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Summary

Background — T-cells are a crucial component of the adaptive immune system, responsible
for host immunity to numerous pathogens. T-cells recognise pathogenic peptides presented
on target cells via the T-cell receptor. To facilitate comprehensive immune coverage, T-cell
receptors can ‘cross-react’ with multiple pathogenic peptides. However, T-cell cross-
reactivity has also been implicated in autoimmune disease, where recognition of a
pathogenic epitope can trigger autoimmune recognition. While the biochemical mechanism
governing T-cell cross-reactivity has been previously investigated, many of these studies
involve non-clinically relevant T-cells. To understand the physiological consequences of T-
cell cross-reactivity and its biochemical mechanisms, clinically relevant T-cells needed to be
studied.

Results — | have studied several T-cells which have been implicated in disease. The first, the
MELS8 T-cell, had previously been shown to cross-react with multiple tumour-associated
antigens, resulting in a more potent T-cell response against tumour cells. | presented
structural evidence that the MEL8 T-cell receptor recognises these different peptide residues
via conserved hotspot residues present on its target peptides. | also showed that this hotspot
recognition was present in another cancer-specific T-cell, MEL5, which can recognise the
same tumour-associated antigens as MEL8. These findings demonstrate a new mechanism
by which T-cells could respond to tumour cells, thus highlighting a clinical benefit to T-cell
cross-reactivity. To address the potential drawbacks of T-cell cross-reactivity | also studied
several T-cells clones (4C6, InsB4, and Clone 29) which have been implicated in type 1
diabetes. Using a combinatorial library screen, | identified multiple pathogenic epitopes that
were recognised by 4C6 and InsB4 which may act as a pathogenic trigger. Structural data
showed these T-cells also utilise hotspot recognition to achieve cross-reactivity between
peptides, implicating hotspot cross-reactivity in the progression of type 1 diabetes.
Combinatorial peptide library data for the Clone 29 T-cell suggested a different mechanism
of cross-reactivity may be involved, indicating multiple mechanisms of cross-reactivity may
facilitate the triggering of type 1 diabetes.

Conclusion — Using clinically relevant T-cells | have demonstrated the role that cross-
reactivity plays in both cancer immunity and autoimmunity, while showing the importance
of hotspot binding in these contexts. By adding to the existing literature, these examples may

inform therapeutic design for the treatment or prevention of disease.
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1. Introduction

1.1. T-cell immunology

The immune system allows organisms to protect themselves from pathogens. In jawed
vertebrates, components of the immune system are generally classified as being part of
‘innate’ immunity or ‘adaptive’ immunity. The innate immune system consists of broad
responses to pathogens and is considered the first line of defence against infection. The
innate immune system includes molecular components such as proinflammatory cytokines
and the complement system, as well as cellular components such as phagocytes and natural
killer cells (Romo et al., 2016). The adaptive immune system carries out a more specific
response which adapts over time. Adaptive immunity is comprised of pathogen-specific
lymphocytes that can retain immunologic memory. Within the adaptive immune system

there are two types of lymphocyte, B-cells and T-cells.

1.1.1. Generation of T-cells

Both B-cells and T-cells are produced in the bone marrow as progenitor cells and their fate
depends on their expression of Notchl. Notch1- cells will remain in the bone marrow and
mature into B-cells (Pui et al., 1999). B-cells provide humoral adaptive immunity; recognising
cognate antigens via immunoglobulins (Igs) (Eibel et al., 2014). Notch1* cells will migrate to
the thymus and mature into T-cells. During thymic maturation, T-cells acquire the ability to
provide cellular adaptive immunity via expression of the cell surface T-cell receptor (TCR).
TCRs are heterodimers comprised of two polypeptide chains linked by a disulphide bond.
There are four TCR chains (a, B, y, and 6) and T-cells are classified based on which chains they
express. The four TCR chains have a propensity to form two heterodimers — aff and y6. The
most well studied class of T-cell is the a3 T-cell, which expresses an af§ TCR. af T-cells
conventionally recognise and respond to small pathogen-derived peptide fragments,
presented to the T-cell on surface-expressed major histocompatibility complex (MHC)
molecules, this is known as ‘MHC restriction’ (Zinkernagel et al., 1974a; Zinkernagel et al.,
1974b). In addition to their af TCR, ap T-cells express one of two characteristic surface
markers, known as the T-cell co-receptors, cluster of differentiation (CD)4 or CD8. y6 T-cells
are less well-studied and are thought to eschew typical MHC restriction in favour of
unconventional antigen recognition (Fahl et al., 2014). This thesis will focus on the activity of

op T-cells (referred to as T-cells henceforth).



1.1.1.1. Generation of the T-cell receptor

Each class of T-cell begins life as an immature Notchl* thymocyte that lacks expression of
the TCR. These early thymocytes are known as double negative (DN) thymocytes as they
exhibit the CD4-CD8" phenotype. The process of TCR generation begins in DN thymocytes,
via TCR gene recombination (Hozumi et al., 1976) (Figure 1.1). The genes which encode the
a and B TCR chains are made up of different gene regions known as the variable (V), diversity
(D, only present for the B chain), joining (J) and constant (C) regions (Bassing et al., 2002).
Within these gene regions are several different segments. During T-cell development,
recombination occurs to produce an open reading frame containing a single segment from

each gene region, which will result in expression of a single, complete TCR chain.

Recombination is conducted via the recombination activating gene (RAG)-1 and RAG-2
enzymes (Oettinger et al.,, 1992). RAG-1 and RAG-2 recognise recombination signal
sequences (RSS) that are present at either side of each gene exon. An RSS consists of a
conserved heptamer and nonamer nucleotide sequence, separated by either a 12 (12RSS) or
23 (23RSS) nucleotide spacer (Early et al., 1980). RAG-1 and RAG-2 introduce single-strand
nicks in the RSS, exposing the 3’-OH group of the DNA strand (Morrow et al., 1993). The
exposed 3’-OH group covalently links to the anti-parallel phosphodiester bond present on
the same DNA strand, which becomes accessible due to the single-strand nick, forming a
hairpin loop known as a blunt end. A blunt end can be formed in either the 12RSS or the
23RSS (Roth et al., 1993). TCR gene exons are then recombined together via non-homologous
end joining of these blunt ends (Ramsden et al., 1995). To ensure the correct order and
orientation of recombined exons, ligation follows the ‘12/23 rule’, where a 12RSS blunt end
can only recombine with a 23RSS blunt end and vice versa (Bassing et al., 2000). The diversity
generated by this recombination event is bolstered by the addition of non-template
nucleotides to the exon joining regions, catalysed by an enzyme called terminal

deoxynucleotidyl transferase (Desiderio et al., 1984).

In developing DN thymocytes, the TCRB chain is expressed first. TCRB variable gene
recombination occurs in a strict order; D to J, V to DJ, and finally VDJ to C. The completed
TCRB chain pairs with a pre-TCRa chain, an Ig-like single chain glycoprotein (Boehmer et al.,
1997). This pre-TCR-a/B complex associates with a CD3{ chain (Oers et al., 1995). If T-cell
signalling via the CD3C chain is successful, pre-TCR-a expression is then inhibited. The TCRa

chain is then expressed, resulting in af DN thymocytes (Negishi et al., 1995; Germain, 2002;



Hernandez et al., 2010). Most T-cells only express a single TCRB chain due to allelic exclusion,
where only one allele is expressed, which serves to reduce incidences of auto-reactivity
(Pernis et al., 1965). However, it has been suggested that a degree of allelic inclusion, where
multiple TCR chains can be expressed on a single T-cell, can result in increased immune
coverage (Brady et al.,, 2010). Following the successful folding of a TCRa chain, af DN
thymocytes begin to express both CD8 and CD4 co-receptors, becoming double positive (DP)

thymocytes (Egerton et al., 1990).
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Figure 1.1. V(D)J recombination.

A schematic demonstrating gene recombination of the TCRa and TCRp chains.
1.1.1.2. Thymic selection
For DP thymocytes to commit to either the CD8* or CD4* lineage, they must first undergo
positive selection in the thymic cortex (Figure 1.2), where they interact with peptide:MHC
(PMHC) molecules expressed on cortical thymic epithelial cells (cTECs) (Richie et al., 1998).
The peptides presented by the MHCs expressed on cTECs are unique to cTECs due to the

presence of cathspin L peptidase and thymus-specific serine proteases, which generate



thymus-specific peptide ligands (Nakagawa et al., 1998; Bowlus et al., 1999). The cTEC
immunoproteasome is also unique, further facilitating the generation of cTEC-specific
peptide ligands (Murata et al., 2007). The nature of the DP cell/cTEC pMHC interaction
determines the lineage that a T-cell will commit to. Successful interaction with a class I
pPMHC (pMHC-II)-expressing cTEC results in DP thymocytes losing expression of CD8, whereas
a successful interaction with a class | pMHC (pMHC-I)-expressing cTEC results in DP
thymocytes losing expression of CD4. If a DP T-cell cannot maintain a persistent T-cell
activation signal, it suffers death from neglect (Watanabe et al., 2000). Once a DP T-cell has
committed to a lineage, one of the co-receptors is lost and they are then termed single

positive (SP) thymocytes.

After positive selection, SP thymocytes migrate to the thymic medulla to undergo negative
selection (Figure 1.2) (Kurobe et al., 2006). Medullary thymic epithelial cells (mTECs) express
many self-antigens under the regulation of the autoimmune regulator transcription factor
(Anderson et al., 2002). SP thymocytes cells that interact with these self-antigens too
strongly are subsequently deleted to prevent autoreactive T-cells from entering the
periphery. T-cells that pass negative selection migrate to the periphery as naive T-cells

expressing their TCR and a single co-receptor.

Double negative
thymocyte

1 VDJ recombination

Double positive

thymocyte
[ \Positive selection

Single positive
thymocyte

1 l Negative selection

@ Naive T-cell @

Figure 1.2. T-cell development.
A schematic showing the progression of a CD8* and a CD4+ T-cell.



1.1.2. T-cell function

Interaction of the TCR and co-receptor with a target pMHC presented on a professional APC,
in conjunction with secondary signalling mediated by CD28, results in the activation of naive
T-cells. Once activated, these T-cells undergo rapid proliferation and become effector T-cells.
Once the pathogen is cleared, a large proportion of these effector T-cells are deleted. Some
persist and differentiate into antigen-specific memory T-cells, allowing for faster responses
to recurring pathogen infections (Bonilla et al., 2010). While both CD8* and CD4" T-cells
share this process, the effector functions differ drastically depending on the co-receptors

expressed.

1.1.2.1. CD8* T-cells

CD8* T-cells are responsible for direct killing of pathogen-infected cells. CD8* T-cells
recognise intracellular pathogen-derived antigens presented on pMHC-I complexes (Elliott
et al., 1990). These pMHC-I complexes are presented on almost all nucleated cells, including
pathogenically-infected cells and professional antigen presenting cells (APCs) such as B-cells

or dendritic cells (Reimann et al., 1997).

CD8" T-cells can induce apoptosis in target cells in response to activation by target pMHCs.
CD8* T-cells can directly induce apoptosis via their surface-expressed Fas ligand (FasL), which
is upregulated on activated T-cells. FasL is recognised by Fas, which is constitutively
expressed on the surface of potential target cells (Arends et al., 1995). This interaction
recruits the Fas-associated death domain (FADD) protein, which in turn activates the caspase
cascade in the target cell (Carrington et al., 2006). CD8* T-cells can also trigger the caspase
cascade through secretion of tumour necrosis factor (TNF) which binds TNF receptor 1,

recruiting FADD (Schneider-brachert et al., 2004).

CD8" T-cells can also induce apoptosis indirectly via exocytosis of cytosolic granules
containing cytotoxic proteins such as perforin and granzyme B. Perforin creates pores in the
target cell membrane to allow cytotoxins such as granzyme B to enter the cell (Young et al.,
1986). Granzyme B is a serine protease found in CD8* T-cells and NK cells that induces cellular
apoptosis via multiple mechanisms such as inducing DNA fragmentation, activating caspases,
and promoting mitochondrial permeability (Heusel et al., 1994; Adrain et al., 2005; Alimonti
et al.,, 2001). Additionally, granzyme B has also been shown to have a proinflammatory

function, contributing to viral suppression and immune regulation (Afonina et al., 2010).



1.1.2.2. CD4* T-cells

CDA4* T-cells carry out a variety of mechanisms designed to assist other components of the
immune system. CD4* T-cells recognise extracellular pathogen-derived peptides presented
by MHC-Il molecules. These pMHC-Il molecules are expressed on ‘professional’ APCs such as
dendritic cells and B-cells. CD4* T-cells can differentiate into several different linages, each

with their own function and cytokine repertoire (Geginat et al., 2013).

CD4* T-cell linages are generalised into several groups of varying function, including helper
cells and regulatory cells. The primary CD4* helper T-cell linages are T-helper (Th)1, Th2 and
Th17. Thl cells are generated by IL-12 stimulation of undifferentiated CD4* T-cells and
produce Interferon-y (IFN-y) under the influence of the transcription factor T-Bet. IFN-y
enhances inflammatory responses and the recruitment of macrophages (Szabo et al., 2000).
Th2 cells are generated through IL-4 stimulation of undifferentiated CD4* T-cells and produce
IL-4, IL-5, IL-10 and IL-13, under the influence of GATA3. These cytokines promote the
humoral immune response by inducing IgE antibody production (Zheng et al., 1997). Th17
cells are generated by tumour growth factor-p (TGF-B) and IL-6 stimulation of
undifferentiated CD4* cells, Th17 cells produce IL-17 under the influence of RORyt, allowing
them to recruit neutrophils. Th17 cells also express the chemokine receptor CCR6, allowing
them to migrate to inflamed tissues. Th17 cells are primarily recruited in response to fungal

infections (Acosta-Rodriguez et al., 2007).

Further Th cell subsets include: Th1/17, Th22 and Th9. These are less well characterised than
Th1, Th2, and Th17 cells. Th1/17 cells exhibit IFN-y and IL-17 production and have been
observed at the site of autoimmune disease (Cosmi et al., 2011). Th9 cells express IL-9 and
exhibit anti-tumour properties (Purwar et al.,, 2012). Th22 cells are characterised by
expression of IL-22, which helps regulate inflammation and a lack of IL-17 expression (Sara

et al., 2009).

CD4* T-cells involved in regulating the immune response are also divided into subsets,
including Trl cells and T-regulatory (Treg) cells. Trl cells regulate T-cell function through
expression of IL-10, which suppresses T-cell activity (Uhlig et al., 2006). Treg cells are
characterised by a CD4*/CD25" phenotype and expression of FOXP3 (Fontenot et al., 2003).

FOXP3 promotes cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) expression, which



inhibits the maturation of APCs, thus indirectly suppressing effector T-cell activity. FOXP3
also inhibits IL-2 expression which reduces the abundance of IL-2 in the environment and
restricts T-cell activity. Tregs can release cytotoxic proteins, such as perforin and granzymes,

to destroy effector T-cells (Sakaguchi et al., 2010).

1.1.3. T-cell signalling cascade

Upon TCR recognition of a pMHC complex, the T-cell signalling cascade is triggered. There
are several proposed models by which the signalling cascade is initiated. One model is called
the ‘conformational shift’ model and involves conformational shifts in CD3 proteins, a series
of protein dimers which are non-covalently linked to the TCR. There are two CD3
heterodimers, consisting of CD3ye and CD36¢, and a CD3yy homodimer (Weiss et al., 1984).
Conformational shifts in the CD3 proteins expose immunoreceptor tyrosine kinase
associated motifs (ITAMs) on the cytoplasmic tails of the CD3{ proteins, which are
subsequently phosphorylated by Src family protein tyrosine kinases, such as Lck and Fyn
(Mkaddem et al., 2017). Another model of T-cell activation is the ‘kinetic segregation’ model.
This model proposes that, while the TCR is unbound, non-specific phosphorylation of the
ITAMs is inhibited by CD45 and CD148. When the TCR successfully binds a pMHC, CD45 and
CD148 are displaced as the extracellular domains of these phosphatases are too large to
enter T-cell/target contact zones, allowing subsequent phosphorylation of the ITAMs by Src
family protein tyrosine kinases (Choudhuri et al., 2005; Choudri et al., 2009; Van der Merwe,
2006). Evidence for both conformational shift and kinetic segregation models of TCR

triggering suggests they may not be mutually exclusive.

The phosphorylation of the ITAM results in recruitment of another protein tyrosine kinase,
ZAP-70. ZAP-70 activity results in activation of phospholipase-C-y1 (PLC-y1) (Sommers et al.,
2005, Beach et al., 2007). The activation of PLC-y1 results in hydrolysis of phospholipid
phosphatidylinositol 4,5 bisphosphate (PI(4,5)P;) into diacylglycerol (DAG) and inositol
phosphate-3 (IPs), both of which activate further signalling pathways. DAG principally
activates two signalling pathways; the MAP kinase and PKCB pathways. (Genot et al., 2000;
Vallabhapurapu et al., 2009). IP; is responsible for activating the Ca?* signalling pathway,
which results in increased intracellular Ca?* levels. (Savighac et al., 2007). Collectively, these
signalling pathways result in the activation of various transcription factors, which allow

expression of genes essential for T-cell function.



It is important to note that other proteins present on the T-cell surface can affect the T-cell
signalling cascades. As mentioned in Section 1.1.2, CD28 is an example of a co-stimulatory
receptor. CD28 binds CD80 and CD86 expressed on APCs and has been shown to enhance T-
cell proliferation and the production of cytokines (Acuto et al., 2003). Conversely, the T-cell
surface receptors programmed cell death protein 1 (PD-1) and CTLA-4, bound by PD ligand 1
(PD-L1) and CD80/CD86 on APCs respectively, are examples of co-inhibitory receptors which

regulate T-cell activity (Nishimura et al., 2001; Waterhouse et al., 1995).

1.2. The TCR:pMHC interaction

1.2.1. T-cell receptor structure

The TCR is clearly of paramount importance to T-cell function. Our understanding of how
engagement of the TCR by its pMHC ligand brings about T-cell activation has been greatly
enhanced by TCR-pMHC atomic resolution co-structures (Figure 1.3). The earliest structure
of a human TCR in the Protein Data Bank (PDB) was published in 1996 by Garboczi et al. This
structure showed that the TCR is a cell surface heterodimeric protein, comprising a and
chains, which both possess a constant and a variable region (Garboczi et al., 1996). The
constant region is proximal to the cell membrane and is largely conserved among different
TCRs. The constant regions of both TCRa and TCRP chains consist of an intracellular
cytoplasmic tail, a transmembrane domain, a extracellular globular domain, and a connecting
peptide which links the transmembrane domain to the extracellular domain (Backstrom et
al.,, 1996). The extracellular component of the constant domain and the peptide that
connects it to the transmembrane domain are primarily responsible for interactions between

the TCR and the CD3 proteins (Dong et al., 2019).

The variable region of the TCR is distal to the cell surface and differs between different TCRs.
At the most distal point of the variable region are beta turns collectively known as the
complementarity determining region (CDR) loops. Each chain has three CDR loops; CDR1,
CDR2 and CDR3. The CDR1 and CDR2 loops are encoded by the TCR V gene region and are
thus germline encoded (Rudolph et al., 2002). The CDR3 loops by contrast are encoded by
regions that span V, D and J genes, including the junctions created by recombination and are
thus only partially germline encoded. Due to the insertion and deletion of random
nucleotides at the recombination sites, the CDR3 loops exhibit greater variability than CDR1
and CDR2 (Hughes et al.,, 2003). These CDR loops are highly flexible and are largely

responsible for the antigen specificity of a TCR (Garcia et al., 1998).
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Figure 1.3. T-cell receptor structure.
The structure of a TCR shown as a schematic (A) and as a 3D crystal structure (B). TCRa chain (blue),
TCRP chain (green) and TCR CDR loops (red) are shown.

1.2.2. MHC antigen-processing

As discussed in Section 1.1.2, pathogen-derived peptides are presented to T-cells by MHC
molecules in order to illicit an immune response. The process by which proteins are
processed into suitable peptide fragments and loaded onto MHCs is known as antigen

processing (Figure 1.4).

For loading onto MHC-I molecules (Figure 1.4A), intracellular proteins are first processed into
small peptide fragments. This is achieved by proteases, or by the proteasome following
ubiquitination (Rock et al., 2010). For the purpose of antigen processing, the standard
proteasome works in tandem with a modified proteasome, known as the
immunoproteasome (Rock et al.,, 2002). Conventionally the proteasome contains three
catalytic subunits; B1, B2 and B5. However, under influence of IFN-y, these subunits are
replaced by LMP2, LMP7, and LMP10, resulting in the immunoproteasome (Ortiz-Navarrete
et al., 1991). Proteasome cleavage results in peptide fragments of 11-14 amino acids in
length. Peptides formed via the immunoproteasome have C-terminal anchors favourable to
MHC binding (Schwarz et al., 2000). These peptide fragments are transported to the
endoplasmic reticulum (ER) via the transporter associated with antigen processing (TAP)

(Neefjes et al., 1993).

Once in the ER, peptide fragments are held by TAP and subjected to further trimming by
endoplasmic reticulum aminopeptidase (ERAP) 1 and 2, which trim the N-terminal ends of

the peptides to a more suitable length for MHC binding (Evnouchidou et al., 2014; Saric et



al., 2002). Prior to peptide loading onto the MHC, the peptide loading complex (PLC) is
formed. The PLC consists of TAP, ERp57, tapasin, and the MHC-I (Koch et al., 2006). ERp57 is
responsible for binding chaperones calnexin and calreticulin to the PLC (Morrice et al., 1998;
Oliver et al., 1999). Tapasin is responsible for ERp57 association and stabilisation of the PLC.
Tapasin also regulates MHC peptide loading by catalysing the release of sub-optimal peptides
(Howarth et al., 2004). Once the peptide is loaded onto the MHC-I molecule, the now stable

pMHC-I is transported through the Golgi network and presented on the cell surface.

The MHC-II presentation pathway differs from the MHC-I presentation, despite achieving a
similar outcome. The MHC-II molecule is assembled in the ER and stabilised with the CD74
invariant chain (li). This MHC-II-li complex is transported via vesicles to the MHC-II
compartment (MIIC), a late stage endosome (Blum et al., 1988). Meanwhile, extracellular
proteins that are endocytosed into the cell are processed by aspartyl and cysteine proteases
in endosomes, producing small peptide fragments (Norton et al., 2009). These peptide
fragments are transported to the MIIC where they replace the li in the MHC-II binding groove
(Mellins et al., 2014). Once peptide loading is complete the resulting pMHC is transported to

the cell-surface.

”j. pMHCI
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cell surface
Intracellular
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Y ;7 fragments
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Figure 1.4. MHC class-I peptide presentation.
A schematic showing how peptides are processed and presented by class-1 MHC.
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1.2.3. MHC structure

Like the TCR, the MHC-l is a cell surface heterodimeric protein (Figure 1.5A). MHC-I consists
of a heavy chain and a B> microglobulin (B2M) chain. In humans, the MHC-I heavy chain is
determined by expression of a human leukocyte antigen (HLA)-I gene. Each individual
expresses both maternally and paternally inherited HLA-I alleles for three common HLA-I
genes; HLA-A, HLA-B, and HLA-C. According to the European Bioinformatics Institute (EBI), at
the time of writing there are 6,291 known alleles of HLA-A, 7,562 known alleles of HLA-B,
and 6,223 known alleles of HLA-C (European Bioinformatics Institute, 2020). The large
number of HLA-I alleles reflect the fact that the HLA-lI genes are highly polymorphic.
Conventionally, MHC molecules are named after their alleles. The earliest human MHC-I|
crystal structure in the PDB was published by Bjorkman et al., and features a HLA-A*02:01
molecule (HLA-A2 henceforth), the most common HLA-I gene allele among the western

population (Bjorkman et al., 1987; Krausa et al., 1995)

The MHC-I heavy chain is made up of al, a2, and a3 domains, with the al and a2 domains
located at the membrane distal end of the MHC-I, and the a3 domain and ;M molecule
located at the membrane proximal end. The a3 domain contains the transmembrane region,
anchoring the MHC-I to the cell. The al and a2 domains form the peptide binding groove,
made up of alpha helical structures which surround the presented peptide. In the case of
MHC-I molecules, the binding groove generally accepts peptides between 8-12 amino acids
in length. Peptides of 8 amino acids in length lie flat in the MHC-I binding groove; longer
peptides can be accommodated but are forced to bulge out of the peptide-binding groove
as the groove is closed at both ends (Speir et al., 2001). The peptide presented has a
substantial impact on the MHC molecule as a whole, impacting its thermal stability and its

molecular flexibility (Hawse et al., 2013; Fuller et al., 2017).

The first MHC-II structure (Figure 1.5B), published in 1993, demonstrated the differences and
the similarities between class-I and class-Il MHC molecules (Brown et al.,, 1993). Both
molecules are cell surface proteins and have a cell membrane-distal peptide binding groove,
composed of alpha helical structures. The MHC-Il binding groove has an open conformation,
allowing presentation of longer peptides than the MHC-I. This results in a peptide ‘core’
within the groove and peptide ‘flanks’ outside the groove. It has been demonstrated that
both the core and the flanks of the peptide are important in TCR recognition (Maclachlan et

al., 2019; Holland et al., 2020).
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The MHC-1l molecule is a heterodimer consisting of a and B chains, rather than the heavy
chain-B2M composition seen in MHC-I molecules. The MHC-1l a and B chains are governed
by expression of HLA-Il genes. There are three common HLA-II types: HLA-DP, HLA-DQ, and
HLA-DR, with A and B variants of each for expression of MHC-Il a and B chains respectively.
HLA-II alleles also highly polymorphic, with 1,681 HLA-DP alleles, 2,448 HLA-DQ alleles, and
3,565 HLA-DR alleles, according to the EBI (European Bioinformatics Institute, 2020).

Peptide

A

A-'.: o o /' \ l'. 3
DD B

1+ 7 Reptide ** 3

Peptide

E
' o -.’Peptid‘é;. " _
» v",

Figure 1.5. Class | and class Il pMHC structures.

(A-C) The structure of a class | pMHC shown as a schematic (A), as a 3D crystal structure (B), and
from a top-down perspective (C). Heavy chain subunits (magenta), B2M subunits (orange) and
peptide (yellow) are shown. (D-F) The structure of a class Il pMHC shown as a schematic (D), as a
3D crystal structure (E), and from a top-down perspective (F). A-chain (red), B-chain (brown) and
peptide (yellow) are shown.
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1.2.4. CD4 and CD8 co-receptor structures

As well as binding the TCR, the pMHC has an important role facilitating the interaction with
the T-cell co-receptors. As discussed in Section 1.1, conventional T-cells generally express
either CD4 or CD8. The co-receptors have two principle functions: to deliver the src family
tyrosine kinase Lck (see Section 1.1.4) to the CD3 complex, allowing the subsequent
signalling pathway to occur (Artyomov et al., 2010); and to impose MHC restriction on the T-

cell in the thymus (Laethem et al., 2012).
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Each co-receptor also has its own unique functions. The CD8 co-receptor is a membrane-
bound glycoprotein dimer, traditionally composed of two alpha subunits (CD8aa), or alpha
and beta subunits (CD8af). The CD8aa co-receptor can regulate T-cell signalling by
sequestering Lck away from the TCR, thus reducing signal transduction (Cheroutre et al.,
2008), where CD8ap has been shown to aid T-cell activation in the periphery (Moebius et al.,
1991). Each CD8 subunit consists of an Ig-like domain and a long stalk structure which
connects the Ig-like domain to the cell membrane (Gao et al., 1997) (Figure 1.6A). During
TCR recognition, CDR3-like loops on the CD8af3 co-receptor bind the MHC-I molecule at the
a3 domain with relatively weak affinity (Wang et al., 2009; Wyer et al., 1999). The stalk
domain can exhibit a regulatory function in CD8af3 co-receptors. Once positive selection has
occurred, the CD8ap stalk is glycosylated with O-linked glycans via sialylation, which reduces
its affinity for MHC-1 molecules. This means the TCR must recognise peripheral antigens with
a greater affinity than thymic antigens to activate an immune response, reducing the

likelihood of autoreactivity (Daniels et al., 2001).
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Figure 1.6. CD4 and CD8 co-receptor structures.

(A-B). The structure of a CD8 co-receptor in complex with a class-I pMHC molecule, shown as a
schematic (A), as a 3D crystal structure (B). pMHC (grey), peptide (yellow) and CD8 co-receptor
(blue) are shown. (C-D). The structure of a class Il pMHC shown as a schematic (C), as a 3D crystal
structure (D). pMHC (grey), peptide (yellow) and CD4 co-receptor (pink) are shown.

D8

13



In contrast to CD8, CD4 is a monomeric membrane bound glycoprotein with a substantially
weaker binding affinity to MHC-II than CD8 has to MHC-I (Davis et al., 2003). It has been
suggested that this low affinity reduces autoimmune activity in the periphery (Li et al., 2013).
CD4 comprises of four extracellular domains (D1, D2, D3, and D4) and a small stalk
connecting to the transmembrane domain (Figure 1.6b). During TCR recognition, CD4 binds
the a2 and B2 domains of MHC-II. The contact residues involved in both a and B chains of
the MHC-II are conserved across HLA-II alleles, allowing universal binding of CD4 (Xiang et

al., 2011).

1.2.5. TCR recognition of the pMHC complex

1.2.5.1. Structural mechanisms of TCR:pMHC recognition

The interaction between the TCR and the pMHC lies at the heart of T-cell biology (Figure 1.7).
The 1996 TCR-pMHC crystal structure by Garboczi et al. demonstrated the core binding
mechanisms involved in this interaction. The interaction typically involves the TCR docking
over the pMHC at an angle which situates the TCR alpha chain above the MHC a2 domain
and the TCR beta chain above the MHC al domain. Conventionally, the germline-encoded
CDR1 and CDR2 loops of the TCR interact with the alpha helices of the MHC that form the

peptide binding groove (Garboczi et al., 1996).

The TCR:pMHC binding mode remains largely conserved among different TCR:pMHC
complexes, however, specific mechanical details differ between complexes. For example,
when in complex with HLA-A2-presented Melan-A/MART1-derived epitope (EAAGIGILTV),
the DMF5 TCR adopts a binding angle that favours germline interaction with the peptide. The
DMFS5 TCR tilts to such a degree that it leaves CDR3a further away from the peptide than the
consensus binding mode would expect, resulting in CDR3a making very few contacts with
either the peptide or the MHC molecule. Instead, it is the CDR1a loop that makes most of
the peptide contacts (Borbulevych et al., 2011). In another example, when the G4 TCR binds
an HLA-DR1-presented triose phosphate isomerase epitope (GELIGILNAAKVPAD), the CDR3a
loop of the G4 TCR binds the peptide prior to the CDR1a interaction with the pMHC. Due to
the stericinterference caused by the relatively large CDR3a loop upon binding to the peptide,
the G4 CDR1a is forced further away from the peptide than is conventionally observed (Deng

et al., 2012).
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Figure 1.7. TCR:pMHC complex structure.

(A) The structure of a TCR:pMHC complex. (B) A close up of the TCR:pMHC interaction (C) Top-
down view showing TCR CDR loops over a pMHC molecule. TCRa chain (blue), TCRP chain (green),
TCR CDR loops (red), pMHC heavy chain subunits (magenta), B,M subunits (orange) and peptide

(yellow) are shown.

CDR loops can retain flexibility after the TCR:pMHC binding event has occurred. The 2C TCR
recognises the QL9 peptide in the context of H-2LY, but NMR studies show that the flexibility
of the 2C CDR3p loop is not quenched by the formation of the complex. The QL9 peptide was
also shown to retain flexibility while in complex with the 2C TCR. Synchronised flexibility on
the part of the peptide and the CDR3 results in a thermodynamically stable complex, as the
2C CDR3p loop can accommodate changes in the equally flexible QL9 peptide (Hawse et al.,
2014).

Complex crystal structures published in the last decade have demonstrated just how far
TCR:pMHC interactions can deviate from the consensus binding mode. Studies by Beringer

et al. and Gras et al. describe TCRs that adopt reverse modes of binding to MHC-Il and MHC-
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I molecules respectively (Beringer et al., 2015; Gras et al., 2016). The TCRa and TCRp chains
of these TCRs are fixed over the al and a2 helices of the pMHC respectively, exhibiting a
180° rotation compared to the consensus binding mode. Furthermore, the interactions
highlighted by Gras et al. show CDR1a loops interacting with the peptide, whilst the CDR3a
loop interacts with the MHC. While these TCRs are generally considered to be outliers, and
exhibit relatively poor signalling capabilities, they demonstrate how just flexible the

TCR:pMHC interaction can be (Beringer et al., 2015; Gras et al., 2016).

1.2.5.2. TCR germline bias

Despite the inherent flexibility of the TCR, its characteristics are heavily influenced by
germline gene usage (Section 1.1.1.1). The gene exons selected for recombination for a
particular TCR bias it towards certain peptide antigen by conferring biochemical properties
on its germline-derived CDR1 and CDR2 loops. This is termed TCR germline bias (Garcia et al.,

2009; Turner et al., 2006).

A 2003 study showed that almost all T-cells that recognise the Epstein-Barr virus (EBV)-
derived peptide FLRGRAYGL in the context of HLA-B*08 share the same TCR gene usage
across different individuals. TCRs that are present in multiple individuals are known as
‘public’ TCRs (Venturi et al., 2008). Most HLA-B*08-FLRGRAYGL-specific TCRs exhibited
TRAV26-2 and TRAJ5-2 alpha chain gene usage, with TRBV7-8 and TRBJ2-7 beta chain usage
(Kjer-Nielsen et al., 2003). A similar bias was also demonstrated in T-cells recognising the
influenza-derived peptide GILGFVFTL in the context of HLA-A2. These T-cells exhibited
TRBJ17 usage, as well as a conserved IRSSY stretch in the germline encoded section of the
CDR3B loop (Lehner et al., 1995; Stewart-jones et al., 2003). A bias towards TRAV12-2 gene
usage was observed in T-cells recognising the yellow fever-derived peptide LLWNGPMAY in
the context of HLA-A2 (Bovay et al., 2018). TRAV12-2 gene usage has also been observed in
T-cells recognising a melanoma-derived peptide (Cole et al., 2009). Based on structural data,
it would appear that this bias results in a binding interface where, unconventionally, the
CDR1a chain often makes the majority of peptide contacts, rather than CDR3a (Cole et al.,
2009). TCR germline bias is also present in TCRs that recognise class Il MHC molecules. CD4*
T-cells recognising the influenza-derived PKYVKQNTLKLAT peptide in the context of HLA-DR1

have been shown to largely adopt TRAV2 gene usage (Greenshields-Watson et al., 2020).
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1.2.5.3. Structural basis of MHC restriction

TCR:pMHC interactions are governed by MHC restriction. It has been proposed that TCRs are
MHC-restricted because they possess an intrinsic germline-encoded bias towards MHC
molecules. A study by Tynan et al. described a ‘restriction triad’ on MHC-I molecules. The
triad (composed of residues 65 and 69 on the MHC al helix and residue 155 on the MHC a2
helix) consistently interacted with the germline-encoded CDR1 and CDR2 loops of the TCR.
This was observed in multiple TCR:pMHC structures, suggesting the triad was critical in MHC-
| restriction and that TCRs are intrinsically biased for MHC (Tynan et al., 2005). Further
evidence in support of the germline-encoded bias theory was reported by Feng et al. who
observed the presence of certain amino acid residues on the TCR CDR1 and CDR2 loops which

are required for MHC class Il recognition (Feng et al., 2007).

In contrast to the theory of TCR germline bias is the belief that TCRs are not inherently MHC-
restricted, but that this restriction is imposed upon them by the presence of the CD4/CD8
co-receptors. Van Laethem et al. showed that MHC-deficient mice lacking CD8 and CD4 co-
receptors could produce functional T-cell repertoires. T-cells in these MHC-deficient mice
could react to ligands independently of MHC molecules. This indicated that without the co-
receptors, TCR antigen recognition is no longer MHC restricted (Laethem et al., 2007).
Burrows et al. then showed that the proposed ‘restriction triad” was not essential for TCR
recognition of pMHC-I molecules, and that mutations in the restriction triad residues on the
MHC did not always result in loss of T-cell activation. This is due to the formation of
compensatory interactions between the TCR and pMHC, restoring TCR recognition.
Furthermore, where mutations in the restriction triad did result in loss of T-cell activation,
expression of the CD8 co-receptor was sufficient to restore T-cell activation (Burrows et al.,
2010). Yin et al. demonstrated how the YAe62 TCR could recognise peptides in the context
of both pMHC-I and pMHC-II molecules. This versatility was facilitated by conformational
changes in the CDR loops of the TCR (Yin et al., 2011). The wide-ranging mechanisms by which
a TCR can recognise multiple ligands are discussed further in Section 1.3. While there is still
debate surrounding the role of the TCR germline sequence in MHC restriction, the above

evidence suggests the CD4/CD8 co-receptors play an important role.

1.2.5.4. Biophysical properties of the TCR:pMHC interaction
Beyond imposing MHC restriction, the CD8 and CD4 co-receptors play a role in the affinity of
the TCR:pMHC interaction. The binding affinity (Kp) of the TCR:pMHC interaction is measured
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using the equation Kp = [TCR][pMHC]/[TCR:pMHC] and varies considerably between pMHC
ligands. TCR binding affinity to viral-, bacterial-, and self-derived pMHCs conventionally
measure at 1-10 uM, 10-100 uM, and >100 uM respectively (Bridgeman et al., 2011). Based
on previous studies, it appears that TCRs on CD8" T-cells bind with higher affinities to their
pMHC targets than those CD4* T-cells (Bridgeman et al., 2011; Davis et al., 2003). However,
CD8" T-cell activation by lower affinity pMHCs (>200 uM) in culture usually critically depends
on the CD8 co-receptor (Laugel et al., 2007). Furthermore, increasing the affinity between
the CD8 co-receptor and the pMHC can allow the TCR to recognise lower affinity peptides
(Wooldridge et al., 2010).

Another facet of the TCR:pMHC interaction is binding kinetics. The observation that TCRs
with similar binding affinities to pMHC molecules can exhibit different activation potencies
suggests other biophysical properties of such interactions are better determinants of T-cell
activity (Kersh et al., 1998). TCR:pMHC interaction association rates (Kon) have a mean of
approximately 3.8 x 10* M* s, and the dissociation rates (Ko) have a mean of approximately
0.24 s, MHC restriction has been shown to affect interaction kinetics, where the TCR:pMHC-
| interaction exhibits a faster on-rate than the TCR:pMHC-II interaction (Cole et al., 2007;

Willcox et al., 1999).

A function of Ko is the half-life of the TCR:pMHC interaction (ti1/2), which has been identified
as a correlate of T-cell activation (Bridgeman et al., 2011). This correlation forms the basis of
the ‘kinetic proofreading’ theory, which postulates that TCR:pMHC interaction has an
optimal ti/, to allow sufficient contact time for T-cell signalling to occur, while allowing the
T-cell to rapidly engage with subsequent targets (McKeithan, 1995). The kinetic proofreading
theory has been supported by studies that demonstrate that TCR:pMHC interactions which
fall outside of the optimum ty/; result in poor T-cell activity (Kalergis et al., 2001; Carreno et
al.,, 2007; Limozin et al., 2019). However, there are recorded examples of TCR:pMHC
interactions which do fall outside of the optimum t1/; that result in T-cell function, as well as
examples where other biophysical properties correlate with TCR binding (Boulter et al., 2007,
Bridgeman et al., 2011; Weber et al., 2005). As such, while ty; is clearly an important factor
in the TCR:pMHC interaction, a full grasp of its biophysical properties are required to fully

understand the interaction.
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It is worth noting that data relating to TCR:pMHC interaction biophysical properties are often
based on experiments carried out at 25°C, rather than the more physiologically relevant
temperature of 37°C. Willcox et al. highlighted the thermodynamic profile of the TCR:pMHC
interaction and demonstrated how the biophysical properties are altered by temperature
(Willcox et al., 1999). Furthermore, experiments measuring TCR:pMHC interaction
biophysical properties involve monovalent interactions measured in vitro in three
dimensions using soluble TCR and pMHC monomers (Stone et al., 2009). In vivo however, the
TCR:pMHC interaction is multivalent within the two dimensional diffusion environment of
two lipid bilayers (Stone et al., 2006). TCR clustering has been observed and has been shown
to positively affect T-cell signalling (Pageon et al., 2016). The significance of this multivalence
has been demonstrated by Li et al., who showed that surface plasmon resonance (SPR), a
monovalent technique, failed to detect the 3A6:DR2-VHFFKNIVTPRTP interaction, whereas
pMHC tetramer staining, a multivalent technique, successfully detected the interaction (Li et
al., 2005). T-cell activity in vivo is also affected many factors beyond the TCR:pMHC
interaction, which complicates the task of correlating TCR:pMHC biophysics with T-cell

activity.

1.3. T-cell cross-reactivity

In 1957 the ‘clonal selection theory’ was postulated by Frank MacFarlane Burnet, which
states that a lymphocyte can only interact with a single antigen (Burnet, 1957). In the years
that followed however, cases of T-cells recognising multiple peptide epitopes began to
emerge. It was found that T-cells that recognise self-peptides can also recognise pathogenic
peptides (Bhardwaj et al., 1993; Wucherpfennig et al., 1995). It was also found that a TCR
may bind to multiple peptides, albeit with differing activation intensities, providing key

residues were conserved (Reay et al., 1994).

In 1998, Don Mason calculated that the number of different T-cells required by a mouse to
recognise all potential antigens would necessitate a spleen orders of magnitudes larger than
the mouse itself. Mason’s calculations, in conjunction with emerging evidence of T-cells
recognising multiple peptide epitopes, resulted in his proposal of the ‘Mason hypothesis’.
This hypothesis suggests a lymphocyte can recognise multiple antigens, a characteristic
termed cross-reactivity, thus allowing a smaller repertoire of lymphocytes to recognise all

potential pathogens (Mason, 1998).
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Further experimental evidence came from a 1999 study by Arstila et al. which predicted that
the total number of different human TCRs is <10® and demonstrated that this would not be
enough to recognise all potential pathogenic peptide sequences (Arstila et al., 1999). In 2012,
my laboratory demonstrated that a single T-cell has the potential to recognise over one
million different peptides, highlighting the extent of TCR degeneracy (Wooldridge et al.,
2012). While the T-cell characteristic of cross-reactivity is now largely accepted,
investigations into the mechanisms by which it occurs, as well as its consequences for

immune function, are still ongoing.

