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Abstract

Paroxysmal Nocturnal Haemoglobinuria (PNH) is a rare, acquired, haematological disorder
caused by the clonal expansions of haematopoietic stem cells in the bone marrow that have
acquired a somatic PIG-A mutation. This mutation leads to glycosylphosphatidylinositol (GPI)
anchors not being formed resulting in cells lacking over 25 GPI linked proteins on their
surfaces. These proteins are important for many cellular functions including controlled
inhibition of the complement pathway in the immune system.

However, the mutation alone does not result in PNH pathogenesis. Disruption of the bone
marrow is required. Recent research on PNH long term bone marrow cultures, combined with
links with the T-cell mediated disease Aplastic Anaemia (AA) has led to a hypothesis that T-
cells are involved in the pathogenesis of PNH.

The main project aim was to assess whether there were specific T-cell receptor beta (TCRB)
clones present exclusively in PNH patient repertoires. Firstly, 454 sequencing data from 18
PNH patients and 10 normals was analysed to identify a case for T-cells in PNH (Chapter 3).
Subsequently, a high throughput TCRB sequencing method, along with a bioinformatics
workflow, was designed, developed, and tested to analyse TCRB repertoires (Chapter 4).
“Normal” (Chapter 4) and AA TCRB repertoires were analysed alongside PNH patients
(Chapter 5 and 6) serving as comparisons. Over 150 million TCRB sequencing reads from 31
normals, 43 PNH patients, 26 AA patients with PNH and 6 AA patients with no PNH repertoires
were analysed.

This project is one of the largest TCRB repertoire studies in the context of PNH, identifying 26
novel TCRB clones exclusive to PNH/AA patients and evidence to suggest links between TCRB
clonal populations and PNH clinical status. This will aid further research into the role of T-cells
in the pathogenesis and/or progression of PNH (Chapter 7).
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Chapter 1 - Introduction

1.1. A brief introduction to T-cells

T-cells, also known as thymocytes, are important mediators of cellular immunity capable of providing
both short and long-term protection against a diverse range of pathogens [1]. They begin their lives
as haematopoietic stem cells in the bone marrow [2] from which, in the form of lymphocytic
progenitor cells, they migrate to the thymus where they undergo a series of developmental processes

including V(D)J genetic recombination events detailed in Section 1.3.1. [3,4].

V(D)J gene recombination events lead to the generation of a unique range of T-cell receptors (TCRs)
being expressed on the surfaces of T-cells [5]. Research currently suggests that only one type of unique
TCR is expressed on the surface of a single T-cell [6]. The cell bearing the receptor then undergoes a
series of selection events to ensure it is i) capable of binding major histocompatibility class
molecules/complexes (MHC) to initiate immune responses ii) releasing MHC complexes so that
immune responses can be dampened down once the antigen has been cleared and iii) to ensure T-
cells do not attack uninfected or healthy host cells [7,8,9]. This process is part of the theory of clonal
selection. T-cells are thought to express different receptors, which are antigen specific, as a result of
genetic recombination and mutations. Once the TCR is presented with the antigen that it recognises
via the process of antigen presentation, it undergoes proliferation and clonal expansion. The term
clonal selection was coined to explain the theory that the lymphocytes are antigen specific before
coming into contact with the antigen and go on to proliferate as a result of selection by an antigen

[276].

MHC molecules are glycoproteins whose genes are located on chromosome 6. The gene complex is
often referred to as human leukocyte antigen (HLA) and is made up of more than 200 genes. The MHC
locus is located in the short arm of chromosome 6p21.31. MHC molecules are a critical part of the
immune system. They allow T-cells to differentiate between antigens from self (an individual’s own
tissues and cells) or non-self, which can include other individual’s tissues, for instance through

transplants or foreign antigens such as environmental pathogens and viruses [10].
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Firstly, positive selection is carried out on the TCR expressing T-cells. T-cells that do not express a TCR,
or the TCR does not recognise self MHC class molecules and, therefore, cannot recognise antigens to
mount an immune response, die. MHCs expressed by an individual’s immune system are referred to
as self (discussed in more detail in Section 1.2.) [11]. In this process, cortical thymic epithelial cells
(cTECs) in the thymus act as antigen presenting cells (APCs) and are able to present private peptides
(those created within the human body of an individual) to the T-cells in order to test the TCRs

recognition capabilities [12].

The second selection event is known as negative selection, whereby successful self-MHC specific T-
cells migrate to the medulla portion of the thymus [13]. In the medulla, self-peptides are presented
to the T-cells by dendritic cells or medullary thymic epithelial cells (mTECs) using MHC molecular
machinery [14]. T-cells that express receptors that have too high a binding affinity for MHC
complex/self-peptides will die at this stage [15]. This helps reduce the chances of an individual
developing autoimmune diseases caused by auto reactive T-cells whose receptors readily bind host
tissues [16] as well as removing T-cells that bind too strongly to MHC complex/self-peptides, which

could cause heightened and prolonged immune responses [17].

