cycles
Annealing/ Extension 60 °C 20 sec

All QPCR data was analysed using Excel and GraphPad Prism 5 (GraphPad) software.

2.4.9 High fidelity PCR amplification

For PCR amplification of genomic DNA and plasmid cloning a high fidelity (HF) Phusion taq
DNA polymerase (Thermo Scientific) was used to minimise PCR errors. The following
reagents were combined in either 200 uL PCR tubes (Star labs) or 96 well PCR plates

(Thermo Scientific). A master mix of all the reagents was used for large numbers of samples.

Component Volume
DNA (5-100 ng) variable
Phusion tag HF DNA polymerase 0.3 puL
Forward primer (100 uM) 0.1 puL
Reverse primer (100 uM) 0.1 pL
dNTPs (10 mM) 0.5 puL

HF Buffer 10 uL

H,O up to 50 uL
Final volume 50 pL

The PCR tubes/ plates were briefly centrifuged after set up and then placed in a

thermocycler for the following PCR programme:
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Stage Temperature Time

Denaturation 98 °C 30 sec

Denaturation 98 °C 10 sec

Annealing XX °C 30 sec } x 30 cycles
Extension 72°C 30 sec per 1kb

Final extension 72 °C 10 min

2.4.10 Colony PCR
To check the size and orientation of inserts into plasmid vector was correct colony PCR was
performed using a master mix of Green Dream Taq PCR master mix (Thermo Scientific) and

primers, in the volumes listed below:

Component Volume
Green Dream Taqg PCR master mix 7.5 uL
Forward primer (100 uM) 0.05 L
Reverse primer (100 uM) 0.05 L
H,O up to 15 pL
Final volume 15 uL

The PCR tubes/ plates were briefly centrifuged after set up and then placed in a

thermocycler for the following PCR programme:

Stage Temperature Time

Denaturation 98 °C 1 min

Denaturation 98 °C 30 sec

Annealing XX °C 30 sec } x 30 cycles
Extension 72 °C 1 min per 1kb

Final extension 72 °C 5 min

2.4.11 Genomic DNA PCR clean up

Genomic DNA was PCR amplified as described in section 2.4.9 and the size of the PCR
amplification was confirmed by running 5 pL of the PCR product by gel electrophoresis
(section 2.4.3). The PCR product was purified using PCR clean up beads (Axygen) following
manufacturer’s guidelines. Briefly, the PCR product was mixed with PCR clean up beads at a
5 : 9 ratio, the sample was mixed and incubated for 5 min at RT. The beads were placed on a
magnet until a pellet was formed and the supernatant was discarded. Following this the

sample was washed twice with 200 pL of 70% ethanol and the supernatant was discarded.
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Finally the pellet was allowed to air dry for 10 - 15 min and the DNA was eluted from the

pellet by suspending the beads in 40 uL of dH,0.

2.4.12 Mammalian DNA extraction

Mammalian DNA was extracted from cells using a mammalian DNA extraction kit (Sigma
Aldrich), briefly, cells were washed in PBS and lysed in 200 plL of Lysis Solution C. The
samples were vortexed for 15 sec and then incubated at 55 °C for 10 min. To prepare the
GenElute Miniprep Binding Column 500 pL of the Column Preparation Solution was added to
the column which was centrifuged for 1 min at 12,000 x g. 200 pL of 100% ethanol was
added to the ce