1.3.1. Mechanisms of T-cell cross-reactivity

1.3.1.1. Molecular mimicry

Early evidence of TCR degeneracy emerged in 1996. Kersh et al. made single point mutations
to the Asn9 residue of a peptide derived from murine haemoglobin (GKKVITAFNEGLK), which
is recognised by the 3.L2 TCR when in complex with murine MHC I-KE. Twelve altered peptide
ligands (APLs) of the GKKVITAFNEGLK peptide were made, some of which contained non-
natural amino acids. Of the twelve GKKVITAFNEGLK APLs, nine were recognised by the 3.L2
TCR, with varying degrees of reactivity. This study showed that TCR recognition would still
occur despite peptide sequence differences (Kersh et al., 1996). The amino acid substitutions
made in APLs successfully recognised by 3.L2 were structurally similar to the original Asn9
residue they were replacing, suggesting the 3.L2 TCR interacts with the APLs in a similar
fashion. This phenomenon where a protein interacts with two different peptides which share

structural characteristics is known as molecular mimicry (Figure 1.8).

An example of molecular mimicry was demonstrated by my laboratory using a selection of

APLs derived from human telomerase. The APLs were recognised by the ILA TCR in the

ILAKFLHWL

)
= ILGKFLHRL

Figure 1.8. Example of molecular mimicry.
3D structures of ILAKFLHWL (green) and ILGKFLHRL (blue) peptides, both of which interact with
the ILA TCR (Cole et al, 2017).
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context of HLA-A2. The interaction of the ILA TCR with the ‘wild-type’ telomerase peptide
(ILAKFLHWL) is highly focused on the Lys4 and Trp8 residues. However, substituting the Trp8
for threonine or tyrosine not only resulted in mechanically similar interactions, but increased

binding affinity (Cole et al., 2017).

1.3.1.2. Hotspot binding

A key mechanism of T-cell cross-reactivity is ‘hotspot’ binding. This is where a T-cell can
recognise multiple peptides based on conserved motifs within the peptide, termed
recognition hotspots. Focused recognition on peptide motifs allows for extensive variability
outside of the motif without loss of recognition (Wilson et al., 2004). A study by Adams et al.
examined the 4F32 TCR, which recognises the artificial QL9 peptide (QLSPFPFDL) in the
context of the murine MHC H-2L9. Using yeast display, APLs were generated from the QL9
peptide with varying degrees of sequence homology and all were recognised by the 42F2
TCR with differing affinities. Structural data showed a conserved set of interactions for all
APLs, where an Asp95-Ala-96-Pro97 stretch on the CDR3f chain interacts with residue 7 of

the peptide, providing this residue is hydrophobic (Adams et al., 2016).

A 2016 study by my laboratory described cross-reactivity facilitated by hotspot binding. In
this study, APLs were produced based on an HLA-A2-presented preproinsulin (PPI)-derived
peptide (ALWGPDPAAA) which is recognised by the 1E6 TCR. Crystallography and SPR
showed that 1E6 could bind to all seven APLs, along with the wild-type peptide, despite some
APLs exhibiting only 30% sequence homology. The 3D structures of these interactions
showed that the 1E6 TCR centred on a xxxGPDxxxx motif common in all peptides studied,
suggesting this hotspot was essential for recognition (Cole et al., 2016). A study by Holland
et al. shows that the use of hotspot binding positively correlates with TCR promiscuity

(Holland, et al., 2020).

1.3.1.3. TCR recognition of dissimilar antigens

The studies highlighted above show examples of TCR degeneracy where the TCR:pMHC
interaction mechanism is largely conserved across multiple ligands. However, there are also
examples where a TCR or pMHC may undergo large structural changes to achieve recognition
of different ligands (Figure 1.9). Riley et al. examined the interaction between the DMF5 TCR
and two HLA-A2-restricted peptide ligands; a Melan-A-derived ligand (EAAGIGILTV), and a
ligand produced via yeast display (MMWDRGLGMM) known as the DRG ligand (Gee et al.,
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2018). Previous work had already highlighted the importance of the Melan-A xxxGIGxxxx
motif for recognition via the DMF5 TCR (Borbulevych et al., 2011). Yet despite the DRG ligand
lacking this motif, the DMF5 TCR recognised the DRG peptide. Further to this, HLA-A2
presents the Melan-A and DRG peptides in different ways. According to 3D structures, the
DMF5-A2-DRG interaction causes the DRG peptide to undergo a conformation shift to allow
binding. This is coupled with small changes in the CDR loops to accommodate the greater

steric footprint of the DRG peptide (Riley et al., 2018).

Conformational shifts, in CDR3 loops in particular, have been implicated in TCR cross-
reactivity. The Yin et al. study highlighted in Section 1.2.5.3 demonstrates CDR3 flexibility.
As briefly discussed, the YAe62 TCR can recognise two synthetic peptides, pWM (WIYVYRPM)
and 3K (ASFEAQKAKANKAVD), in the context of H-2K" and IA® respectively. Structural data

YAe62:3K
YAe62:pWM

Figure 1.9. Example of peptide/CDR loop conformational shifts to enable cross-reactivity.

(A) 3D structures of 3K (magenta) and pMK (orange) peptides, both of which interact with the
YAe62 TCR. (B) Top-down view showing YAe62 CDR loops (blue and red) when interacting with 3K
and pMK respectively.
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shows that when interacting with the pWM peptide, the YAe62 CDR3a loop makes multiple
contacts with both the peptide and the H-2K® molecule. However, when the YAe62 TCR
interacts with the 3K peptide in the context of IA® the CDR3a loop only makes minimal
contacts with the IA® molecule and makes no contacts with the peptide. These differences

occur due to a conformational shift in the CDR3a backbone (Yin et al., 2011).

A study by Reiser et al. highlighted how the BM3.3 TCR can recognise two synthetic peptides,
VS8 (RGYVYQGL) and pBM1 (INFDFNTI), which exhibit no sequence homology, in the context
of murine H-2K® (Reiser et al., 2000). The structural data showed how the CDR3a loop bends
away from peptide in the BM3.3:pBM1 structure, resulting in contact with the al helix of the
MHC. By contrast, the BM3.3:VS8 structure showed the CDR3a loop pointing towards the N-

terminus of the peptide, thus creating contacts with the peptide (Reiser et al., 2003).

1.3.1.4. TCR recognition of multiple MHC alleles

The BM3.3 TCR can cross-react with different MHCs. As well as recognising the
aforementioned VS8 and pBM1 peptides, BM3.3 can also recognise an endogenous RNA-
binding protein-derived peptide, pBM8 (SQYYYNSL), in the context of H-2K’™¢, an allelic
variant of H-2K®. There are four polymorphisms between H-2K® and H-2K°™¢, two of which
are present in the peptide binding groove (Auphan-Anezin et al., 2006). Mazza et al. solved
the structure of the BM3.3 TCR in complex with H-2K°™:pBM8 showing how the CDR3a

undergoes a conformational shift to accommodate the different pMHC (Mazza et al., 2007).

The AGA1 TCR can recognise an HIV-1-derived peptide, KF11 (KAFSPEVIPMF), in the context
of two HLA-B*35 alleles; HLA-B*3501 and HLA-B*3503. These alleles differ by
polymorphisms at positions 114 (Asp-Asn) and 116 (Ser-Tyr). While the polymorphisms
between HLA-B*3501 and HLA-B*3503 only cause minor differences in peptide presentation,
these differences result in slight adjustments in the AGA1 CDR loops to accommodate them.
These AGA1 CDR loop rearrangements result in altered hydrogen bond networks between
the TCR and positions 114 and 116 of the MHC. The AGA1 TCR also has a lower affinity for
HLA-B*35:01-KF11 than HLA-B*35:03-KF11, demonstrating the impact just two MHC

polymorphisms can make to TCR affinity (Stewart-Jones et al., 2012).

The 2C T-cell can recognise the aforementioned QL9 peptide (QLSPFPFDL) and a self-derived
peptide, DEV8 (EQYKFYSV), in the context of H-2LY and H-2k® respectively. Structural data
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shows similarities between the H-2L%:DEV8 and H-2K’:QL9 pMHC molecules, however the
‘bulge’ in the centre of the QL9 peptide protrudes further out of the peptide binding groove
than the DEV8 peptide. Furthermore, the 2C TCR CDR3a loop adopts a different
conformation depending on which pMHC it is bound to. When bound to H-2L%:DEVS, the 2C
TCR CDR3a loop primarily interacts with the central residues of the DEV8 peptide.
Conversely, when bound to H-2KP:QL9, the 2C TCR CDR3a loop shifts confirmation to interact

predominantly with C-terminal QL9 peptide residues (Colf et al., 2007).

1.3.1.5. TCR germline influence of T-cell cross-reactivity

In Section 1.2.6.2, | discussed the theory of ‘germline bias’, where TCR recognition is
influenced by germline-encoded CDR loops. Expanding upon this, studies have been
conducted to determine how influential these germline-encoded regions are to the cross-
reactive characteristics of a TCR. The 2016 study by Adams et al. discussed in Section 1.3.1.1
uses structural data to demonstrate how the CDR1 and CDR2 loops of the 42F3 TCR use
almost identical binding modes, irrespective of which peptide it is interacting with or the
conformation of the CDR3 loops. Adams et al. suggest that these germline loops influence

the specificity of the 42F3 TCR (Adams et al., 2016).

The role that germline-encoded CDR loops play in cross-reactivity was aptly demonstrated
by a study involving three separate murine TCRs; B3K506, 2W20, and YAe62, which were
known to be poorly cross-reactive, moderately cross-reactive, and very cross-reactive
respectively (Huseby et al., 2005). These TCRs all express genes from the Va4 family and all
recognise the 3K peptide in the context of IA® with similar affinities and kinetic profiles
(Huseby et al., 2006). Structural analysis of all three TCRs in complex with IAP-3k suggests
that the more promiscuous TCRs exhibit fewer germline CDR loop contacts with the pMHC

molecule (Dai et al., 2008).

More recently, Attaf et al. created two transgenic mouse strains. The first, ABCDR1-3,
exhibited T-cells with ‘simplified” CDR1B and CDR2B loops that consisted of predominantly
glycine and alanine amino acid residues, and a CDR3 loop that was shortened to just three
glycine residues. The second transgenic mouse strain, ABCDR3, only exhibited the shortened
CDR3p loop. T-cells from the ABCDR1-3 mice were found to be more cross-reactive than the
T-cells from the ABCDR3 mice, indicating that the germline encoded loops play a role in

regulating cross-reactivity (Attaf et al., 2016).
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1.3.1.6. The role of molecular dynamics in T-cell cross-reactivity

In many of the examples discussed in Section 1.3.1, TCR promiscuity is affected by the
conformational adaptation of the TCR or pMHC. Thus, molecular flexibility is a key underlying
determinant of cross-reactivity. Madura et al. investigated the MEL5 TCR which recognises a
Melan-A-derived peptide (EAAGIGILTV) in the context of HLA-A2 (Cole et al., 2009). MEL5
also recognises the HLA-A2-presented heteroclitic peptide, ELAGIGILTV. Despite ELAGIGILTV
having an optimal P2 anchor residue, it was recognised with lower affinity than the natural
Melan-A peptide (Cole et al., 2010; Zweerink et al., 1992). Structural studies showed very
similar modes of binding regardless of which peptide MEL5 TCR interacted with. However
thermodynamic studies of the TCR:pMHC interactions show the MEL5:A2-EAAGIGILTV
interaction is enthalpically favourable. This is due to the suboptimal P2 anchor (alanine) in
the Melan-A peptide, which allows it to be ‘pulled’ from the binding groove towards the TCR.
As such, the Melan-A peptide could shift into a more optimal conformation for TCR
interaction than the heteroclitic peptide, resulting in a higher affinity interaction (Madura et

al., 2015).

Borbulevych et al. investigated the cross-reactive properties of the A6 TCR which can
recognise the Tax peptide (LLFGYPVYV) and the Saccharomyces cerevisiae-derived Tellp
peptide (MLWGYLQYV), in the context of HLA-A2. Both Tax and Tellp are presented
identically by HLA-A2. Despite this, A6 TCR interaction with Tellp involves conformational
shifts in the TCR, MHC, and peptide, that do not occur when A6 interacts with Tax. Molecular
dynamics investigation showed that HLA-A2 exhibits greater flexibility when presenting
Tellp peptide than it does when presenting Tax peptide. HLA-A2-Tellp was also shown to
have lower thermal stability than HLA-A2-Tax, supporting the conclusions that HLA-A2-Tellp
is more flexible. This suggests that A6 TCR recognition of HLA-A2-Tellp is facilitated by the
increased flexibility of both the TCR and the pMHC (Borbulevych et al., 2009).

The link between CDR loop dynamics and TCR promiscuity was investigated by Tsuchiya et
al., who studied five different TCRs which exhibited varying degrees of cross-reactivity. Using
molecular dynamics studies, they showed that the CDR3 loops of the more promiscuous TCRs
predominantly formed non-specific bonds, such as CH-t and -t bonds, resulting in a greater
loss of entropy upon binding. By contrast, the CDR3 loops of less promiscuous TCRs

predominantly formed specific hydrogen bonds with the pMHC molecule, resultingin a lesser
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loss of entropy upon binding. It was therefore hypothesised that TCRs which exhibit a greater

loss of entropy upon binding are more promiscuous (Tsuchiya et al., 2017).

1.3.2. Advantages of T-cell cross-reactivity

T-cells need to provide comprehensive immune coverage against pathogens, which requires
T-cells to recognise a large array of pathogenic antigens. In this respect, T-cell cross-reactivity
is advantageous, as greater immune coverage can be achieved with a smaller population of
T-cells. T-cell cross-reactivity also confers a temporal and spatial advantage; if a greater
number of T-cells are capable of responding to a particular pathogen an infection is likely to
be recognised much more rapidly (Sewell, 2012). Another advantage is heterologous
immunity (Figure 1.10), where memory T-cells that result from a particular pathogen
response can also provide immunity to a second, previously not encountered, pathogen

through cross-reactivity (Welsh et al., 2002).

Infected Subsequent
target cell infection

Naive T-cell Effector T-cell Effector T-cell

Figure 1.10. Heterologous immunity.
A schematic demonstrating heterologous immunity.

There have been numerous documented examples of heterologous immunity. Perhaps the
earliest known example is how immunity to cowpox confers immunity to smallpox. This

resulted in the world’s first vaccine trial and has since led to the eradication of smallpox
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(Stewart et al., 2006). Another well-known example is how the Mycobacterium bovis bacillus
Calmette—Guérin (BCG) vaccine that aimed to provide protection against tuberculosis can
also confer protection against leprosy, caused by Mycobacterium leprae (Setia et al., 2006).
Many examples of T-cell cross-reactivity involve immunity across different but similar
pathogens. T-cell cross-reactivity has been observed among strains of both influenza A and
influenza B, which are responsible for seasonal flu epidemics (McMichael et al., 1983; Sandt
et al., 2015). T-cell cross-reactivity has also been observed between avian and influenza A
strains (Gras et al., 2010; Greenbaum et al., 2009; Wang et al., 2015). Cross-reactivity within
influenza infections was investigated further by Koutsakos et al., who not only observed T-
cell cross-reactivity between a wide range of influenza B strains, but also observed T-cell

cross-reactivity across influenza A, B, and C strains (Koutsakos et al., 2019).

Heterologous immunity has also been observed between flavivirus infections, specifically
between Zika virus (ZIKV) and Dengue virus (DENV). These viruses share approximately 52%-
57% amino acid homology, are prevalent in the same geographical locations, and have been
found to co-infect humans (Barba-Spaeth et al., 2016; Dupont-Rouzeyrol et al., 2015). Wen
et al. described ZIKV/DENV cross-reactivate epitopes, suggesting T-cell cross-reactivity can
occur between the viruses (Wen et al., 2017a). Wen et al. then demonstrated how CD8" T-

cells from DENV patients could protect against ZIKV infection (Wen et al., 2017b).

Another example of potential heterologous immunity concerns the 2019 SARS-CoV-2
pandemic. According to the European Center for Disease Control (ECDC), at time of writing
the fatality rate of SARS-CoV-2 in Asia is lower than that in Europe and North America,
despite the outbreak originating in Asia. While other external factors may influence the
fatality rate, it has been hypothesised that the Asian population may possess pre-existing
immunity due to previous coronavirus outbreaks in the region (Fouchier et al., 2003;
Yaginuddin, 2020). This hypothesis has been supported by data showing high amino acid

homology between SARS-CoV-2 and other coronavirus strains (Wu et al., 2020).

T-cell cross-reactivity has been observed between different viral families. CD8* T-cells have
been shown to cross-react with epitopes derived from the influenza neuraminidase (NA)
protein and the hepatitis C NS3 protein. These epitopes share high sequence homology and

elicit similar binding affinities to T-cells, suggesting molecular mimicry (Wedemeyer et al.,
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2001). T-cells have also been found to cross-react with epitopes derived from influenza

matrix protein and human immunodeficiency virus (HIV) Gag protein (Acierno et al., 2003).

T-cell cross-reactivity can provide the host with comprehensive immune coverage,
preventing pathogen immune escape. Rapidly evolving pathogens, such as HIV, have been
shown to ‘escape’ from the immune system (Klenerman et al., 2002). One mechanism by
which this occurs is through mutation of T-cell-specific epitopes (Phillips et al., 1991). T-cell
cross-reactivity can facilitate recognition of some viral escape mutants. Ladell et al
demonstrated CD8" recognition of both the KK10 epitope, a HIV Gag protein derivative, and
a mutated ‘escape’ variant of KK10. The mechanism of interaction for both epitopes was

determined to be almost identical (Ladell et al., 2013).

1.3.3. Disadvantages of T-cell cross-reactivity

1.3.3.1. Autoimmunity

While T-cell cross-reactivity is essential to provide comprehensive host immunity, it has also
been linked to autoimmunity (Figure 1.11). As discussed in Section 1.1.1.2, T-cells are
negatively selected in the thymus to prevent autoreactive T-cells from migrating to the
periphery. Coupled with peripheral regulatory systems, such as the activity of Treg cells and
co-inhibitory receptors, negative selection has evolved to limit autoimmunity. However,
weakly autoreactive T-cells that pass thymic selection can be activated by pathogen

Infected
target cell Self-tissue

oA !’t;
T [y

Naive T-cell Effector T-cell Effector T-cell

Figure 1.11. Autoimmunity.
A schematic demonstrating autoimmunity via cross-reactivity.
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recognition in the periphery resulting in more sensitive effector T-cells that can recognise

self-antigens through molecular mimicry (Oldstone, 1998).

Molecular mimicry has been shown to play a role in multiple sclerosis (MS), a prominent
autoimmune disease. MS is characterised by demyelination of nerve cells. Bhardwaj et al.
demonstrated how a CD4* T-cell specific for an epitope derived from myelin basic protein
(MBP) could also recognise pathogen-derived peptides in a murine model (Bhardwaj et al.,
1993). Wucherpfennig et al. supported this by demonstrating that another CD4* T-cell clone,
Hy.1B11, which recognises MPB-derived epitopes in the context of HLA-DQ1, also recognises
epitopes from herpes simplex virus (HSV), human papilloma virus, adenovirus, and
Pseudomonas aeruginosa, highlighting the potential role of pathogen-driven molecular
mimicry in MS (Wucherpfennig et al., 1995). The structural basis of Hy.1B11 cross-reactivity
was elucidated by Sethi et al., who determined the structures of Hy.1B11 in complex with
epitopes derived from MPB, HSV, and Pseudomonas aeruginosa. The structural data show a
very similar binding mechanism to all three epitopes, despite differences in peptide
sequence, with a single CDR3a loop residue being responsible for the majority of TCR:peptide
contacts (Sethi et al., 2013). A role for pathogenic triggers in MS was further supported by
Harkiolaki et al., who showed how injection of pathogenic peptides, which share homology
with MPB epitopes, into humanised mice can cause central nervous system inflammation

(Harkiolaki et al., 2006).

Parkinson’s disease is characterised by accumulation of intra-neural protein aggregates
called Lewy bodies, which are composed of a-synuclein (a-syn), and the death of
dopaminergic neurons (Jakest et al., 1998). Certain HLA alleles have been associated with
Parkinson’s patients, suggesting autoimmune involvement (Wissemann et al., 2013). CD8* T-
cells have also been shown to kill neuron cells (Zucca et al., 2014). In 2017, Sulzer et al.
identified several a-syn-derived epitopes which were recognised by T-cells acquired from
Parkinson’s patients. While the link between the a-syn epitopes and CD8" T-cell killing of
neurons has yet to be confirmed, there is strong evidence showing formation of Lewy bodies
may act as an autoimmune trigger for the progression of Parkinson’s disease (Sulzer et al.,

2017).

A further, prominent example of an autoimmune disease is type 1 diabetes (T1D). This

disease is discussed further in Chapters 4 and 5.
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1.3.3.2. Alloreactivity

In Section 1.3.1, | discussed the phenomenon whereby a T-cell can cross-react with different
MHC molecules. In practice, this usually occurs after a tissue transplant procedure, when the
donor and recipient HLA types are mismatched. This is termed alloreactivity and is
responsible for Graft-vs-Host Disease (GvHD), where the host immune system rejects the
donor tissue (Medawar, 1944; Afzali et al., 2007). While evidence suggests both innate and
adaptive immune mechanisms play a role in GvHD progression, only the role of T-cells will

be considered here.

Graft rejection can be caused by both the killing of graft tissue, via CD8" T-cell activity, and
by the recruitment of allo-antibodies, via CD4* T-cell activity (Moine et al., 2002). T-cells can
react to graft tissue in two ways. ‘Direct’ alloreactivity involves T-cells recognising ‘passenger’
pMHC molecules expressed by the donor tissue graft (Lechler et al., 1982). ‘Indirect’
alloreactivity involves T-cells recognising peptide epitopes derived from donor tissue, which
are presented by host MHC molecules (Jiang et al., 2004). Some examples of the structural

mechanisms by which T-cell alloreactivity may occur are discussed in Section 1.3.1.

There has also been evidence suggesting a correlation between viral infection and incidence
of GvHD post-transplantation (Cantoni et al., 2010). Antiviral drugs have been shown to
reduce rates of GvHD in renal-transplant patients (Lowance et al., 1999). In 2002, Koelle et
al. investigated the link between HSV-2 infection and GvHD incidence. Koelle et al. identified
two CD8" T-cell lines that recognise HSV-2 epitopes in the context of HLA-A2 but can also
recognise HLA-B*44 restricted epitopes (Koelle et al., 2002). A more recent study by Hall et
al. investigated the link between GvHD and human cytomegalovirus (hCMV). Using in silico
analysis, they identified multiple high-affinity CMV epitopes with sequence homology to
known alloreactive epitopes, further supporting the hypothesis that molecular mimicry

contributes to GvHD (Hall et al., 2017).

1.4. Therapeutic potential of T-cells

Beyond the immediate host benefits of broader immune coverage, T-cell cross-reactivity has
a lot of potential in therapeutic design. In vivo, T-cell activity must compromise between the

broad recognition of pathogenic antigens and maintaining self-tolerance. It stands to reason
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then that the TCR:pMHC interaction can be rationally optimised to improve T-cell activity in

patients.

1.4.1. T-cell ligand-based therapies

Perhaps the most obvious application of T-cell peptide ligands in therapy is in vaccination. In
1998, a peptide-based vaccine was used to prevent infectious mononucleosis, caused by EBV
infection. It was hypothesised that administering a vaccine containing EBV-specific peptides,
to EBV-seronegative patients, can promote the recruitment of EBV-specific T-cells in the
patient. This would provide protection from subsequent EBV infections, reducing the
likelihood of infectious mononucleosis (Moss et al., 1998). A phase-1 study determined the
effectiveness of using a peptide derived from EBV nuclear antigen 3 (EBNA3) as a vaccine to
prevent infectious mononucleosis. After vaccination, EBV-specific T-cells were found in eight
out of nine of the vaccine recipients and in none of the placebo cohort. A 12 year follow up
study showed that four of the vaccine recipients had become EBV sero-positive, but none
had developed infectious mononucleosis. By contrast, two members of the placebo cohort
had become EBV seropositive with one of those developing infectious mononucleosis (Elliott

et al., 2008).

There is also potential for the use of peptide vaccines to protect against rapidly-evolving
pathogens by recruiting cross-reactive T-cells, such as for use as a universal vaccine for
seasonal influenza. Grant et al. identified several cross-reactive CD8* T-cell clones which can
recognise multiple cross-strain influenza A-derived epitopes. Structural data indicate a
conserved mechanism among these recognition events. As such, a peptide based vaccine
targeting a cross-reactive CD8* T-cell may prove as effective as a universal influenza A vaccine

(Grant et al., 2018).

There is much interest in the use of APLs as peptide vaccines. As discussed in Section 1.3.1,
APLs can be designed with higher affinities for the TCR of interest than the wild-type peptide.
A study by Ekeruche-Makinde et al. reported that APLs can promote T-cell receptor-
optimised peptide skewing of the T-cell repertoire (TOPSORT), where by high affinity ligands
can select for superior T-cells that wild-type ligands would be unable to select for (Ekeruche-
Makinde et al., 2012). Much of the investigation into APL vaccines has focused on cancer

vaccines, whereby high-affinity ligands may break self-tolerance to cancer tissue and illicit
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tumour killing (Galloway et al., 2019). These investigations will be discussed further in

Chapter 3.

APLs also show potential in the treatment of autoimmune disease. T-cell response to antigen
can sometimes result in clonal deletion, due to IL-2 stimulated cell cycling and TCR re-
engagement (Critchfield et al.,, 1994). In theory, the use of high affinity APLs would
exacerbate this phenomenon, facilitating the removal of auto-reactive T-cells (Candia et al.,
2016). A phase-I trial assessed the efficacy of ATX-MS-1467, a cocktail of 4 MBP-derived
peptides, in the treatment of MS. ATX-MS-1467 was administered to six MS patients in doses
ranging from 50 pg to 800 pg. Results showed that these doses were well tolerated by
patients, with disease symptoms improving in one patient. While the study is too small to
confirm the efficacy of this treatment, it does show the potential benefits of APL-based

therapy in autoimmune disease (Streeter et al., 2015).

1.4.2. Adoptive T-cell therapy

Another avenue for T-cell therapy is adoptive cell therapy (ACT). ACT involves the transfer of
T-cells into a patient to achieve a desired immune response. This technique has been utilised
for the treatment of solid tumours in malignant melanoma patients. Patient T-cells from the
melanoma tumour microenvironment are extracted and expanded ex vivo. These T-cells,
known as tumour infiltrating lymphocytes (TILs), are then transferred back into the patient
with the hope that the expanded TIL population will overcome tumour self-tolerance. This
technique, in conjunction with IL-2 administration, has successfully cured melanoma in a

number of patients (Ellebaek et al., 2012).

ACT has also been used for the treatment of autoimmune disease. Like TILs, Treg cells from
patients with autoimmune diseases can be removed and expanded ex vivo. Expanded Tregs
can then be transferred back into the patient to provide additional immune suppression to
treat the autoimmune disease. Canavan et al. demonstrated the potential of this technique
in vitro by suppressing activation of lamina propria T-cells, which had been linked to Crohn’s
disease progression (Canavan et al., 2016). Phase-I clinical trials using this technique have
also been conducted. One trial involved administering endogenous Treg cells that have been
expanded ex vivo to two patients suffering chronic and acute GvHD respectively. While this
treatment was only partially effective in the case of acute GvHD, significant reduction in

symptoms was achieved in the chronic GvHD patient (Trzonkowski et al., 2009). The same
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technique was also used in a Phase-l clinical trial to treat T1D. A cohort of ten diabetic
children was subjected to ACT. These patients exhibited a significant reduction in the amount
of insulin required, with two patients no longer requiring insulin after 6 months compared

to the control cohort (Trzonkowski et al., 2012).

ACT can be optimised by use of genetically enhanced T-cells. T-cells in vivo have to
compromise between strong recognition of pathogenic antigens and weak recognition of
self-antigens, resulting in potentially sub-optimal activity against aberrant self. To address
this, TCRs can be engineered to recognise peptide ligands with greater affinities than their
‘wild-type’ counterpart (Crean et al., 2020). These high affinity TCRs can be genetically
transferred to T-cells, which can then be expanded ex vivo and transferred into a patient. A
2006 clinical study modified peripheral blood lymphocytes of 15 patients by genetically
encoding a melanoma-specific TCR. These modified lymphocytes were expanded ex vivo and
administered back into the respective patients. Two patients exhibited significant regression

of melanoma lesions (Morgan et al., 2006).

The use of genetically engineered T-cells to circumvent viral escape mutants has also been
studied. Varela-Rohena et al. modified the 868 TCR, which recognises the SL9 peptide
(SLYNTVATL) derived from HIV Gag protein. The enhanced 868 TCR exhibited improved
binding affinity to wild-type SL9, broader recognition of common HIV escape mutants, and
could control wild-type and mutant HIV strains in vitro, when genetically transferred into T-
cells. This demonstrated the potential for modified TCRs to improve immune coverage

(Varela-Rohena et al., 2008).

A further modification to ACT involves the use of chimeric antigen receptors (CARs). T-cells
can be genetically engineered to express a CAR before undergoing ex vivo expansion and
administration into patients. CARs consist of an extracellular binding domain to interact with
the target, hinge and transmembrane regions, and a CD3 signalling region to activate the T-
cell. The CAR binding domain is often a single-chain variable fragment (scFv) derived from an
Ig specific to the target cell. Additional components can also be added to further improve T-
cell function, such as CD28 co-stimulatory domains to improve proliferation and cytokine
production (Hartmann et al., 2017). The role of CAR T-cell therapy, as well as other forms of

ACT in the context of cancer immunotherapy, will be discussed further in Chapter 3.
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1.4.3. Limitations of T-cell based therapies

While many T-cell based therapies have proven successful, there are limitations to consider.
Firstly, conventional forms of T-cell therapy are governed by MHC restriction. A therapy
which works in the context of HLA-A2 will be ineffective in patients who do not express HLA-
A2. Given the large number of potential HLA genes, it is likely that any potential therapy

would be effective in a minority of patients.

Another consideration is the potential of adverse TCR interactions. T-cell cross-reactivity can
result in autoimmunity through the recognition of molecular mimics. The risk of negative
cross-reactivity occurring increases with the use of engineered TCRs with artificially
improved binding affinity, as they have not undergone thymic selection. This risk was
highlighted in ACT clinical trials involving an engineered T-cell expressing the MAGE-A32%2
TCR, which was affinity enhanced for recognition of the cancer epitope MAGE-A3. Pre-clinical
studies indicated this engineered T-cell had potential as an anti-cancer therapeutic and that
this T-cell would be safe to transfer into patients. However, two patients involved with the
study suffered fatal cardiac toxicity (Linette et al.,, 2013). Subsequent investigation
determined MAGE-A32% TCR cross-reactivity between MAGE-A3 and titin, a protein present
in striated heart muscle, which likely resulted in the cardiac toxicity. Structural data showed
that MAGE-A3232 TCR cross-reactivity was caused by molecular mimicry (Raman et al., 2016).
This unfortunate event demonstrated why thorough structural understanding of T-cell cross-

reactivity is essential.

1.5. Aims

The study of T-cell cross-reactivity is crucial for our understanding of immune coverage,
autoimmunity and the safe use of T-cell-based therapeutics. During my studies, | aimed to
gain a structural and biophysical understanding of novel clinically relevant examples of TCRs
that recognise multiple peptide epitopes in the context of a single HLA-I molecule. |
hypothesised that the structural mechanisms governing T-cell cross-reactivity may be
conserved within different biological contexts, thus allowing me to identify context-specific
motifs. l initiated my studies with a cancer reactive TCR that was identified in a TIL population
used to induce complete remission in a patient with Stage IV melanoma and found to persist
after complete durable cancer remission. My colleagues had previously shown that T-cells
bearing this TCR were potent cancer killers that could respond to a wide variety of other HLA-

A2* cancer types beyond melanoma. Unexpectedly, it was found that T-cells with this TCR
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could respond to three different tumour-associated antigens: HLA-A2-EAAGIGILTV
comprising residues 26-35 of Melan-A, HLA-A2-LLLGIGILVL comprising residues 22-31 of
Bone Marrow Stromal antigen 2 (BST2), and HLA-A2-NLSALGIFST comprising residues 367-
376 of insulin-like growth factor 2 mRNA binding protein 2 (IMP2). | aimed to understand

how a TCR could structurally engage these three peptides in the context of HLA-A2.

| also aimed to understand how molecular mimicry might contribute to T1D through the two
common T1D risk alleles, HLA-A*0201 and HLA*2402, which are carried by >75% of T1D
patients. As discussed in Section 1.3.3.1, a preferred model for the induction of autoimmune
disease is molecular mimicry, which results from the pathogen priming of naive T-cells that
then respond to a self-epitope that is a structural mimic of the disease epitope. Specifically,
| studied HLA-A2 and HLA-A*24:02 (HLA-A24 hereafter) restricted TCRs that were isolated
from T1D patients and recognised HLA-A24-LWMRLLPLL (preproinsulin (PPI) residues 3-11),
HLA-A2-VMNILLQYV (glutamic acid decarboxylase (GAD65) residues 495-503), and HLA-A2-
HLVEALYLV (insulin B-chain residues 10-18). | aimed to understand how these TCRs might
interact with pathogen-derived epitopes and provide structural and biophysical evidence of

how such interactions might have potential to induce disease.
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2. Materials and Methods

2.1. Protein production and purification

2.1.1. Reagents and buffers for protein production

Reagents

Composition

Psi Broth pH 7.6

5 g/L yeast extract (Sigma-Aldrich), 20 g/L
tryptone (Sigma-Aldrich), 5 g/L magnesium
sulphate (Fisher).

Transformation buffer (Tfb) | pH 5.8

30 mM potassium acetate (Fisher), 100 mM
rubidium chloride (RbCl, Fisher), 10 mM
calcium chloride (CaCl,, Sigma), 50 mM
magnesium chloride (MgCl,, Acros organics),
15% v/v glycerol (Fisher).

Tfbll pH 6.5

10 mM 3-(N-morpholino) propanesulfonic
acid (MOPS, Sigma-Aldrich), 75 mM CacCl,, 10
mM RbCl, 15% v/v glycerol.

Luria broth (LB) agar

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

TYP media

16 g/L tryptone, 16 g/L yeast extract, 5 g/L
NaCl,, 3.3 g/L potassium phosphate dibasic
(Merck).

Lysis buffer

10 mM tris(hydroxymethyl)aminomethane
(TRIS) pH 8.1 (Sigma), 10 mM MgCl,, 150 mM
NaCl,, 10% v/v glycerol.

Triton wash

50mM TRIS pH 8.1, 100 mM NaCl,, 2 mM
Ethylenediaminetetraacetic acid (EDTA,
Sigma-Aldrich), 0.5% v/v Triton X (Sigma).

Resuspension buffer

50mM TRIS pH 8.1, 100mM NaCl,, 2mM
EDTA.

Guanidine buffer

50 mM TRIS pH 8.1, 100mM NaCl; 2mM EDTA,
6 M guanidine (Fisher).

pMHC refold buffer pH 8.1

50mM TRIS pH 8.1, 2 mM EDTA, 400 mM L-
arginine (Sigma-Aldrich).

TCR refold buffer pH 8.1

50mM TRIS pH 8.1, 2 mM EDTA, 2.5 M urea
(Sigma).

Buffer A

10 mM TRIS, filtered 0.45 um.

Buffer B

10 mM TRIS, 1 M NaCl,, filtered 0.45 um.

Hydrophobicity interaction column (HIC)
buffer A

10 mM TRIS, 3 M NaCls, filtered 0.45 um.

HIC buffer B

10 mM TRIS, filtered 0.45 um.

Phosphate buffered saline (PBS, Oxoid)

Tablets containing 8 g/L NaCl,, 0.2 g/L
potassium chloride, 1.15 g/L di-sodium
hydrogen phosphate, 0.2 g/L potassium
dihydrogen phosphate. One tablet was
dissolved in 100 mL of ddH-0.

Crystal buffer

10 mM TRIS, 10 mM NaCl,.

Biacore Buffer
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10x HBS-P buffer (GE healthcare), containing
0.1 M 4-(2-hydroxyethyl)-1-piperazine ethane



sulfonic acid (HEPES), 1.5 M NaCl,, 0.2% v/v
Surfactant P20.

Table 2.1. Reagent compositions used for protein production.

2.1.2. Expression vectors and protein constructs

The expression vector pGEM-T7 (Promega, Figure 2.1) was used for soluble protein
expression in Escherichia coli (E. coli) cells (Roger et al., 1998). The pGEM-T7 vector uses an
1 origin of replication and allows for negative selection via ampicillin resistance, enabled by
the AmpR gene, as well as positive selection via blue/white selection, enabled by the lac
operon. The lac operon also allows protein production to be regulated by the lac promotor,
induced by Isopropyl B-D-1-thiogalactopyranoside (IPTG). The pGEM-T7 vector was used to

produce all soluble protein during this thesis.

The protein sequences used in this thesis are shown below (Table 2.2). The constructs used
are the extracellular domains of their respective proteins. Non-natural cysteine residues are
present in position 48 of each TCRa constant region and position 57 of each TCRB constant

region. These result in artificial di-sulphide bond formation, improving the stability of the

refolded TCR proteins (Boulter et al., 2003).

Construct

Amino acid sequence

MELS8 a-chain

MQKEVEQNSGPLSVPEGAIASLNCTYSDRGSQSFFWYRQYSGKSPELIMSIYSNGDKE
DGRFTAQLNKASQYVSLLIRDSQPSDSATYLCAVQKLVFGTGTRLLVSPNIQNPDPAVY
QLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWSN
KSDFACANAFNNSIIPEDTFFPSPESS

MELS8 B-chain

MNAGVTQTPKFQVLKTGQSMTLQCAQDMNHEYMSWYRQDPGMGLRLIHYSVGAG
ITDQGEVPNGYNVSRSTTEDFPLRLLSAAPSQTSVYFCASSYSFTEATYEQYFGPGTRLTV
TEDLKNVFPPEVAVFEPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVC
TDPQPLKEQPALNDSRYALSSRLRVSATFWQDPRNHFRCQVQFYGLSENDEWTQDRA
KPVTQIVSAEAWGRAD

MELS5 a-chain

MRKEVEQNSGPLSVPEGAIASLNCTYSDRGSQSFFWYRQYSGKSPELIMFIYSNGDKED
GRFTAQLNKASQYVSLLIRDSQPSDSATYLCAVNVAGKSTFGDGTTLTVKPNIQNPDPA
VYQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWS
NKSDFACANAFNNSIIPEDTFFPSPESS

MELS5 B-chain

MSQTIHOQWPATLVQPVGSPLSLECTVEGTSNPNLYWYRQAAGRGLQLLFYSVGIGQIS
SEVPQNLSASRPQDRQFILSSKKLLLSDSGFYLCAWSETGLGTGELFFGEGSRLTVLEDLK
NVFPPEVAVFEPSEAEISHTOQKATLVCLATGFYPDHVELSWWVNGKEVHSGVCTDPQP
LKEQPALNDSRYALSSRLRVSATFWQDPRNHFRCQVQFYGLSENDEWTQDRAKPVTQ
IVSAEAWGRAD
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4C6 a-chain

MGEDVEQSLFLSVREGDSSVINCTYTDSSSTYLYWYKQEPGAGLQLLTYIFSNMDMKQ
DQRLTVLLNKKDKHLSLRIADTQTGDSAIYFCAEPSGNTGKLIFGQGTTLQVKPIQNPDP
AVYQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVA
WSNKSDFACANAFNNSIIPEDTFFPSPESS

4C6 B-chain

MDTGVSQDPRHKITKRGQNVTFRCDPISEHNRLYWYRQTLGQGPEFLTYFQNEAQLE
KSRLLSDRFSAERPKGSFSTLEIQRTEQGDSAMYLCASSLHHEQYFGPGTRLTVTEDLKN
VFPPEVAVFEPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVCTDPQPL
KEQPALNDSRYALSSRLRVSATFWQDPRNHFRCQVQFYGLSENDEWTQDRAKPVTQI
VSAEAWGRAD

Clone 29 a-chain

MMILNVEQSPQSLHVQEGDSTNFTCSFPSSNFYALHWYRWETAKSPEALFVMTLNGD
EKKKGRISATLNTKEGYSYLYIKGSQPEDSATYLCARNTGNQFYFGTGTSLTVIPIQNPDP
AVYQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVA
WSNKSDFACANAFNNSIIPEDTFFPSPESS

Clone 29 B-chain

MNAGVTQTPKFQVLKTGQSMTLQCAQDMNHEYMSWYRQDPGMGLRLIHYSVGAG
ITDQGEVPNGYNVSRSTTEDFPLRLLSAAPSQTSVYFCASSLQTGTGNYGYTFGSGTRLT
VVEDLKNVFPPEVAVFEPSEAEISHTOQKATLVCLATGFYPDHVELSWWVNGKEVHSGV
CTDPQPLKEQPALNDSRYALSSRLRVSATFWQDPRNHFRCQVQFYGLSENDEWTQDR
AKPVTQIVSAEAWGRAD

InsB4 a-chain

MQKEVEQNSGPLSVPEGAIASLNCTYSDRGSQSFFWYRQYSGKSPELIMFIYSNGDKE
DGRFTAQLNKASQYVSLLIRDSQPSDSATYLCAVSSSYKLIFGSGTRLLVRPDIOQNPDPAV
YQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKCVLDMRSMDFKSNSAVAWS
NKSDFACANAFNNSIIPEDTFFPSPESS

InsB4 B-chain

MEAGVTQFPSHSVIEKGQTVTLRCDPISGHDNLYWYRRVMGKEIKFLLHFVKESKQDE

SGMPNNRFLAERTGGTYSTLKVQPAELEDSGVYFCASSAGGALTGELFFGEGSRLTVLE

DLKNVFPPEVAVFEPSEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVCTD
PQPLKEQPALNDSRYALSSRLRVSATFWQDPRNHFRCQVQFYGLSENDEWTQDRAKP
VTQIVSAEAWGRAD

HLA-A2 chain
(with biotin tag)

MGSHSMRYFFTSVSRPGRGEPRFIAVGYVDDTQFVRFDSDAASQRMEPRAPWIEQEG
PEYWDGETRKVKAHSQTHRVDLGTLRGYYNQSEAGSHTVOQRMYGCDVGSDWRFLR
GYHQYAYDGKDYIALKEDLRSWTAADMAAQTTKHKWEAAHVAEQLRAYLEGTCVEW
LRRYLENGKETLQRTDAPKTHMTHHAVSDHEATLRCWALSFYPAEITLTWQRDGEDQ
TQDTELVETRPAGDGTFQKWAAVVVPSGQEQRYTCHVQHEGLPKPLTLRWEPGLNDI
FEAQKIEWHE

HLA-A24 chain
(with biotin tag)

MGSHSMRYFSTSVSRPGRGEPRFIAVGYVDDTQFVRFDSDAASQRMEPRAPWIEQEG
PEYWDEETGKVKAHSQTDRENLRIALRYYNQSEAGSHTLOMMFGCDVGSDGRFLRGY
HQYAYDGKDYIALKEDLRSWTAADMAAQITKRKWEAAHVAEQQRAYLEGTCVDGLR
RYLENGKETLQRTDPPKTHMTHHPISDHEATLRCWALGFYPAEITLTWQRDGEDQTQ
DTELVETRPAGDGTFQKWAAVVVPSGEEQRYTCHVQHEGLPKPLTLRWEPGLNDIFE
AQKIEWHE

B2M chain

MIQRTPKIQVYSRHPAENGKSNFLNCYVSGFHPSDIEVDLLKNGERIEKVEHSDLSFSKD
WSFYLLYYTEFTPTEKDEYACRVNHVTLSQPKIVKWDRDM

Table 2.2. Protein constructs used during this thesis. Artificial cysteine residues present in TCR chains

are highlighted in red.
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Figure 2.1. pGEM-T7 plasmid map.
A map detailing the features of the pGEM-T7 bacterial expression plasmid. Map made using
SnapGene.