Successful T-cells that have passed all stages of the selection process leave the thymus as naive T-cells
expressing a functioning alpha-beta or gamma-delta T-cell receptor [18]. Naive T-cells then circulate
around the body via the peripheral blood and lymphatic system [19]. They pass through secondary (or
peripheral) lymphoid organs such as the spleen and lymph nodes, which house mature naive T-cells
along with mature APCs such as dendritic cells [20]. Naive T-cells become primed when they interact
with an APC that is presenting an antigen in the context of an MHC molecule to which its receptor can
bind. This is providing that there are also other necessary co-stimulatory signals. These costimulatory
molecules such as surface molecules are necessary to form immunological synapses and secrete

chemokines for processes such as migration [21].

T-cell signalling occurs through the CD3 complex of the T-cell receptor. Signalling is essential for the
activation and subsequent proliferation of immune cells [22]. Within the CD3, in the cytoplasmic tail,
there are conserved regions of four amino acids that are repeated twice. These are immunoreceptor

tyrosine-based activation motifs (ITAMS)[23].
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When the receptor binds to the specific antigen, the tyrosine kinase Lck is recruited by CD4 or CDS.
Lck phosphorylates the tyrosine residues in the ITAMs allowing other proteins to dock. This induces a
signalling cascade [24]. Lck has a higher affinity for CD4 than CD8 and it has been proposed that the
amount of Lck signal could determine which lineage the T-cell commits to [25]. The T-cells
subsequently become activated and undergo clonal expansion of these specific populations
expressing the antigen specific TCR [26]. These clonal expansions then differentiate into effector T-
cells and memory T-cells such as central memory and tissue-resident memory T-cells (Section 1.2.1.)
[27]. Effector T-cells will carry out functions such as killing infected cells. Memory T-cells allow the
immune system to recognise the antigen should it re-infect the human body and can then mount a
quicker immune response the second time round, a process known as immunological memory [28,29].
Dependent on the surface markers expressed by the T-cells after differentiation, cytokine and
chemokine signalling, T-cells can migrate to inflamed tissues and other organs, enter the lymph nodes

or will remain in the peripheral blood or tissues [30].

1.2. T-cell subtypes and their functions
All T-cells express the co-factor cluster differentiation 3, CD3 on their cell surface. The CD3 is made up
of six individual polypeptide chains. The TCR complex is formed when these chains, a CD3y chain, a
CD36 chain, and two CD3e chains, come together with the CD3 and TCR. This is important in
intracellular signalling required for T-cell activation [31]. However, in addition, during developmental
stages in the thymus, T-cells can fall into several different types of developmentally and functionally
distinct lineages dependent on other co-factors expressed on the T-cell surface [32]. T-cell
interactions with antigens presented by the immune system via molecular complexes (as mentioned

above) can determine the T-cell subtype [33] some of which are discussed in this section.

1.2.1. Conventional T-cell subtypes

The first lineage is the conventional T-cell subset which consists of CD4+ and CD8+ T-cells [34]. These
are T-cells that either express CD4 or CD8 respectively and bind peptides via MHC class complexes
(Figure. 1) . The single positive thymocytes originated from common progenitor double positive cells
that expressed both CD4 and CD8 during positive selection [34] (Section 1.1). The mechanisms for this

CD4/CDS8 T-cell lineage choice are not fully understood.

CD4+ T-cells bind MHC class 11/ antigen complexes that are expressed on the surface of professional
antigen presenting cells, such as dendritic cells. These antigens are extracellular proteins that have

been digested within the cell and then presented to the T-cell via MHC class || molecules [35].
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CD4+ T-cells are often described as helper T-cells (Th) and are involved in immune functions such as
releasing cytokines that regulate downstream immune responses [36]. Subsets include Th1, Th2, Th9,
Th17,Th22 and Tfh and are characterised by their corresponding cytokine profiles. Some CD4+ subsets
have regulatory roles and are known as regulatory T-cells (Tregs) [37]. Tregs are involved in
maintaining immune tolerance [38]. After an infection is cleared, the immune response needs
dampening down, a process Tregs contribute to [39]. They, therefore, help prevent autoimmunity by
suppressing auto reactive T-cells that have managed to escape the negative selection processes
occurring in the thymus [40]. They also prevent autoimmunity by supressing innate cells and

autoreactive B-cells that are products of autoantibodies and can present auto-antigens to T-cells [41].

In contrast, CD8+ T cells express the CD8 cofactors, CD8 alpha and beta, on their surface which bind
to peptide/MHC class | molecules expressed on the surface of all nucleated cells. MHC class |
molecules present endogenous proteins from within cells, such as virus infected cells and cancerous
cells, allowing cytotoxic immune responses to be initiated. CD8+ T cells, therefore, have immune
functions that kill cells that are infected, cancerous or damaged, by inducing apoptosis and are also

known as cytotoxic T-cells [42].