2.1.3. Inclusion body production

2.1.3.1. Competent E. coli cell production

Competent E. coli cells were required for vector transformation. Two strains of competent
E. coli were used during this thesis. The first are BL21 cells (Lifetech), which were used for
soluble protein production. BL21 cells lack T7 promotors so are optimised for T7 vector
usage, allowing for more controlled protein expression. The second competent cell type are
TOP10 cells (Lifetech), which were used for DNA amplification procedures due to the higher

vector uptake compared to BL21 cells.
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An initial aliquot of pre-bought competent E. coli cells were cultured in 50 mL of psi broth
and incubated at 37°C, 100RPM overnight. 100 mL of psi broth was inoculated with 1 mL of
the overnight competent cell culture at 37°C, 100RPM until culture optical density (ODaso)
measured 0.45. ODsso measurements were made using a CO800 cell density meter (WPA
Biowave). The competent cell culture was incubated on ice for 15 minutes, then centrifuged
at 4353 x g (Beckman Caulter Aventi JE) for 10 minutes. The supernatant was discarded and
the pellets were resuspended in 40 mL TFBI. The cells were incubated again on ice for 15
minutes, before centrifugation at 4353 x g for 10 minutes. The supernatant was discarded
and the pellet was resuspended in 4 mL of TFBII. The cells were incubated on ice for 15

minutes before aliquoting and snap freezing in isopropanol/dry ice slurry.

2.1.3.2 Inclusion body expression

The pGEM-T7 plasmid containing the protein of interest was transformed into competent
cells via heat shock. A 50 pL aliquot of competent cells was removed from -80°C storage and
incubated on ice for 5 minutes. 1 pL of plasmid was added to the cells, gently mixed, then
incubated on ice for 5 minutes. The cells were then incubated at 42°C for 1 minute and then
incubated on ice for 5 minutes. The cells were then plated onto LB agar plates containing 50

ug/mL of carbenicillin (Fisher) and incubated at 37°C overnight.

Colonies present on the agar plate, indicating successful transformation, were used to
inoculate 20 mL of TYP media to form a ‘starter culture’ in a 50 ml falcon tube. The starter
culture was incubated at 37°C, 220 RPM in an orbital shaking incubator until its ODaso
measured 0.5. The starter culture was used to inoculate 1 L of TYP media in a 2 L conical flask,
which was incubated at 37°C, 200 RPM until the OD4sp measured 0.5. The cultures were then
induced with 0.5 pug/mL of IPTG and incubated at 37°C, 220 RPM for 3 hours. The cultures
were centrifuged at 2786 x g (Eppendorf 5810R) for 20 minutes and the subsequent pellet

was resuspended in 40 mL of lysis buffer before freezing.

2.1.3.3 Purification of inclusion bodies

The frozen bacterial pellet resuspensions were thawed and sonicated (Sonoplus, Bandelin)
for 20 minutes at approximately 50% power. 100 pg/mL of DNAse was added to the bacterial
resuspensions, before incubation at 37°C for 1 hour. The resuspension was then centrifuged
at 17696 x g (Beckman Caulter Aventi JE) for 20 minutes, forming a protein pellet. The protein

pellet was resuspended in 200 mL of triton wash and this step was repeated until the pellet
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was white and dry. The protein pellet was then resuspended in 200 mL of resuspension
buffer, where 1 mL samples were taken for quality control by sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE). The inclusion body resuspension was then
centrifuged at 17696 x g for 20 minutes. The protein pellet was then resuspended in 20 mL
of guanidine buffer, forming a soluble inclusion body. The absorbance of the inclusion body
at the 280 nm wavelength (A;s) was measured using an Implen nanophotometer
(Geneflow). Beers Law (A = ecl) was used to determine protein concentration, with the
extinction coefficient () determined theoretically using ProtParam. The Axeo/A2s0 value was
also recorded. If the Aye0/A2s0 Was above 1, indicating DNA contamination, the inclusion body
was centrifuged at 12069 x g (Beckman Caulter Aventi JE) for 30 minutes. The supernatant,

containing the soluble inclusion bodies, was retained and the DNA pellet was discarded.

2.1.4. SDS-PAGE

SDS-PAGE was used to analyse the protein components of a sample by separating them by
molecular weight. 10 uL of protein sample was mixed with 20% v/v SDS sample buffer
(Lifetech) to produce a ‘non-reduced’ sample. A duplicate of each sample was mixed with
10% v/v SDS sample buffer and 200 mM dithiothreitol (DTT, Fisher) to produce ‘reduced’
samples. All samples were incubated at 95°C for 15 minutes. A pre-cast 4-20%
polyacrylamide gel (Lifetech) was placed into a Lifetech Bolt gel tank and submerged in 1x
Bolt SDS running buffer (Lifetech). Protein samples were loaded onto the gel, along with an
elite pre-stained protein ladder (Protein Ark) for reference. The gel was run at 165 V for 35
minutes. Once finished, the gel was removed from its plastic casing and washed with ddH,0.
The gel was then submerged in 25 mL of quick coomassie blue stain (Generon) and
microwaved for 1 minute. The gel was left to develop for an hour, before de-staining

overnight in ddH,0.

2.1.5. Soluble protein refolding

Due to the size and dimeric nature of TCR and pMHC molecules, it was not possible to express
fully folded protein in E. coli. Instead, inclusion bodies of the relevant components, either
TCRa and TCRPB chain pairs, or pMHC heavy subunit, B;M, and peptide, were refolded
together by dilution of denaturing conditions (Boulter et al., 2003). Soluble TCR molecules
were refolded by incubating 30 mg of TCRa chain inclusion bodies with 10 mM DTT at 37°C
for 30 minutes. 30 mg of TCRP chain inclusion bodies were also incubated with 10 mM DTT

for 30 minutes, with incubation beginning 15 minutes after the TCRa chain incubation began.
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0.74 g of cysteamine (Sigma) and 0.83 g of cystamine (Aldrich) were added to 1 L of TCR
refold buffer (50mM TRIS pH 8.1, 2 mM EDTA, 2.5 M urea) at 4°C whilst the TCR chains were
incubating at 37°C. After incubation the TCR chains were added to the 1 L of TCR refold
buffer, with the a-chain added 15 minutes before the B-chain. Once the chains were added,
the TCR refold buffer was continually stirred at 4°C for 6 hours. Soluble pMHC were refolded
in much the same way. 30 mg of MHC heavy chain, 30 mg of .M, 4 mg of peptide and 10
mM DTT were added together and incubated at 37°C for 30 minutes. 0.74 g of cysteamine
and 0.83 g of cystamine was added to 1 L of pMHC refolding buffer (50mM TRIS pH 8.1, 2
mM EDTA, 400 mM L-arginine) whilst the heavy chain, B2M and peptide were incubating at
37°C. After incubation, the mixture of heavy chain, 2M and peptide was then added to the
1 L of pMHC refold buffer. The pMHC buffer was continually stirred at 4°C for 6 hours. Once
the 6-hour incubation for the TCR or pMHC refold buffers was complete, the buffer was
dialysed (Cellulose dialysis membrane, Sigma-Aldrich) in 10 mM TRIS buffer until the

conductivity measured below 2 mS/cm.

2.1.6. Fast Protein Liquid Chromatography (FPLC) refold purification

2.1.6.1. Anion exchange chromatography

Once dialysed, the refolds were filtered through a 0.45 um cellulose membrane (Sartorius)
in preparation for FPLC purification. lon exchange chromatography was usually the first
purification step conducted on a newly refolded protein, which would separate proteins
based on their isoelectric point. The isoelectric point of TCR and pMHC molecules is
approximately pH 5 and the buffers used for purification are pH 8.1, so anion exchange was

used due to the basic nature of the proteins in the selected buffer.

A Porus 50HQ (Applied Bioscience) anion exchange column was attached to an AKTA pure
FPLC machine (GE healthcare), washed with 50 mL of buffer B and equilibrated in buffer A.
Refolded protein was loaded into the column and subsequently eluted into 1 mL fractions by
introducing buffer B in a linear gradient. A chromatogram was formed by measuring A,so of
the refolded protein as it was eluted. Fractions exhibiting A,so absorbance were analysed by
SDS-PAGE and those containing the protein of interest were combined and concentrated to

a volume of 1 mL using Amicon ultra 10,000 kDa spin columns (Milipore).
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2.1.6.2 Size exclusion chromatography

Size exclusion chromatography (SEC) separates proteins by molecular weight and was
conducted after anion exchange chromatography to provide two-step protein purification.
SEC was also used to buffer exchange refolded protein into an appropriate buffer for
downstream experiments. A Superdex 200 SEC column (GE healthcare) was attached to an
AKTA pure FPLC and equilibrated into either PBS buffer (for tetramer staining or circular
dichroism), crystal buffer (for crystallisation experiments), or biacore buffer (for surface
plasmon resonance (SPR) experiments). The 1 mL sample of protein was loaded onto the
column and eluted by flowing the selected buffer through the column. Fractions were
analysed as per the anion exchange protocol (Section 2.1.6.1). Fractions containing refolded

protein were combined and stored for subsequent downstream experiments.

2.1.6.3 Hydrophobicity interaction chromatography

Hydrophobicity interaction chromatography (HIC) was used for purifying particular TCR
refolds, where anion exchange chromatography was ineffective at purifying a refolded
protein. HIC separates proteins based on the number of hydrophobic amino acid residues it
possesses. A HiTrap Capto Butyl Impres column (GE healthcare) was attached to an AKTA
pure FPLC machine, washed with 20 mL of HIC buffer B and equilibrated in HIC buffer A.
Refolded protein was buffer exchanged into HIC buffer A and loaded onto the HIC column.
The flow through from the loading procedure, which contained our protein of interest, was
retained. The flow through was concentrated down to 1 mL using Amicon ultra 10,000kDa

spin columns in preparation for further purification.

2.1.7. Biotinylation of refolded pMHC molecules

Some pMHC molecules needed to be biotinylated for certain downstream experiments, such
as tetramer staining and SPR. To do this, MHC heavy chains containing a biotin tag were used
for pMHC refolds where biotinylated protein was required. Once these refolds were purified
by anion exchange chromatography, they were concentrated to 700 pL using Amicon ultra
10,000 kDa spin columns. 100 pL of Biomix A (Avidity), 100 pL of biomix B (Avidity), 100 pL
of Bio200 (Avidity), and 1 pL of BirA enzyme (Avidity) were added to the refold. The refold
was then incubated at room temperature overnight. The excess biotin was then washed out
by buffer exchanging into PBS using Amicon ultra 10,000 kDa spin columns and the refold

proceeded to SEC purification.
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2.2. Protein crystallisation

2.2.1. Sitting drop crystallisation

Crystals were grown as described by Bulek et al. (Bulek et al., 2012). Refolded TCR or pMHC
protein of interest was concentrated to 10 mg/mL using Amicon ultra 10,000 kDa spin
columns and Cercon 0.5 mL 10,000 kDa spin columns (Generon). For crystallisation
experiments involving TCR:pMHC complexes, both components were concentrated to
approximately 10 mg/ml and then mixed in a 1:1 molar ratio. The protein sample was loaded
onto a Griffin (Art Robins) crystallography robot, along with a 96-condition crystallisation
screen. The crystallisation screens used in this thesis were the T-cell optimisation screen
(Bulek et al., 2012), the PACT screen (Molecular Dimensions), and the Proplex screen
(Molecular Dimensions). Sitting drop crystallisation took place on 96-3 well low profile
intelliplates, which consist of 96 wells each containing a mother liquor and three smaller
wells (Molecular Dimensions). For each well, 200 pL of crystallisation screen was placed into
the mother liquor and 0.2 pL was placed in ‘smaller’ wells one and two. 0.2 pL of protein
sample was then added to the first ‘smaller’ well. The plates were sealed and stored at 18°C.

Plates were periodically imaged using Rock Imager (Formulatrix, Figure 2.2a).

2.2.2. Seeding protein crystals

To improve the odds of successful protein crystallisation, crystal seeding was sometimes
used (D’arcy et al., 2007). Crystals of protein with similar sequence homology to the protein
of interest that have successfully diffracted were crushed into sub-microscopic fragments,
known as a seed mixture, using a Qiagen crystal seeding kit (Qiagen). The seed mixture was
then added to a homologous protein sample to aid the formation of protein crystals. 1 uL of
protein sample, 0.5 pL of seed mixture, and 1 pL of crystallisation buffer were added to a
hanging drop well by hand. The well was suspended above a 500 pL reservoir of

crystallisation buffer. Seeding plates were imaged under a microscope (Leica).

2.2.3. Crystal data collection and structure determination

2 pL of mother liquor solution containing 10% v/v ethyleneglycol (Molecular Dimensions)
was added to the drop containing the protein crystals. The crystals were then fished out of
the drop using a magnetic cryo-loop (Molecular Dimensions) and stored in liquid nitrogen.
The collected crystals were then taken to the Diamond Light Source synchrotron in

Oxfordshire, UK. X-ray datasets were collected using a wavelength of 0.98 A and consisted
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of 3600 images, with 0.1 second exposure and 0.1° oscillation (Figure 2.2b). Datasets were
processed to produce reflection intensities and to determine unit cell dimensions and
symmetry space group. The processing software used for each structure will be highlighted

in their respective statistics table.

The resulting x-ray diffraction data were used to ‘solve’ the 3D crystal structure using the
CCP4 software suite. Matthews Coefficient was used to determine the number of
asymmetrical units in each unit cell of the reflection intensities (Winn et al., 2011). Phaser
was then used to conduct molecular replacement, which uses an existing 3D structure with
high structural homology to the protein of interest as a model, to produce a 3D structure
solution (Mccoy et al., 2007). Win-Coot was used to adjust the amino acid sequence of the
model to match the protein of interest and add relevant solvent molecules to the 3D
structure (Figure 2.2c) (Emsley et al, 2004). Finally, REFMAC5 was used to refine the 3D

structure to publication quality (Murshudov et al., 2011).

2.2.4. 3D structural analysis
Refined 3D structures were analysed using Pymol version 2.3.4 to identify points of interest.
Contacts between TCR and pMHC chains were identified using CCP4 and imaged using Pymol.

TCR crossing angles were determined using Pymol and Microsoft Excel.
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A

Figure 2.2. Structural determination workflow.

(A) Example of protein crystals to be taken to the Diamond Light Source synchrotron. (B) Example
of an x-ray diffraction pattern acquired from the synchrotron. (C) Example of an electron density
map formed using WinCoot.

2.3. Homology modelling

Due to difficulties experienced crystallising certain TCR:pMHC complexes and the poor
diffraction exhibited by some crystals, some TCR:pMHC 3D structures were unobtainable
using x-ray diffraction. In these cases, homology modelling was used to provide a theoretical
structure of the protein of interest. Homology modelling was conducted using the Modeller
software suite (Webb et al., 2014). 3D structures with strong homology to the protein of
interest were aligned with the amino acid sequence of the protein of interest. The software
used this alignment to form a theoretical 3D protein model which obeys known constraints

of protein folding. The theoretical model was analysed as described in Section 2.2.4.
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2.4. Biophysical analysis

2.4.1. Surface plasmon resonance (SPR)

TCR:pMHC binding kinetics were determined by SPR as described (Whalley et al., 2020)
(Figure 2.3). SPR experiments were conducted using a BlAcore T200 (GE healthcare).
Approximately 500 response units (RU) of biotinylated pMHC molecules was immobilised
onto a CMS5 sensor chip (GE Healthcare). A negative control was bound to flow cell 1 and
samples bound to flow cells 2-4. Equilibrium binding analysis was performed at 25°C. Ten
serial dilutions of the TCR were made and 100 mL of each dilution was injected onto the chip.
Data was analysed using Graphpad Prism and fitted to a global fit algorithm. Kp values were

calculated assuming 1:1 binding and Michaelis—Menten kinetics (AB = B*ABmax/(Ko+B))

SPR was also used to determine thermodynamic parameters, as described (Willcox et al.,
1999) The SPR method above was repeated at 8, 15, 21, 25, 35, and 40°C. Thermodynamic
parameters were calculated using the non-linear Van’t Hoff equation (RT In Kp = AH° —TAS® +

ACp°(T —T°) =TACp° In (T/T°)) with T° = 298 K.
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Figure 2.3. Surface plasmon resonance.
A diagram showing a surface plasmon resonance experiment.
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2.5. Molecular biology

2.5.1. Protein construct design

TCR expression constructs of interest were designed based on in-house T-cell repertoire
sequencing data. These data were used in conjunction with the International
Immunogenetics Information System (IMGT) to assemble the amino acid sequence. Two stop
codons were added to the 3’ end of the construct. Ndel (CATATG) and EcoRI (GAATTC)
restriction sites were placed at the 5’ and 3’ ends respectively of the construct. Constructs
were ordered from GeneArt (ThermoFisher), with nucleotide sequences optimised for E. coli

expression.

2.5.2. Molecular cloning

2.5.2.1. Restriction digest

Protein constructs ordered from GeneArt were shipped in a pMK transport plasmid and
needed to be cloned into the pGEM-T7 E. coli expression vector. 2 ug of pMK plasmid
containing the construct was mixed with 1 puL of Ndel enzyme (Thermo Scientific), 1 uL of
EcoRIl enzyme (Thermo Scientific), 2 uL of 10x green Fast Digest buffer (Thermo Scientific)
and made to 20 pL using nuclease-free water (Ambion). This process was repeated using
‘empty’ pGEM-T7 vector. Both plasmids were incubated overnight at 37°C. After incubation,
digested pGEM-T7 was treated with 1 pL FastAP enzyme (Thermo Scientific) and incubated
at 37°C for 15 minutes. The pGEM-T7 was then incubated at 65°C for 5 minutes to deactivate

FastAP. FastAP treatment was not needed for the pMK plasmid.

Agarose gel electrophoresis was used to confirm digestion was successful. 0.5 g of agarose
(Sigma) was added to 50 mL of 1x TAE buffer, diluted from a 50x stock (2 M Tris, 1 M acetic
acid (Fisher), 50 mM EDTA). The mixture was heated to dissolve the agarose, then 2.5 uL of
Midori Green was added once the mixture was cool enough to handle. The agarose mixture
was poured into a gel tank and left to set. The resulting gel was submerged in 1x TAE buffer.
Digested plasmids were loaded onto the gel along with pre-stained molecular marker
(Thermo Scientific). The gel was run at 45V for 90 minutes. Once the gel had finished running
it was imaged under UV light. Successful pMK digestion showed two bands, a larger band
(PMK vector) and a smaller band (protein construct) at approximately 3000 base pairs and
700 base pairs respectively. Successful ‘empty’ pGEM-T7 digestion would just show one band

(pGEM-T7 vector) at approximately 3000 base pairs.
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2.5.2.2. DNA extraction and ligation

Once the protein construct has been ‘cut’ from the pMK vector, it was ligated into the
‘empty’ pGEM-T7 vector. The bands indicating protein construct and pGEM-T7 vector were
cut out of the gel and subjected to gel extraction using the Wizard® SV Gel and PCR Clean-
Up System (Promega). Membrane binding solution was added to each gel fragment ina 1:1
w/v ratio. The fragments were incubated at 65°C until the gel fragments had dissolved,
forming DNA solutions. The DNA solutions were transferred to SV Minicolumn, incubated for
1 minute at room temperature and centrifuged at 16,000 x g (Eppindorf 5424) for 1 minute.
700 pL of membrane wash buffer was added to the SV minicolumns and centrifuged at
16,000 x g for 1 minute. A further 500 pL of membrane wash buffer was added and
centrifuged at 16,000 x g for 5 minutes, before a dry centrifugation at 16,000 x g for 1 minute.
Finally, the SV minicolumn was transferred to a clean 1.5 mL tube, 50 pL of nuclease-free
water was added, incubated at room temperature for 1 minute and centrifuged at 16,000 x

g for 1 minute. The resulting flow through contained extracted DNA.

For DNA ligation, 30 fmol of ‘empty’ pGEM-T7 DNA, 150 fmol of protein construct DNA, 1 uL
of DNA ligase enzyme (Thermo Scientific) and 2 uL of 10x DNA ligase buffer (Thermo
Scientific) were mixed together and made up to 20 pL using nuclease-free water. The mixture
was incubated at room temperature overnight. Following ligation, the DNA was transformed

into TOP10 competent E. coli cells and plated into ampicillin LB agar plates.

2.5.3. Colony PCR

Colony PCR was conducted to confirm ligation was successful. A mixture consisting of 12.5
puL DreamTAQ mastermix (Thermo Scientific)) 1 uL T7 forward primer (5'-
TAATACGACTCACTATAGGG- 3°) at 50 pmol, and 1 puL SP6 primer (5'-
ATTTAGGTGACACTATAG- 3’) at 50 pmol, was made up to 25 pL with nuclease-free water. A
colony from the post-ligation transformation was added. Mixtures were placed in a thermal

cycler, set to the following program:
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94°C - 10 minutes

94°C - 20 seconds

57°C - 20 seconds x 20 cycles
72°C-1 minute

72°C—7 minutes

PCR mixtures were analysed by agarose gel electrophoresis (as described in Section 2.5.2.1).

Bands of appropriate size (approximately 700 base pairs) indicated successful ligation.

2.5.4. DNA amplification

Successfully ligated DNA was amplified for sequencing and protein expression. Colonies
containing ligated DNA (as shown by colony PCR) were cultured in 5 mL of LB media (10 g/L
tryptone, 5 g/L yeast extract, 10 g/L NaCl,), containing 50 pg/mL carbenicillin and incubated
overnight at 37°C, 220 RPM. Cultures were then centrifuged at 2786 x g (Eppindorf 5810R)

for 20 minutes, and the supernatant removed, leaving the bacterial pellet.

A Purelink Quick Plasmid Miniprep kit (Invitrogen) was used to amplify the DNA. Bacterial
pellets were homogenised in 250 uL of R3 buffer. 250 pL of L7 buffer was added, mixed gently
and incubated at room temperature for 5 minutes. 350 puL N4 buffer was then added. The
mixture was mixed vigorously and centrifuged at 16,000 x g for 10 minutes (Eppendorf 5424).
The supernatant, which contained the desired DNA, was transferred to a spin column,
incubated at room temperature for 1 minute and centrifuged at 12,000 x g for 1 minute. 500
uL of W10 buffer was added to the spin column and centrifuged at 12,000 x g for 1 minute.
700 plL of W9 was then added, incubated for 1 minute at room temperature, then centrifuged
at 12,000 x g for 1 minute. The ‘dry’ spin column was centrifuged again at 12,000 x g for 1
minute. The spin column was then transferred to a 1.5 mL tube, 30 uL of nuclease-free water
added and was incubated at room temperature for 1 minute. The spin column was
centrifuged at 12,000 x g for 2 minutes and the resulting flow through contained the

amplified DNA.

2.5.5. DNA sequencing
Amplified DNA was sequenced to confirm the ligated DNA construct was correct before
expression. Sanger sequencing was conducted using the TubeSeq service (Eurofins). 15 uL of

sample DNA at 50-100 ng/uL was mixed with 2 pL of T7 forward primer at 10 pmol in a 1.5
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mL tube. A barcode supplied by Eurofins was used to send the DNA samples for sequencing.

Sequencing results were checked against the protein sequencing using nBLAST.

2.6. Cell culture

2.6.1. Reagents and buffers for cell culture and cell assays

Reagent

Composition

200I1U T-cell culture
media

R10 supplemented with 200 IU/mL Interleukin (IL)-2 (Proleukin),
25 ng/mL IL-15 (Miltenyi Biotech), 1 x non-essential amino acids
solution (Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich),
10 mM HEPES (Sigma-Aldrich).

20IU T-cell expansion
media

R10 supplemented with 20 IU/mL Interleukin (IL)-2, 25 ng/mL IL-
15, 1 x non-essential amino acids solution, 1 mM sodium pyruvate,
10 mM HEPES.

Red blood cell (RBC)
lysis buffer pH 7.2 —
7.4

10 mM potassium bicarbonate (Sigma-Aldrich), 155 mM
ammonium chloride (Acros Organics), 0.1 mM EDTA pH 8.0.

R10 RPMI 1640 (Sigma-Aldrich), 10% v/v FBS (Gibco Life Technologies),
100 U/mL penicillin (Sigma-Aldrich), 100 pg/mL streptomycin
(Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich).

RO RPMI 1640, 100 U/mL penicillin, 100 pg/mL streptomycin, 2 mM L-
glutamine.

R5 RPMI 1640, 5% v/v FBS, 100 U/mL penicillin, 100 pg/mL

streptomycin, 2 mM L-glutamine.

Red blood cell (RBC)
lysis buffer pH 7.2 —
7.4

10 mM potassium bicarbonate (Sigma-Aldrich), 155 mM
ammonium chloride (Acros Organics), 0.1 mM EDTA pH 8.0.

Freezing buffer

90% v/v FBS, 10% v/v dimethyl-sulfoxide (DMSO) (Sigma-Aldrich).

Fixing buffer

PBS supplemented with 4% v/v paraformaldehyde (PFA) (Fisher
Chemicals).

FACS buffer

PBS supplemented with 2% v/v FBS.

Wash buffer

PBS supplemented with 0.05% v/v Tween-20 (Merck).

Reagent diluent (RD)
buffer

PBS supplemented with 1% v/v BSA.

TAPI-0 mix

30 uM TAPI-0 (Chem Cruz), 1.5 plL anti-TNFa-PE-Vio770 (clone
cA2), 1.5 pL anti-CD107a-FITC (clone H4A3), 65% R5.

Table 2.3. Buffer compositions used for T-cell culture.

2.6.2. CD8* T-cell culture

CD8" T-cells, isolated from donor blood by my colleagues, were cultured in 200U T-cell
media and plated into 24-well plates (Greiner). Plates were incubated at 37°C, 5% CO.. Half
of the CD8* T-cell culture media was removed on Mondays, Wednesdays and Fridays and

replaced with fresh 2001U T-cell media.
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2.6.3. CD8* T-cell expansion

2.6.3.1. Isolation of peripheral blood mononuclear cells (PBMC)

A primary component of CD8* T-cell expansion is an allogenic mix of PBMCs (referred to as
feeder mix cells henceforth), which are isolated from EDTA-treated buffy coats provided by
the welsh blood service and non-lethally irradiated to prevent cell division. The following
procedures were conducted in accordance with the Human Tissue Act (HTA). Donor blood
was diluted 1:2 v/v with R10, aliquoted into 50 mL tubes and incubated at room temperature
overnight on a rolling mixer. 13 mL of Histopaque (Stemcell Technologies) was added to the
bottom compartment of a SepMate tube (Stemcell Technologies). 25 mL of diluted blood
was transferred slowly to a SepMate tube and diluted to 50 mL with RO. SepMate tubes were
centrifuged at 1200 x g (Eppindorf 5810R) for 10 minutes. The top layer of primary
lymphocytes was transferred to a new 50 mL tube and diluted to 50 mL with RO. The tube
was centrifuged at 800 x g for 10 minutes, the supernatant was discarded and the pellet was
resuspended in 25 mL of RBC lysis buffer to remove any potential RBC contamination. The
resuspension was incubated at 37°C for 10 minutes, diluted to 50 mL with RO and centrifuged
at 400 x g for 5 minutes. If the resulting pellet was red, the RBC lysis buffer wash was
repeated. If the pellet was clear, it was resuspended in 25 mL of R10 and counted (see

Section 2.6.5). The resulting resuspension contained isolated allogenic PBMCs.

2.6.3.2. CD8* T-cell culture expansion

After successful isolation, the aforementioned allogenic PBMCs were non-lethally irradiated
at 3000-3100 cGy. 15 million of these feeder mix cells were incubated in a T25 flask (Greiner),
with up to 1 million CD8" T-cells and 1 pg/mL phytohemagglutinin (PHA) (PAN biotech). The

flask was made up to 15 mL with 20IU cell expansion media.

Flasks were incubated at 37°C, 5% CO; for five days. 7.5 mL of media was then removed and
replaced with 7.5 mL of fresh 201U cell expansion media, then incubated for a further two
days at 37°C, 5% CO,. CD8* T-cells were then harvested and plated at the appropriate density
(generally 3-4 million cells in 2 mLin a 24 well plate) in 200Ul cell culture media. CD8* T-cells

were then cultured as discussed in Section 2.6.2.
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2.6.4. Culture of suspension cell lines

Two suspension cell lines were used in this thesis. AT2 cell line, a lymphoblast line, was used
for expression of HLA-A2 proteins, while a C1R cell line, a B-cell lymphoblast line, was used
for expression of HLA-A24 proteins. Suspension cell lines were incubated in R10 media at
37°C, 5% CO.. Cells were sourced from the American Type Cell Collection. Suspension cell
cultures were split every Monday and Friday by removing half of the media and replacing
with fresh R10. For expansion, cells were split over multiple flasks and supplemented with

fresh R10 media.

2.6.5. Cell counting

Cells to be counted were harvested and resuspended in 1-5 mL of R10, depending on cell
density. 10 pL of resuspended cells were mixed with 10 uL of 0.4% Trypan Blue solution
(Sigma Aldrich). Cells were added to a haemocytometer and ‘bright’ cells were counted on
the assumption that only dead cells would uptake Trypan Blue. The average number of cells
per grid were multiplied by the dilution factor, then multiplied by 10* to determine cells per

mL.

2.6.6. Long term cell storage

Cells bound for storage were centrifuged at 400 x g for 5 minutes and the supernatant was
discarded. The resulting pellet was resuspended in freezing buffer and split into 1 mL
aliquots. Cells were incubated at -80°C in Mr Frosty isopropanol-filled controlled-rate
freezing pots (Nalgene) for at least 24 hours. Cells were then transferred to liquid nitrogen

for long term storage.

Cells were removed from storage by incubating at 37°C until thawed. Cells were then
transferred into 10 mL of R10 media, which was pre-warmed to 37°C. Cells were centrifuged
at 400 x g for 5 minutes, the supernatant was discarded and the pellet was resuspended in

appropriate media. The cell resuspension was then cultured according to cell type.
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2.7. CD8" T-cell assays

2.7.1. CD8* peptide activation assay

2.7.1.1. CD8* peptide co-incubation

To determine activation in response to exogenously-applied peptide, CD8" T-cells were
harvested and washed in RO media and incubated at 37°C, 5% CO, overnight to ‘rest’ them.
CD8" T-cells were then plated at a density of 30,000 cells per well in a 96-well plate (Greiner),
along with 60,000 antigen presenting cells (HLA-A2* T2 or HLA-A24" C1R cell lines) per well
and 10 uL of peptide at the appropriate concentration for the assay. Plates were incubated
at 37°C and 5% CO; overnight. The following morning, the plates were centrifuged at 400 x g
for 5 minutes. 50 pL of supernatant was harvested, transferred to a fresh 96-well plate and

diluted in 70 pL of R5 media.

2.7.1.2. Enzyme-linked immunosorbent assay (ELISA)

A DuoSet human ELISA assay kit (R + D Systems) was used to measure CD8* T-cell activation.
Half-area flat-bottomed 96-well plates (Greiner) were coated in 50 pL of 1 pg/mL anti-human
MIP-1pB antibodies (R + D Systems), sealed with Clingfilm and incubated at room temperature

overnight.

The plates were then washed with 190 uL Wash buffer three times using a Wellwash Versa
plate washer (Thermo Fisher). 150 pL of RD buffer was then added and the plates were
sealed and incubated for 1 hour. The plates were then washed before 50 uL of CD8*
supernatant was added and the plates were incubated for 75 minutes. Recombinant human
standards were added at this point at a serial dilution, starting at 2000 pg/mL, which were
used to create a standard curve (Figure 2.4). The plates were washed again as before 50 pL
of MIP-1B detection antibody was added to the plates, which were then incubated at room

temperature for 1 hour 15 minutes. The plates were washed again as described.

50 pL of streptavidin-conjugated horseradish peroxidase (R + D Systems) was added to the
plates before incubation at room temperature in the dark for 20 minutes. The plates were
then washed. 50 pL of 1:1 Colour A and B mixture (R + D Systems) was added to the plates
before incubation for 5-10 minutes to allow the plates to develop, then 25 pL of STOP
solution (R + D systems) was added to halt development. OD4so of the wells were recorded

using an iMark microplate reader (BioRad). Data was analysed using Microsoft Excel.
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Figure 2.4. MIP-1p ELISA standard curve.
An example of a standard curve used during a MIP-1f ELISA experiment.
2.7.2. Combinatorial peptide library (CPL) screening
CPLs were performed using an ELISA assay, as described (Whalley et al., 2020). 60,000
antigen presenting cells were pulsed with 100 uM peptide mix from a CPL screen (Pepscan
Presto Ltd.) by incubating for 2 hours at 37°C, 5% CO,. 30,000 rested T-cells were then co-
incubated with the antigen presenting cell:peptide mixture as described in Section 2.7.1.

MIP-1B expression was measured by ELISA as described in Section 2.7.1.

2.7.3. Chromium-51 (°1Cr)- release cytotoxicity assay

Cytotoxicity assays were performed as described (Tungatt et al., 2015). Target cells were
harvested and labelled with 30 pCi of 5Cr (Perkin Elmer) per 1 x 10° cells. Target cells were
then incubated at 37°C for 1 hour. Target cells were then washed with D-PBS, resuspended
in R10 and incubated at 37°C for 1 hour. Target cells were then washed with D-PBS and
resuspended in R10, before plating at 2000 cells per well in a 96-well plate. Some target cells
were incubated with 5% Triton X-100 to determine maximum *'Cr release, while some other
target cells were incubated with R10 to determine spontaneous >!Cr release. The remaining
cells were incubated with effector CD8 cells at a 3:1 CD8":target cell ratio in 150 uL of R10.
Cells were co-incubated for 4 hours at 37°C, 5% CO,. Cell supernatants were then harvested
and measured for radioactivity using a 1450-Microbeta™ counter (Perkin Elmer). The

following equation was used to calculate T-cell cytotoxicity:

51
__ Experimental Crrelease-Spontaneous >I1CR release
% Specific lysis= = x100
Maximum  Cr release-Spontaneous >1CR release
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2.7.4. pMHC multimer staining

2.7.4.1. pbMHC multimer assembly

Fluorochrome-conjugated pMHC tetramers were assembled in the dark from biotinylated
pMHC monomers refolded as described in Section 2.1. The pMHC monomers were mixed
with PE-conjugated streptavidin at a 4:1 ratio, with pMHC monomers at a molar excess
(Invitrogen, Thermo Fisher). PE-conjugated streptavidin was added to pMHC monomer over
5 stepwise increments, each separated by incubation on ice for 20 minutes. 1 pL of protease
inhibitor was added and the tetramer solution was diluted to 0.1 pg/pL in PBS. The stepwise
addition of pMHC monomer allowed exploitation of the cooperative nature of biotin-avidin

interaction (Dolton et al., 2015).

2.7.4.2. In vitro CD8" T-cell staining with pMHC multimers

Multimer staining (Figure 2.5) was performed as described by Dolton et al. (Dolton et al.,
2015). 50,000 CD8* T-cells were harvested and transferred to 5 mL fluorescence-activated
cell sorting (FACS) tubes (Elkay Labs). CD8* cells were washed twice with 3 mL of FACS buffer,
centrifuged at 800 x g for 2 minutes and the supernatant discarded. 50 uL of 100 nM
Dasatinib protein kinase inhibitor (Axon Medchem) was added and the tubes were incubated

at 37°C for 10 minutes.

The following steps were conducted in the dark: 0.5 pg of fluorochrome-conjugated pMHC
multimer was added to the tube containing CD8" cells, mixed and incubated on ice for 30
minutes. The cells were washed with PBS twice and 0.5 pg of fluorochrome-unconjugated
anti-PE antibody (Miltenyi) was added. CD8* Cells were incubated on ice for 20 minutes, then
washed in PBS. CD8* Cells were then stained with 2 uL of Fixable Violet Dead Stain (Thermo
Fisher) before incubation for 5 minutes on ice for 5 minutes. Relevant primary fluorochrome-
conjugated antibodies were added to stain for cell-surface markers, before incubation on ice
for 20 minutes. If staining was to be analysed the next day, 50 uL of fixing buffer was added
to each tube, followed by incubation in ice for 20 minutes. The tubes were washed twice in

PBS.

Staining was analysed using a FACS Canto Il (BD Bioscience). A typical gating strategy involved
using forward and side scatter to isolate lymphocytes and removing doublets by gating on

single cells. Vivid stain was used to remove dead cells, then cell surface marker staining was
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used to isolate phenotypically relevant cells. Data was analysed and presented using FlowJo

(Tree Star Inc.).

Multimerised
pMHC

T-cell

PE-conjugated
strepdavidin

Figure 2.5. pMHC multimer staining.
A diagram showing a pMHC multimer staining experiment.
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2.7.4.3. T-Cell purification via pMHC multimer specificity.

CD8" T-cells were purified based on pMHC-specificity using the miniMACS (Miltenyi)
separation protocol, as per the manufacturer’s instructions. T-cells were harvested and
washed with 15 mL of MACS buffer (0.5% bovine serum albumin (Sigma), 2 mM EDTA in D-
PBS), before centrifugation for 400 x g at 5 minutes. The cells were resuspended in 50 uL
MACS buffer and 1 nM Dasatinib protein kinase inhibitor and incubated at 37°C for 10
minutes. 5 pg of pMHC multimer, relative to the pMHC component, was added to the cells
before incubation on ice for 30 minutes. All buffers and cells were kept on ice from this point

on, with all centrifugation steps conducted at 4°C.

Cells were washed with 15 mL of MACS buffer, centrifuged at 400 x g for 5 minutes and
resuspended in 80 uL of MACS buffer and 20 pL anti-PE microbeads (Miltenyi) per 107 cells,
before incubation at 4°C for 15 minutes. Cells were washed in 15 mL of MACS buffer,
centrifuged at 400 x g for 5 minutes and resuspended in 500 puL of MACS buffer. The cells
were filtered through a 30 UM membrane (Celltrics, Wolf Labs) and loaded onto pre-
equilibrated miniMACS separation columns (Miltenyi). The miniMACS columns were washed
three times with 500 pL of MACS buffer. The columns were then removed from the magnetic
holder and the cells were eluted in 500 pL 200 IU T-cell media. The tetramer* cells were

counted and plated in 24-well plates. T-cell purification was conducted by Dr Garry Dolton.

2.7.4.4. In situ CD8* T-cell staining with pMHC multimers

Cadaveric donor 6025 was sourced from the network for Pancreatic Organ donors with
diabetes (nPOD). In situ multimer staining was performed as previously reported (Coppieters
et al., 2012). Unfixed, frozen tissue sections were dried for 2 h and loaded with 1 pg (with
respect to pHLA component) of PE conjugated tetramers overnight at 4°C. After one wash
with PBS, sections were fixed in 2% paraformaldehyde solution for 10 min. After washing,
endogenous peroxidase activity was blocked by incubation in 0.3% H,0,. Rabbit anti-PE
antibody was added for 1.5 h at room temperature. Swine-anti-rabbit antibody coupled to
horseradish peroxidase (HRP) was added and then, after 3 washes in PBS, DAB enzymatic
substrate (Thermo Scientific) was applied for 3 min for detection. After washing, sections
were counterstained with hematoxylin and dehydrated with sequential passages in ethanol
(95%, 100%) and xylene. Tissue sections were then mounted and analyzed. /n situ staining

was conducted by Dr Garry Dolton.
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2.7.5. TNF processing inhibitor-0 (TAPI-0) assay

TAPI-0 assays were used to assess T-cell functionality by measuring antigen-specific TNF
production (Haney et al., 2011). This flow cytometry assay was often used in conjunction
with an assay measuring cell surface expression of CD107a, a surrogate marker of lytic
granule release (Betts et al., 2003). Target cells were rested overnight in R5 media. 60,000
‘rested’ target cells were plated at a density of 60,000 cells/well in 50 pL in a 96 U-well plate
(Greiner). ‘Rested’ T-cells were harvested and added to the wells at a density of 30,000
cells/well in 40 pL. 10 pL of TAPI-0 mix was added to the well, resulting in a final volume of

100 pL per well.

Plates were incubated in the dark at 37°C, 5% CO,, for 4 hours. Cells were then washed in PBS
and stained with Fixable Violet Dead Stain and relevant surface antibodies as described in
Section 2.7.4. Staining was analysed by flow cytometry as described in Section 2.7.4 and data
was analysed and presented using FlowJo. The TAPI-0 assay was performed by Dr Garry

Dolton, Dr Cristina Rius Rafael and Dr Jade Hopkins.

2.8 Data and statistical analysis

All plots were generated using GraphPad Prism Version 9 (GraphPad Software) and all flow
cytometry data were analysed using FlowJo (Tree Star Inc). Standard deviation (SD) was
shown as error bars in data where N > 2. Where appropriate, an unpaired two-step T-test

was used to determine statistical significance.

2.9 Clarification of experiments performed

Several experiments highlighted in this thesis were carried out by my colleagues. For clarity,
all experiments that involved the production and analysis of soluble protein, including SPR,
crystallography, and molecular biology were performed and analysed by myself. Experiments
that involved cell culture and T-cell assays, with the exception of Figure 5.8 and Figure 5.13,
were performed by either Dr Garry Dolton, Dr Cristina Rius Rafael, or Dr Jade Hopkins. Any

work contributed by my colleagues has been noted in both the thesis text and figure legends.
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3. Dominant persistent T-cell receptors following successful
immunotherapy can engage multiple different cancer antigens

3.1. Introduction: Cancer immunotherapy

While T-cells primarily respond to pathogens they can also respond to aberrant-self,
including dysregulated or mutated self in cancer cells. Anti-cancer T-cells recognise tumour-
associated antigens (TAAs) and mount immune responses against them (Bianchi et al., 2016).
However, the tumour microenvironment suppresses T-cell activity via a number of
mechanisms including; a lack of nutrients, overexpression of ligands for T-cell checkpoint
molecules, and through secretion of immunosuppressive cytokines by the tumour (Frey,
2015). These factors, coupled with the fact that TCRs directed against TAAs tend to have low
affinities (Aleksic et al., 2012) result in poor tumour immunity. This presents a substantial
challenge to the endogenous anti-cancer T-cell immune response. However, there are
ongoing efforts to overcome T-cell tolerance to tumour cells. These so-called ‘cancer
immunotherapies’ represent the biggest development in cancer treatment since
radiotherapy and chemotherapy. Whilst there have been studies that show potential in using
CD4" T-cells (Wang et al., 2018; Xhangolli et al., 2019) and y6 T-cells (Alexandra et al., 2016;
Parente-pereira et al., 2014), this thesis will mainly discuss CD8" T-cells as these cells are

currently the preferred immune cells for targeting cancer (Farhood, 2019).

3.1.1. Checkpoint blockade therapy

A key cancer immunotherapy approach is checkpoint blockade therapy. As mentioned in
Section 3.1, overexpression of immune checkpoint molecule ligands presents a barrier to
immune targeting of tumours. One strategy to overcome this is to use antibodies to block
these checkpoint molecules, preventing ligand binding and thus improving T-cell function
within the tumour microenvironment (Sharma et al., 2015). Two commonly targeted
checkpoint molecules are CTLA-4 and PD-1. CTLA-4 is expressed on T-cells and regulates T-
cell activity by inhibiting T-cell proliferation in response to CD80 and CD86 molecules present
on target cells (Walunas et al.,, 1994). PD-1 is also expressed on T-cells and inhibits
proliferation and cytokine production in response to PD-L1 expressed by target cells
(Freeman et al., 2000). Blocking either CTLA-4, PD-1, or their respective ligands, has been
shown to be a viable strategy for overcoming the immune-suppressive tumour

microenvironment.
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The first checkpoint blockade therapy approved by the US food and drug association (FDA)
was ipilimumab in 2011. Ipilimumab is a recombinant immunoglobulin molecule which
disrupts the CTLA-4:CD80/CD86 interaction by binding to CTLA-4. Ipilimumab was approved
for the treatment of melanoma, a disease where the only prior treatment was chemotherapy
(Sondak et al.,, 2011). In 2014, two further checkpoint inhibitors, pembrolizumab and
nivolumab, were approved by the FDA. Both pembrolizumab and nivolumab are antibody
based-therapies and both bind PD-1 (Guo et al., 2017; Khoja et al., 2015). There are currently
seven checkpoint inhibitor therapies approved by the FDA. Due to the mechanical
differences by which CTLA-4 and PD-1 regulate T-cell activity, it is possible to use multiple
checkpoint inhibitors simultaneously. Phase Il trials suggest combinatorial therapy using
both ipilimumab and nivolumab results in greater progression-free survival than either

therapy alone (Hellmann et al., 2019; Hodi et al., 2018).

While immune checkpoint blockade therapy has shown efficacy in the treatment of cancer,
it can also produce immune related adverse effects (IRAEs) in some patients, particularly
those with underlying autoimmune conditions, due to the disruption of immune regulation
(Kostine et al., 2017). The occurrence of autoimmune disease following immune checkpoint
blockade has also been observed in patients with no underlying autoimmune symptoms
(Belkhir et al., 2017). The use of immunosuppressive therapy to treat IRAEs has been studied,
however findings have shown that this may reduce the effectiveness of immune checkpoint

blockade therapy (Tison et al., 2019).

3.1.2. Cancer vaccines

Another promising cancer immunotherapy approach is the use of TAAs as vaccines. In theory,
the use of TAAs as vaccines could promote the proliferation of cancer-specific T-cells and
result in an improved anti-cancer immune response. Vaccines can also take the form of HLA-
restricted peptides. TAA vaccine candidates that have been explored include the Melan-A-
(Reynolds et al., 1997) and the GP100-derived (Salgaller et al., 1996) peptide vaccines. High
affinity APLs derived from TAAs could theoretically break T-cell tolerance to tumour cells. A
study from my laboratory described an APL (MTSAIGILPV) as a super-agonist ligand for a
melanoma patient-derived CD8 T-cell that responded to the well-studied HLA-A2-restricted
Melan-A epitope (EAAGIGILTV). MTSAIGILPV was shown to induce a more effective T-cell
response in healthy donors, as well inducing T-cells with superior anti-cancer response from

melanoma patient blood, when compared to the EAAGIGILTV epitope (Galloway et al., 2019).
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Cancer neoantigens have also been studied for use as cancer vaccines. Neoantigens are
peptides encoded by mutations exclusively present in tumour cells. As neoantigens are non-
self-antigens, T-cells are not tolerised to them. Tumours with greater mutational loads and
subsequently greater numbers of neoantigens have been shown to generate more effective
anti-cancer T-cell responses (Brown et al., 2014). A phase 1 clinical study by Ott et al. used
whole-exome sequencing to identify novel somatic mutations present in the tumour DNA of
individual patients. RNA-seq was used to confirm expression of mutated alleles and
netMHCpan was used to predict which mutated peptides would bind to HLA-A and HLA-B.
Vaccine candidates were synthesised using this data. These vaccine candidates successfully
induced T-cell responses to 76% of neoantigens identified among the patient cohort (Ott et
al.,, 2017). However, whilst neoantigens vaccines can clearly be effective, the individual
nature of tumour mutations means this treatment is highly personalised, requiring costly
whole-exome screening of each patient to identify potential neoantigens that can be used

as vaccine targets (Yadav et al., 2014).

Vaccines can also be used as cancer prophylaxis, where patients are vaccinated against
oncogenic viruses to help prevent the cause of cancer. Two prominent examples of
prophylactic cancer vaccines are Heptabax-B, which prevents hepatocellular carcinoma by
vaccinating against hepatitis B (Maugh, 1981) and Gardasil, which prevents cervical cancer
by vaccinating against human papillomavirus (Siddiqui et al., 2006). More recent studies have
also suggested CMV may have an oncolytic role, specifically in breast and colorectal cancer,
implying a use for CMV vaccines as cancer prophylactics (Ardakani et al., 2019; Richardson

et al., 2020).

3.1.3. Adoptive cell therapy in cancer

3.1.3.1. Tumouir infiltrating lymphocyte therapy

As discussed in Section 1.4.1, ACT has shown promise in the field of cancer immunotherapy
through the use of TILs, which are T-cells taken from a patient’s tumour-microenvironment,
expanded ex vivo and infused back into the patient to illicit immune killing of the tumour. A
study by Dudley et al. showed how a TIL-based therapy can produce tumour regression in
patients with metastatic melanoma (Dudley et al., 2002). Further studies optimised TIL
therapy in metastatic melanoma by subjecting patients to chemoradiation prior to TIL
infusion, as well as combining TIL therapy with IL-2 infusion to promote the activity of the

TILs (Dudley et al., 2008; Rosenberg et al., 2011). A modification of the standard TIL therapy
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involves the use of ‘young’ TILs, which are TILs that are taken from tumour fragments,
pooled, then infused into the patient with minimum screening. Young TlLs exhibit greater
expression of co-stimulatory molecules due to requiring less time in culture, allowing for a

more effective T-cell response against the tumour (Donia et al., 2012).

TIL therapy has proven effective in the treatment of other forms of cancer including
colorectal, ovarian, pancreatic, and urothelial cancer (Huang et al., 2018; Meng et al., 2019;
Naito et al., 1998; Stumpf et al., 2009). However, the success of TIL therapy is dependent on
the accessibility of the tumour, as the TILs need to be surgically removed. ‘Young’ TIL therapy
is particularly dependent on tumour accessibility, as enough TILs need to be safely and

quickly extracted to prevent them spending too long in culture.

3.1.3.2. TCR-T therapy

TIL therapy relies on adoptive transfer of exogenous anti-cancer T-cells to kill tumours. As
discussed in Section 3.1, T-cells possess a naturally low affinity for TAAs and are thus
suboptimal for tumour killing. In Section 1.4.2, | discussed how TCRs can be transduced into
T-cells to improve their ability to recognise target cells. This is known as ‘TCR-T’ therapy and
has been studied for use in cancer immunotherapy. The Morgan et al. study described in
Section 1.4.2, where adoptive transfer of T-cells transduced with known cancer specific TCRs
resulted in melanoma tumour regression, was among the first TCR-T clinical trials for use in
cancer patients (Morgan et al., 2006). Since then, clinical trials have been conducted to
assess TCR-T therapy viability in other forms of cancer, such as oesophageal cancer and acute

myeloid leukaemia (Chapuis et al., 2019; Kageyama et al., 2015).

TCR-T therapy can be optimised by transducing modified TCRs into T-cells to further improve
target recognition. TCRs can be modified to improve their affinity for a given TAA, or to
increase their density on the cell surface, thus improving T-cell recognition of tumour cells
(Cole et al., 2013; Spear et al., 2017). However, as discussed in Section 1.4.3, engineered
TCRs are at increased risk of interacting with self-antigens, as the mutations in the TCRs have
not undergone thymic selection. This was highlighted in the previously discussed Linette et
al. study (Section 1.4.3), where patients administered T-cells transduced with the affinity-
enhanced MAGE-A3%? TCR suffered cardiac arrest, due to TCR cross-reactivity between the
targeted melanoma antigen and titin (Linette et al., 2013; Raman et al., 2016). A study by

Morgan et al. also demonstrated the risk of using enhanced TCRs in therapy, where T-cells
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transduced with another enhanced MAGE-A3-specific TCR caused neurological toxicity in
patients due to the enhanced TCR recognising a MAGE family protein expression in the brain

(Morgan et al., 2013).

Another potential risk associated with TCR-T therapy is aberrant chain pairing between the
exogenous TCR and the transduced TCR, which can result in expression of ‘mixed’ TCR dimers
on the cell surface as the result of mispairing of the endogenous and transduced TCR o and
B chains. It has been shown that these mixed TCRs can potentially exhibit allo- and self-
reactive properties, which would result in off target effects in patients (Loenen et al., 2010).
There have been attempts to prevent expression of mixed TCRs, including using CRISPR/Cas9
knockout to remove exogenous TCR expression, as well as transducing target TCRs into
hematopoietic stem cells to reduce exogenous TCR expression via allelic restriction (Legut et

al., 2018; Starck et al., 2014).

3.1.3.3. CAR-T therapy

Another form of ACT involves the use of chimeric antigen receptor transduced (CAR-T) cells.
As discussed in Section 1.4.2, a CAR consists of a CAR binding region (an scFvs derived from
a target-specific Ig molecule), which is linked to a CD3C signaling domain that recruits ZAP70,
resulting in T-cell activation in response to the target. Such CARs are known as 1% generation
CARs. CARs can also incorporate either a single co-stimulatory molecule (2" generation CAR)
or multiple co-stimulatory molecule (3™ generation CAR), such as CD28 and 4-1BB, which
improve T-cell proliferation, survival, and cytokine secretion (Hartmann et al., 2017). Further
modifications that have been made to CARs include the addition of ‘suicide’ genes that kill
the CAR T-cells in response to a small molecule (smart CARs) and the addition of ligand
binding sites which prevent T-cell activation in the absence of a particular ligand (convertible
CARs) (Landgraf et al., 2020; Zhou et al., 2020). Both smart CARs and convertible CARs allow
for regulation of CAR T-cell activity, reducing the risk of adverse effects such as of cytokine

release syndrome and neurotoxicity (Locke et al., 2019).

CAR-T therapy has proven particularly effective in the treatment of B-cell lymphomas,
specifically through the targeting of CD19, a B-cell marker (Brentjens et al., 2003; D. Li et al.,
2019). The first CAR-T therapy approved by the FDA was Axicabtagene Ciloleucel, which
targeted CD19 and was approved for the treatment of B-cell lymphoma in 2017 (Neelapu et

al.,, 2017). CAR-T therapy targeting of CD22, another B-cell marker, has also been used,
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resulting in B-cell lymphoma regression (Fry et al., 2018). However, despite the success of
CAR-T therapy in haematological malignancies, it has proven less effective in the treatment
of solid tumours (Watanabe et al., 2018). While there has been some success, for example
CAR-T targeting of interleukin-13 receptor alpha 2 (IL13Ra2) has resulted in glioblastoma
tumour regression (Brown et al., 2016), or the use of T-cell receptor fusion constructs (TRuCs)
which can target tumour surface antigens without an additional co-stimulatory domain
(Baeuerle et al., 2019), more research is required to improve CAR-T success in solid tumour

therapy.

3.1.4. TIL therapy studies at Cardiff University
The therapeutic benefits of TIL-based therapy in combination with IL-2 infusion were
demonstrated in a clinical study conducted by the Centre for Cancer Immune Therapy (CCIT),

at the Copenhagen university hospital (clinical trial NCT00937625) (Borch et al., 2020).

Our laboratory has previously characterised the TIL populations infused into the
NCT00937625 patients that subsequently underwent a complete, durable remission. An HLA-
A2-restricted T-cell clone called MEL8 was identified within the TIL infusion product given to
complete remission patient MM909.24. MEL8 was also found to persist in the blood of
patient MM909.24 long after the patient had cleared their tumour and may therefore have
played a prominent role in the clearance of cancer in this patient. The MEL8 T-cell clone
recognises an epitope (EAAGIGILTV) derived from the Melan-A protein, which is
preferentially expressed in melanoma (Coulie et al., 1996). Further study of MEL8 showed
that it killed many other HLA-A2* cancer cell types that did not express Melan-A. My
colleagues than set about trying to find how MEL8 T-cells were recognising other cancer
types and discovered that it recognised at least two other new T-cell epitopes in addition to
EAAGIGILTV. These new epitopes, LLLGIGILVL and NLSALGIFST, were derived from BST2 (also
known as tetherin and CD137) and IMP2 respectively. Importantly, BST2 and IMP2 have been
shown to be overexpressed in several forms of cancer (Kawakami et al, 1994, Sayeed et al,
2013, Ribeiroet al, 2012). Individual T-cells that can recognise multiple tumour-associated
peptides could be advantageous in cancer immunotherapy as such T-cells would be
especially difficult for the cancer to escape from. This finding warranted further

investigation.
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3.2. Aims and objectives

| aimed to characterise how the MEL8 TCR allowed T-cells expressing it to respond to at least
three, seemingly unrelated, tumour-associated peptide antigens (HLA-A2-EAAGIGILTV, HLA-
A2-LLLGIGILVL and HLA-A2-NLSALGIFST). To achieve this, | aimed to produce 3D structure
data of MEL8 in complex with these respective ligands and to conduct biophysical studies on

each TCR:pMHC complex.
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3.3. Results

3.3.1. The MELS8 T-cell clone responds to multiple tumour-associated antigens

Previous work undertaken in my laboratory isolated the Melan-A-specific MEL8 T-cell clone
from the TIL infusion product used to induce a complete durable remission in stage IV
melanoma patient, MM909.24 at CCIT Copenhagen. Over 80% of the response to the
autologous melanoma line in the TIL infusion product used to successfully treat patient
MM909.24 was shown to be HLA-A2-restricted by former Sewell laboratory PhD student Dr
Cristina Rius Rafael, under the supervision of Dr Garry Dolton (Rius Rafael, 2019) (Figure 3.1).
The dominance of HLA-A2-restricted anti-cancer responses in the TIL used to successfully
treat patient MM909.24 was confirmed by comparing the response to the autologous
MM909.24 melanoma line with and without CRISPR-Cas9-generated knockout of the HLA-A2
heavy chain. The MEL8 TCR was observed in the TIL infusion product used to treat patient
MM909.24 and was then found to be expanded in the patient blood following complete
cancer remission suggesting that it may have played a role in the cancer remission. Such T-
cell clones are described as being ‘persistent’. MEL8 was one of 16 HLA-A2-restricted T-cell
clonotypes found after the successful treatment of patient MM909.24. The persistence of

the MEL8 T-cell during and after complete cancer remission made it of particular interest.

During further study the MEL8 T-cell clone was found to respond to many other HLA-A2*
non-melanoma cancer cell lines that do not express Melan-A, suggesting MEL8 could
recognise a further TAA (Figure 3.2A-B). In order to discover what this other TAA-derived
antigen might be my colleagues examined the peptide recognition landscape of the MELS8
TCR. Although HLA-I-restricted T-cells can recognise huge number of different peptides, CD8*
T-cells tend to exhibit a preference for agonists of a specific length (Ekeruche-Makinde et al.,
2013). A peptide sizing scan using peptides of 8-13 amino acids in length with degenerate
sequence at each position (Ekeruche-Makinde et al., 2013) showed that the MEL8 TCR
exhibited a clear preference for peptides of 10 amino acids in length (Figure 3.3A). The data
from a 10-mer combinatorial library screen using MEL8 T-cells (Figure 3.3B) showed that
recognition at position 6 was restricted to glycine while there was some flexibility at other
positions. These data were input into the webtool designed by Dr Szomolay (Szomolay et al,
2016) and used to search a cancer proteome database (unpublished) for likely agonists of
the MEL8 T-cell ranked by likelihood of recognition. The 15 highest scoring cancer-derived
likely agonists for the MEL8 TCR are shown in Table 3.1.
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Figure 3.1. The majority of the tumour-specific T-cell response in patient MM909.24 TIL is
HLA-A*02:01-restricted.

(A) HLA-A2-EAAGIGILTV (Melan-A) tetramer staining of TIL infusion product from patient
MM909.24. Gates were set on single lymphocytes and live CD3* cells. The percentage of
CD8*Tet* T-cells is shown for each gate. Irrelevant tetramer made with human telomerase
reverse transcriptase (hTERTs40-s48, ILAKFLHWL) was used to set the gates. (B) TAPI-0 staining
of tumour reactive T-cells from autologous TIL population co-incubated for 5 hours with the
indicated tumour lines followed by viable sorting based on expression of CD107a and TNF on
live CD8'CD3* cells. Percentage of tumour-reactive cells found within the population is
indicated above each panel. Data reproduced from the PhD thesis of Dr Cristina Rius Rafael.
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Figure 3.2. Patient MM909.24 derived Melan-A-specific CD8* T-cell clone MEL8 shows broad
recognition of HLA-A2 cancer lines.

(A) MELS8 T-cell clone staining with HLA-A2-restricted Melan-Azs-3s (EAAGIGILTV, in blue) and
Irrelevant HLA*AQ2:01-restricted hTERTs40548 (ILAKFLHWL, in grey) tetramers. MFI values are
displayed. (B) TAPI-0 assay of MEL8 T-cell clone following 5-hour co-incubation with a panel of
HLA-A2* tumours from diverse tissue origin. Gates were set on single lymphocytes and live
CD8*CD3"* cells. Percentage of tumour-reactive cells based on TNF and CD107a outputs is
indicated in each panel. Data adapted from PhD thesis of Dr Cristina Rius Rafael.
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Figure 3.3. Decamer CPL-screening of Melan-A-specific T-cell clone MELS.

(A) Peptide size-scan using MIP-1B (pg/mL) output measured using ELISA following overnight co-
incubation of T-cells with peptide-pulsed T2 shows a strong preference for decamer peptides. (B)
Decamer PS-CPL library (10* M) using MIP-1B ELISA as a readout. Results are displayed as
histogram plots of the L-amino acid residue landscape (shown in single-letter code format) and
SD from the mean of two replicates is shown. The index Melan-A peptide sequence (EAAGIGILTV)
is shown in blue. Y axis marks indicate increments of 200 pg/mL. Data reproduced from PhD thesis
of Dr Cristina Rius Rafael.
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Rank Peptide sequence  Protein

-22.065 ELAGIGILTV Melanoma antigen recognized by T-cells 1 Melan-A
-22.488 NLAAVGLFPA Insulin-like growth factor 2 mMRNA-binding protein 1 IF2B1
-22.659 EAAGIGILTV Melanoma antigen recognized by T-cells 1 Melan-A
-22.969 LLLGIGILVL Bone marrow stromal antigen 2 BST2
-23.128

-23.301 VYAALGILQG Canalicular multispecific organic anion transporter 2 MRP3
-23.373 LILNIAIFFV Dermatan-sulfate epimerase DSE
-23.418 ATSAMGTISI Mucin-16 MUC16
-23.435 ISAVVGILLV Receptor tyrosine-protein kinase erbB-2 ERBB2
-23.477 TSSAIPIMTV Mucin-16 MUC16
-23.530 TYSCVGVFQH Heat shock 70 kDa 1A HS71A
-23.530 LRLALGLLQOL G-protein coupled receptor 143 GP143
-23.592 MVSCIIFFFV ATP-binding cassette sub-family C member 11 ABCC11
-23.692 QLLAEGVLSA Anoctamin-7 ANO7
-23.695 TTLAICLLYV Canalicular multispecific organic anion transporter 2 MRP3
-23.794 GVSGIGVTLF Tyrosine-protein kinase Fgr FGR
-23.820 LIAARGIFYG Canalicular multispecific organic anion transporter 2 MRP3
-23.836 TSSAIPTLPY Mucin-16 MUG16
-23.840 TIPSMGITSA Mucin-16 MUG16
-23.843 TTQSLGVMSS Mucin-16 MUG16

Table 3.1. Top 15 cancer-associated peptide sequences predicted to activate T-cell clone MEL8
by webtool designed by Barbara Szomolay and colleagues (Szomolay et al. 2016).

3.3.2. The MEL8 T-cell responds to Melan-A, BST2 and IMP2 peptides presented
HLA-A2

The peptides listed in Table 3.1 were purchased in crude form and used in T-cell recognition
assays with the MEL8 T-cell. Recognition of the top five scoring peptides is shown (Figure
3.4A). In total, the MEL8 T-cell responded to three different cancer associated peptides; the
Melan-A epitope (EAAGIGILTV), the BST2 epitope (LLLGIGILVL), and the IMP2 epitope
(NLSALGIFST). The BST2 and IMP2 epitopes have not been previously described in the
scientific literature. These three peptides were purchased in pure form and used in a peptide
titration assay (Figure 3.4B). All three peptides were recognised by the MEL8 T-cell with the

Melan-A peptide acting as the strongest agonist. Data provided by Dr Cristina Rius Rafael.

Dr Rius Rafael further went on to demonstrate that MELS8 still recognised the M909.24
melanoma cell line when Melan-A was knocked out using CRISPR (Figure 3.5) and the use of
all three peptides at 10® M, a concentration likely to give a physiological antigen density at
the cell surface, showed that each peptide had an additive effect in terms of target
recognition by the MEL8 T-cell (Figure 3.6). These experiments suggested that the MELS8 T-

cell could recognise cancer cells via at least three different cancer-associated epitopes.
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Figure 3.4. The MELS8 T-cell clone recognises multiple tumour-associated antigens.

(A) Activation to peptide was assessed by MIP-1B (pg/mL) release measured by ELISA after
overnight co-incubation with 10 M candidate crude peptides (>40% manufacturing purity). Data
courtesy of Dr Valentina Bianchi. (B) Peptide sensitivity of the T-cell clone was assessed by MIP-1
(pg/mL) release measured by ELISA after overnight co-incubation with EAAGIGILTV peptide (Melan-
A, blue), LLLGIGILVL (BST2, red) and NLSALGIFST (IMP2, green) peptides. Mean and standard
experimental error from duplicate samples is shown. Non-linear curves of best-fit are shown. Data
courtesy of Dr Cristina Rius Rafael.
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Figure 3.5. MM909.24 TiL-derived T-cell clones recognise autologous melanoma regardless of
Melan-A expression.

(A) Melan-A expression in patient MM909.24 autologous melanoma measured by intracellular
antibody staining in Wild Type (WT) and CRISPR transduced patient-autologous tumour (Melan-
ARISPR) Mean Fluorescence Intensities (MFI) for Isotype (black) and Melan-A (blue) are shown. (B) T-
cell clones MELS8 (shown in the figure as CR24 (e)), CR324 (A ) and CR124 (m) were subjected to a
TAPI assay following 4-hour co-incubation with Wild Type (WT) or CRISPR transduced (Melan-ARIPR)
autologous melanoma. Gates were set on single lymphocytes and live CD8*CD3* cells. Percentage of
reactive cells (%TNF* CD107a*) is shown. Data courtesy of Dr Cristina Rius Rafael.
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Figure 3.6. Recognition of three cancer epitopes by the MEL8 T-cell is additive.

Overnight activation of MEL8 T-cell clone co-incubated with peptide-pulsed T2 cells was assessed
by MIP-1B (pg/mL) release measured by ELISA. EAAGIGILTV (Melan-A), LLLGIGILVL (BST2) and
NLSALGIFST (IMP2, green) peptides were used alone or combined at the indicated concentrations.
Standard deviation from the mean of two duplicate samples is shown. Data provided by Dr Cristina
Rius Rafael.

3.3.3. The MEL8 T-cell binds to Melan-A, BST2 and IMP2 peptides presented by HLA-
A2

Confirmation that the MEL8 T-cell clone could bind to the HLA-A2-EAAGIGILTV, HLA-A2-
LLLGIGILVL, and HLA-A2-NLSALGIFST required | manufacture biotinylated versions of these
pMHC monomers for use in staining experiments using fluorochrome-conjugated pMHC
multimers (Figure 3.7A-B). The pMHC monomers were assembled into pMHC tetramers.
Tetrameric pMHC molecules were used to successfully stain the MEL8 T-cell clone by Dr
Cristina Rius Rafael, confirming MEL8 recognition of the Melan-A, BST2, and IMP2 epitopes
(Figure 3.7C).
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Figure 3.7. MEL8 T-cell stains with pMHC tetramer presenting cancer-derived epitopes.

(A) Biotinylated HLA-A2-NLSALGIFST size exclusion chromatogram (B) SDS-PAGE gel of the first
peak of the size exclusion sample, as indicated in A. Sample was analysed in reduced (R, with DTT)
and non-reduced (NR, without DTT) conditions. (C) MEL8 was stained with R-Phycoerythrin
conjugated HLA-A2 tetramers assembled with peptides: EAAGIGILTV, LLLGIGILVL and NLSALGIFST
from Melan A (blue), BST2 (red) and IMP2 (green) respectively. MEL8 did not stain with HLA-
A*02:01 irrelevant tetramers (data not shown). Data provided by Dr Garry Dolton and Cristina Rius
Rafael.

3.3.4. Production of soluble MEL8 TCR

The above data indicate that the MEL8 T-cell can recognise cancer cells via epitopes from
three different TAAs. This type of ‘multipronged’ T-cell recognition has never previously been
observed and warranted further investigation through biophysical and structural studies. |
engaged on the task of generating these data and set about trying to make soluble MEL8
TCR. MEL8 TCR a- and B-chain E. coli expression constructs were designed and cloned into
the pGEM-T7 expression vector. The individual MEL8 TCR chains were expressed, solubilised
and refolded together by dilution of denaturing conditions as described in Section 2.1.5.
Refolded MEL8 TCR was purified by anion exchange and size exclusion chromatography
(Figure 3.8A). SDS-PAGE analysis of the purified MEL8 TCR indicated successful refolding,
however there were multiple impurities which would hinder accurate measurement of ligand
binding and crystallisation (Figure 3.8B). These impurities persisted through multiple repeats

of purification and were present in subsequent refold attempts.
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Before attempting to optimise the MEL8 TCR production protocols, the functional ability of
the refolded MEL8 TCR needed to be assessed. SPR analysis was conducted and showed
positive interaction between the impure MEL8 TCR and HLA-A2-ITSGIGILTV, a high affinity
artificial super-agonist of the MEL8 T-cell that was identified by an early CPL screen (Galloway
et al., 2019) (Figure 3.8C). No interaction was observed between the MEL8 TCR and HLA-A2-
FATGIGIITV a ligand that the MEL8 T-cell fails to respond to (Galloway et al., 2019) (Figure
3.8D). Due to the impurities present in the MEL8 TCR sample, it was not possible to
accurately determine the binding affinity of the MEL8:A2-ITSGIGILTV interaction, as it was
impossible to accurately measure the MEL8 TCR concentration. Nevertheless, the obvious
binding of my sample to the HLA-A2-ITSGIGILTV super-agonist ligand was encouraging so |

next attempted to produce better quality protein.
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Figure 3.8. Soluble MEL8 TCR protein was successfully produced.

(A) MELS size exclusion chromatogram, showing MEL8 absorbance. Samples selected for SDS-
PAGE analysis indicated by numbers and dotted lines. (B) SDS-PAGE gel of size exclusion samples,
as indicated in A. Samples were analysed in reduced (R, with DTT) and non-reduced (NR, without
DTT) conditions. (C) SPR responses of MEL8 against HLA-A2-ITSGIGILTV and HLA-A2-FATGIGIITV.
Responses against the irrelevant HLA-A2-HLVEALYLV protein were subtracted to remove
background response. Ten serial dilutions of MEL8 were injected, with a maximum concentration
of 236.2 uM.
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3.3.5. Optimising production and purification of soluble MEL8 TCR

There were two recurring impurities in my soluble MEL8 TCR preparation indicated by SDS-
PAGE which needed to be removed (Figure 3.9A). The first was a ‘smear’ between 35kDa and
63kDa indicating protein aggregation, the second was a protein of roughly 16kDa mass which
persisted despite size exclusion chromatography, suggesting that it interacted with the

refolded MEL8 TCR.

The first optimisation step | employed was to add 1 M L-arginine to the refold buffer. The -
NH; groups present on L-arginine form hydrogen bonds with the MEL8 TCR chains during the
refold procedure, theoretically reducing aberrant hydrogen bond formation between the
TCR chains and reducing aggregation. | also employed a vivaflow 200 cassette (Sartorias) to
rapidly concentrate the refold buffer following the 6-hour incubation of the TCR chains in
refold buffer before diluting in 10 mM Tris. The standard refold protocol instead slowly
dialyses the refold buffer out in 10 mM Tris. | hoped that this faster rate of buffer exchange
afforded by the vivaflow cassette (approximately 6 hours compared to approximately 2 days
by dialysis) would reduce the chance for aberrant interactions occurring between the TCR
chains. Finally, | opted to use hydrophobic exchange chromatography instead of anion
exchange, to determine if changing the purification parameters would remove the MEL8 TCR
impurities. Implementation of these optimisations resulted in purer MEL8 TCR production as

shown in Figure 3.9B).
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Figure 3.9. MEL8 was successfully purified using optimised refold protocol.
SDS-PAGE gels of MEL8 when purified by conventional (A) and optimised (B) purification
protocols. Samples analysed in reduced (with DTT) and non-reduced (without DTT) conditions.
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3.3.6. MEL8 CDRla and CDR3p loops are instrumental in Melan-A peptide
recognition.

Using the optimised refold protocol to produce pure MEL8 TCR, | was able to solve the 3D
structure of the MEL8-A2-EAAGIGILTV complex at a resolution of 2.8 A (Table 3.2, Appendix
Table 1). The 3D structure shows that EAAGIGILTV peptide residues Glul, lle5 and Leu8
protrude upwards towards the TCR (Figure 3.10A), with CDR1a and CDR3f loops of the MELS8
TCR in close proximity to the EAAGIGILTV peptide (Figure 3.10B). Peptide residues 1-5 form
a 'pocket’ which is occupied by MEL8 TCR residue Glu31a (Figure 3.10C).

3.3.7. MELS8 CDR loop interactions primarily focus on peptide residues 4 and 7
Further examination of contacts between the MEL8 TCR CDR loops and the EAAGIGILTV
peptide revealed that a sizable proportion of the interactions were focused on peptide
residues Gly4 and lle7 (Figure 3.11A). There were 46 van der waals interactions and 6
hydrogen bonds between the MEL8 CDR loops and the EAAGIGILTV peptide, with 22 van der
waals interactions and 3 hydrogen bonds involving peptide residues Gly4 and lle7 alone,
demonstrating their importance to the interaction. CDR loop residues spanning both CDR1a
(GIn31a, Ser32a) and CDR3B (Thr98B) surrounded peptide residue Gly4 (Figure 3.11B),
whereas CDR3p loop residue Thr98f3 was solely responsible for numerous interactions with
peptide residue lle7. (Figure 3.11C). Despite the protrusion of peptide residues Glul, lle5 and
Leu8, they contributed far less interactions with the MEL8 TCR than Gly4 and lle7.
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CDRloop  TCR Peptide MHC residue Number of Number of H-  Number of Salt

residue residue vdw (<4 A) bonds (3.4 A)  Bridges
CDR1a Gly29 Trpl67 2
Glul 2
GIn31 Tyr159 2
Thri63 4 1
Glul 1
Ala2 1
Ala3 2
Glya 3 1
lle5 3
Ser32 Gly4 1
lle5 1
CDR2a Tyr51 Glul54 5
GIn155 3
Alal58 1
lle5 1
FWa Lys67 Thr163 1
CDR3a Lue94 Argb5s 1
CDR1B Glu30 GIn72 3 1
Val76 2
CDR2B Tyrd8 Argb5 7 1
Vals0 Alag9 3
GIn72 2
Gly51 GIn72 4
Ala52 GIn72 1
Arg7s 1
lle54 Lys68 2
Asp56 Lys68 2 2
CDR3pB Tyr95 Thr9 3 1
PheS7 Ala69 3
Thr73 4
Throg Ala69 1
Glya 7 1
lle5 3
Glyé 1
lle7 11 2
Glug9 GIn155 2 1
Glyé 1
Ala100 Ala150 1
GIn155 7 1
Lue8 3
Thr101 Alal50 1
GIn155 4 1
Tyr102 Ala150 1
Lue8 1

Table 3.2 Contacts between the MEL8 TCR and HLA-A2-EAAGIGILTV.
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Figure 3.10. 3D structure of MEL8 in complex with HLA-A2-EAAGIGILTV.

(A) EAAGIGILTV peptide (blue) shown as sticks. MHC alpha helix (grey) shown as cartoon for
orientation. (B) Top down view of EAAGIGILTV peptide (blue sticks) presented by HLA-A2 (grey,
shown as surface). MEL8 CDR loops (magenta) are shown as cartoon. Crossing angle is
indicated by the magenta line. (C) Close-up of GIn31la (magenta) interacting with the
EAAGIGILTV peptide (blue). Van Der Waals forces (black dotted lines) and hydrogen bonds (red
dotted lines) are shown.

A

More contacts
with CDR loops

with CDR loops

Figure 3.11. Peptide residues Gly4 and lle 7 are crucial for the MEL8:HLA-A2-EAAGIGILTV
interaction.

(A) Heat map of EAAGIGILTV peptide showing number of interactions each residue make with
MEL8 CDR loops. (B-C) Interactions between Gly4 and lle7 of EAAGIGILTV peptide (blue)
respectively. Van der Waals forces (black dotted line) and hydrogen bonds (red dotted lines).
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3.3.8. MELS8 interacts with Melan-A peptide using a similar mechanism to the MEL5
TCR

The Melan-A-derived EAAGIGILTV peptide has previously been shown to be recognised by a
TCR known as MEL5 (Borbulevych et al., 2011; Madura et al., 2015; Cole et al., 2009). In
addition to their shared recognition of the EAAGIGILTV peptide, both MEL8 and MEL5 exhibit
TRAV12-2 gene usage. As such, | thought it interesting to compare their mechanism of
binding to EAAGIGILTV using the previously reported MEL5:A2-EAAGIGILTV structure
(PDB:40QK) (Madura et al., 2015). Apart from the TRAV12-2 gene, both MEL8 and MEL5 TCRs
exhibit different gene usage. MEL8 also has a shorter CDR3a loop than MEL5, as well as a
dissimilar CDR3 loop (Figure 3.12A). Analysis of the CDR loop structure revealed differences
between MEL5 and MEL8 CDR loop conformation, however the proximity of CDR1a and
CDR3p to EAAGIGILTV was maintained (Figure 3.12B). Differences in CDR3a and CDR3p loop
compositions between the MEL5 and MEL8 TCRs mean MEL5 TCR residues Leu98p and
Asn92a interact with peptide reside Gly4 and MEL5 TCR residues Thr96p3, Leu98f3, and Gly99
interact with peptide residue lle7. However, the conserved CDR1a loop results in MEL5 TCR
residue GIn31la interacting with peptide residue Gly4 in a similar fashion to the MEL8:A2-
EAAGIGILTV complex (Figure 3.12C-D). The conserved GIn3la residue also means
interactions with the pocket formed by peptide residues P1-P5 are observed in both the
MELS8:A2-EAAGIGILTV and MEL5:A2-EAAGIGILTV structures (Figure 3.12E). Thus, despite the
differences in amino acid composition, the MEL5 and MEL8 TCRs use a similar mode of

binding to HLA-A2-EAAGIGILTV.
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Figure 3.12. MEL5 and MELS interact with HLA-A2-EAAGIGILTV in similar manners.

(A) Comparison of MEL8 and MEL5 (PDB:4QOK) gene usage and CDR3 loop sequences. (B)
Comparison of MEL8 (magenta) and MEL5 (orange) CDR loops in relation to the EAAGIGILTV
peptide (blue). MEL8 and MELS5 crossing angles are indicated by the magenta and orange
lines respectively. (C-D) Comparison between MEL8 (magenta) and MELS5 (orange) residues
which interact with Gly4 and lle7 of EAAGIGILTV peptide (blue) respectively. (C) Close-up of
MEL8 and MELS5 GIn31a (magenta and orange respectively) interacting with the EAAGIGILTV
peptide (blue). Bonds shown in figures C-E involve the MEL8 TCR (magenta) or the MEL5 TCR
(orange) respectively.

3.3.9. MELS5 also recognises the BST2 and IMP2 epitopes in the context of HLA-A2

Despite multiple attempts, crystal structures of MEL8 in complex with HLA-A2-LLLGIGILVL
and HLA-A2-NLSALGIFST were not acquired. The lack of successful MELS8 crystallisation was
compounded by the low yields of pure MEL8 production which reduced the rate by which |
could conduct crystallography experiments. As a result, | began to study the MEL5 T-cell as
previous investigations within our laboratory indicated that the MELS TCR would be easier
to work with than the MEL8 TCR. As both MEL8 and MEL5 TCRs adopt a similar binding
mechanism to engage the Melan-A epitope, | hypothesised that the MEL5 TCR might also
bind to the BST2 and IMP2 epitopes. In order to test this hypothesis, the MEL5 T-cell was
stained with pMHC tetramers of HLA-A2-EAAGIGILTV, HLA-A2-LLLGIGILVL and HLA-A2-
NLSALGIFST by Drs Garry Dolton and Cristina Rius Rafael, using an optimised staining
protocol (Dolton et al., 2018) (Figure 3.13A). All three tetramers stained the MEL5 T-cell
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clone confirming that the MEL5 TCR, like the MEL8 TCR, can engage epitopes from at least

three different cancer antigens.

| next produced soluble MEL5 TCR for use in SPR experiments. While | was able to confirm
the interaction between MEL5 and the Melan-A epitope, as had been previously reported
(Madura et al., 2015), the response with HLA-A2-LLLGIGILVL or HLA-A2-NLSALGIFST was too
low to determine accurate binding affinities. These results suggest that the MEL5 has a weak

binding affinity for the BST2 and IMP2 epitopes (Figure 3.13B-D).
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Figure 3.13. The MEL5 TCR interacts with Melan-A, BST2 and IMP2 epitopes.

(A) MEL5 was stained with R-Phycoerythrin conjugated HLA-A2 tetramers assembled with
peptides: EAAGIGILTV, LLLGIGILVL and NLSALGIFST from Melan A (blue), BST2 (red) and IMP2
(green) respectively. MEL5 did not stain with HLA-A*0201 irrelevant tetramers (grey). Data
provided by Dr Garry Dolton and Cristina Rius Rafael. (B-D) SPR responses of MEL5 against HLA-
A2-EAAGIGILTV (blue, B), HLA-A2-LLLGIGILVL (red, C), and HLA-A2-NLSALGIFST (green, D).
Responses against the irrelevant HLA-A2-GLGGGGGGL irrelevant protein were subtracted to
remove background response. Ten serial dilutions of MEL5 were injected, with a maximum
concentration of 160 pM.
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3.3.10. The MEL5 TCR interacts with all three cancer epitopes with near-identical
structural mechanism

The MEL5 TCR was far easier to produce and purify than the MEL8 TCR so | next attempted
to crystallise these interactions. 3D crystal structures of MEL5:A2-LLLGIGILVL and MEL5:A2-
NLSALGIFST were solved at 2.10 A and 2.55 A resolution respectively (Table 3.3, Table 3.4,
Appendix Table 1). Examination of these two novel 3D structures and the previously solved
MEL5:A2-EAAGIGILTV structure (Madura et al., 2015) shows that all three peptides are
presented by HLA-A2 in a similar manner (Figure 3.14A). Furthermore, the MEL5 CDR loops
adopt similar conformations when bound to either EAAGIGILTV, LLLGIGILVL, or NLSALGIFST
(Figure 3.14B). As observed above for the MEL8:A2-EAAGIGILTV structure, when interacting
with MELS all three peptides form a ‘pocket’ using peptide residues P1-P5 which is occupied
by the MEL5 Glu31a residue (Figure 3.14C). Additionally, analysis of the three structures
showed that peptide residues P4 and P7 are key contact points mechanisms irrespective of
which cancer epitope MELS5 is bound to (Figure 3.14D-E). These observations suggest that

MELS5 cross-reactivity is driven by molecular mimicry between the three cancer epitopes.

3.3.11. Homology modelling suggests that the MEL8 binding mechanism is
conserved between Melan-A, BST2 and IMP2 epitopes

With the determination of the MEL8:A2-EAAGIGILTV complex structure highlighted in
Section 3.3.6 and the MEL5 complex structures highlighted in Section 3.3.10, it was possible
to use homology modelling to predict the theoretical structures of the MEL8:A2-LLLGIGILVL
and MEL8:A2-NLSALGIFST complexes. Analysis of the homology models suggests the mode
of HLA-A2 peptide presentation and the arrangement of the TCR CDR loops in the MEL8:A2-
LLLGIGILVL and MEL8:A2-NLSALGIFST complexes are very similar to those found in the
MELS8:A2-EAAGIGILTV complex (Figure 3.15A-B). The key role of peptide residues P4 and P7

is also observed in the modelled structures (Table 3.5, Table 3.6, Figure 3.15C-D).

In summary, the similarities of the homology models to MEL8:A2-EAAGIGILTV, coupled with
the mechanical similarities between MEL5 and MEL8 recognition of EAAGIGILTV (Section
3.3.7) and the structural evidence presented here that MEL5 recognition of the Melan-A,
BST2, and IMP2 epitopes is driven by molecular mimicry (Section 3.3.10), support the
hypothesis that MEL8 recognition of multiple cancer epitopes is also driven by molecular

mimicry.
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CDR loop TCR Peptide MHC residue Number of Number of H-  Number of Salt
residue residue vdw (<4 A) bonds (<3.4 A) Bridges
CDR1a Arg28 Glule6 5 2
Trple7 2
Gly29 Trpl67 3
Luel 2
GIn31 Lys66 1
Tyrl59 2
Thr163 2
Luel 1
Lue2 1
Lue3 3
Gly4 5 2
lle5 3
CDR2a Tyr51 Gluls4 3
GIn155 5
Ala158 1
FWa Lys67 Thr163 1
CDR3a Asn92 Gly4 2 1
lle5 1
Ala94 Gly62 6
Arg65 5 1
Gly95 Lys66 3
Lys96 Arg65 7
CDR1B Asn30 Val76 2
CDR2B Tyr49 Arge5s 4
Val51 Lys68 1
Alab9 1
GIn72 3
GIn55 GIn72 1
Arg75 1
Glu59 Argb5 2 2
CDR3pB Throé Valo 2
Gly97 Alab9 2
Thr73 2
lle7 2
Leu98 Lysbb 1
Alab9 2
His70 2
Leu3 1
Gly4 2
lle5 5
Glye 2 1
lle7 8 2
Gly99 Gly4 1
lle5 3
lle7 1
Lued 1
Thrl00 GIn155 2

Table 3.3. Contacts between the MEL5 TCR and HLA-A2-LLLGIGILVL.
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CDR loop TCR Peptide MHC residue Number of Number of H-  Number of Salt
residue residue vdw (<4 A) bonds (<3.4 A)  Bridges
CDR1a Arg28 Glul66 1
Trpl67 4
Gly29 Trp167 2
GIn31 Tyr159 1
Thr163 3
Asnl 1
Leu2 1
Ser3 2
Alad 7 1
Leu5 2
CDR2a Tyr51 Glu154 2
GIn155 6
Alal58 1
CDR3a GIn92 Alad 2 1
Ala94 Gly62 1
Argb5 5
Lys66 1
Lys96 Argb5 1
CDR1B Asn30 Val7e 4
CDR2B Tyr49 Arg65 2
Alab9 1
Val51 Ala69 1
GIn72 3
GIn55 GIn72 3
Arg75 2
Glu59 Arg65 1
CDR3pB Glugs Phe8 1
Throe Ser9 1
Gly97 Thr73 1
lle7 2
Leu98 Lys66 1
Ala69 2
His70 2
Ser3 1
Alad 6
Lue5 3
Glyé 1
lle7 5 3
Gly99 GIn155 3
Alad 1
Lue5 2
le7 1
Thri00 GIn155 5
Leu5 1

Table 3.4. Contacts between the MEL5 TCR and HLA-A2-NLSALGIFST.
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Figure 3.14. MELS5 recognises all three cancer derived epitopes via molecular mimicry.

(A) EAAGIGILTV (blue), LLLGIGILVL (red), and NLSALGIFST (green) peptides shown as sticks. MHC
alpha helix (grey) shown as cartoon for orientation. (B) Top down view showing MEL5 CDR loops
in complex with EAAGIGILTV (blue), LLLGIGILVL (red) and NLSALGIFST (green) peptides.
Representative peptide shown in white. (C) Close-up of MEL5 GIn31a (orange) interacting with the
EAAGIGILTV (blue), LLLGIGILVL (red) and NLSALGIFST (green) peptides. (D-E) MEL5 (orange)
residues which interact with P4 and P7 of EAAGIGILTV (blue), LLLGIGILVL (red), and NLSALGIFST
(green) peptides respectively. Bonds shown in figures C-E involve the EAAGIGILTV (blue),
LLLGIGILVL (red), and NLSALGIFST (green) peptides respectively.
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CDR loop TCR Peptide MHC residue Number of Number of H-  Number of Salt

residue residue vdw (<4 A) bonds (<3.4A) Bridges
CDR1a Gly29 Trpl167 1
GIn31 Tyr159 4
Luel 1
Lue2 2 1
Lue3 3
Glyd 4 2
Ser32 Gly4 1
lle5 2
CDR2a Tyr51 Glul54 7
GIn155 4
Ala158 2
lle5 2
Ser52 Ala158 1
FWa Lys67 Thri163 1
CDR3a GIn92 Glyd 1
CDR1B Glu30 GIn72 3 1
Val76 3
CDR2p Tyras Arg65 7 1
Val50 Lys68 1
GIn72 2
Gly51 GIn72 6
Ala52 GIn72 1 1
Arg75 1
Asp56 Lys68 1 2
Gly58 Arg65
CDR3p Tyros Lys146 2 1
Valg 8
Ser96 le7 1
Lue8 2
Phe97 Ala69 6
Thr73 5
Throg Glya a
lle5 5
Gly6 1
le7 10 2
Glu99 GIn155 2 1
lle5 2
Glye 1
Ala100 Val152 1
GIn155 10
Lue8 9
Thriol GIn155 2 1
Tyr102 Lys146 3
Lue8 7

Table 3.5. Theoretical contacts between the MEL8 TCR and HLA-A2-LLLGIGILVL as determined
by homology modelling.
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CDR loop TCR Peptide MHC residue Number of Number of H-  Number of Salt

residue residue VAW (=4 A) bonds (<3.4 A)  Bridges
CDR1a Gly29 Trp167 4
Asnl 1
GIn31 Tyr159 3
Thri63 3
Asnl 1
Lue2 2 1
Ser3 6
Ala4 4 1
Lue5 2
Ser32 Alad 1
Lue5 2
CDR2a Tyr51 Glu154 2
Ala158 3
Lue5 6
FWa Lys67 Thr163 1
CDR3a GIn92 Alad 2
CDR1p Glu30 GIn72 5 1
Glu30 Val76 1
CDR2B Tyras Arg65 5 1
Val50 Lys68 2
Alag9 1
GIn72 2
Gly51 GIn72 4
Ala52 GIn72 1
Arg75 1
lle54 Lys68 4
Asp56 Lys68 1 2
CDR3p Tyros Phes 4
Ser9 3
Ser96 Phe8 2
Phe97 Alab9 9
GIn72 2
Thr73 4
Thro8g Ala69 1
Alad il 1
Lue5 2
Gly6 1
lle7 12 1
Glug9g GIn155 2 1
Alad 1
Lue5
Ala100 GIn155 11
Phe8 3
Thr101 GIn155 4 2
Tyr102 Phe8 11

Table 3.6. Theoretical contacts between the MEL8 TCR and HLA-A2-NLSALGIFST as determined
by homology modelling.
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Figure 3.15. Homology modelling suggests MEL8 cross-reactivity is driven by molecular
mimicry.

(A) Top down view showing MEL8 CDR loops in complex with EAAGIGILTV (blue),
LLLGIGILVL (red) and NLSALGIFST (green) peptides. Representative peptide shown in white.
(B) Close-up of MEL8 GIn31a (magenta) interacting with the EAAGIGILTV (blue), LLLGIGILVL
(red) and NLSALGIFST (green) peptides. (C-D) MEL8 (magenta) residues which interact with
P4 and P7 of EAAGIGILTV (blue), LLLGIGILVL (red), and NLSALGIFST (green) peptides
respectively. Bonds shown in figures B-D involve the EAAGIGILTV (blue), LLLGIGILVL (red),
and NLSALGIFST (green) peptides respectively.



3.4. Discussion

The aim of this chapter was to investigate the structural and biophysical characteristics by
which the MEL8 TCR interacts with epitopes from Melan-A (EAAGIGILTV), BST2 (LLLGIGILVL),
and IMP2 (NLSALGIFST). To my knowledge, this is the first description of a single T-cell that
can recognise multiple cancer-derived eptiopes and, by extension, can recognise multiple
different cancer cell lines. The therapeutic potential of such a TCR, along with historic
examples of aberrant T-cell activity in immunotherapy, necessitated greater understanding

of how MELS8 achieved this potentially ‘multipronged’ recognition.

3.4.1. The advantages of ‘multipronged’ cancer-specific T-cells in autologous anti-
cancer immunity

As discussed in Section 3.1, several factors result in suboptimal immune response to cancer
cells, including; the suppression of T-cells via the tumour microenvironment, T-cells
traditionally exhibiting a low affinity to TAAs, and high tumour mutation rates that can lead
to immune escape. The data presented in this chapter indicate that T-cell cross-reactivity,
particularly between different TAAs, could help overcome the challenges in the immune

clearance of cancer cells.

The MELS8 T-cell was isolated from the TIL infusion product of a melanoma patient and shown
to respond to a Melan-A derived peptide. It was also shown to recognise multiple different
cancer cell lines that do not express Melan A, suggesting that it may respond to a further TAA
(Figure 3.2). By using a CPL screen and Dr Szomolay’s webtool we identified two further TAA-

derived MELS8 T-cell agonists: BST2 and IMP2 derived-peptides (Figure 3.3-3.7).

Further data generated by my colleague, Dr Cristina Rius Rafael, demonstrated that the MELS8
T-cell clone still killed the autologous melanoma line from patient MM909.24 even when the
Melan A gene had been removed by CRISPR/Cas9. Dr Rius Rafael also showed that the
response of MEL8 to these three cancer epitopes can be synergistic, as recognition of
multiple epitopes resulted in a more potent T-cell response than recognition of a single
epitope (Figure 3.6) (Rius Rafael, 2019). It is interesting to speculate that the simultaneous
recognition of three TAA by the MEL8 T-cell clone played a role in allowing patient MM909.24

to clear their cancer.
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While the data presented in this chapter suggest the MEL8 T-cell is capable of multipronged
recognition, further data are required to prove this hypothesis. Figure 3.6 indicates that
MELS T-cell recognition of the Melan-A, BST2, and IMP2 epitopes is synergistic; however, it
does not exclude the possibility that one of the epitopes is the primary driver of recognition.
To support the multipronged hypothesis, MEL8 T-cell recognition of both BST2 knockout and
IMP2 knockout variants of the autologous tumour will have to be assessed to confirm that
no single epitope is primarily responsible for recognition. Furthermore, the data presented
in this chapter concerns a single T-cell clone isolated from a single melanoma patient.
Identifying potential multipronged recognition by additional T-cells, ideally across multiple
patients, will be required to prove the significance of multipronged recognition in cancer

immunity.

3.4.2. MEL8/MELS structural analysis

3.4.2.1. TRAV12-2 gene usage has been associated with optimal Melan-A epitope recognition
| successfully solved the crystal structure of the MEL8 TCR in complex with the Melan-A
derived EAAGIGILTV epitope (Figure 3.10-3.11). When comparing this MEL8:A2-EAAGIGILTV
complex to the MEL5:A2-EAAGIGILTV complex, it was noted that in both complexes TCR
residue GIn3la occupies a peptide ‘pocket’ formed by peptides residues P1-P5, this
facilitates the formation of numerous bonds between the peptide and the TCR. The GIn31a
residue is present in the TRAV12-2 gene, use of which is shared between MEL5 and MELS.
There are further examples of Melan-A-specific TCRs that exhibit TRAV12-2 gene usage,
including DMF5 (Borbulevych et al., 2011) and 199.16 (PDB:5NQK, unpublished), which have

the same GIn31la residue occupying a pocket formed by the EAAGIGILTV peptide.

An example of a Melan-A specific TCR that does not exhibit TRAV12-2 usage is DMF4, which
is instead encoded using the TRAV35 gene. Structural analysis showed that the DMF4 CDR1a
loop does not have an analogue to the GIn31a residue found in the TRAV12-2 CDR1a loop
and thus no TCR residue occupies the ‘pocket’” formed by the EAAGIGILTV peptide
(Borbulevych et al., 2011). Functional comparison between DMF4 and DMF5 showed how
DMF5 exhibits greater avidity for the Melan-A epitope than DMF4, with the study linking
higher avidity Melan-A recognition to the TRAV12-2 gene usage of DMF5 (Johnson et al.,
2006). As such, while Melan-A recognition can occur in TRAV12-2 negative TCRs, TRAV12-2
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gene usage appears to result in optimal Melan-A recognition compared to other TRAV genes,

possibly due to the extra bonds formed when GIn31a occupies the P1-P5 ‘pocket’.

3.4.2.2. Molecular mimicry is a key driver of MEL8/MEL5 cross-reactivity

Analysis of the MEL8:A2-EAAGIGILTV complex structure showed that many bonds between
the TCR and peptide involved peptide residues Gly4 and lle7 (Figure 3.10, Figure 3.11, Table
3.2). While some interactions occur across the whole peptide, 52% of TCR:peptide contacts
involve Gly4 and lle7. This focused manner of binding can also be found in the MEL5:A2-
EAAGIGILTV structure (Figure 3.12) where contacts involving Gly4 and lle7 also account for
52% of total contacts between the TCR and peptide. These data demonstrate that MEL8 and
MELS binding to HLA-A2-EAAGIGILTV is structurally similar. Despite both MEL8 and MEL5
exhibiting different CDR3pB loop structures and amino acid compositions, CDR3B produced
the same number of interactions (50) with the peptide, with both TCRs exhibiting similar

focus on Gly4 and lle7.

The analysis of the MEL8:A2-EAAGIGILTV and MEL5:A2-EAAGIGILTV complex structures
highlight peptide residues Gly4 and lle7 as potential binding hotspot residues (Figure 3.12).
A comparison between the MEL5 TCR in complex with Melan-A, BST2, and IMP2 epitopes
supports the notion of hotspot binding (Figure 3.14), as while peptide N- and C-termini
sequence differ, resulting in differing chemical and steric properties, these hotspot residues
are either highly conserved (all P4 residues are small, hydrophobic residues) or identical (all
P7 residues are lle). Indeed, the MEL5:A2-LLLGIGILVL and MEL5:A2-NLSALGIFST complex
structures showed that 51% and 58% of interactions with these peptides involved P4 and P7

respectively.

Examination of the role of the TCR residue GIn31a in each complex structure suggests further
molecular mimicry, as EAAGIGILTV, LLLGIGILVL, and NLSALGIFST can all form the P1-P5
‘pocket’, despite differences in amino acid composition. Observations regarding the P4/P7
hotspots and molecular mimicry involved in GIn31a interactions were supported further by

the homology models of MEL8:A2-LLLGIGILVL and MEL8:A2-NLSALGIFST (Figure 3.15).

With the mechanism of recognition established for each interaction, the next step was to
determine how the binding modes of the TCR:pMHC complexes affect TCR function. SPR data
suggested that MEL5 recognises EAAGIGILTV with greater affinity than LLLGIGILVL and
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NLSALGIFST (Figure 3.13). However, analysis of TCR:pMHC interactions suggests more bonds
form between MEL5 and HLA-A2-LLLGIGILVL than either HLA-A2-EAAGIGILTV or HLA-A2-
NLSALGIFST. A potential reason for the differences in binding affinity between the three
complexes could be differing thermodynamic properties between the complexes, driven by
differences in the P2 anchor. Madura et al showed how a ‘suboptimal’ anchor residue, such
as alanine, can result in greater binding affinity than an optimal anchor residue like leucine,
due to the suboptimal anchor exhibiting favourable binding thermodynamics (Madura et al.,
2015). This hypothesis could apply to this study, as LLLGIGILVL and NLSALGIFST exhibit a
more optimal P2 anchor than EAAGIGILTV and appear to have lower binding affinities.
Confirmation of this hypothesis would require thermodynamic data on the MEL5:A2-

LLLGIGILVL and MEL5:A2-NLSALGIFST interactions.

Determining the relationship between MEL8:A2-EAAGIGILTV interactions and MELS function
is more difficult, as there is currently no biophysical data concerning MELS8. As such, it is
difficult to compare MEL8 and MELS5 interactions as differences in binding modes cannot be

correlated with affinity, kinetics or thermodynamics.

3.4.3 ‘Multipronged’ anti-cancer T-cells in immunotherapy

As discussed in Section 3.1.3, studies are ongoing to improve the effectiveness of ACT, with
one area of study aiming to identify optimal anti-cancer TCRs that can be used for TCR-T
therapy. While affinity-enhanced artificial TCRs have been used, they are not subject to
thymic selection and can exhibit cross-reactive properties that have fatal adverse effects
(Linette et al., 2013). Therefore, identifying naturally occurring TCRs with enhanced anti-
cancer properties is desirable. MEL8 and MELS5 could potentially serve as ideal candidates for
TCR-T therapy. The potential success of MEL8 in TIL therapy, coupled with the fact that MELS8
has successfully undergone thymic selection and that other multipronged anti-cancer T-cells
(like MELS5) can be safely present in healthy individuals, supports the hypothesis that MEL8

may be a safer alternative to affinity enhanced TCR-T therapy in HLA-A2*individuals.

In Section 3.1.2, the use of single APLs as vaccines to break immune tolerance to cancer was
discussed. The use of multiple cancer-derived epitopes in combination as a multi-epitope
vaccine has also been studied. Dominguez-Romero et al used a multi-epitope vaccine
containing a library of APLs derived from the survivin protein, which resulted in breast cancer

tumour growth inhibition in mice (Dominguez-Romero et al., 2020). The Melan-A, BST2, and
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IMP2 epitopes could potentially be used in conjunction as a combinatorial peptide vaccine
to produce a stronger, potentially pan-cancer, anti-cancer T-cell response than a vaccine
based on a single epitope. The safety and potential success of MEL8 in TIL therapy, coupled
with the fact that MEL8-like multipronged TCRs may be a safer alternative to affinity
enhanced TCR-T therapy in HLA-A2* individuals.

The structural data presented in Section 3.3.10 may also have implications on vaccine design.
These data show how MELS5 recognises three separate cancer-derived epitopes via molecular
mimicry and the conservation of particular hotspot residues within the peptides. It could
therefore be hypothesised that further cancer specific T-cells may also recognise multiple
cancer epitopes via molecular mimicry. Therefore, in future, published structures of anti-
cancer TCRs could be analysed for identification of peptide recognition motifs or hotspots
that could then be used in the rational design of APLs for combinatorial anti-cancer peptide

vaccines.

3.4.5. Conclusions

In this chapter, | report what is, to my knowledge, the first structural evidence of a TCR
recognising multiple cancer-derived epitopes. | show how the MEL5 TCR uses molecular
mimicry to recognise epitopes from Melan-A, BST2, and IMP2. Homology modelling suggests
that the same mechanism is used by the MEL8 TCR to recognise the three epitopes. Future
work will aim to prove the multipronged hypothesis by demonstrating MEL8 T-cell
recognition of multiple cancer epitopes in the absence of the BST2 and IMP2 epitopes, as
well as identifying further examples of multipronged recognition in T-cells isolated from
other donors. Structural data regarding the remaining MELS interactions will also need to be
acquired and SPR will be used to achieve a greater understanding of these multipronged anti-
cancer T-cells. The structural data reported here, along with data reported by my colleagues
(Galloway et al.,, 2019; Rius Rafael, 2019), highlight the role that multipronged T-cell
recognition may play in autologous cancer immunity, as well as the potential for the use of

multipronged anti-cancer TCRs and their epitopes in cancer immunotherapy.
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4. Structural characterisation of TCR recognition of an insulin-
derived peptide in the context of HLA-A*24:02

4.1. Introduction

4.1.1. Type 1 diabetes mellitus

Diabetes mellitus is a disease characterised by an inadequate insulin response, resulting in
hyperglycaemia (Blair, 2016). Low insulin can cause mild symptoms such as thirst or
drowsiness, but if left unmanaged can cause renal failure, neuropathy, cardiovascular
damage, and eventually death. There are two broad classifications of diabetes mellitus; type
1 diabetes (T1D), characterised by impairment in insulin secretion, and type 2 diabetes,

characterised by insulin resistance (Alberti et al, 1998).

T1D is an autoimmune disease which typically manifests in early life and was historically
referred to as juvenile diabetes. T1D is caused by the autoimmune destruction of pancreatic
B-cells, which secrete insulin. Insulin loss prevents excess glucose from being stored as
glycogen, thus resulting in hyperglycaemia (Gepts, 1965). Despite reports of some success
using pancreatic cell transplants (Shapiro et al, 2000) and regulatory T-cells (Tang et al,
2004), the most common form of treatment remains management of glucose levels via life-
long diet control and administration of insulin (Petry et al, 2015). Management of T1D costs
a sizeable fraction of the NHS budget in the UK (Stedman et al., 2020), with male and female
patients having a life expectancy of 7 and 8.5 years shorter than their non-diabetic
counterparts (Heald et al., 2020). It is important that more effective treatments for T1D are

found and this will require a better understanding of the mechanism of disease.

4.1.2. The role of CD8* T-cells in type 1 diabetes

It is now well established that CD8* T-cells play a key role in T1D. Early studies provided
evidence of CD8" T-cell infiltration and activation in the pancreas of T1D patients (Hanninen
et al, 1992; Somoza et al, 1994). In 1995, Panina-Bordignon et al. showed that a polyclonal
population of CD8* T-cells specific for a GAD65-derived peptide were present in T1D patients

and could kill pancreatic B-cells upon activation (Panina-Bordignon et al, 1995).

In 2008, Skowera et al. isolated a CD8* T-cell clone that could kill pancreatic B-cells. This study
identified an HLA-A2 restricted peptide (ALWGPDPAAA) derived from amino acid residues

15-24 of PPI, an insulin precursor. The CD8* T-cell clone, 1E6, was shown to recognise the
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PPlis24 peptide in the context of HLA-A2 and exhibited glucose-regulated destruction of
pancreatic B-cells (Skowera et al, 2008). Bulek et al., solved a 3D crystal structure of the 1E6
TCR in complex with the HLA-A2-ALWGPDPAAA pMHC to provide the first ever structure of
a human TCR bound to an HLA-I-restricted autoantigen (Bulek et al, 2012). Other HLA-I-
restricted diabetes-specific CD8* T-cell epitopes have also been identified, including epitopes
in the insulin B-chain (InsB) and the islet-specific glucose-6-phosphatase catalytic subunit-

related protein (IGRP) (Jarchum et al, 2008; Pinkse et al, 2005).

Less well understood is how T1D autoreactive T-cells, which theoretically should have been
deleted during thymic selection, are able to survive selection and recognise these self-
derived epitopes. A hypothesis discussed in the Skowera et al. study suggests that T-cell
activation may occur as a result of high glucose levels; as this would result in high levels of
insulin secretion, followed by high levels of T1D epitope presentation. This would increase
avidity between autoreactive T-cells and presenting cells, potentially allowing TCRs with
weaker affinities to become activated and break self-tolerance (Skowera et al, 2008).
However, this proposed mechanism of disease initiation does not provide naive T-cells with
essential signalling provided by professional antigen presenting cells or CD4* T-cell help so
seems unlikely. It also fails to explain why only a small minority of individuals with disease-

risk HLA alleles develop disease.

Alternatively, as discussed in Section 1.3.3, T1D autoreactive T-cells could cross-react with a
high affinity pathogenic epitope, with the resulting activation allowing these T-cells to break
self-tolerance and respond to weaker T1D-relevant self-epitopes. A number of human
pathogens have been associated with T1D, including cytomegalovirus, human enterovirus,
and human endogenous retrovirus (Levet et al, 2019; Pak et al, 1988; Tracy et al, 2011). The
notion of pathogenic triggers was explored by Cole et al. who used a CPL screen to identify
alternative epitopes for the 1E6 autoreactive T-cell clone. One such epitope was found to be
present in the proteasome of Clostridium asparagiforme and reacted more potently with 1E6
than the PPlis.y4 self-peptide (Cole et al, 2016). Subsequently, this technique was utilised by
Whalley et al. to identify peptides derived from Candida albicans and Helicobactor pylori
which interact with the InsB4 T-cell clone, another T1D-relevant autoreactive T-cell clone
which recognises an insulin B-chain-derived peptide in the context of HLA-A2 (Whalley et al,

2020).
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4.1.3. The role of HLA class | in type 1 diabetes

HLA-associations are a hallmark of autoimmune disease and a number have been observed
for T1D. The link between T1D and certain class Il HLA-DR and HLA-DQ alleles was established
as early as the 1980s (Todd et al, 1987. Wolf et al, 1983). In 2007, a study by Nejentsev et al.
identified a number of HLA class | alleles linked to T1D. Specifically, HLA-B*39 and HLA-A*24
were found to predispose T1D, while HLA-B*27 and HLA-A*11 were found to protect against
T1D (Nejentsev et al, 2007). T-cells specific for T1D-relevant epitopes in the context of these
HLA risk alleles have been observed in T1D patients (Yeo et al, 2020). Subsequent studies at
showed that HLA-B*3906, HLA-A*2402, HLA-A*0201, HLA-B*1801 and HLA-C*0501
predispose towards disease (Noble et al., 2010). HLA-A*0201 and HLA-B*3906 are both able

to mediate T1D in mouse models (Marron et al., 2002; Schloss et al., 2018).

The predisposition to T1D afforded by HLA-A*2402 is of particular interest to this thesis. HLA-
A*2402, whilst widely present across the global population, is the most frequent HLA-A allele
across the Asian population (Middleton et al, 2000). This makes it a highly relevant candidate
to study. In 2012, Kronenberg et al. identified a peptide (LWMRLLPLL) composed of PPI
residues 3-11. The epitope is naturally processed and presented at the cell surface in the
context of HLA-A24. This group also isolated a T-cell clone (4C6) from a T1D patient which
recognises the PPls,; peptide and can kill pancreatic B-cells (Kronenberg et al, 2012).
Recently, Yeo et al. demonstrated that young T1D patients possess effector memory T-cell
populations specific for the PPls.11 peptide, making it an ideal model system for the present

investigation (Yeo et al., 2020).

4.2. Aims

| had access to the T1D patient-derived 4C6 PPIs.11-specific T-cell and its TCR so aimed to
examine the preferred peptide recognition landscape of this T-cell and generate an atomic
resolution structure of the 4C6 TCR in complex with its cognate PPI-derived epitope. |
hypothesised that the 4C6 T-cell would be very cross-reactive and respond to a large number
of different peptides. | hoped to understand the structural underpinning of any
crossreactivity and use this to identify pathogen-derived epitopes which may have allowed

the 4C6 T-cell to break self-tolerance.
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4.3. Results

4.3.1. Generating a peptide recognition landscape for the 4C6 T-cell

We wished to use CPL screening in order to better understand peptide recognition by the
4C6 T-cell. A peptide sizing scan (Ekeruche-Makinde et al., 2013) showed that the 4C6 T-cell
exhibited a strong preference for peptides of 9 amino acids in length (Figure 4.1A). The 4C6
T-cell was screened with a 9-mer CPL in order to generate a preferred peptide recognition
landscape (Figure 4.1B-C). These data show that peptide recognition is quite limited at
positions 4-8 across the centre of the peptide. There appeared to be more flexibility at
positions 1-3 and position 9 where several peptide sub-libraries were recognised. Amino acid
recognition was most restricted at position 5 where only the leucine sub-library was
recognised. The amino acid present in the natural HLA-A24-LWMRLLPLL epitope is indicated

using green bars in Figure 4.1B. CPL data was provided by Dr Garry Dolton.

4.3.2. The 4C6 T-cell exhibits a stronger response to the QLPRLFPLL super-agonist
than the T1D epitope

The CPL data in Figure 4.1B were input into a webtool designed by Dr Szomolay (Szomolay
et al, 2016). As discussed in Chapter 3, Dr Szomolay’s webtool uses the CPL data to search
proteome databases and provides lists of potential epitopes, ranked by likelihood of
recognition. Ten peptides from the top 500 predicted 4C6 T-cell agonists were generated at
random using the biased sampling technique previously applied to the HLA-A*0201-
restricted 1E6 T-cell (Appendix Figure 1) (Wooldridge et al., 2012). The two best recognised
peptides were NMPRLFPIV and QLPRLFPLL in MIP1-B ELISA assays (Figure 4.2A). The
QLPRLFPLL was almost 10,000 times more potent than the ‘index’ LWMRLLPLL sequence as
a pure peptide (>95% purity) in titration assays (ECso of 2 x 10! compared to 1.6 x 107). 4C6
T-cell recognition of HLA-A24-LWMRLLPLL and HLA-A24-QLPRLFPLL pMHC molecules was
confirmed by pMHC tetramer staining using HLA-A24 monomers | produced. Comparison of
the tetramer staining data suggested that the 4C6 T-cell had a higher avidity for HLA-A24-
QLPRLFPLL than the index HLA-A24-LWMRLLPLL, with mean fluorescent intensities of 27890

and 2718 respectively (Figure 4.2B). Data provided by Dr Garry Dolton.
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Figure 4.1. Combinatorial peptide library screening of 4C6 T-cell clone.

(A) 4C6 was incubated overnight with sizing scan mixtures of defined amino acid length (x-axis)
using C1R-HLA-A*2402" cells as antigen presenting cells. Assay supernatants used for MIP-1 ELISA.
Error bars depict SD from the mean of two replicates. (B) Based on the results of the sizing scan, a
9mer positional scanning combinatorial peptide library (PS-CPL) screen was performed, using 4C6,
T-cells and antigen presenting cells and ELISA as in A. Green bars indicate amino acid present in the
natural preproinsulin epitope and magenta bars or arrows show amino acid present in the super-
agonist peptide according to the key. Errors bars depict SD from the mean of two replicates. (C)
Motif log plot summarizing the amino acid preference of 4C6 at each position of the PS-CPL. CPL
scan performed by Dr Garry Dolton.
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Figure 4.2. The 4C6 T-cell clone recognises the preproinsulin epitope.

(A) Sensitivity of 4C6 T-cell clone to preproinsulin (LWMRLLPLL) and super-agonists (NMPRLFPIV and
QLPRLFPLL) peptides in a titration assay. Incubation overnight with C1R-HLA-A*24:02* cells as
antigen presenting cells. Assay supernatants used for MIP-1f3 ELISA. Error bars depict SD from the
mean of two replicates. ECsovalues are displayed in the key. Superior super-agonist QLPRLFPLL was
used for downstream experiments. (B) Staining of 4C6 T-cell clone with irrelevant (AYAQKIFKIL from
CMV), preproinsulin and super-agonist PE-conjugated tetramers. Tetramer used alone or following
pretreatment with protein kinase inhibitor (PKI) Dasatinib pre-treatment. Mean fluorescence
intensity of staining is displayed. Stained for CD8 APC-Vio770 and the viability stain VIVID. Data
provided by Dr Garry Dolton.

4.3.3. The 4C6 TCR binds super-agonist peptide with a far higher affinity than the
T1D peptide

With the 4C6 TCR binding of LWMRLLPLL and QLPRLFPLL confirmed by tetramer staining, the
affinity of the 4C6 TCR for both peptides was assessed. SPR experiments confirmed the
interaction of soluble 4C6 TCR with both soluble HLA-A24-LWMRLLPLL and HLA-A24-
QLPRLFPLL (Figure 4.3). The 4C6 TCR has a 20-fold greater affinity for QLPRLFPLL than
LWMRLLPLL, with measured Kps of 5.4 uM and 129.2 uM respectively. Furthermore, SPR data
also showed the 4C6:A24-QLPRLFPLL interaction had a far slower dissociation rate than the
4C6:A24-LWMRLLPLL interaction (0.1 s and 1.4 s? respectively). These data confirm
QLPRLFPLL is indeed a high-affinity agonist of the 4C6 T-cell and demonstrates how the 4C6
T-cell has the potential to recognise peptides with a sensitivity of several orders of magnitude

greater than the PPls.1; epitope.
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Figure 4.3. The 4C6 TCR binds the artificial super-agonist with a higher affinity than the
preproinsulin epitope.

Surface Plasmon resonance (SPR) analysis of 4C6 TCR recognition of (A) LWMRLLPLL (green) and
(B) QLPRLFPLL (magenta). SPR response to ten serial dilutions of 4C6 was measured, with a
starting concentration of 361.5 uM. H2-Kd-SIINFEKL was used as an irrelevant. Ko values were
calculated using non-linear fit curve (y= [P1 x]/[P2 + X]) (C).

4.3.4. The 4C6 TCR binds to its ligands with a ‘peg in hole’ binding conformation

4.3.4.1. Failure to crystallise the 4C6 TCR with cognate insulin ligand

To achieve greater understanding of how the 4C6 TCR binds to HLA-A24-LWMRLLPLL |
attempted to generate a 3D structure of this co-complex. Multiple attempts to produce
4C6:A24-LWMRLLPLL crystals for use in x-ray diffraction were unsuccessful, despite the use
of multiple proven crystallography screens including PACT screen and our own T-cell
optimised screen (Bulek et al., 2012; Newman et al., 2005). To circumvent this problem, |

attempted to use crystal seeding.

As the peptide in a TCR:pMHC complex is buried between the TCR and HLA and is therefore
not solvent exposed, | reasoned that this might allow me to use 4C6:A24-QLPRLFPLL-
containing crystals as seeds for growing crystals of the much weaker 4C6:A24-LWMRLLPLL
interaction. Seeds expedite the formation of a crystal lattice from a supersaturated solution
by providing a preformed lattice to precipitate upon, removing reliance on random diffusion
for nucleation. This technique is known as seeding (D’arcy et al., 2007). Seeding has been

used by my laboratory to aid crystallisation of pMHC monomers (Galloway et al., 2019). To

100



allow me to conduct seeding | generated crystals of the HLA-A24-QLPRLFPLL super-agonist

ligand with and without the 4C6 TCR that successfully diffracted as described below.

4.3.4.2. Key residues in QLPRLFPLL peptide protrude towards the 4C6 TCR during binding

The 3D structure of the HLA-A24-QLPRLFPLL monomer was solved to a resolution of 2.25 A
(Table 4.1, Figure 4.4, Appendix Table 2). Analysis of this structure showed that the peptide
bulges at its centre, supported by a Van der Waals interaction between the side chains of its
Pro3 and Phe6 residues (Figure 4.4A). Central peptide residues Argd and Leu5 protrude
upwards away from the MHC in a disordered manner making them likely TCR contact

residues.

The 3D structure of the 4C6:A24-QLPRLFPLL complex was solved to a resolution of 2.2 A.
Comparison between the QLPRLFPLL peptide in its bound and unbound states showed that
peptide residues Arg4 and Leu5 protruded directly upward when bound to the 4C6 TCR,
confirming their importance to the interaction. Furthermore, there were four van der Waals
interactions between Pro3 and Phe6 when QLPRLFPLL was bound to the TCR, compared to
one Van der Waals interaction when it was unbound, suggesting greater QLPRLFPLL peptide

stability when bound to the 4C6 TCR (Figure 4.4B).

4.3.4.3. LIWMRLLPLL residues Arg4 and Leu5 are interaction hotspots

Using successfully diffracted 4C6:A24-QLPRLFPLL crystals | was able to conduct crystal
seeding. 4C6:A24-QLPRLFPLL crystals were crushed into micro-seeds and added to the
crystallisation condition of the 4C6:A24-LWMRLLPLL crystals (25% PEG 1500, 0.1 M PCB). The
nucleation points provided by the 4C6:A24-QLPRLFPLL micro-seeds successfully resulted in
4C6:A24-LWMRLLPLL crystal growth allowing generation of a 3D structure solved at a
resolution of 2.48 A (Appendix table 2).

Analysis of the 4C6:A24-LWMRLLPLL structure showed that the LWMRLLPLL peptide bulged
upwards in a similar manner to the HLA-A24-QLPRLFPLL structure, with the Argd and leu5
residues protruding upwards towards the TCR. The Van der Waal interaction between P3 and
P6 was also present (Figure 4.4C). Analysis of the 4C6 TCR CDR loops showed how CDR1aq,
CDR3a, CDR1pB, and CDR3p surround the peptide, while the CDR2a and CDR2p loops largely
interact with the HLA-A24 molecule itself (Figure 4.4D).
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Closer inspection of the 4C6:A24-LWMRLLPLL binding interface showed how the CDR1a,
CDR3a, CDR1pB, and CDR3 loops form a pocket (Figure 4.4E). The Argd and Leu5 resides of
the peptide protrude into this pocket, adopting a ‘peg in hole’ motif. Analysis of the contacts
between the peptide and 4C6 TCR CDR loops (Table 4.1) supports the importance of the Argd
and Leu5 peptide residues, for example peptide residue Arg4 makes 34 contacts across the
following residues: Asp27a, Ser29a, and Ser30a from CDR1a; and Pro93a, Ser94a, Gly95a,
Asn96a, and Thr97a from CDR3a. These contacts contained all 8 hydrogen bonds between
the 4C6 CDR loops and the LWMRLLPLL peptide. Peptide residue Leu5 made 14 contacts (all
Van der Waals interactions) across the following residues: Tyr32a from CDR1a; Thr97a and
Gly98a from CDR3a; Arg32 from CDR1B; and His98 and His99 from CDR3p. Between them,
peptide residues Argd and Leu5 made up 72% of contacts (51% and 21% respectively)
between the LWMRLLPLL peptide and 4C6 TCR, all of which were interactions between the
residues and the pocket formed by the CDR1a, CDR3a, CDR1pB, and CDR3f3 loops (Figure 4.4F-
H). The ‘peg and hole’ binding motif was therefore critical for the interaction between the

4C6 TCR and HLA-A24-LWMRLLPLL.
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CDR TCR Peptide MHC VdWs H-bonds
loop residue residue residue (<4 A) (<3.4A)
CDR1a  Asp27 Argd 1 1
Ser29 Argd 3 1
Ser29 Thrl63 3
Ser30 Arg4 4
Thr3l GIn155 4
Thr3l Alal58 3
Thr31 Tyrl59 3
Tyr32 Leu5 1
Tyr32 GIn155 1
CDR2a  Phe51 Glu154 3
Phe51 GIn155 5
Ser52 Alal58 1
Asn53 Argl57 2
Asn53 Alal58 1
Asn53 Glul6l 3 1
FWa Lys68 Gly162 2
Lys68 Asp166 1
CDR3a  Pro93 Argd 2 1
SerS4 Argd 3
Gly95 Argd 5
Asn96 Arg4 6
Asn96 Gly65 3
Asn96 Lys66 6 1
Asn96 AlabS 2
Thre7 Argd 1
Thro7 Leu5 3
Gly98 Leu5 1
CDR1B  Asn31l Leu8 3
Asn31 Lys146 1 1
Arg32 Leu5 1
Arg32 Leub 3 1
CDR2B  GIn51 Leu8 5
GIn51 GIn72 1
GIn51 Thr73 4 2
Asn52 Glu76 4 1
Glu53 Arg79 1 1
Leu56 GIn72 2
CDR3B  Leu97 Lys146 1
Leu97 Alal50 1
His98 Leu5 7
His98 Leub 2
His98 Pro7 5
His98 Vall52 3
His98 GIn155 2 1
His99 Leu5 1
His99 Alal50 1 1
His99 His151 1
His99 GIn155 2
Glul00 His151 2

Table 4.1. Contacts between the 4C6 TCR and HLA-A24-LWMRLLPLL.
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Figure 4.4. The 4C6 TCR recognises the preproinsulin peptide via hotspot recognition.

(A) Structure of HLA-A24-QLPRLFPLL. Peptide shown as grey sticks with MHC alpha-helix (gray)
shown for orientation. Dotted lines represent Van der Waals interactions. (B) A comparison of HLA-
A24-QLPRLFPLL (gray) and 4C6:A24-QLPRLFPLL (magenta) peptide presentation. Peptides shown as
sticks with MHC alpha-helix (gray) shown for orientation. Dotted lines represent Van der Waals
interactions. (C) Structure of 4C6:A24-LWMRLLPLL. Peptide shown as green sticks with MHC alpha-
helix (gray) shown for orientation. Dotted lines represent Van der Waals interactions. (D) Top down
view of 4C6 TCR ‘footprint’ on HLA-A24-LWMRLLPLL. 4C6 CDR loops shown as coloured cartoon,
with the peptide shown as green sticks. Green line and number indicate crossing angle. (E) Close up
of 4C6:HLA-A24-LWMRLLPLL structure focusing on residues Arg4 and Leu5 (green sticks) which form
a ‘peg in hole’ formation inside the 4C6 TCR (lines and surface). (E-F) LWMRLLPLL peptide residues
Arg4 (F) and Leu5 (G) shown as green sticks. Important 4C6 TCR residues are labeled. Black dotted
lines indicate Van der Waals interactions. Red dotted lines indicate hydrogen bonds. (H) Heat map
of 4C6 TCR contacts with the LWMRLLPLL peptide.
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4.3.5. The 4C6 TCR binds the high affinity peptide in the same manner as the
diabetes peptide

To assess the similarity of the binding mechanisms used by the 4C6 TCR to bind HLA-A24-
LWMRLLPLL and HLA-A24-QLPRLFPLL, the complex structures were overlaid and compared
(Figure 4.5). Analysis of peptide presentation confirmed both LWMRLLPLL and QLPRLFPLL
shared the central bulge which resulted in peptide residues Argd and Leu5 protruding
upwards. However, the QLPRLFPLL bulge protruded 0.5 A more towards the TCR than
LWMRLLPLL (Figure 4.5A). The greater protrusion of the QLPRLFPLL peptide may be due to
the greater number of Van der Waals between QLPRLFPLL residues Pro3 and Phe6 than
between LWMRLLPLL residues Met3 and Leu6. Analysis of the 4C6 TCR CDR loops showed
near identical loop structure regardless of whether LWMRLLPLL or QLPRLFPLL were bound
(Figure 4.5B). This extended to the pocket formed by the CDR loops, which was conserved
between both structures. It is therefore unsurprising that the 4C6:A24-QLPRLFPLL complex
shares many of the same TCR:peptide interactions as the 4C6:A24-LWMRLLPLL complex
(Figure 4.5C-D).

It is worth noting that there were 15 less 4C6 TCR interactions between HLA-A24-QLPRLFPLL
than HLA-A24-LWMRLLPLL, which included two less interactions with Arg4 and seven less
interactions with Leu5 (Table 4.2). By extension, several 4C6 TCR CDR loop residues that were
involved in the binding of LWMRLLPLL residues are not involved when interacting with Arg4
(Asp27a and Thr97a) (Figure 4.5C) and Leu5 (Try32a and Arg32B) (Figure 4.5D).
Furthermore, the average bond length between the 4C6 TCR and the LWMRLLPLL residues
Arg4 and Leu5 (3.51 A and 3.77 A respectively) was shorter than the bonds between the 4C6
TCR and QLPRLFPLL residues Arg4 and Leu5 (3.76 A and 3.8 A respectively). Despite the
substantial differences in affinity of both interactions, the 4C6:A24-QLPRLFPLL binding
interface was an almost complete molecular mimic of the 4C6:A24-LWMRLLPLL binding
interface, where what few differences there were in the interaction landscape could not

comprehensively explain the differences in affinity.
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CDR TCR Peptide MHC VdWs H-bonds
loop residue residue residue (<4 A) (<3.44)
CDR1la  Asp26 Argd 5 1
Ser28 Argd 4 1
Ser28 Thr163 1
Ser29 Argd 3 3
Thr30 GIn155 3 1
Thr30 Ala158 2
Thr30 Tyrl59 2
Tyr31 GIn155 1
CDR2a  Phe50 Glu154 2
Phe50 GIn155 4
Ser51 Ala158 2
Asn52 Ala158 3
Asn52 Glu161 4 1
FWa Lys68 Glu162 1
CDR3a  Pro92 Argd 5 1
Ser93 Argd 2
Gly94 Argd 5 1
Asn95 Argd 6 1
Asn95 Gly65 2
Asn95 Lys6b 5
Asn95 Ala69 2
Gly97 Leu5 1
CDR1p  Asn30 Leu8 2
Asn30 Lys146 1
Arg31 Leu5 2
Arg31 Phe6 2 1
Arg31 Thr73 1
CDR2B  GIn50 GIn72 3
GIn50 Thr73 5 1
GIn50 Glu76 1
Asn51 Glu76 5 1
Leu55 GIn72 3
CDR3p3  Leu96 Ala150 2
His97 Leu5 8
His97 Pheb 1
His97 Pro7 4
His97 GIn155 3 1
His98 Leu5 1
His98 Ala150 1 1
His98 His151 1
Glu99 Ala150 1
Glu99 His151 1

Table 4.2. Contacts between the 4C6 TCR and HLA-A24-QLPRLFPLL.
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Figure 4.5. The 4C6 TCR recognises the preproinsulin and super-agonist peptides via identical
molecular mechanisms.

(A) LWMRLLPLL (green) and QLPRLFPLL (magenta) peptides shown as sticks with MHC alpha-helix
(grey) shown for orientation. (B) Top down view of 4C6 binding footprint on HLA-A24:02
presenting LWMRLLPLL (green) and QLPRLFPLL (magenta) peptides. Peptides shown as white
sticks. Green and magenta lines and numbers indicate crossing angles of LWMRLLPLL interaction |
and QLPRLFPLL interaction respectively (C-D) LWMRLLPLL and QLPRLFPLL peptide residues Arg4
(C) and Leu5 (D) shown as green and magenta sticks respectively. Important 4C6 TCR residues -
bound to LWMRLLPLL and QLPRLFPLL are shown as dark green and dark purple respectively.
Dotted lines indicate interactions between the 4C6 TCR and LWMRLLPLL (green) or QLPRLFPLL |
(magenta).

thermodynamic analysis was conducted on both TCR:pMHC complexes using SPR (Figure
4.6). The thermodynamic data revealed that the 4C6:A24-LWMRLLPLL interaction was
entropically favourable and enthalpically unfavourable (TAS = 14.9 kcal/mol, AH = 9.5
kcal/mol), whereas the 4C6:A24-QLPRLFPLL was entropically unfavourable and enthalpically
favourable (TAS =-1.9 kcal/mol, AH =-9.6 kcal/mol). The 4C6:A24-QLPRLFPLL interaction also
exhibited a lower Gibbs free energy value than 4C6:A24-LWMRLLPLL, with AG =-7.7 kcal/mol
and AG = -5.4 kcal/mol respectively. These data suggest the 4C6:A24-QLPRLFPLL interaction
is more thermodynamically favourable than the 4C6:A24-LWMRLLPLL interaction, which may

explain the differences in binding affinity.
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Figure 4.6. The 4C6 TCR exhibits preferable thermodynamics for the super-agonist peptide.
Thermodynamic analysis of 4C6:A24-LWMRLLPLL (green) and 4C6:A24-QLPRLFPLL conducted using
SPR. The binding free energies, AG (AG = RTInKD), were plotted against temperature (K) using non-
linear regression to fit the three-parameters van 't Hoff equation, (RT In KD = AH® —TAS® + ACp°(T-
TO) — TACp® In (T/TO) with T0=298 K).

4.3.7. CPL identifies potential pathogen-derived epitopes of the 4C6 T-cell

The CPL screen data in Figure 4.1 and super-agonist peptide findings in Figure 4.2 suggested
that the 4C6 T-cell is capable of recognising a large number of different peptides, with many
being much more potent agonists that the PPIl-derived sequence. | hypothesised that some
pathogen-derived peptides might act as strong agonists of the 4C6 T-cell. In order to confirm
this hypothesis, | returned to the Szomolay webtool. In addition to searching the entire,
theoretical, peptide universe, the webtool can search smaller databases consisting of the
proteome of known human pathogens. The raw data from Figure 4.1B was used to search
proteome databases of viral, fungal and bacterial human pathogens. The top 20 predicted

peptides from each database were tested to see if they were recognised by the 4C6 T-cell.

The reactivity of the 4C6 T-cell clone to the chosen candidate peptides from the bacterial,
viral, and fungal lists was assessed by MIP-1B ELISA using crude peptide (>40% purity). Three
virus derived peptides were recognised, but none elicited a greater 4C6 T-cell response than
the PPl index sequence (Appendix Figure 2). Conversely, multiple fungal peptides elicited a
greater 4C6 T-cell response than the PPls.11 index peptide, with a Cryptococcus neoformans
derived peptide (LLPRLFGLF) eliciting the greatest response (Figure 4.7). Multiple bacterial
peptide candidates also elicited a 4C6 T-cell response, the best of which included two
Klebsiella oxytoca-derived peptides (SLPRLFPPL, RYPRLLGIV) and a Serratia liquefaciens-
derived peptide (RYPRLFPLL) (Figure 4.8). Fungal and bacterial CPL screens performed by Dr
Garry Dolton.
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Figure 4.7. 4C6 T-cells cross-react with peptides derived from fungal proteomes.
PS-CPL data for 4C6 (Figure 1) was used to screen a database of infectious fungi and the top 20
peptides selected for testing. (A) Peptide titrations using 4C6 with the top 20 bacteria peptides
(listed in B). Incubation overnight with C1R-HLA-A*24:02"* cells as antigen presenting cells. Assay
supernatants used for MIP-1B ELISA. Error bars depict SD from the mean of two replicates. (B)
Peptide sequence and origin. Scoring indicates prediction of how likely the peptide is to be
recognized by 4C6 T-cells, with the best scoring peptide at the top. ECso of activation in bold
indicate peptides seen more sensitively than the preproinsulin peptide in functional assays. Data
provided by Dr Garry Dolton.
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Figure 4.8. 4C6 T-cells cross-react with peptides derived from bacterial proteomes.

PS-CPL data for 4C6 (Figure 1) was used to screen a database of infectious bacteria and the top 20
peptides selected for testing. (A) Peptide titrations using 4C6 with the top 20 bacteria peptides (listed
in B). Incubation overnight with C1R-HLA-A*24:02* cells as antigen presenting cells. Assay
supernatants used for MIP-1B ELISA. Error bars depict SD from the mean of two replicates. (B)
Peptide sequence and origin. Scoring indicates prediction of how likely the peptide is to be
recognized by 4C6 T-cells, with the best scoring peptide at the top. ECso of activation in bold indicate
peptides seen more sensitively than the preproinsulin peptide in functional assays. Data provided by
Dr Garry Dolton.
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4.3.8. The 4C6 T-cell cross-reacts with pathogen-derived epitopes

The most potent pathogen-derived agonist peptide for 4C6 T-cells, SLPRLFPLL, was from the
proteome of Klebsiella oxytoca. A second K. oxytoca-derived sequence RYPRLFGIV also acted
as a strong agonist. A MIP-1B ELISA was conducted using >95% pure SLPRLFPLL and
RYPRLFGIV peptide preparations (Figure 4.9A), which confirmed that these peptides elicit a
greater response (ECso = 5.6 x 10 and 5.6 x 107'° respectively) from the 4C6 T-cell than the
PPIls.11-derived LWMRLLPLL epitope (ECso= 1.9 x 1077). The 4C6 T-cell was stained with HLA-
A24 tetramers presenting SLPRLFPLL or RYPRLFGIV, with the 4C6 T-cell showing a greater
avidity to the Klebsiella oxytoca-derived epitopes (with mean fluorescent intensities of 26890
for SLPRLFPLL and 23999 for RYPRLFGIV) than the PPl;.11-derived epitope (mean fluorescent
intensity of 2699) (Figure 4.9B). These data confirm 4C6 T-cell cross-reactivity between a
T1D-derived epitope and Klebsiella oxytoca-derived epitopes and suggest that cross-

recognition of pathogen-derived epitopes might have acted to prime the 4C6 T-cells and

trigger T1D.
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Figure 4.9. The 4C6 T-cell clone exhibits greater T-cell response to pathogen epitopes then to the
preproinsulin epitope.

Sensitivity of 4C6 T-cells to preproinsulin (LWMRLLPLL), super-agonist (QLPRLFPLL) and Klebsiella
oxytoca (SLPRLFPLL and RYPRLFGIV) peptides in a titration assay. Underlined amino acid residues are
the same as the preproinsulin peptide. Residues in bold are present in the super-agonist. Incubation
overnight with C1R-HLA-A*24:02* cells as antigen presenting cells. Assay supernatants used for MIP-
1B ELISA. Error bars depict SD from the mean of two replicates. C) Staining of 4C6 T-cells with pMHC
tetramers bearing CMV irrelevant epitope (AYAQKIFKIL), preproinsulin (LWMRLLPLL), super-agonist
(QLPRLFPLL) and Klebsiella oxytoca (SLPRLFPLL and RYPRLFGIV) PE tetramers. Staining performed
without PKI. Mean fluorescence intensity of staining is displayed. Stained for CD8 APC-Vio770 and
the viability stain VIVID. Data proved by Dr Garry Dolton.
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4.4. Discussion

In this chapter | expanded on the work previously published by the Peakman group showing
that HLA-A24 can present residues 3-11 from preproinsulin in cells expressing the INS gene
(Kronenberg et al, 2012). This study identified a T1D patient-derived T-cell, 4C6, that
responded to the LWMRLLPLL peptide and could kill HLA-A24* human B-cells harvested from
deceased organ donors (Kronenberg et al, 2012). All T-cells sorted and sequenced from
patient blood using an HLA-A24-LWMRLLPLL tetramer expressed the 4C6 TCR suggesting that
this T-cell dominated the response in vivo (Kronenberg et al, 2012). | was interested in how

the 4C6 TCR engaged HLA-A24-LWMRLLPLL to result in pancreatic B-cell killing.

| present what is, to my knowledge, the first 3D structure of a TCR in complex with an HLA-
A24-restricted T1D diabetes epitope and only the second TCR engaging a human HLA-I-
restricted autoantigen. Given the strong association of HLA-A24 and predisposition to T1D
(Nejentsev et al, 2007), structural data demonstrating the mechanisms underlying this
association would provide greater understanding of how HLA-A24-presented T1D epitopes

can lead to autoimmune responses.

Additionally, | present data showing how the 4C6 TCR can cross-react with pathogen-derived
epitopes. Autoreactive T-cells are deleted during thymic selection or suppressed in the
periphery. As such, recognition of A24-LWMRLLPLL by the 4C6 T-cell must both escape
central tolerance and overcome peripheral tolerance. Data concerning 4C6 T-cell cross-
reactivity may provide insight into how T-cells can be primed by a pathogenic peptide and

mount a subsequent autoimmune response.

4.4.1. Demonstrating 4C6 T-cell cross-reactivity

To determine what may trigger 4C6 T-cell autoreactivity, the recognition profile of the 4C6
T-cell needed to be determined (Figure 4.1). Firstly, a peptide sizing scan determined that
the 4C6 T-cell exhibited a preference for 9-mer peptides. With this knowledge, a 9-mer CPL
screen was used to determine the preferred amino acid residue at each peptide position,
which suggested that Arg4 and Leu5 peptide residues are important for 4C6 T-cell
recognition. CPL screens are also a proven method of identifying novel peptide ligands
(Drijfhout et al, 1997; Pinilla et al, 1993; Szomolay et al, 2016), which in combination with Dr
Szomolay’s web tool were able to identify further ligands for the 4C6 T-cell (Szomolay et al.,

2016).
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The optimum peptide sequence for 4C6 T-cell recognition was thus identified as QLPRLFPLL.
A MIP-1B ELISA determined that QLPRLFPLL elicits a far stronger 4C6 T-cell response than
LWMRLLPLL (Figure 4.2). SPR data demonstrated a far higher 4C6 TCR affinity for QLPRLFPLL
than LWMRLLPLL (Figure 4.3). SPR data also suggested that the dissociation rate of the
4C6:A24-QLPRLFPLL interaction was far slower than that of the 4C6:A24-LWMRLLPLL,
however there are certain caveats to this observation which will be discussed further in
Section 6.3.1. While the QLPRLFPLL peptide is not known to occur in nature, it was used to
demonstrate that 4C6 T-cell can potentially recognise ligands with a far higher sensitivity

than the autoimmune epitope.

4.4.2. Crystallisation of 4C6:A24-LWMRLLPLL complex using seeding

As discussed in Section 4.3.4, initial attempts to crystallise the 4C6:A24-LWMRLLPLL complex
were unsuccessful. SPR data showed that the 4C6 TCR bound to HLA-A24-LWMRLLPLL with
an affinity of 129.2 uM, which despite being relatively high for an autoimmune interaction,
is two orders of magnitude lower than the strongest antiviral TCRs (Bridgeman et al., 2011).
Anecdotally, TCR:pMHC complexes with relatively low affinities usually prove more difficult

to crystallise.

Seeding was used to overcome the difficulties in crystallising the 4C6:A24-LWMRLLPLL
complex. Due to the structural homology between 4C6:A24-LWMRLLPLL and 4C6:A24-
QLPRLFPLL, the 4C6:A24-QLPRLFPLL micro-seeds provided a nucleation point from which
4C6:A24-LWMRLLPLL crystals could form, allowing me to conduct x-ray crystallography and
acquire the 4C6:A24-LWMRLLPLL 3D structure. The use of crystals of TCRs in complex with
high affinity epitopes, could potentially be used to produce crystals of other TCRs in complex
with autoimmune epitopes in future, overcoming the difficulties associated with crystallising

low affinity TCR:pMHC complexes.

4.4.3. Structural analysis of the 4C6 TCR interactions

4.4.3.1. Hotspot binding in autoreactive T-cells
Analysis of the 4C6:A24-LWMRLLPLL structure revealed a ‘peg in hole’ binding mode, where
peptide residues Arg4 and Leu5 protruded towards the TCR due to peptide bulging (Figure

4.4). The peptide bulge appears to be facilitated by Van der Waals interactions between
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peptide residues Met3 and Leu6. The protruding Argd and Leu5 peptide residues occupy a
pocket made up of 4C6 CDR loops CDR1a, CDR3a, CDR1pB, and CDR3p. 72% of interactions
between the TCR and the peptide occur within this pocket, including all the hydrogen bonds,
so it can be reasoned that this binding mechanism drives the 4C6:A24-LWMRLLPLL
interaction, with the Arg4 and Leu5 residues acting as a binding hotspot. The Arg4 and Leu5
hotspot residues are conserved among the super-agonist (QLPRLFPLL) and the pathogenic
peptides discussed in Section 4.3.8 (LLPRLFGLF, SLPRLFPLL, RYPRLFGIV and RYPRLFPLL),

further supporting the hypothesis that Arg4 and Leu5 are important for 4C6 TCR recognition.

The hotspot binding mechanism exhibited by the 4C6 TCR was also observed by the 1E6 TCR,
briefly discussed in Section 4.1, where all 1E6 specific peptides have a xxxGPDxxxx motif
(Cole, et al., 2016). This suggests that hotspot binding may be a hallmark of T1D-specific T-
cell cross-reactivity. Analysis of the cross-reactive mechanism of the Hy.1B11 T-cell, a MS
specific T-cell, shows that the Hy.1B11 TCR appears to utilise peptide hotspots for recognition
(Sethi et al., 2013). While these data may suggest autoimmune diseases are facilitated by
hotspot driven cross-reactivity, it is worth noting that very few 3D structures demonstrating
autoreactive cross-reactivity are available in the literature. As such, any correlations that can
be drawn at present may be subject to change as the number of available autoreactive T-cell

structures expands.

4.4.3.2. Biophysical characteristics may determine 4C6 TCR binding affinity

SPR data showed how the 4C6 TCR exhibits a greater affinity for the QLPRLFPLL super-agonist
than the LWMRLLPLL index peptide, with SPR confirming a >20-fold higher binding affinity
for the 4C6:A24-QLPRLFPLL complex than the 4C6:A24-LWMRLLPLL complex (Figure 4.3).
However, differences in binding interactions could not explain the differences in affinity
(Figure 4.5). A comparison of both 3D complex structures indicated that the 4C6 TCR shared
a very similar mode of binding between both epitopes despite the differences in affinity.
Counterintuitively, there were 15 less interactions between the 4C6 TCR and HLA-A24-
QLPRLFPLL than HLA-A24-LWMRLLPLL, which would be expected to result in a lower affinity.
As such, factors beyond the number of bonds in TCR:pMHC interactions are clearly

responsible for the higher affinity of the 4C6:A24-QLPRLFPLL complex.

One such factor is the presence of more Van der Waals interactions between peptide

residues Pro3 and Phe6 in QLPRLFPLL than Met3 and Leu6 in LWMRLLPLL when bound to the
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4C6 TCR, which may increase the stability and rigidity of the peptide bulge. The extra Van der
Waals interactions may also be responsible for the extra 0.5 A protrusion of QLPRLFPLL
residues Argd and Leu5 when bound to the 4C6 TCR, which itself may factor into the
improved binding affinity of the 4C6 TCR to the QLPRLFPLL peptide. Peptide residues Pro3
and Phe6 are also conserved in all the most strongly recognised pathogenic peptides
discussed in Section 4.3.8 (LLPRLFGLF, SLPRLFPLL, RYPRLFGIV and RYPRLFPLL), which elicit a
greater 4C6 T-cell response than the PPls.1; index peptide which lacks Pro3 and Phe6. These
data suggest that peptide residues Pro3 and Phe6 may help facilitate a higher 4C6 TCR
binding affinity.

Another possible explanation for the observed differences in 4C6 binding affinity is that
4C6:A24-QLPRLFPLL has preferable thermodynamics compared to 4C6:A24-LWMRLLPLL
(Figure 4.6). The exothermic nature and negative entropy of 4C6:A24-QLPRLFPLL indicate
4C6 TCR interaction with HLA-A24-QLPRLFPLL is driven by the net formation of bonds and a
shift to a more chemically ordered state, as opposed to 4C6:A24-LWMRLLPLL which is
endothermic in nature and appears to shift towards a more disordered state. The differences
in thermodynamic properties may be explained by the composition of the P2 peptide anchor
of each complex (Figure 4.10). QLPRLFPLL has a suboptimal P2 anchor in comparison to
LWMRLLPLL (leucine vs tryptophan). This may allow the peptide to be pulled out of the
pocket as previously reported for an HLA-A2 epitope (Madura et al., 2015). The P2 anchor
has also been shown to be an allosteric modulator of the TCR:pMHC complex, which can
affect binding affinity even if the binding modes among multiple epitopes are conserved
(Smith et al., 2021). The pathogenic peptides in Section 4.3.8 which elicited the greatest 4C6
T-cell response all use a leucine residue as their P2 anchor, suggesting Leu?2 also facilitates a

higher binding affinity.

Figure 4.10. The LWMRLLPLL P2 anchor occupies more of the ‘pocket’ than the QLPRLFPLL P2
anchor residue.

P2 anchor residues of (A) LWMRLLPLL and (B) QLPRLFPLL shown as green and magenta sticks
respectively. MHC shown as grey surface.
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4.4.4. Identifying the autoimmune trigger of the 4C6 T-cell clone

CPL data, in conjunction with the webtool designed by Dr Szomolay, was used to search for
pathogen-derived peptides that could be recognised by the 4C6 T-cell. Several peptides
elicited greater MIP1-B responses from the 4C6 T-cell than the PPls.1; epitope, with peptides
derived from Cryptococcus neoformans (LLPRLFGLF), Klebsiella oxytoca (SLPRLFPLL,
RYPRLFGIV), and Serratia liquefaciens (RYPRLFPLL) eliciting among the greatest 4C6 T-cell
responses (Figure 4.7, Figure 4.8, Figure 4.9). While further work would need to be
conducted to confirm a link between the pathogens mentioned above and the onset of T1D,

this data does confirm that the 4C6 T-cell can cross-react with pathogenic peptides.

The webtool discussed above may be optimised to provide a larger list of peptides that elicit
greater 4C6 T-cell response than the PPls.1; peptide, by using motif restricted sampling. The
importance of the xxPRLFxxx motif for 4C6 T-cell recognition has been demonstrated by the
data presented in this chapter, the presence of which appears to correlate with greater 4C6
T-cell activation. As such, a search of the pathogenic peptide databases can be conducted
where peptide residues 3-6 are ‘fixed’ so all candidate peptides contain the optimum
xXPRLFxxx motif and HLA -A24 anchor residues at p2 and p9, potentially identifying further
4C6 T-cell reactive peptides and highlighting additional pathogens that may trigger T1D
onset. Motif restricted sampling has been previously used by my laboratory to identify

further ligands for the 1E6 T-cell (Cole, et al., 2016).

4.4.5. Conclusion

In this chapter | have expanded on the published work of the Peakman group (Kronenberg
et al, 2012) to provide biochemical proof of binding between the TCR from T1D-relevant T-
cell clone 4C6 and the PPI-derived peptide, LWMRLLPLL, presented on a T1D risk allele, HLA-
A24 (Nejentsev et al, 2007). | solved the crystal structure of this interaction and
demonstrated a peg in hole binding motif. Furthermore, | used CPL-driven database
screening (Szomolay et al, 2016) to conclusively demonstrate the ability of the 4C6 T-cell to
bind ligands with substantially higher affinity than that of its index T1D-associated
LWMRLLPLL peptide. Finally, | showed that this well-established webtool-based
methodology could identify pathogen-derived peptide antigens for the 4C6 T-cell, suggesting
that, in the context of T1D, the self-tolerance of the 4C6 T-cell may be broken by cross-

reactivity with a known human pathogen.
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5. Crossreactivity between HLA-A*02:01-restricted
herpesvirus and diabetogenic epitopes is commonplace in
type 1 diabetes

5.1. Introduction

As discussed in Chapter 4 certain HLA alleles, such as HLA-A*24, HLA-B*39, and HLA-A*02
are linked with an increased risk of T1D (Nejentsev et al., 2007; Noble et al., 2010). Further
evidence showing that HLA-A*02 alleles can mediate T1D progression was reported using
transgenic NOD mice (Marron et al., 2002). The T1D association with HLA-A*02, coupled with
evidence discussed in Section 1.2.3 showing that HLA-A*02 is the most prominently
expressed HLA allele in the worldwide population (Chapter 1.2.3), necessitates further study

into the role of HLA-A*02 in T1D.

In Chapter 4, | discussed studies conducted by my laboratory that showed that the 1E6 T-cell
clone was able to kill pancreatic cells via a preproinsulin epitope presented by HLA-A2 (Bulek
et al., 2012; Skowera et al., 2008). The 1E6 TCR was also able to cross-react with multiple
peptides, some of which were derived from pathogens (Cole et al., 2016). My laboratory had
another HLA-A2-restricted patient-derived T-cell clone, InsB4, that recognised the insulin B
chain-derived epitope HLVEALYLV (insulin residues 10-18) (Pinkse et al., 2005). We set out to
investigate the interaction between HLA-A2- HLVEALYLV and the InsB4 TCR and to see if this
TCR might interact with any pathogen-derived epitopes. These studies resulted in me
examining the potential role of human herpesviruses in the initiation of T1D via the most

commonly expressed HLA-I allele in patients, HLA-A*0201.

5.2. Aims

| aimed to acquire structural/biophysical data on the interaction between the InsB4 TCR and
HLA-A2-HLVEALYLV and to determine if the InsB4 T-cell clone responded to any pathogen-

derived HLA-A2-restricted epitopes.
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5.3. Results

5.3.1. InsB4 T-cells recognise an HLA-A2-restricted epitope from the insulin B chain
The InsB4 T-cell clone was isolated from a CD8" T-cell library that was derived from the blood
of an HLA-A*0201* T1D patient by Dr Garry Dolton (Theaker et al., 2016). The InsB4 T-cell
clone was confirmed to respond to an insulin B chain (InsB)-derived peptide, HLVEALYLYV, via
MIP-1f3 ELISA (Figure 5.1A). The HLVEALYLV peptide has been previously reported in the
literature (Pinkse et al., 2005). Recognition of HLVEALYLV was further confirmed by
successful pHLA multimer staining of InsB4 by HLA-A2-HLVEALYLV dextramers (Figure 5.1B).
InsB4 T-cells recognised K562 cells that had been transduced with the HLA-A*0201 and INS
genes but did not respond to K562 cells transduced with just HLA-A*0201 or K562 cells
transduced with the HLA-A*0201 and GAD65 genes (Figure 5.1C). We concluded that the
InsB4 T-cell clone recognises a genuinely processed and presented epitope from the INS gene

which encodes the PPI protein.

We next demonstrated that the InsB4 T-cell clone and a sister clone from the same T1D
patient donor that had an identical TCR called InsB6 recognised HLA-A*0201* pancreatic 3-
cells taken from a deceased organ donor. The PPI-specific T-cell clone 1E6 (Skowera et al.,
2008) and a CMV-specific T-cell clone were used as positive and negative controls

respectively (Figure 5.1D).

5.3.2. Manufacture of the InsB4 TCR and HLA-A2-HLVEALYLV

To confirm that the InsB4 TCR interacts with the HLA-A2-HLVEALYLV pMHC, | first had to
produce soluble TCR and pMHC molecules. Soluble InsB4 TCR and HLA-A2-HLVEALYLV were
produced as described in Chapter 3 (Figure 5.2A). Once the soluble protein was produced,
SPR was conducted to assess the binding affinity between the InsB4 TCR and HLA-A2-
HLVEALYLV. | was unable to show a response between the InsB4 TCR and the HLVEALYLV
peptide by SPR, despite in vitro cell-culture based data clearly demonstrating recognition
(Figure 5.2B). | therefore hypothesised that the InsB4 T-cell recognises the InsB-derived
peptide with an immeasurably low affinity. | therefore concluded that any study of InsB4
TCR-ligand interaction would require generation of more potent ligands as done for the 4C6
T-cell in Chapter 4. To this end, combinatorial peptide library data of the InsB4 clone from
my colleague Dr Garry Dolton was used to predict peptides that may bind the InsB4 TCR with

greater affinity.
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Figure 5.1. The InsB4 T-cell CD8"* clone kills pancreatic B-cells via an insulin B chain-derived

epitope.

(A) Recognition of a titration of the insulin B chain-derived peptide HLVEALYLV by the InsB4 T-cell
clone in a MIP-1B ELISA. (B) Staining of the InsB4 T-cell clone with HLA-A2-HLVEALYLV dextramers.
Dextramers of HLA-A2 presenting the influenza matrix epitope GILGFVFTL were used as an
irrelevant control. (C) InsB4 killing of surrogate pancreatic B-cells (K562 cells expressing HLA-
A*0201 and INS genes). K562 cells transduced with HLA-A*0201 alone and K562 cells transduced
with HLA-A*0201 and GAD65 genes were used as controls. (D) InsB4 and sister clone InsB6
(expressing the same TCR) killing of pancreatic B-cells from a deceased HLA-A*0201* organ donor.
PPI-specific T-cell clone 1E6 and CMV pp65-specific T-cell clone CMV.1 were used as positive and
negative controls respectively. Data shown in A-B has been published (J Immunol Methods, 2016,
430, 43-50). Data shown in C-D has also been published (Frontiers Immunology, 2020, 11, 1-18).

A

63 kDa

48 kDa
35 kDa

25 kDa
20 kDa

18 kDa

11 kDa

HLA-A2-

S HLVEALYLV InsB4 TCR
o

B NR R NR R
-

-

- ap dimer

-

-

L |

A2
’_1_\
i )
" : Lnéivii‘ua'l 4

B
400 -
2
S 300
2
g 200 1
x
& 1001 | |
N |
0 20 40
Time (s)

60

Figure 5.2. The InsB4 TCR affinity for the InsB-derived peptide is immeasurably low by SPR.

(A) SDS-PAGE gel of soluble InsB4 TCR and soluble HLA-A2-HLVEALYLV after size exclusion
chromatography. Samples for both proteins analysed in reduced (with DTT, R) and non-reduced
(without DTT, NR) conditions. Multiple lanes within each sample are indicative of different
fractions. (B) Surface Plasmon resonance (SPR) analysis of InsB4 TCR recognition of HLVEALYLV.
SPR response to ten serial dilutions of InsB4 TCR was measured, with a maximum concentration
of 407 uM. HLA-A2-NLSALGIFST was used as an irrelevant control.
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5.3.3. Generating a peptide recognition landscape for the InsB4 T-cell

A peptide sizing scan on InsB4 T-cells revealed that it exhibited a preference for 9-mer
peptides (Figure 5.3A). A 9-mer CPL screen was then conducted to determine the amino acid
preference of the InsB4 T-cell. The CPL data indicated that peptide recognition is relatively
flexible in most peptide positions, however there was a very clear preference at position 4
for glutamic acid, suggesting that this residue, present in the HLVEALYLV InsB peptide, might

be a key recognition residue for the InsB4 TCR (Figure 5.3B-C).
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Figure 5.3. Sizing scan and positional scanning combinatorial peptide library screening of the
InsB4 T-cell clone.

(A) 30,000 InsB4 T-cells were incubated overnight with sizing scan mixtures of defined amino acid
length (x-axis) using 60,000 T2-HLA-A*02:01* cells as antigen presenting cells. Assay supernatants
used for MIP-1B ELISA. Error bars depict SD from the mean of two replicates. (B) Based on the
results of the sizing scan, a 9mer positional scanning combinatorial peptide library (PS-CPL) screen
was performed, using InsB4 T-cells, antigen presenting cells and ELISA as in (A). Blue bars indicate
amino acid present in the natural insulin B-chain epitope. Errors bars depict SD from the mean of
two replicates. (C) Motif log plot summarizing the amino acid preference of InsB4 at each position
of the PS-CPL. Data has also been published (Frontiers Immunology, 2020, 11, 1-18). Data provided
by Dr Garry Dolton.
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5.3.4. CPL data identifies potential pathogenic ligands for InsB4

The CPL data shown in Figure 5.3B were input into the webtool as discussed in Chapter 3
and used to search bacterial and fungal databases for potential peptide candidates that could
illicit an InsB4 T-cell response. The top 20 candidates generated from the bacterial and fungal
databases respectively were tested against the InsB4 T-cell via a MIP-1 ELISA using crude
(>40% purity) peptide preparations (Figures 5.4 and 5.5). The candidates selected from the
bacterial- and fungal-derived peptides were from Helicobacter pylori (MLLENGLLA) and a
Candida albicans (MIVENVPLL).

5.3.5. The InsB4 T-cell clone can cross-react with bacterial and fungal epitopes

To confirm InsB4 cross-reactivity with the bacterial and fungal epitopes, a MIP-1f3 ELISA was
conducted using >95% pure MLLENGLLA and MIVENVPLL peptide preparations (Figure 5.6A).
These human pathogen-derived peptides were far more potent at activating InsB4 T-cells
(ECso=2.7 x 108 and 1.6 x 107 respectively) than the InsB-derived HLVEALYLV epitope (ECso
= 1.6 x 107%). Staining of InsB4 T-cells with HLA-A2 dextramers presenting HLVEALYLV,
MLLENGLLA or MIVENVPLL peptides showed that the pathogen-derived peptides bound with
greater avidity than the index InsB-derived epitope (MFls 12,775 for MLLENGLLA, 16,385 for
MIVENVPLL compared to 2910 for the index HLVEALYLV peptide) (Figure 5.6B).

5.3.6. The InsB4 TCR binds the bacterial and fungal peptides

| used the soluble InsB4 TCR | had successfully refolded (Section 5.3.2 above) to examine
binding of the InsB4 TCR to the Helicobacter pylori- and Candida albicans-derived peptides.
SPR data showed that the InsB4 TCR bound to the MLLENGLLA and MIVENVPLL peptides with
affinities of 168.5 uM and 60.7 uM respectively (Figure 5.7). These data confirmed InsB4 T-
cell cross-reactivity between an InsB-derived epitope and pathogen-derived epitopes and
were published by my laboratory as part of a study showcasing the use of graphics processing
unit accelerated discovery of pathogen-derived molecular mimics of the insulin derived
epitope (Whalley et al., 2020). Running of Dr Szomolay’s software on an inexpensive (<£150)
GPU, removed the requirement for mainframe computation and expedited running times by
>50-fold (Whalley et al.,, 2020). | was a co-author of this study to acknowledge my
contribution of having manufactured the soluble HLA-A2 ligands, InsB4 TCR and having

undertaken the SPR binding analyses shown in Figure 5.7.

121



MIP-1B (ng/mL)

¥

-5 -6 -7 -8 -9 -10 -11 -12
B [Peptide] M Log,,
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-15.83 HLVEALYLV 9.6 x10° Homo sapiens Insulin B-chain
-12.66 6.7 x10° Klebsiella pneumoniae Putative protein
-12.70 1.7 x10® Bacillus cereus Putative protein
-12.83 LLIERFLFL 5.7x107 Helicobactor pylori Putative protein
-12.87 LMLERALLV 5,2 x10° Helicobactor pylori Cytochrome c biogenesis protein
-12.88 2.3 x10° Haemophilus influenzae  Glycosyltransferase
-12.90 1.0 x10% Streptococcus mitis Putative protein
-12.92 7.8 x10° Helicobactor pylori Cytochrome c biogenesis protein
-1293 I[ILENILLF 6.4x10° Clostridium novyi Putative protein
-12.94 LLIERGLLA 5.4x10°% Pseudomonas aeruginosa LysR family transcriptional regulator
-12.97 LLVEGILLV 3,7x10* Streptococcus oralis Putative protein
-13.05 1.6 x10° Escherichia coli Putative protein
-13.07 IIIEGILFV 7.8x108 Streptococcus caballi Putative protein
-13.08 ILIERFLLL 8.6x10° Clostridium butyricum Putative protein
-13.13 MLLENGLLA 7.6 x107 Helicobactor pylori Putative protein
-13.14 ITMIERGLLA 0.2 x10° Pseudomonas aeruginosa Putative protein
-13.16 5.5 x107 Pseudomonas stutzeri FlgN family protein
-13.17 LITENQLFF NR Haemophilus aegyptius  Putative protein
-13.24 MLVENQLLV 1.9 x10° Pseudomonas mendocina AraC family transcriptional regulator
-13.26 ILIENALME 1,0x10° Pseudomonas stutzeri Polysaccharide biosynthesis protein
-13.28 ILLERILIE 3.9x10° Salmonella enterica Putative protein

Figure 5.4. InsB4 CD8" T-cell clone cross-react with peptides derived from bacterial proteomes.
PS-CPL data for InsB4 (Figure 5.3) was used to screen a database of infectious bacteria and the top
20 peptides selected for testing. (A) Peptide titrations using InsB4 with the top 20 bacterial
peptides (listed in B). 30,000 InsB4 T-cells were incubated overnight with 60,000 T2 (HLA-A*02:01%)
antigen presenting cells. Assay supernatants used for MIP-1B ELISA. Error bars depict SD from the
mean of two replicates. ECso of activation shown in B. (B) Peptide sequence and origin. Scoring
indicates prediction of how likely the peptide is to be recognized by InsB4 T-cells, with the best
scoring peptide at the top. Data has also been published (Frontiers Inmunology, 2020, 11, 1-18).
Data provided by Dr Garry Dolton.
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-15.83 HLVEALYLV 9.6 x10° Homo sapiens Insulin B-chain
-13.48 0.5x10° Candida tropicalis Putative protein
-13.59 0.5 x103 Mucor circinelloides Putative protein
-13.61 ILVERALFT 0.3 x107 Fusarium oxysporum Putative protein
-13.73 MIVEGFLLL 2.3 x107 Sporothrix schenckii Putative protein
-13.81 0.7 x10* Crytococcus neoformans  Putative protein
-13.82 NR Aspergillus niger Putative protein
-13.84 3.8 x10° Saccharomyces cerevisiage Tae2p
-13.90 MLVEGVLLA 2.6x107 Mucor circinelloides Putative protein
-13.92 MIIEGEFLLI 8.9x10° Mucor circinelloides Putative protein
-13,94 LLVENWPLL 6.2 x10% Aspergillus niger Putative protein
-14.01 8.4 x10°6 Aspergillus clavatus Putative protein
-14.14 MQVEWILTF 9.2 x10% Candida albicans Putative protein
-14.19 LQLEGQLLL 4.1x10° Fusarium oxysporum Putative protein
-14.22 LVVEGSLFV 4.7 x10° Fusarium verticilloides Putative protein
-14.24 LIVEGILLT 9.5x10° Aspergillus oryzae Putative protein
-14.31 7.7 x10° Candida Albicans Putative protein
-14.32 LLVEDMLLM 4.1x10° Sporothrix schenckii Putative protein
-14,32 LITEWYLIM 0.7 x10° Candida tropicalis Putative protein
-14.34 MLLEGMMIV 9.5 x10° Fusarium oxysporum Putative protein
-14.34 FLLERILIV 0.2 x10% Saccharomyces cerevisiage Swflp

Figure 5.5. InsB4 CD8"* T-cell clone cross-react with peptides derived from fungal proteomes.

PS-CPL data for InsB4 (Figure 5.3) was used to screen a database of infectious fungi and the top
20 peptides selected for testing. (A) Peptide titrations using InsB4 with the top 20 fungal peptides
(listed in B). 30,000 InsB4 T-cells were incubated overnight with 60,000 T2 (HLA-A*02:01*) antigen
presenting cells. Assay supernatants used for MIP-1f ELISA. Error bars depict SD from the mean
of two replicates. ECso of activation shown in B. (B) Peptide sequence and origin. Scoring indicates
prediction of how likely the peptide is to be recognized by InsB4 T-cells, with the best scoring
peptide at the top. Data has also been published (Frontiers Immunology, 2020, 11, 1-18). Data
provided by Dr Garry Dolton.
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Figure 5.6. InsB4 CD8"* T-cell clone responds to bacterial and fungal epitopes.

(A) Sensitivity of InsB4 T-cell clone to insulin B-chain (HLVEALYLV), bacterial (Helicobacter pylori,
MLLENGLLA) and fungal (Candida albicans, MIVENVPLL) peptides in a titration assay. 30,000 InsB4
T-cells were incubated overnight with 60,000 T2 (HLA-A*02:01*) antigen presenting cells. Assay
supernatants used for MIP-1B ELISA. Error bars depict SD from the mean of two replicates. (B)
50,000 InsB4 T-cells were stained with 0.5 pg of dextramer (relative to the pMHC component), with
a PE-conjugated backbone. Dextramers presenting insulin B-chain (HLVEALYLV), bacterial
(Helicobacter pylori, MLLENGLLA) and fungal (Candida albicans, MIVENVPLL) peptides were used.
Cells previously gated on live CD3*CD8* single lymphocytes. The human telomerase reverse
transcriptase-derived ILAKFLHEL was used as a negative control. Numbers on the histograms
correspond to mean fluorescence intensity of dextramer staining.
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Figure 5.7. InsB4 T-cell responds to bacterial/fungal epitopes.
(A-C) Surface Plasmon resonance (SPR) analysis of InsB4 TCR recognition of MIVENVPLL (A) and
MLLENGLLA (B). SPR response to ten serial dilutions of InsB4 TCR was measured, with a maximum
concentration of 407 uM. HLA-A2-NLSALGIFST was used as an irrelevant control. Kp values were
calculated using non-linear fit curve (y= [P1 x]/[P2 + X]) (C). Data has also been published (Frontiers
Immunology, 2020, 11, 1-18).
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5.3.7. CPL data identifies potential viral ligands for the InsB4 T-cell clone

We next searched for viral ligands that might activate the InsB4 T-cell. As viruses have much
smaller genomes than bacteria and fungi, we anticipated that there would be fewer peptides
of viral origin that might activate InsB4 T-cells than observed from the much larger
proteomes of pathogenic fungi and bacteria (as demonstrated with 4C6 TCR, Appendix
Figure 2). The InsB4 T-cell CPL data were used to screen a proteomic database of human
viruses. As per Section 5.3.4, the top 20 candidate peptides were tested by MIP-1p ELISA
using crude (>40% purity) peptide (Figure 5.8). Multiple peptides elicited a greater response
from InsB4 T-cells than the InsB-derived peptide. The top five peptides were derived from
varicella-zoster virus (VZV, ILIEGIFFI), herpes simplex virus 1 (HSV-1, ILIEGIFFA), Epstein-barr
virus (EBV, LLIEGIFFI), herpes simplex virus 2 (HSV-2, ILIEGVFFA), and Kaposi’s sarcoma-
associated herpesvirus (LIVEGIYFI), all of which are herpesviruses. A MIP-1B ELISA was
conducted using >95% pure viral peptide preparations (Figure 5.9), which confirmed that the
viral peptides elicit a response (ECso = 9.0 x 10°° for ILIEGIFFI, 7.7 x 1071° for ILIEGIFFA, 7.6 x
107 for ILIEGVFFA, 4.9 x 10 for LIVEGIYFI and 6.9 x 107 for LLIEGIFFI respectively) from the
InsB4 T-cell.
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-15.83 HLVEALYLV 4.6x10° Homo sapiens Insulin B-chain
-13.5611 1.1 x10! Varicella zoster virus Ribonucleotide reductase subunit 2
-13.8002 TLIEGIFFA 3.,6x101 Herpes simplex virus 1 Ribonucleotide reductase subunit 2
13.9884 6.2 x1011 Epstein barr virus BARF1
-14.3542 TLIEGVFFA 1.5x10% Herpes simplex virus 2 Ribonucleotide reductase subunit 2
-14.368 6.4 x101 Human herpes virus 8 Putative protein
-14.8688 5.8 x107 Variola virus Tae2p
-15.2035 ILIENFFTT 1.7 x107 Human TMEV-like cardiovirus Putative protein
-15.3499 LOTERALVV 1.2 x10° Herpes simplex virus 2 Tegument protein UL37
-16.0225 1.3 x107 Human parainfluenza virus 1 Putative protein
-16.2609 IILQGILLF 1.3 x10° Cytomegalo virus Membrane protein US19
-16.6616 LOIEDWLAL 1.1 x107 Herpes simplex virus 1 Putative protein
-16.6739 4.1 x10° Human herpesvirus 6B Putative protein
-16.7119 MOIENNLLS 1.2 x10° Human herpesvirus 6A DNA packaging protein UL17
-17.0081 1.6 x107 Human enteric coronavirus  Putative protein
-17.1685 QLIEQSLFL 1.1x10° Human metapneumovirus  RNA dependent RNA polymerase
-17.1836 ILLERYVSL 6.1x10° Human coronavirus Replicase polyprotein 1AB
-17.3067 IVYERQPPF 3.1x10° Torque teno midi virus Putative protein
-16.7415 FVIYRFLFV 1.9 x107 Variola virus A-type inclusion body protein
-17.2107 LMIERFVSL 3.9 x10°© SARS coronavirus Putative protein

Figure 5.8. InsB4 CD8"* T-cell clone cross-react with peptides derived from viral proteomes.
PS-CPL data for InsB4 (Figure 5.3) was used to screen a protein database of infectious viruses and
the top 20 peptides selected for testing. (A) Peptide titrations using InsB4 with the top 20 viral
peptides (listed in B). 30,000 InsB4 T-cells were incubated overnight with 60,000 T2 (HLA-A*02:01%)
antigen presenting cells. Assay supernatants used for MIP-1B ELISA. Error bars depict SD from the
mean of two replicates. ECso of activation shown in B. (B) Peptide sequence and origin. Scoring
indicates prediction of how likely the peptide is to be recognized by the InsB4 clone, with the best
scoring peptide at the top.
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Figure 5.9. InsB4 T-cell responds to viral epitopes.

Sensitivity of InsB4 T-cells to insulin B-chain VZV (ILIEGIFFI), HSV1 (ILIEGIFFA), HSV2 (ILIEGVFFA),
EBV (LLIEGIFFI) and Kaposi’s sarcoma-associated herpesvirus (LIVEGIYFI) peptides in a titration
assay. 30,000 InsB4 T-cells were incubated overnight with 60,000 T2 (HLA-A*02:01+) antigen
presenting cells. Assay supernatants used for MIP-1B ELISA. Error bars depict SD from the mean
of two replicates.

5.3.8. Herpesvirus epitopes are genuinely processed and presented

The herpesvirus epitopes described in Section 5.3.7 are derived from ribonucleotide
reductase of VSV (ILIEGIFFI) and HSV-1 (ILIEGIFFA) and the EBV BARF-1 gene (LLIEGIFFI). My
colleague, Dr Jade Hopkins, transduced these genes into MOLT-3 cells with and without the
HLA-A*0201 gene. InsB4 T-cells produced both TNF and CD107a in response to HLA-A2
targets expressing all three viral proteins (Figure 5.10). These data indicate that all three

epitopes are genuinely processed and presented in the context of HLA-A2.

Dr Hopkins was further able to demonstrate that InsB4 T-cells responded to EBV-infected
HLA-A*0201* B-cells (often called lymphoblastoid cell lines or LCL cells) (Figure 5.11).
Interestingly, broadly reactive T-cells that recognise these shared epitopes between VSV,
HSV and EBV have previously been described (Chiu et al., 2014). This previous description of
T-cells in multiple HLA-A*0201" individuals that cross-react with these genuine herpesvirus
epitopes makes it likely that the InsB4 T-cells might have been initially primed by a
herpesvirus. This finding also raised the question of whether herpesvirus-specific T-cells in
healthy donors might also cross-react with the InsB-derived peptide HLVEALYLV and, if so,

why such T-cells did not destroy insulin-producing cells in these donors.
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Figure 5.10. InsB4 T-cell viral epitopes are successfully processed and presented.

InsB4 cells were co-cultured with MOLT-3 cells (+/- HLA-A*0201) transduced with lentivirus
encoding the three proteins from which the viral epitopes are derived for 4h. The cells were
harvested and analyzed via a TAPI-0 assay, followed by viable sorting based on expression of
CD107a and TNF. Cells previously gated on live CD3*CD8" single lymphocytes. Numbers on dot plots
correspond to the percentage of cells in the gated population. Data provided by Dr Jade Hopkins.
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Figure 5.11. InsB4 responses to EBV-transformed lymphoblastic cell lines (LCLs) in an HLA-
A*02:01 dependent manner.

InsB4 T-cell clone was cultured in the presence of LCLs (+/- HLA-A*0201) for 4h, before cells were
harvested and analysed via TAPI-0 assay, followed by viable sorting based on expression of CD107a
and TNF. Displayed cells gated on live CD3*CD8"* single lymphocytes. Numbers on dot plots
correspond to the percentage of cells in the gated population. Data provided by Dr Jade Hopkins.
LCLs generated and provided by Dr Garry Dolton.
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5.3.9. Insulin-specific T-cells in an HLA-A*0201* T1D patient recognise EBV

We next aimed to determine whether insulin-specific T-cells from another T1D patient might
also recognise EBV. These experiments were undertaken by Dr Garry Dolton and Dr Jade
Hopkins and are included here to provide a complete story of insulin-herpesvirus
crossreactivity. Briefly, InsB-reactive T-cells were separated from T1D patient blood via
magnetic activated cell sorting (MACS) using HLA-A2-HLVEALYLV tetramers. The resulting
population was then stained with HLA-A2-ILIEGIFFI, HLA-A2-ILIEGIFFA, and HLA-A2-LLIEGIFFI
tetramers, resulting in 1.3%, 1.0% and 1.7% positive staining compared to 0% from the
irrelevant tetramer. The T-cell population remaining from the HLA-A2-HLVEALYLV separation
were then sorted again using HLA-A2-LLIEGIFFI. This resulting population sorted by HLA-A2-
LLIEGIFFI was then also stained with HLA-A2-ILIEGIFFI, HLA-A2-ILIEGIFFA, and HLA-A2-
LLIEGIFFI tetramers, with positive staining of 37%, 35% and 56% respectively. The population
was also stained with HLA-A2-HLVEALYLV tetramers, resulting in 0.12% positive staining
(Figure 5.12).

The final experiment conducted by Dr Jade Hopkins was to assess herpes virus cross-
reactivity in healthy donors (Figure 5.13). Three separate healthy donor samples were
separated using HLA-A2-LLIEGIFFI tetramers, and subsequently stained with HLA-A2-
HLVEALYLV, HLA-A2-ILIEGIFFI, and HLA-A2-ILIEGIFFA tetramers. Interestingly, neither insulin
nor herpesvirus crossreactivity was observed within the LLIEGIFFI-specific T-cell lines grown
from three healthy donors. These results indicate that healthy donors and T1D patients use
different TCRs for recognition of herpesviruses with only the latter also showing
crossreactivity with the insulin-derived epitope. This finding suggests a possible mechanism
by which T1D might be triggered in HLA-A*02:01" patients and makes TCRs like InsB4
especially interesting. | next set out to confirm that the InsB4 TCR bound to herpesvirus-

derived epitopes.
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Figure 5.12. Insulin-specific cells in an HLA-A*0201* T1D donor can recognise three viral epitopes.
(A) A schematic detailing the experimental workflow used in this figure. (B) HLA-A2-HLVEALYLV*
(InsB) cells from the NDB119 donor were isolated using magnetic separation and expanded. 50,000
T-cells were stained with 0.5 ug of tetramer (relative to the pMHC component), with a PE-
conjugated backbone. Numbers on dot plots represent percentage of tetramer-positive cells in the
10,000 events recorded. (C) HLA-A2-HLVEALYLV" cells from the NDB119 donor were isolated via
magnetic separation based on HLA-A2-LLIEGIFFI tetramer binding. HLA-A2-LLIEGIFFI* (EBV) cells
were then expanded. 50,000 T-cells were stained with 0.5 pg (relative to pMHC component) of
tetramer, with PE-conjugated backbones. Numbers on dot plots represent percentage of
tetramer-positive cells in the 10,000 events recorded. HLA-A2-SLYNTVATL tetramers used as a
negative control. Data provided by Dr Garry Dolton.
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Figure 5.13. EBV/Insulin B chain crossreactivity is not present in healthy donors.

(A) PBMC samples from healthy donors were isolated via magnetic separation based on HLA-A2-
LLIEGIFFI (EBV) tetramer specificity. 50,000 T-cells were stained with 0.5 ug of tetramer (relative to
the pMHC component), with a PE-conjugated backbone. Numbers on dot plots represent percentage
of tetramer-positive cells in the 10,000 events recorded. (B) PBMC samples from a T1D patient were
isolated via magnetic separation based on HLA-A2-LLIEGIFFI (EBV) tetramer specificity. Following this
50,000 T-cells were stained with 0.5 pg of various tetramer (relative to the pMHC component), with
a PE-conjugated backbone. Numbers on dot plots represent percentage of tetramer-positive cells in
the 100,000 events recorded. HLA-A2-SLYNTVATL (HIV-GAG) and HLA-A2-ILAKFLHWL (human
telomerase) tetramers were used as negative controls. Data provided by Dr Jade Hopkins.
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5.3.10. The InsB4 T-cells bind herpesvirus epitopes with high avidity

| next manufactured biotinylated HLA-A2 monomers with ILIEGIFFI (VZV), ILIEGIFFA (HSV-1),
and LLIEGIFFI (EBV) epitopes. These monomers were used to manufacture pHLA dextramers
for staining of the InsB4 T-cell clone. Dextramers of ILIEGIFFI, ILIEGIFFA, and LLIEGIFFI stained
InsB4 T-cells with mean fluorescence intensities (MFIs) of 5926, 6697, 8581 respectively
(Figure 5.14). In each case staining had more than double the MFI with dextramers made
with the index HLVEALYLYV insulin epitope (MFI 2910) in parallel experiments. | next set out

to formally characterise the binding of InsB4 TCR to these herpesvirus epitopes by SPR.
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Figure 5.14. InsB4 T-cell has a higher avidity for viral epitopes than the T1D epitope.
50,000 InsB4 T-cells were stained with 0.5 pg of dextramer (relative to the pMHC component),
with a PE-conjugated backbone. Dextramers presenting to insulin B-chain (HLVEALYLV), VZV
(ILIEGIFFI), HSV1 (ILIEGIFFA), HSV2 (ILIEGVFFA), EBV (LLIEGIFFI) and Kaposi’s sarcoma-associated
herpesvirus (LIVEGIYFI) peptides were used. 30,000 InsB4 T-cells were incubated overnight with
60,000 T2 (HLA-A*02:01* Cells previously gated on live CD3*CD8" single lymphocytes. The human
telomerase reverse transcriptase-derived ILAKFLHEL was used as an irrelevant control. Numbers
on the histograms correspond to mean fluorescence intensity, of 10,000 events.
5.3.11. InsB4 TCR bind herpesvirus epitopes with high affinity
As described above, the binding between InsB4 TCR and HLA-A2-HLVEALYLV is below the
limits of detection by SPR. SPR data showed that the InsB4 TCR bound to the ILIEGIFFI,
ILIEGIFFA, ILIEGVFFA, and LLIEGIFFI peptides with affinities of 30.8 uM, 76.6 uM, 40.1 uM,
and 30.8 uM, respectively (Figure 5.15). | next set out to attempt to understand how the
InsB4 TCR is able to engage four different herpesvirus-derived HLA-A2-restricted epitopes

and a very different insulin-derived epitope.
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Figure 5.15. InsB4 TCR successfully binds to viral epitopes.

(A-E) Surface Plasmon resonance (SPR) analysis of InsB4 TCR recognition of VZV (ILIEGIFFI) (A),
HSV-1 (ILIEGIFFA) (B), HSV-2 (ILIEGVFFA) (C) and EBV (LLIEGIFFI) (D). SPR response to ten serial
dilutions of InsB4 TCR was measured, with a starting concentration of 221.5 puM. HLA-A2-
ITSGIGILTV was used as a negative control. Ko values were calculated using non-linear fit curve (y=
[P1 x]/[P2 + X]) (E).

5.3.12. Peptide residue Glu4 appears to drive InsB4 peptide recognition

To determine the mechanism by which the InsB4 TCR binds the various ligands discussed in
this chapter, 3D structural information was required. Whilst | have attempted to crystallise
the InsB4 TCR in complex with all ligands highlighted in Section 5.3.8, to date | have acquired
3D structures of the InsB4:A2-MIVENVPLL (Table 5.1), InsB4:A2-ILIEGIFFA (Table 5.2), and
InsB4:A2-ILIEGVFFA (Table 5.3) complexes at resolutions of 2.31 A, 2.24 A, and 2.17 A

respectively (Appendix Table 3).

5.3.12.1. Peptide residue Glu4 is instrumental for InsB4 TCR recognition of the fungal-derived
peptide

Analysis of peptide presentation within the InsB4:A2-MIVENVPLL structure showed peptide
residue Glu4 protrudes further toward the TCR than any other residue, suggesting that it may
be important for TCR binding (Figure 5.16A). The CPL data shown in Section 5.3.5 supports
the importance of Glu4 by showing minimal degeneracy at peptide position 4. Analysis of the
InsB4 TCR CDR loop conformations showed the CDR1a, CDR3a and CDR3f loops sit above
the N-terminus and mid-point of the peptide, while CDR1p sits above the C-terminus of the
peptide and CDR2a and CDR2p sit above the MHC molecule (Figure 5.16B).
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Closer analysis of the contacts between the InsB4 TCR and the HLA-A2-MIVENVPLL molecule
revealed two points of interest (Table 5.1). Firstly, the TCR residue GIn31a occupies a pocket
formed by peptide residues 1-4, facilitating the formation of multiple bonds (Figure 5.16C).
As discussed in Chapter 3, GIn31a interactions with the N-terminus of the peptide in this way
is a hallmark of TCRs exhibiting TRAV12-2 gene usage, like the InsB4 TCR, and has been linked
to improved TCR:pMHC binding affinity. The second point of interest concerns peptide reside
Glu4, which occupies a pocket formed by CDR1a (GIn31a, Ser32a), CDR3a (Ser92a, Ser93a,
Ser94a, Tyr95a), and CDR3B (Leul00B, Thr101pB) (Figure 5.16D-E). The contacts between
peptide residue Glu4 and the InsB4 TCR make up ~45% of all TCR:peptide contacts, further
highlighting the importance of Glu4 to InsB4 binding (Figure 5.16F).

5.3.12.2. The InsB4 TCR binding mechanism is shared across multiple pMHC molecules

Analysis of peptide presentation within the InsB4:A2-ILIEGIFFA and InsB4:A2-ILIEGVFFA
complexes showed the same protrusion of peptide residue Glu4 and the same ‘pocket’
formed by peptide residues 1-4 present in the InsB4:A2-MIVENVPLL complex. The
conformation of peptide residues 5-7 is shared by the two viral peptides, with a different
conformation adopted by the equivalent residues in MIVENVPLL, however the conformation
of peptide residues 8 and 9 remains conserved across all three complexes (Figure 5.17A).
Analysis of the CDR loop conformation of the three TCR:pMHC complexes showed largely

conserved conformations regards of the presented peptide (Figure 5.17B).

The conserved ‘pocket’ formed by peptide residues 1-4 is occupied by GIn31a in InsB4:A2-
ILIEGIFFA and InsB4:A2-ILIEGVFFA complexes (Figure 5.17C). Additionally, peptide residue
Glu4 of these viral peptides also occupies a pocket formed by CDR1a, CDR3a, and CDR3,
resulting in a large proportion of the TCR:peptide interactions (42% and 43% for ILIEGIFFA
and ILIEGVFFA respectively) (Figure 5.17D-F). Owing to their increased protrusion towards
the TCR, peptide residues 6 and 7 form more TCR:peptide interactions in the InsB4:A2-
ILIEGIFFA and InsB4:A2-ILIEGVFFA complexes (24% and 18% respectively), several of which
involve the InsB4 CDR2B loop, compared to equivalent residues in InsB4:A2-MIVENVPLL
(8%). Conversely, peptide residue 5 contributes less TCR:peptide interactions in the
InsB4:A2-ILIEGIFFA and InsB4:A2-ILIEGVFFA complexes (both 9% respectively) than in the
InsB4:A2-MIVENVPLL (20%) complex, due to a larger amino acid being present at that
position in the viral peptides (Gln compared to Gly in MIVENVPLL) (Figure 5.17G). As a result,
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the number of TCR:peptide contacts in all three complexes remains broadly similar (99, 106
and 98 for InsB4:A2-MIVENVPLL, InsB4:A2-ILIEGIFFA and InsB4:A2-ILIEGVFFA respectively),
which may contribute to the similar binding affinities for these three complexes. In all three
complex structures peptide residue Glu4 contributes the largest proportion of TCR:peptide
interactions, which in conjunction with the CPL data suggests that this residue is instrumental

for the function of InsB4 TCR.
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CDR TCR Peptide MHC VdWs H-bonds

loop residue residue residue (24 f\) (3.4 f\)
CDRla  Arg28 Metl 1
Arg28 Trpl67 1
Arg28 Argl70 4
Gly29 Metl 3
Gln31 Metl 2
GIn31 lle2 1 1
Gln31 Val3 3
GIn31 Glug 4 1
Gln31 Lys66 1
GIn31 Tyr159 1
Gln31 Thri63 1
Ser32 Glud 3 1
CDR2a  Phe49 Glu154 1
Tyr51 GIn155 2
Tyr51 Ala158 2
Ser52 Ala158 1
Asn53 Glul66 2
FWa Lys67 Thri63 2
Lys67 Glul66 3
CDR3a  Ser92 Glu4d 7 2
Ser93 Glug 8
Ser93 Lys66 1
Ser94 Glug 2
Ser94 Argb5 3 2
Ser94 Lys66 2
Tyr9s Glud 3 1
Tyr9s Asn5 16
Lys96 Argb5 2 2
CDR1B  Asp30 Leu8 2
CDR2B  Lys51 Leu8 2
GIn55 GIn72 8
Asp56 Argb5 5
CDR3B  Gly97 Pro7 1
Glyas Asn5 3 1
Gly9s Val6 1
Glya8 Pro7 5
Gly98s GIn155 2
Alag9 lle3 1
Ala99 Glug 3
Alag9 Gly5 8 2
Alag9 Pro7 1
Alag9 GIn155 4 1
Ala99 Leul56 2
Leul00 Glud 5
LeulDO GIn155 9
Thri01 Glug 3 2

Table 5.1. Contacts between the InsB4 TCR and HLA-A2-MIVENVPLL.
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CDR TCR Peptide MHC VdWs H-bonds
loop residue residue residue (<4 A) (<3.4A)
CDR1a Asp27 Glu58 1

Arg28 Trpl67 1

Arg28 Argl70 6

Gly29 llel 1

GIn31 llel 1

GIn31 Leu2 2 1

GIn31 lle3 2

GIn31 Glu4 6 1

GIn31 Lys66 1

GIn31 Thri63 1

Ser32 Glu4 3 2
CDR2a  Tyr51 Ala158 1

Ser52 Ala158 1

Asn53 Gluleb 2
FWa Lys67 Thri63 3 1

Lys67 Gluleb 5 1
CDR3a Ser92 Glu4 6 2

Ser93 Glu4 6 1

Ser93 Lys66 1

Ser94 Glu4 2

Ser94 Argb5 4

Tyr9s Glu4 8 1

Tyr9s Gly5 3

Tyr9s lle6 8 1
CDR1P Asp30 Phe8 5
CDR2B Val50 lle6 1

Lys51 Phe8 3

Ser53 GIn72 1

GIn55 Ala69 1

Asp56 Argb5 3
CDR3B Glya7 lle6 1

Gly97 Ala150 1

Glyas Glys 2

Gly98 lle6 5 3

Glyas Phe7 3

Gly98 Val152 1

Gly98 GIn155 2

Alag99 lle3 3

Alag99 Glu4 1

Alag99 Gly5 4 1

Alag99 Phe7 5

Alag99 Val152 1

Alag99 GIn155 4 1

Alag99 Leul56 2

Leul00 Glu4 3

Leul00 GIn155 7 2

Thri01 Glu4 2 2

Table 5.2. Contacts between the InsB4 TCR and HLA-A2-ILIEGIFFA.
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CDR TCR Peptide MHC VdWs H-bonds

loop residue residue residue (4 A) (<3.4A)
CDR1a Arg28 Trpl67 1
Arg28 Argl70 7 2
Gly29 llel 2
GIn31 llel 1
GIn31 Leu2 2 1
GIn31 lle3 2
GIn31 Glu4 3 1
GIn31 Lys6b 1
GIn31 Try159 2
GIn31 Thri63 1
Ser32 Glu4 3 1
CDR2a Tyr51 GIn155 1 1
Tyr51 Ala158 1
Ser52 Ala158 1
FWa Lys67 Thri63 3
Lys67 Glul66 3
CDR3a Ser92 Glu4 7
Ser93 Glu4 5
Ser94 Glu4 2
Ser94 Argb5 4
Tyr9s Glu4 8 1
Tyr9s Gly5 2
Tyr9s Valé 5
Lys96 Argb5 2
CDR1BR Asp30 Phe8 2
CDR2Bp Val50 Valé 2
Val50 Phe8 2
Val50 GIn72 2
Lys51 Phe8 6
Lys51 Val76 1
Ser53 GIn72 2
GIn55 Argb5 3 2
GIn55 Alab9 1
GIn55 GIn72 2
Asp56 Argb5 1
CDR3B Gly97 Val6 2
Gly97 Ala150 1
Glyas Glys 2
Glyos Valé 3 2
Glyas Phe7 4
Glyos GIn155
Ala99 lle3 4
Ala99 Glu4 1
Ala99 Gly5 4 1
Ala99 Phe7 5
Ala99 Val152 2
Ala99 GIn155 1
Ala99 Leul56 2
Leu100 Glu4 4
Leul00 GIn155 7 1
Thri01 Glu4 4 3

Table 5.3. Contacts between the InsB4 TCR and HLA-A2-ILIEGVFFA.
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Figure 5.16. Peptide residue 4 is instrumental for InsB4 TCR recognition of HLA-A2-MIVENVPLL.

(A) MIVENVPLL peptide (orange) shown as sticks. MHC alpha helix (grey) shown as cartoon for
orientation. (B) Top-down view of the MIVENVPLL peptide (orange sticks) presented by HLA-
A*02:01 (grey, shown as surface). InsB4 CDR loops are shown as cartoon. Crossing angle is indicated
by the orange line. (C) Close up of GIn31a (light blue) interacting with the EAAGIGILTV peptide
(orange). Van Der Waals forces (black dotted lines) and hydrogen bonds (red dotted lines) are
shown. (D) Close up of MIVENVPLL peptide residue Glu4 (orange sticks) which occupies a pocket
formed by the InsB4 TCR (surface). (E) Contacts between the InsB4 CDR loops and MIVENVPLL
peptide Glu4 (orange sticks). Important CDR loop residues shown as sticks. (F) Heat map of
MIVENVPLL peptide showing number of interactions each residue makes with the InsB4 CDR loops.
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Figure 5.17. InsB4 recognises multiple peptides via hotspot recognition.

(A) MIVENVPLL (orange), ILIEGIFFA (magenta), and ILIEGVFFA (brown) peptides shown as sticks.
MHC alpha helix (grey) shown as cartoon for orientation. (B) Top-down view of the ILIEGIFFA
peptide (white sticks) presented by HLA-A*02:01 (grey, shown as surface). InsB4 CDR loops in
complex with ILIEGIFFA (magenta) and ILIEGVFFA (brown) are shown as cartoon. Crossing angles
are indicated by the orange line. (C) Close-up of GIn31a (light purple in complex ILIEGIFFA, light
brown in complex with ILIEGVFFA) interacting with ILIEGIFFA (magenta) and ILIEGVFFA (purple)
peptides. Interactions with ILIEGIFFA and ILIEGVFFA shown with magenta and brown dotted lines
respectively. (D) Close up of ILIEGIFFA and ILIEGVFFA peptide residue Glu4 (magenta and brown
sticks respectively) which occupies a pocket formed by the InsB4 TCR (surface). (E-F) Contacts
between the InsB4 CDR loops and ILIEGIFFA (E) or ILIEGVFFA (F) peptide residue Glu4 (magenta and
brown sticks respectively). Important CDR loop residues shown as sticks. (G) Heat map of ILIEGIFFA
peptide showing number of interactions each residue makes with the InsB4 CDR loops.
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5.3.13. Further cross-reactivity between herpesvirus and diabetogenic epitopes
occurs in T1D patients

Human cytomegalovirus (hCMV) is known to induce very large T-cell responses that ‘inflate’
with time (O'Hara et al., 2012; Kim et al., 2015). This T-cell ‘memory inflation’ is thought to
contribute to age-related senescence of the immune system (Pita-lopez et al., 2009). T-cells
have been suggested to respond to a vast array of hCMV-specific proteins, with a study by
Sylwester et al. highlighting T-cell responses to at least 70% of hCMV open reading frames.
Additionally, Sylwester et al. highlighted three open reading frames which elicited CD8* T-
cell responses in over half of the studied patient cohort (n = 33): UL48 (=60%), pp65 (=57%),
and IE1 (=55%) (Sylwester et al., 2005).

The role of pp65 in CD8* T-cell response against hCMV has previously been studied
(MclLaughlin-Taylor et al., 1994; Wills et al., 1996). The pp65-derivied HLA-A2-restricted
epitope, NLVPMVATV, has been identified as an immunodominant epitope in HLA-A*0201"
individuals (Peggs et al., 2002). Memory inflation of this HLA-A2-restricted, pp65-specific T-
cell population (Komatsu et al., 2003) means that it is easy to detect NLVPMVATV-specific
responses in PBMC, making these T-cells one of the easiest antigen-specific T-cell population
to work with directly ex vivo. The T-cell response to HLA-A2-NLVPMVATV across the
population includes ‘public’ TCRs that are frequently observed in multiple unrelated
individuals (Peggs et al., 2002; Trautmann et al., 2015; Yang et al., 2015) in addition to donor-

specific ‘private’ TCRs.

My laboratory was interested in comparing the peptide degeneracy of public and private
NLVPMVATV-specific T-cell clones. In order to undertake this study, we generated multiple
T-clones from healthy controls. We also included NLVPMVATV-specific T-cell clones that had
previously been procured from diabetic patients to be used as comparative controls with T-
cells from the same patients that recognized known diabetogenic epitopes. During a
comparative study of the NLVPMVATV-specific T-cell clones, Dr Garry Dolton used the 9mer
variant of a diabetogenic T-cell epitope from the GAD65 protein (VMNILLQYV) as a negative
control peptide (Giuliani et al., 2009; Knight et al., 2014). One of the NLVPMVATV-specific T-
cell clones being studied was Clone 29, which surprisingly responded to both the CMV-
NLVPMVATV and GAD65-VMNILLQYV peptides. A follow-up peptide sensitivity assay showed
that Clone 29 preferred the 10mer version of the GAD65 epitope (VMNILLQYVV), with a

greater response elicited by the CMV-derived peptide (Figure 5.18A). The peptides differ at
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every position except for the HLA-A2 C-terminal anchor (Figure 5.18A). Clone 29 T-cell
recognition of the GAD65-derived peptides, with preferred avidity to the 10mer variant, was
also confirmed by dextramer staining (Figure 5.18B). To assess whether the Clone 29 T-cell
can recognise an endogenously processed GAD65 peptide, ‘surrogate B-cells’ were made by
transducing HLA-A*0201 and GADG65 genes into K562 cells, as discussed in Section 5.3.1.
Clone 29 reactivity to these surrogate B-cells was determined by an overnight TNF ELISA
assay (Figure 5.18C). The fact that the Clone 29 T-cell had been isolated from a T1D patient,
combined with our knowledge of the existence of crossreactivity between insulin and other

herpes viruses in T1D patients, made this finding of particular interest to my laboratory.

GAD65 10mer VMNILLQYVV processing and
A VMNILLQYYV B C presentation of the
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Figure 5.18. Clone 29 T-cell cross-reacts with CMV and GAD65 peptides and kills pancreatic cells.
(A) Clone 29 T-cell sensitivity to insulin GAD65 (VMNILLQYVV), and hCMV (pp65, NLVPMVATV)
peptides in a titration assay. 30,000 Clone 29 T-cells were incubated overnight with 60,000 T2
(HLA-A*02:01+) antigen presenting cells. Assay supernatants used for MIP-1B ELISA. Error bars
depict SD from the mean of two replicates. (B) Clone 29 T-cells stained with HLA-A2-GAD65
and CMV peptide dextramers. Irrelevant dextramer: HLA-A2-ALAAAAAAL. The mean
fluorescence intensity of staining is displayed. (C) Clone 29 recognized endogenously processed
GADG5 protein (p=0.001, unpaired 2-tailed t-test). Overnight activation assay with surrogate
pancreatic B-cells; K562 + HLA-A2 + GAD65 protein, with K562 + HLA-A2 used as a negative
control. TNF ELISA with error bars depicting SEM of duplicates. (D) Clone 29 recognized HCMV
1172 infected fibroblasts (MRC5 cells) (p=0.05, unpaired 2-tailed t-test). An irrelevant clone
(MEL13), which does not recognise CMV derived peptides, and its cognate peptide (HLA-A2-
ELAGIGILTV), were also included. Overnight assay performed in duplicate and MIP-1f ELISA
with errors bars depicting SEM. (E) Clone 29 killed pancreatic cells. 4h incubation with labelled
target cells using a nonradioactive europium TDA cytotoxicity assay. Preproinsulin reactive
clone 1E6 (peptide ALWGPDPAAA) was included as a positive control. The irrelevant clone,
NLV7, recognizes the NLVPMVATV peptide from pp65 of CMV. Data provided by Dr Garry
Dolton. Experiment in D also performed by Dr Ceri Fielding. C & E performed by Dr Garry
Dolton with members of Mark Peakman’s group at King’s College London.

142



5.3.14. The Clone 29 T-cell recognises CMV infected cells and kills islet cells

To further probe the diabetic properties of the Clone 29 T-cell we wanted to determine
whether it could potentially cause onset of T1Ds. First, we confirmed that the Clone 29 T-cell
could recognise cells (fibroblasts) infected with hCMV (Figure 5.18D). Secondly, the ability of
the Clone 29 T-cell to kill real pancreatic islet cells harvested from a deceased organ donor
was also confirmed by a cytotoxicity assay (Figure 5.18E). These data demonstrate that the
Clone 29 T-cell cross-reacts with hCMV and T1D and derived epitopes and kills pancreatic B-
cells. This finding implicates hCMV as a possible trigger of T1D in HLA-A*0201"* individuals. A
peptide sizing scan was conducted on the Clone 29 T-cell, showing a preference for 9mer
peptides despite exhibiting stronger reactivity to the 10mer GAD65-derived epitope (Figure
5.19A). A subsequent 9mer CPL screen of the Clone 29 T-cell suggests that peptide
recognition is very degenerate in all 9 positions, implying the Clone 29 may be highly cross-
reactive (Figure 5.19B). To date, this CPL data has not yet been used to generate further

peptide candidates for the Clone 29 T-cell.
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Figure 5.19. Clone 29 exhibits extensive peptide degeneracy.

(A) Clone 29 T-cell prefers nonamer peptides. Overnight sizing scan assay with peptide mixtures of
defined length. MIP-1B ELISA with error bars depicting SEM of duplicates. (B) Nonamer CPL screen
of Clone 29 revealing amino acid residue preference at each position of a peptide. Performed
overnight in duplicate with T2s as antigen presenting cells. MIP-1f ELISA with error bars depicting
SEM. Data in this figure provided by Dr Garry Dolton.

5.3.15. CMV-specific T-cells are present in pancreatic lesions

To further establish the link between CMV and T1D, pancreatic tissue from a T1D-donor was
stained in vivo with PE-conjugated HLA-A2-NLVPMVATV multimers. Histology data shows
positive staining within the exocrine portion and islets of the patient, suggesting the
presence of CMV-specific T-cells within the pancreas (Figure 5.20A-D). Positive staining was
not observed in healthy pancreatic tissue (Figure 5.20E). In situ multimer staining was

conducted by Drs Garry Dolton and Guido Sebastini.
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Figure 5.20. CMV specific T-cells infiltrate the islet of a diabetic pancreas.

(A) T1Ds donor 6052 (sourced from the network for pancreatic organ donors with diabetes: nPOD)
frozen tissue and formalin-fixed paraffin-embedded (FFPE) pancreatic section stained with PE-
conjugated HLA-A2-NLVPMVATV tetramers showed positive cells scattered in the exocrine. Scale
bar 100 uM. (B) Zoom-in on a region of interest in panel (A). Scale bar 30 uM. (C) Using the same
donor as in (A), FFPE pancreatic section stained with PE-conjugated HLA-A2-NLVPMVATV
tetramers showed positive cells within one islet. Scale bar 100 uM. (D) Zoom in on a region of
interest of panel (C). Islet contour is indicated in red arrow indicates positive cells. Scale bar 75
UM. (E) Non-diabetic donor FFPE pancreatic section stained with PE-conjugated HLA-A2-
NLVPMVATYV tetramers showed no sign of positivity. Scale bar 100 uM. Data in this figure provided
by Dr Garry Dolton, Dr Guido Sebastini and Prof. Francesco Dotta.
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5.4 Discussion

This chapter highlights two T1D patient-derived T-cell clones, InsB4 and Clone 29, that cross-
react with T1D-derived peptides (from InsB and GADG65 respectively) and herpesvirus-
derived epitopes (VZV/HSV-1/HSV-2/EBV and hCMV respectively). Both T-cell clones kill HLA-
A*0201+ pancreatic B-cells, as well as cells transduced with T1D-associated genes. The
affinity of the InsB4 TCR for the InsB-derived peptide was too low to measure accurately by
SPR, perhaps explaining how such autoreactive T-cells can escape negative selection. |
hypothesise that herpesvirus infections can help these T-cells break self-tolerance. This
hypothesis was supported by data acquired by my colleagues, Dr Garry Dolton and Dr Jade
Hopkins, who showed how the InsB4 and Clone 29 T-cell clones responded to EBV-infected

LCLs and CMV-infected fibroblasts, respectively.

My own studies involved examining how the InsB4 and Clone 29 TCRs were able to bind to
herpesvirus and diabetogenic epitopes in the context of T1D disease-risk molecule HLA-
A*0201. | present 3D crystallographic structures of the InsB4 TCR in complex with a fungal-
derived peptide and two herpesvirus-derived peptides. To my knowledge, this is the first
example of structural data showing TCR cross-reactivity between epitopes derived from two
different herpesvirus species. These InsB4 complex structures demonstrated how InsB4 TCR
promiscuity is underpinned by hotspot binding centred on the glutamic acid residue at
peptide position 4. Whilst there are currently no structural data concerning InsB4 in complex
with the T1D-derived peptide, the presence of the Glu4 hotspot residue implies a similar
mode of binding may occur with the insulin peptide. | also present SPR data highlighting the
binding affinities and kinetics of the interactions between the InsB4 TCR and the pathogenic
epitopes described in this chapter; however, as mentioned in Chapter 4 the kinetic

observations are subject to caveats discussed in Section 6.3.1.

5.4.1. Autoreactive T-cells may have preferential ‘triggers’ to promote T1D onset in
vivo.

As discussed, both the InsB4 and Clone 29 T-cells kill pancreatic B-cells (Figure 5.1, Figure
5.17). However, the affinity of the InsB4 TCR to the InsB derived peptide is so low that SPR
cannot provide an accurate measurement (Figure 5.2). This contrasts with the 1E6 and 4C6
T-cell clones (discussed in Chapter 4), as while they have relatively low affinities for their

cognate T1D peptides, their affinity is still measurable.
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The viral-derived ligands of InsB4 were identified using a CPL scan in conjunction with Dr
Szomolay’s webtool (Figure 5.3). This approach identified several viral-derived peptides,
primarily from herpesvirus species, which can elicit a response from the InsB4 T-cell, as well
as bind to the InsB4 TCR (Figure 5.8, Figure 5.9, Figure 5.14, Figure 5.15). While further
potential pathogen-peptide candidates for the Clone 29 T-cell have not been identified,
functional data also shows cross-reactivity between T1D and hCMV epitopes (Figure 5.18,
Figure 5.19, Figure 5.20). By contrast, no viral-derived peptide identified from the CPL
involving the 4C6 T-cell elicited a greater response than the T1D-derived peptide (Appendix
Figure 4.2). The 1E6 T-cell also exhibits a preference for bacterial derived peptides as
opposed to viral derived-peptides. This suggests that autoimmune T-cells may possess a
preference for epitopes derived from certain pathogenic contexts, with this preference

differing across different T-cells, different donors and different disease-risk HLA.

5.4.2. InsB4 TCR complex structure analysis

I successfully solved the 3D structures of the InsB4 TCR in complex with HLA-A2-MIVENVPLL,
HLA-A2-ILIEGIFFA, and HLA-A2-ILIEGVFFA, analysis of which highlighted two areas of interest
that are conserved across all three structures. The first is the pocket formed by peptide
residues P1-P5 which is occupied by InsB4 TCR residue GIn31a. The P1-P5 pocket is present
in all three peptides irrespective of amino acid composition. As discussed in Chapter 3, the
P1-P5 pocket and its subsequent occupation by GIn31a is a feature present in TCRs exhibiting
TRAV12-2 gene usage, which includes InsB4. A study by Johnson et al. highlighted the
potential improvement to binding affinity afforded by TRAV12-2 gene expression (Johnson
et al., 2006), which may facilitate the binding of the InsB4 TCR to pathogenic peptides.

The second structural feature of note is the Glu4 binding hotspot. As discussed, the CPL data
implied the importance of Glu4 for InsB4 binding when very little degeneracy was observed
at the P4 position. The role of Glu4 during InsB4 binding was confirmed structurally, as this
peptide residue makes the greatest number of contacts with the InsB4 TCR compared to the
other peptide residues. This is true in all three InsB4:pMHC complex structures. The
importance of the other peptide residues varies depending on which epitope is bound to the
InsB4 TCR, which the CPL data showing degeneracy in all positions apart from P4. Not only is
Glu4 present in all InsB4 T-cell ligands discussed in this chapter (HLVEALYLV, MIVENVPLL,
MLLENGLLA, ILIEGIFFI, ILIEGIFFA, ILIEGVFFA, LLIEGIFFI, LIVEGIYFI), but it is also present in all

but one of the 60 pathogenic candidate peptides identified via the CPL data. This binding
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hotspot mechanism of InsB4 T-cell cross-reactivity is consistent with the 1E6 and 4C6 TCRs,
which both cross-react with pathogen and diabetogenic epitopes via hotspot binding. In

conclusion, the presence of Glu4 appears to be essential for InsB4 binding.

| discussed hotspot driven cross-reactivity in Section 1.3.1.2, where | highlighted studies by
our laboratory as well as Adams et al. which discussed TCRs that had been found to utilise
hotspot binding (Adams et al., 2016; Cole, Rizkallah, et al., 2016). There have been further
examples of hotspot recognition. One such example by Archbold et al demonstrated how
hotspot recognition may facilitate alloreactivity, thus implicating it in GvHD (Archbold et al.,
2006). The data in this chapter, in conjunction with the 1E6 T-cell study (Cole, et al., 2016)
and the data presented in Chapter 4 indicate that hotspot recognition may play an important

role in the progression of T1D and GvHD.

Despite multiple attempts, | was unable to crystallise the InsB4 TCR in complex with HLA-A2-
HLVEALYLV, so | cannot confirm that the observations highlighted in this section would apply
to the InsB4-A2-HLVEALYLV complex. However, the CPL data, the ubiquity of the Glu4 residue
across known InsB4 ligands, and the number of Glu4:InsB4 contacts present in known InsB4
complex structures suggest that Glu4 would also be important for the InsB4-A2-HLVEALYLV
complex. However, the low affinity of the InsB4-A2-HLVEALYLV interaction, immeasurable
by SPR, suggests the P1-P5 pocket may not be present for occupation by GIn31a, perhaps
due to the bulky His1 residue in comparison to Met1 and llel present in the InsB4 complexes
shown during this chapter. In the absence of an atomic resolution InsB4-A2-HLVEALYLV
structure any discussion is purely speculative. The InsB4 TCR could be stained with multimers
of HLA-A2-HLVEALYLV. | predict that it would not be possible to stain cells using pHLA

multimers where Glu4 were substituted with another amino acid.

| also attempted to acquire 3D structures of the Clone 29 TCR in complex with either the HLA-
A2-VMNILLQYVV or HLA-A2-NLVPMVATV pMHCs, though this was unsuccessful. However,
the differences in peptide length between the GAD65 and hCMV derived peptides, as well as
their dissimilar amino acid compositions, suggests larger conformation shifts would be
required for Clone 29 T-cell cross-reactivity, as opposed to the hotspot binding mechanism
exhibited by the 4C6 (Chapter 4) and InsB4 T-cells discussed in this thesis. The hypothesis
that Clone 29 cross-reactivity will require more dramatic conformational shifts is supported

by the CPL data which highlights degeneracy at each peptide position, making the presence
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of a rigid binding hotspot less likely. Again, without 3D structures, the mechanism of Clone

29 cross-reactivity remains speculative.

5.4.3. Conclusion

In this chapter | present functional data demonstrating cross-reactivity between
diabetogenic and herpesvirus-derived peptides by two separate T1D patient-derived T-cell
clones, in the context of the disease-risk allele HLA-A*0201. | also present structural data
showing cross-reactivity between two different herpesvirus species via hotspot binding.
These data support the findings present in Chapter 4 by highlighting potential pathogenic
triggers of T1D, while suggesting that cross-recognition of pancreatic self-peptides by T-cells
specific to pathogenic peptides may contribute to the onset of T1D. Future work will involve
confirming the binding mechanism of the InsB4 and Clone 29 TCRs to their cognate T1D
antigens, as well as further investigating the ability for the pathogens discussed in this

chapter to induce T1D onset.
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6. General Discussion

6.1. Understanding the biological consequences of T-cell cross-

reactivity

The aim of this thesis was to gain a greater understanding of the structural and biophysical
mechanisms that govern T-cell cross-reactivity in the context of clinically relevant T-cell
responses. | discussed many structural mechanisms of T-cell cross-reactivity in my
introduction (Section 1.3.1), however many of those examples involved mouse models (such
as the 2C T-cell (Colf et al., 2007)) or synthetic peptides (such as the YAe62 T-cell (Yin et al.,
2011)). While these studies have provided fascinating insight into the potential mechanisms

that govern the TCR:pMHC interaction, they are not human or clinically relevant.

To address my aims, each of my results chapters investigated the cross-reactive mechanisms
of potentially clinically relevant T-cells. Chapter 3 discussed the MEL8 T-cell, which was
isolated from the TIL infusion product used to successfully treat a stage 4 melanoma patient
and shown to persist in the patient’s blood long after complete durable remission. The MEL8
T-cell was shown to interact with multiple TAAs in an additive manner. | have subsequently
used structural data to demonstrate that MEL8 cross-reactivity was mediated by molecular
mimicry among the target TAAs. Chapters 4 and 5 concerned T-cells which recognised T1D-
specific antigens in the context of HLA-A24 (the 4C6 T-cell Chapter 4) and HLA-A2 (the InsB4
and Clone 29 T-cells, Chapter 5). All three T1D-specific T-cells discussed were shown to cross-
react with pathogenic peptides, highlighting potential pathogenic triggers of Ti1D.
Furthermore, structural data showed how the 4C6 and InsB4 T-cells cross-react with their
pathogenic ligands via molecular mimicry, facilitated by hotspot binding. While structural
data was not obtained for the Clone 29 TCR, CPL data suggests that its binding interaction

may not involve molecular mimicry.

6.1.1. Multipronged T-cell responses

In Chapter 1, | discussed the benefits of cross-reactive T-cells in the context of immune
coverage with emphasis placed on heterologous immunity, where T-cells can recognise
multiple pathogenic epitopes via cross-reactivity. This topic is particularly pertinent at the
time of writing as T-cell cross-reactivity between human coronaviruses is thought to play a
prominent role in dictating how individuals cope with the SARS-CoV-2 infection and in

providing herd immunity (Lipsitch et al., 2020). In Chapter 3, | discussed multipronged T-cell
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recognition, where a T-cell can recognise multiple epitopes presented by the same target cell
(Figure 6.1), resulting in an additive effect on the overall T-cell response. Multipronged T-cell
recognition has been discussed by my colleague Dr Rius Rafael (Rius Rafael, 2019) and to my
knowledge has not been reported elsewhere in the literature. In contrast to heterologous
immunity, which provides broad immune coverage across multiple pathogens, the additive
effect conferred by multipronged recognition may provide ‘deep’ immune coverage,
allowing an increased T-cell response against a single target. My laboratory has other
examples of cancer-specific T-cells isolated from patients in complete remission that kill
cancer targets via a known epitope but that also kill cancer cells that do not express this TAA
suggesting that they must recognise a further TAA. It is possible that recognition of multiple
different epitopes on the surface of the same cancer cell by a single T-cell might be a common
feature of successful T-cells. However, as discussed in Section 3.4.1, the concept of
multipronged recognition has not yet been proven and further data are required to support
the hypothesis. It will also be important to observe multipronged recognition in additional

patients, or even in additional immunological contexts such as autoimmune disease.

6.1.2.1. Advantages of multipronged T-cells

T-cells that target epitopes from multiple TAA on the surface of the same cancer cell (defined
as multipronged T-cells herein; Figure 6.1) might offer some significant advantage over
regular T-cells that target cancer cells via a single TAA. As briefly discussed above, the
recognition of multiple epitopes on the same cancer cell results in an enhanced T-cell
response compared to recognition of an individual epitope. This improved T-cell response is
likely due to the higher T-cell epitope density present on the cancer cell, which can result in
greater T-cell polyfunctionality (Tan et al., 2015). Due to the immunosuppressive tumour
microenvironment, the improved T-cell response offered by multipronged recognition may

be invaluable for the cancer immune response.
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Figure 6.1. Multipronged T-cell recognition.

A schematic demonstrating multipronged T-cell recognition. Regular T-cell cross-reactivity
involves the recognition of different peptides on different targets. The new phenomenon
described within my thesis involves the recognition of multiple targets on the surface of the same
antigen -presenting cell. We have used the term “multipronged” recognition to distinguish these
two different circumstances.

A further advantage of multipronged T-cells is a reduction of tumour immune escape. While
tumours could theoretically escape from CD8" T-cells by deletion of the HLA-I heavy chain or
B-2-microglobulin, such escape leaves cancer cells vulnerable to natural killer (NK) cell
targeting. NK cells are switched off by HLA-I and are said to recognise “missing self”
(Ljunggren et al, 1990). In contrast, loss of a specific epitope of TAA can allow T-cell escape
without triggering NK cell attack. Any tumour that escapes from a given host T-cell response
will have a selective advantage and it will be possible for cancer cells to serially lose antigen
over time to escape other host T-cell responses. As a multipronged T-cell can recognise
multiple epitopes, loss of any single antigen will offer little or no selective advantage (Figure

6.2).
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Figure 6.2. Multipronged T-cell response can overcome immune escape.
A schematic demonstrating how multipronged T-cell recognition can prevent immune escape.
Red crosses indicate epitope escape, and skulls indicate cell death.

Finally, targeting of multiple self-epitopes may allow potent anti-cancer T-cells to pass

through negative selection in the thymus. The process of negative selection in the thymus

culls any T-cell bearing a TCR with a high affinity for self-antigen (as discussed in Section

1.1.1.2). This process ensures that T-cells with capacity to be autoreactive are deleted before

they can cause harm. Cancer-specific T-cells are known to bear TCRs with ~5-fold lower

affinity compared to those that target pathogen-derived (non-self) epitopes (Cole et al.,

2007). Our discovery that potentially multipronged T-cells persist in patient blood following

complete durable cancer remission suggests that these cells might play a key role in cancer

clearance in vivo. It can be hypothesised that recognition of multiple self-antigens weakly in

the thymus allows potent multipronged T-cells to escape negative selection (Figure 6.3). A

similar process could potentially occur with autoimmune T-cells.
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Figure 6.3. Multipronged T-cells recognition may allow potent self-reactive T-cells to escape

thymic negative selection.
A schematic illustrating how multipronged T-cells may escape negative selection in the thymus but
then act potently to targets expressing more than one antigen in the periphery.
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6.1.2. Molecular mimicry in autoimmune disease

In Chapter 1, | discussed the drawbacks of T-cell cross-reactivity, particularly the aberrant
recognition of self-tissue resulting in autoimmunity. Studies discussed in Section 1.3.3.1
show how T-cell cross-reactivity, facilitated by molecular mimicry, has been implicated in the
progression of autoimmune diseases such as MS and Parkinson’s disease (Sethi et al., 2013;
Sulzer et al., 2017). In Chapter 4, | specifically discussed the role of cross-reactivity in T1D,
highlighting evidence suggesting that it may also be facilitated by molecular mimicry with a

pathogenic trigger (Cole et al., 2016).

The data | presented in Chapters 4 and 5 further supports the hypothesis that molecular
mimicry may be a key driver for the onset of T1D. While structural data directly showing 4C6
and InsB4 T-cell cross-reactivity between a T1D epitope and a pathogenic epitope is presently
absent, structural data is available showing these T-cells can indeed cross-react with multiple
epitopes via molecular mimicry, with peptide sequence similarities implying the feasibility of
molecular mimicry between T1D and pathogenic epitopes. While more functional data into
the role of pathogens in 4C6 T-cell activation is required, data presented here regarding the
InsB4 T-cell strongly suggest that the herpesvirus strains may facilitate T1D onset. The data
presented in Chapters 4 and 5 support a growing hypothesis that molecular mimicry plays a

key role in the onset of autoimmune disease.

My laboratory recently added to the 4C6 cross-reactivity story by demonstrating that 7/7
HLA-A*2402* healthy donors had T-cells that could be sorted with a Klebsiella peptide
tetramer which, when expanded, were capable of killing insulin-producing target cells via
HLA-A24. We are currently examining whether this means that there is a ‘public’ TCR motif
that defines this common cross-reactivity. It remains possible that a conserved peptide-TCR
motif defines CD8" T-cell crossreactivity between HLA-A24-restricted peptides from bacteria
and insulin in T1D. If we see a motif in the Klebsiella-insulin dual-reactive T-cells, then the
next step will be to show that this TCR resides in the naive T-cell compartment in healthy
donors and in the effector/memory compartment in patients. If we do find these ‘public’
TCRs, then it may be possible to use TCR motifs to predict disease in those at risk before the
onset of symptoms, as has been suggested in other autoimmune diseases such as ankylosing

spondylitis (Zheng et al., 2019).
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An early biomarker of T1D has been widely viewed as a ‘holy grail’, as it has become evident
that early diagnosis leads to improved prognosis due to the ability of exogenous insulin to
protect the patient’s remaining B-cell mass (Liu et al., 2018). The “honeymoon phase” in T1D
is used to describe the period shortly following diagnosis when the pancreas is still able to
produce enough insulin to maintain some control over blood glucose. Once a patient starts
insulin injections the pancreas is less under pressure to produce insulin during blood sugar
peaks which in turn makes it less of a target for autoimmune attack. Currently, this
honeymoon period can last for several years in some patients (Abdul-Rasoul et al., 2006). It
is possible that the diagnosis before the onset of symptoms that might be afforded by early
TCR diagnoses could extend this honeymoon period to decades and save the UK National
Health Service a fortune (it is estimated that the annual cost of T1D and its complications to
the NHS exceeds £1 billion with all forms of diabetes accounting for >10% of the entire NHS

budget (Hex et al., 2012)).

6.1.2.1 Alternate mechanisms for type 1 diabetes induction

In this thesis | have discussed how T1D may be triggered by T-cell cross-reactivity between a
pathogenic-epitope and a self-epitope, however other mechanisms of T1D induction have
been proposed. One such mechanism is viral-induced T1D triggering through the direct
infection and subsequent CD8" T-cell targeting of pancreatic islet cells. A study by Yoon et
al. isolated human enterovirus (HEV) from the pancreatic islets of a T1D patient, before
demonstrating pancreatic B-cell necrosis in NOD mice infected with the same HEV (Yoon et
al., 1989). Since then further studies have identified HEV in the pancreatic cells of T1D
patients, as well as highlighting a correlation between HEV infection and incidences of T1D,

suggesting a link between T1D and HEV infection (Krogvold et al., 2015; Stene et al., 2010).

In addition to HEV some herpesviruses, such as HSV-1 and EBV, have also been suggested to
directly infect the pancreas (Chen et al., 2006). Given the data presented in Chapter 5, it
could be hypothesised that direct viral infection of pancreatic islets and CD8" T-cell cross-
reactivity via molecular mimicry may not be mutually exclusive mechanisms of T1D
triggering. The lysis of virally infected B-cells via CD8* T-cells may result in viral antigen
release that could result in CD8* autoreactivity, thus accelerating T1D progression via both

mechanisms.
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A link has also be made between T1D and the hygiene hypothesis. Strachan postulated that
pathogenic infection could protect from atopy, based on data that suggested first-borns
exhibit greater incidences of hay fever than subsequently born siblings do. Strachan
hypothesised that first-borns are less likely to encounter pathogenic infection and are more
likely to develop hay fever (Strachan, 1989). Strachan’s study led to the hygiene hypothesis,
which postulates that there is an inverse correlation between environmental infection
burden and the incidence of allergy, which has since been supported by further
epidemiological data (Ege et al., 2011). Studies have found that the hygiene hypothesis may
also apply to autoimmune disease where pathogenic infections may confer protection
against such diseases, including T1D. This was demonstrated by a study where NOD mice
infected with lymphotropic virus did not develop T1D (Oldstone, 1988). Further
epidemiological data has since supported the hypothesis that pathogenic infection may
protect against T1D progression (Kondrashova et al., 2007; Patterson et al., 1996). Several
biological mechanisms have been proposed to explain how pathogens may confer atopic
protection, such as antigenic competition (Pross et al., 1974), direct immune regulation by
pathogens (Tian et al., 2009), and signalling via Toll-like receptors (Karumuthil-Melethil et al.,
2008).

In the context of T1D it is interesting to consider the relationship between the hygiene
hypothesis and pathogen-induced T1D (whether through molecular mimicry or direct viral
infection), as the evidence for both suggest a paradox whereby pathogens confer both
protection and triggering of T1D respectively. It could be postulated that the productive and
inductive effects of pathogens in respect to T1D are in balance and T1D triggering is reliant
on the failure of the protective component. However, another hypothesis could be that T1D
triggering requires infection of a pathogen not traditionally present in an individual’s
environment, thus an individual would not be tolerised to it and the pathogen would not
provide a protective benefit. Based on the current evidence, it is clear the relationship
between T1D and pathogenic infection is complicated and more evidence in all aspects of

this relationship will be required to understand it.

6.2. The role of structural biology in T-cell immunology

Throughout this thesis | have utilised 3D structural data to determine the binding
mechanisms of specific TCR:pMHC interactions. While other techniques can provide insight

into the TCR:pMHC interaction such as alanine scanning mutagenesis (Bianchi et al., 2016)
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and the aforementioned CPL-screens, a 3D structure offers the most comprehensive
understanding of the biochemical mechanisms involved in TCR-antigen recognition. Using 3D
structural data, the relative conformations of TCR and pMHC components can be determined
and compared to the current literature. 3D structural data can also highlight the relative
importance of certain amino acid residues to TCR:pMHC interactions by assessing how many

contacts are formed with other amino acid residues within the structure.

3D structural data have been instrumental to our understanding of various core components
of the TCR:pMHC interaction. Whilst the existence of the heavy chain and .M components
of the pMHC were already hypothesised (Peterson et al., 1974), the orientation of these
components, as well as the role of the peptide binding groove in antigen presentation, were
only elucidated by structural evidence (Bjorkman et al., 1987). The structure of HLA-A2
showed that the membrane-distal part of the molecule formed a platform of eight B-strands
topped by two a-helices to form a “groove”, allowing researchers to determine where the
binding site must be for an unknown antigen. Likewise, TCR gene usage and presence of the
CDR loops had been described prior to the first 3D structure, along with hypothesises of their
roles (Davis et al, 1988). However, the first 3D structure of a TCR:pMHC co-complex,
published by Garboczi et al., established the core mechanism by which the CDR loops interact
with the pMHC molecule (Garboczi et al., 1996), with the structural studies highlighted in
Section 1.2.5.1 serving to further refine and expand upon the observations made by Garboczi
et al. Our understanding of the biochemical mechanisms governing T-cell cross-reactivity
have also been improved by 3D structural data, with specific mechanisms such as molecular
mimicry, hotspot binding, and conformational changes highlighted by the structural studies
discussed in Section 1.3.1.1. | believe the structural data presented throughout this thesis
contributes to the growing body of 3D structural data which informs our understanding of T-

cell cross-reactivity.

Beyond providing an understanding of the TCR:pMHC interaction, 3D structural data can also
allow for artificial modifications of both TCR and pMHC components via rational design. T-
cell-based immunotherapies, discussed in Section 1.4 and Section 3.1, could benefit greatly
through the application of rational design. This has been demonstrated with antibody design
in the context of T-cell leukaemia. T-cell leukaemias are especially aggressive and there are
no current successful treatments for these rare conditions. The human TRBC locus includes

a gene duplication which means that T-cells express a TCR using either TRBC1 or TRBC2 (~45%
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and 55% of T-cells use each respectively). TRBC1 and TRBC2 differ by two cell surface-
exposed amino acids (Maciocia et al., 2017). My laboratory was recently involved in the
structure-based rational design of an antibody that specifically bound to the TRBC2 gene
product (submitted for publication). The rational design of antibodies that distinguish
between TRBC1 and TRBC2-containing TCRs allows targeting of tumour while sparing the

healthy T-cells that express the other C-domain (Maciocia et al., 2017).

In an example of the rational design of a TCR, Bennett et al used previously described HIV-
specific TCRs (TCR 1.9 and TCR 1803) to design a HIV-specific TCR with greater affinity than
the wild type TCRs, with improved recognition for escape mutants (Bennett et al., 2010).
Additionally, the potential off-target effects that can be exhibited by affinity enhanced TCRs
produced by directed evolution can be mitigated using rational design (Raman et al., 2016).
The structural data presented in Chapter 3 could form the basis of rationally designed TCR-

based anti-cancer therapeutics.

6.3. Future perspectives

6.3.1. Optimising Surface Plasmon Resonance experiments

Chapters 3, 4, and 5 of this thesis all featured the use of SPR to highlight the interaction
between a TCR and a pMHC. In addition, Chapters 4 and 5 utilised SPR to quantify the binding
affinity and binding kinetics associated with various TCR:pMHC interactions. While in certain
examples the theoretical Kp value (calculated from the measured binding kinetics using Kp =
Ka/Ka) agreed with the experimental Kp value, such as with 4C6:A24-LWMRLLPLL, in some
examples this was not the case (4C6:A24-QLPRLFPLL theoretical Kp was 1.1 uM compared to
the experimentally measured 5.4 uM). This suggests that in some cases the measured

binding kinetics were underestimated and may not be correct.

A potential explanation for the underestimation of binding kinetics is protein re-binding.
Protein re-binding occurs when previously associated TCR molecules re-associate with the
pPMHC on the chip during the dissociation phase of the SPR experiment, resulting in lower
measured dissociation rates (Felder et al., 1993). A key factor in protein re-binding is the
influence of mass-transport limitation, which is characterised by non-homogenous
concentration of TCR near the pMHC caused by low TCR transport rates. This results in both

TCR re-binding during the dissociation phase, as well as uneven ligand replenishment during
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the association phase, resulting in lower measured dissociation and association rates

(Schuck, 1997).

To measure binding kinetics more accurately, the SPR protocol used in this thesis will need
to be optimised appropriately. One adjustment could be to increase the flow rate of the TCR
from 10 pl/min to 50 pl/min. Additionally, the amount of pMHC bound to the SPR chip could
be lowered from 500RU to 300RU. Both of these optimisations would allow a single TCR
molecule less opportunity to bind the pMHC molecules multiple times and ensure a
consistent TCR concentration, thus circumventing the mass-transport limitation and
providing a more accurate measurement of binding kinetics (Willcox et al., 1999). Future
work will involve repeating the SPR experiments highlighted in Chapers 4 and 5, using the

optimisations discussed above, to ensure accurate binding kinetics are measured.

6.3.2. Alternatives for epitope discovery

During my project, | have made considerable use of CPL-screens and Dr Szomolay’s webtool
to identify potential, clinically relevant epitopes for the T-cells under investigation. The use
of CPLs to determine the specificity of T-cells has long been established (Davenport et al.,
1997; Pinilla et al., 1999; Stevens et al., 1998), with subsequent studies demonstrating the
effectiveness of combining CPLs with biometric analysis (Nino-vasquez et al., 2004). Our
laboratory has optimised the use of CPLs in epitope discovery through use of the original
webtool (Szomolay et al., 2016) and by running this webtool via a graphics processing unit to
vastly improve the efficiency of database searches (Whalley et al., 2020). These optimisations

have resulted in an efficient and proven workflow for discovering novel T-cell epitopes.

Despite the success my laboratory has had using CPL screens for epitope discovery, there are
drawbacks to this approach. While the raw CPL data are derived from a functional assay, this
data is used to identify theoretical T-cell epitopes. The use of pathogenic-peptide databases
restricts the theoretical peptide list to biologically relevant peptides but there is no
guarantee that the generated peptides will be successfully processed by APCs, or that the T-
cell will recognise them. As a result, some epitopes predicted by the CPL data have proven
to be less effective T-cell antigens than expected (Section 4.3.2), however the number of
highly effective epitopes discovered via the CPL-screen far exceeds the number of epitope

candidates that are less effective.
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An alternative to using CPL screens for epitope discovery is to use yeast-displayed peptide
libraries, which have been shown to identify novel T-cell epitopes with no prior knowledge
of likely ligands required (Adams et al., 2016; Birnbaum et al., 2014). In brief, a library of
approximately 10® peptides is presented by yeast cells, with each individual yeast cell
encoding a single, unique peptide. The yeast cells are selected for by a multimerised variant
of the TCR under investigation. Successfully selected yeast cells are deep sequenced to
determine their presented peptide and a new yeast-display library is produced encoding
sequence-similar peptides to those selected for. This process is repeated multiple times and
the peptide sequences identified by the ‘final’ library is used to predict the recognition
landscape of the T-cell under investigation (Gee et al., 2018). However, the use of
multimerised TCR molecules means that peptides are selected via T-cell avidity, rather than
by T-cell activation. Furthermore, the process of repeatedly optimising the yeast-display
library would arguably be more time and cost prohibitive than a CPL screen and can only be
applied to TCRs that refold well as soluble molecules. In addition, the size of the peptide
library that can be screened by yeast display is over 100,000 times smaller than allowed by
CPL screen. These approaches also use a fixed MHC anchor and would have failed to find that
the very best agonists of TCRs like MEL5 and 1E6 use a sub-optimal HLA-A2 anchor at P2

(alanine and glutamine respectively) (Bulek et al., 2012; Madura et al., 2015).

Two recently developed platforms for T-cell epitope discovery are ‘T-scan’ and ‘SABR’. T-scan
involves transducing an oligonucleotide library into HEK293T target cells encoding the
relevant HLA and a fluorescent marker sensitive to granzyme B cleavage, with each cell
containing a small oligonucleotide sequence. Target cells that are successfully selected by
the T-cell under investigation will fluoresce due to secretion of granzyme B by the activated
T-cell. Positive target cells are then sequenced to determine their expressed peptides (Kula
et al., 2019). By contrast, SABR involves transducing an oligonucleotide library into modified
Jurkat cells encoding HLA molecules associated with CD3{ and CD28. Positive selection by a
T-cell causes CD3T dimerisation, resulting in the expression of GFP under the influence of the
NFAT transcription factor, allowing positive target cells to be identified. As with T-scan,
positive cells are sequenced to determine the presented peptides (Joglekar et al., 2019). Like
yeast-display libraries, T-scan and SABR both account for peptide presentation and cover the
full breadth of amino acids, while T-scan additionally uses functional T-cell outputs for

positive selection. However, a CPL screen is arguably more cost and time effective than both
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T-scan and SABR and their date of publication meant they could not be considered for my

studies.

6.3.3. Optimising structural determination

X-ray crystallography is the de-facto standard for 3D structural determination within my
laboratory, featuring in all results chapters presented in this thesis. However, the
requirement to acquire protein crystals to subject to x-ray diffraction has, to date, proven an
insurmountable task for several TCR:pMHC complexes that | have studied, despite the
promising results shown using crystal seeding (Chapter 4). The need to produce protein
crystals has been compounded in several cases by difficulties in producing soluble TCR
molecules in the high yields required for crystallisation trials. Additional methods to optimise
crystallisation of proteins have been developed, including additive screens which can
supplement crystallography conditions (Gorrec, 2016), as well as nucleants which promote
crystallisation by forming concentrated pockets of protein within porous beads (Chayen et
al., 2005). Despite these optimisations, protein crystallisation remains a major bottleneck for

our structural studies.

Perhaps the most promising alternative to x-ray crystallography is cryogenic election
microscopy (cryo-EM). Cryo-EM involves cryogenically freezing the soluble protein of interest
onto conductive transmission-electron microscope support grids. Images are then taken of
the protein, which are subsequently used to reconstruct its 3D structure (Bhella, 2019). As
cryo-EM directly images soluble proteins, this not only allows for structure determination of
the protein in its ‘native’ state, but also removes the obstacles associated with crystallising
the protein sample, while requiring less protein to conduct. Previously, the drawbacks with
cryo-EM were the low resolution of the 3D structures, as well as a lower limit on the
molecular weight of protein samples required to discriminate between protein and
background. However, advances in cryo-EM technology are beginning to lessen these
drawbacks. According to the electron microscopy data bank (EMDB), the average resolution
of cryo-EM structures has fallen rapidly, measuring at approximately 6 A in 2019 compared
with approximately 12 A in 2015 (Figure 6.3). A recent study by Yip et al has presented a 3D
structure determined by cryo-EM with a resolution of just 1.25 A, demonstrating the
potential resolution for this technique (Yip et al., 2020). Furthermore, cryo-EM has
successfully determined the 3D structure of haemoglobin (a 64 kDa protein) to a resolution

of 3.2 A (Khoshouei et al., 2017). As TCR and pMHC molecules have a molecular weight of
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approximately 50 kDa, it may be possible to use cryo-EM for structure determination in the
near future, thus removing the bottlenecks associated with x-ray crystallography and
allowing us to acquire the 3D structures that are ‘missing’ from the studies presented in this

thesis.

Resolution trends
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Figure 6.4. Improvements to cryo-EM structure resolutions over time.
The average and highest resolutions achieved by cryo-EM over time. Data taken from the Electron
Microscopy Data Bank (https://www.ebi.ac.uk/pdbe/emdb/statistics_main.html/).

6.4. Closing remarks

By combining functional cellular data with biophysical data and 3D structural data, | have
demonstrated the important role that T-cell cross-reactivity plays in both cancer immunology
and autoimmunity. The data presented in this thesis contributes to the growing body of
literature regarding T-cell cross-reactivity and its consequences for health and disease. As
this field expands and our collective understanding of T-cell cross-reactivity grows, so does
the potential to harness this understanding for therapeutic benefit. Recent curated
databases of TCR sequences with known antigen-specificity (such VDJdb:

https://vdjdb.cdr3.net) (Bagaev et al., 2019; Shugay et al., 2017) are currently being

combined with advanced computation to begin allowing the prediction of what peptides a
given TCR might recognise. My laboratory plans to add CPL “training” data to these attempts

so that within as little as 5 years it might be possible to predict TCR cross-reactivities in silico.
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7. Appendix

3 Score Sequence EC,,
-15.83 | @ LWMRLLPLL 3.49 x107
- -9.97 | @ QWPRLFPIV 2.00 x107
E -10.48 | @ NMPRLFPIV 1.82 x10°¢
2 -10.59 | @ NYLRLAPIL 2.23 x107
=S -10.67 NC
% -10.70 | @ QLPRLFPLL 5.66 X101
-10.87 ~0.74
-10.96 | @ DLLRLAPIL ~0.52
] -11.03 5.41 x106
T v O T T - -4
4+ & 5 8 9 10 11 11.22 : DLMRLAPIW 2.55 x10
[Peptide] M Log,, -11.37 HMPRLAPIV ~0.2173

Appendix Figure 1. Identification of a super-agonist peptide for 4C6 T-cells.
Top ten scoring peptides from 500 ‘randomly’ selected peptides based on the PS-CPL of 4C6, tested
in comparison to the preproinsulin peptide LWMRLLPLL. Incubation overnight with C1Rs expressing
HLA-A*24:02 as antigen presenting cells. Crude (>40%) purity peptides used for screening. Assay
supernatants harvested for MIP-1B ELISA. Error bars depict SD from the mean of two replicates.
EC,, values in bold indicated peptides seen more sensitively than the preproinsulin peptide. NC =

EC,, not calculated.
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B [Peptide] M Log,,
Score Peptide EC, Organism Protein
-15.83 --[F]-- LWMRLLPLL 8.2 x107 Homo sapiens Preproinsulin
-16.06 &> NR STL Polyomavirus Middle T antigen
-17.04 @ QRNLPLRRL 9.8 x106 Torque teno virus 1 VP2
-17.04 3  AVLLLQRVL 96 x10°% Human herpesvirus 3 Tegument protein VP13/14
-17.2 NR Human herpesvirus 4 EBNA3A nuclear protein
-17.25 ® 8.6 x10° Human herpesvirus 1 Tegument protein VP11/12
1737 @ LKLLPNRVL NR Human herpesvirus 7 Deoxyuridine triphosphatase
-17.61 <> NR Human coronavirus 0C43 N2 protein
-17.65 & IMKQLOPAL NR Human rhinovirus B4 Genome polyprotein
-17.89 [ ISLLPGPSL NR Human parainfluenzavirus 1 HN glycoprotein
-18.03 @ NR Torque teno virus 3 Putative protein
-18.11 gy ALWPPRRVL  1.6x10°5 Human herpesvirus 2 Envelope glycoprotein
-1833 @  CSLSQQRKL NR Human herpesvirus 2 Tegument protein UL37
-1840 &  AGLVLQRLL NR Human herpesvirus 1 Tegument protein VP13/14
-18.49 @  SNYLOPPRL 53 x10°5 Human herpesvirus 3 Tegument protein UL16
-18.53 * YYLLQAPRL NR Human herpesvirus 2 Helicase-primase primase subunit
-186 A  QPPLPQPPL NR Human herpesvirus 2 Cytoplasmic Large tegument protein
-18.66 () NR Human herpesvirus 4 BFRF2
-1875 [l LQMLMARDL NR Human adenovirus 1 POL
-18.82 ~0.02 Human T-lymphotropic virus 2 REX 26 KD protein
-18.85 [ CGNLHQREL NR Human coronavirus OC43 Replicase polyprotein

Appendix Figure 2. 4C6 shows poor reactivity with viral derived peptides.

Positional-scanning combinatorial peptide library data for 4C6 was used to screen a database
of disease viral species and the top 20 peptides selected for testing. (A) Peptide titrations using
4C6 and the top 20 viral peptides (listed in B). Incubation overnight with C1Rs expressing HLA-
A*24:02 as antigen presenting cells. Assay supernatants used for MIP-1B ELISA. Error bars
depict SD from the mean of two replicates. (B) Peptide sequence and origin. Scoring indicates
prediction of how likely the peptide is to be recognized by 4C6 T-cells, with the best scoring
peptide at the top. ECso of activation in bold indicate peptides seen more sensitively than the

preproinsulin peptide in functional assays.
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Complex MEL5:A2-LLLGIGILVL MEL5:A2-NLSALGIFST MEL8:A2-EAAGIGILTV
Data Collection

Diamond Beamline 104 104 103
Wavelength 0.97951 0.97951 0.97625

Crystallisation Conditions

0.1M TRIS, 15% PEG 8000,
15% Glycerol

0.1M HEPES, 25% PEG
4000, 15% Glycerol

0.1M HEPES, 25% PEG
4000, 0.2 M (NH4)2504

pH 7.5 7.5 7.5
Crystal Data

a,b,c (A) 122.02,122.02, 82.418 121.28, 121.28, 81.314 99.984, 53.669, 203.571
o, B,v(%) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 94.307, 90.0
Space group P43 P43 P12;1
Resolution (A) 2.1-61.02 2.55-60.65 2.80-99.70
Outer shell 2.10-2.14 2.55-2.59 2.80-3.121
R-merge (%) 10.5 (260.3) 19.7 (386.4) 27.7 (86.0)

R-pim 4.0 (98.9) 7.5(152.1) 16.3 (50.8)
R-meas (%) 11.3 (278.6) 21.1(415.7) 32.5(97.7)

cc1/2 0.998 (0.312) 0.995 (0.221) 0.970 (0.542)

1/ all) 10.6 (0.3) 7.2(0.4) 4.5 (1.5)
Completeness (%) 100 (100) 100 (100) 50.9(9.2)
Multiplicity 7.7 (7.8) 7.8(7.4) 3.7 (3.8)

Total Measurements

541,775 (27,332)

303,254 (14,105)

102,222 (52,36)

Unique Reflections

70,731 (3,512)

38,671(7.84)

27,508 (1,375)

Wilson B-factor(A?) 44.0 53.5 65.1
Refinement Statistics

Non-H Atoms 6,888 6,666 13,298

R-work reflections 67,098 36,363 26,063

R-free reflections 3,633 1,905 1,446
R-work/R-free (%) 20.6/24.7 21.5/27.6 22.9/30.4
Mean B value (A% 62.1 £9.8 31.1

!rms deviations

Bond lengths (A) 0.011 0.010 0.007

Bond Angles (°) 1.743 1.827 1.619
XCoordinate error 0.202 0.370 0.532
Ramachandran Statistics

Favoured/allowed/Outliers |771/34/4 755/56/7 1,465/ 155/3
% 95.3/4.2/0.5 92.3/6.8/0.9 90.3/9.6/0.2

* One crystal was used for determining each structure.
* Figures in brackets refer to outer resolution shell, where applicable.

1
Figures in brackets are rms targets

2 9
Coordinate Estimated Standard Uncertainty in (A), calculated based on maximum likelihood

statistics.

Appendix Table 1. Statistics for 3D structures presented in Chapter 3.
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Protein HLA-A24-QLPRLFPLL | 4C6:A24-QLPRLFPLL | 4C6:A24-LWMRLLPLL
Data Collection

Diamond Beamline DLS-03 DLS-103 DLS-104
Wavelength 0.97625 0.97623 0.97949
Crysalisaton 20PEGAON0, [20% PEG 330, 0M |05 o1
Conditions glycerol " Prop;ne 0.1M PCTP Buffer
pH 7.5 75 9
Crystal Data

a,b,c (A) 79.54,48.68,123.07 |63.38 72.25,114.84 |54.32, 72.13, 230.65
a, B,y (%) 90.0, 105.43, 90.0 90.0, 102.98, 90.0 90.0, 90.0, 90.0
Space group P12:1 P12:1 P2121 21
Resolution (A) 2.25-73.99 2.98 -60.08 2.48—-52.87
Outer shell 2.25-231 2.98-3.06 2.48-2.58
R-merge (%) 14.9 (121.7) 17.0(97.7) 8.4 (117.5)

R-pim 8.9(74.1) 10.2 (57.7) 5.0 (69.0)

R-meas (%) 11.9 (93.8) 19.9(113.9) 10.8 (148.6)
cc1/2 0.984 (0.400) 0.985 (0.582) 0.997 (0.513)

I/ all) 5.4(1.0) 8.4(1.5) 11.6(1.3)
Completeness (%) 99.0(98.3) 99.3 (99.8) 99.8 (99.9)
Multiplicity 3.7(3.6) 3.6(3.8) 4.4(4.4)

Total Measurements 160,482 (11,406) 75,554 (5,809) 144,009 (16,321)
Unique Reflections 43,149 (3,179) 20,758 (1,514) 33,057 (3,692)
Wilson B-factor(A?) 37.2 285 423

Refinement Statistics

Resolution Range Used 2.25-74.01 2.98-60.08 2.48-52.93
Non-H Atoms 6,588 6,675 6,758

R-work reflections 41,059 19,688 31,375

R-free reflections 2,050 1,433 1,616
R-work/R-free (%) 21.4/269 18.5/28.8 19.9/27.7

rms deviations (target)

Bond lengths (A)

0.012 (0.013)

0.012 (0.013)

0.011 (0.013)

Bond Angles (°)

1.318 (1.660)

1.414 (1.652)

1.571 (1.652)

Coordinate error 0.248 0.451 0.294

Mean B value (A?) 475 61.6 51.5
Ramachandran Statistics

Favoured/allowed/Outliers |718 /48 /2 680/70/48 754744 /8

% 935/6.3/0.3 83.1/11.0/59 896/75/29

* One crystal was used for determining each structure.
* Figures in brackets refer to outer resolution shell, where applicable.

1
Figures in brackets are rms targets

2 °
Coordinate Estimated Standard Uncertainty in (A), calculated based on
maximum likelihood statistics.

Appendix Table 2. Statistics for 3D structures presented in Chapter 4.
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Complex InsB4:A2-MIVENVPLL | InsB4:A2-ILIEGIFFA | InsB4:A2-ILIEGVFFA
Data Collection
Diamond Beamline DLS-104 DLS-103 DLS-103
Wavelength 0.97950 0.97625 0.97623
0.2 M lithium 0.1 M_potass'lum 0.1 M_potass'\um
Crystallisation conditions sulphate, 0.1 M MES, chlorlde, 0-1M chlorlde, 0.1M
20% v/v PEG 4000 sodium HEPES, 15% | sodium HEPES, 15%
PEG 5000 MME PEG 5000 MME
pH 6.0 7.0 7.0
Crystal Data
a,b,c(A) 225.76, 48.87,93.4 226.3,49.26,93.64 226.44, 49.12, 93.83
o, B,y(°) 90.0, 92.95, 90.0 90.0, 94.15,90.0 90.0,94.85,90.0
Space group c121 c121 c121
Resolution (A) 2.31-93.28 2.24 -56.44 2.17-56.41
Outer shell 2.31-235 2.24-2.28 217-221
R-merge (%) 15.7 (216.7) 5.2 (278.6) 2.7 (80)
R-pim 9.1(121.9) 2.2 (116.9) 3.3(331)
R-meas (%) 18.2 (249.3) 5.7 (302.6) 8.5 (867)
cc1/2 0.984 (0.383) 0.998 (0.356) 0.999 (0.283)
I/ all) 5.3(0.8) 14.1(0.3) 11 (0.1)
Completeness (%) 99.8(96) 99.9 (99.5) 99.9(99.1)
Multiplicity 3.8(3.9) 6.6 (6.6) 3.6 (3.8)
Total Measurements 171,581 (8,476) 333,168 (16,176) 363,599 (18,240)
Unique Reflections 45,287 (2,162) 50,123 (2,450) 55,074 (2,715)
Wilson B-factor(A?) 41.2 60.3 47
Refinement Statistics
Resolution Range Used 231-93.3 2.24-56.4 2.17-56.4
Non-H Atoms 6779 6,668 6,661
R-work reflections 42,949 43,773 46,243
R-free reflections 2,160 2,140 2,358
R-work/R-free (%) 25.7/30.1 28.5/34 28.6/35.5
rms deviations (target)
Bond lengths (A) 0.013 (0.013) 0.021 (0.013) 0.007 (0.013)
Bond Angles (°) 1.939 (1.648) 1.996(1.649) 1.568 (1.648)
Coordinate error 0.40 0.4178 0.383
Mean B value (A?) 15.7 56.8 91.4
Ramachandran Statistics
Favoured/allowed/OQutliers [728/62 /26 733/65/17 693 /81742
% 89.2/76/3.2 89.8/8/2.1 84.9/99/5.2

* One crystal was used for determining each structure.
* Figures in brackets refer to outer resolution shell, where applicable.

1
Figures in brackets are rms targets

2 o
Coordinate Estimated Standard Uncertainty in (A), calculated based on
maximum likelihood statistics.

Appendix Table 3. Statistics for 3D structures presented in Chapter 5.
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