CD4+/CD8+ T-cells can be separated further into categories according to their immunological state
[43]. When a naive T-cell becomes activated by presentation of a recognisable antigen by an APC, the
T-cell proliferates and differentiates into effector T-cells. These effector T-cells can migrate to the site
of the infection. These cells are short-lived however, these T-cells can differentiate into another
subtype called memory T-cells. Memory T-cells are long-lived and can also be either CD4+ or CD8+ and
respond to a specific antigen that has previously been encountered by the immune system, for
example from a recurring infection [44]. These T-cells then differentiate into effector T-cells to mount
immune responses against this antigen, usually faster than the first time the antigen was encountered
[45] as first mentioned in Section 1.1. Subtypes of memory T-cell include central memory and tissue
resident memory [46], the latter of which was only discovered in the past decade [47] and is unusual
in regards to T-cell behaviour as this type does not circulate in the periphery [48]. Tissue resident T-
cells present in organs such as the liver and are thought to contribute to an immune system’s long-

lived T-cell memory pool [49].
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Figure 1. Simplified T-cell receptor/pMHC complex structures in CD4+ and CD8+ af T-cells.

Top left and top right represent T-cell receptor/pMHC bound complexes on the surfaces of CD4+ and
CD8+ T-cells respectively. Both types of T-cell express co-factor CD3 which is important in intracellular
signalling to activate T-cells. When T-cell receptors bind antigens, CD4+ and CD8+ T-cells bind to MHC
class molecules presented on the surface of cells that present antigens. In CD4+ T-cells, T-cells express
a CD4 co-factor. This binds to MHC class Il molecules expressed on the surface of professional antigen
presenting cells such as B cells. MHC class Il molecules present antigens that are extracellular proteins.
CD8+ T-cells express CD8 co-factors. These bind to MHC class | molecules expressed on the surface of
nucleated cells and present endogenous proteins from virally infected cells and cancerous cells. The
bottom image depicts a close-up version of the alpha beta TCR in the TCR/pMHC complex structures.
The TCR is made up of an alpha and beta chain with a variable and constant region. The top of the
variable region contains the antigen binding site, the portion of the TCR that interacts most closely
with the antigen and contains the CDR3 region. To note, TCR complex signalling is not included in this

diagram and the CD3 complex is not displayed in full for simplicity.
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1.2.2. Non-conventional T-cell subtypes

The second lineage, unconventional T-cells, includes gamma delta T-cells and a T-cell population
known as natural killer T-cells that express surface markers and display functions of both conventional
T-cells and natural killer cells [50]. They, therefore, share characteristics observed in both innate and
adaptive immune responses [51]. NKT cells are activated during inflammatory conditions and many

infections [52].

Many NKT cells recognise antigens via the cluster of differentiation 1 complex (CD1) which is a
glycoprotein expressed on the surface of some antigen presenting cells [53]. CD1 presents lipid
antigens to T-cells [54] and as a result, NK-T cells can recognise self-lipids and lipids derived from
foreign sources. Studies have shown in cord blood that NK T-cells display an activated memory
phenotype indicative of an endogenous response during gestation [55]. There are four isoforms of
CD1 that can make up the complex [56]. CD1a/b/c make up group 1 CD1 molecules and CD1d forms
group 2 [57]. Group 2 CD1 T-cells generally expand after antigen recognition in the periphery and are
considered polyclonal [58]. This group of T-cells are alternatively named CD1d restricted T-cells.
Amongst the most common self-reactive T-cells found circulating in peripheral blood are the CD1a

restricted T-cell subset which express a diverse range of T-cell receptors [59,60].

One group of NKT cells that have been extensively studied are known as invariant NK T-cells (iNKT)
[61]. This population expresses TCRs belonging to one TCR alpha family and a limited number of TCR
betas. In humans this is TRAV10-TRAJ18 and most commonly VB25 [62]. iNKT have been found to be
long term residents in some tissues. Their adaptation to responding to lipids allows the immune
system to survey and respond to a wider range of pathogens. However, iNKT-cells constitute 0.01-
0.1% of T-cells in human blood and are therefore challenging to isolate and sequence in TCRB

repertoire studies, therefore, are not the focus of this project work [63].

1.3. Types of T-cell receptors and their structures

As described in Section 1.2, the differences between conventional and unconventional T-cells are
observed when looking at the complexes that they bind with (MHC class or CD1). These complexes
are presented by APCs. MHC class complexes and CD1 complexes present antigens found in the human
body to T-cells in order to generate downstream immune responses [64]. T-cells can then be split

further into populations according to the type and structure of the TCR that they express.
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The TCR is the portion of the T-cell that interacts with these complexes and there are two classes,
alpha-beta and gamma-delta [65]. An individual’s TCR repertoire is the combination of unique TCRs
that are expressed on the surface of T-cell populations in a human being at a given time. Gamma delta
TCRs only contribute between 1-10% of the entire TCR repertoire and tend to be attributed to mucosal

gut immunology [66] and, therefore, only alpha beta TCRs are analysed in this thesis.

1.3.1.  Structure of the alpha-beta T-cell receptor

Alpha-beta TCRs are heterodimers consisting of an alpha and beta chain [67] (Figure 1.). Each chain
consists of a constant region (c), a joining region (j) and a variable region (v) [68] (Figures 2 and 3). The
variable region is the portion of the receptor that binds to antigens presented by MHC class and CD1
complexes [69]. The human immune system is capable of recognising a wide range of pathogens that
enter the body, the majority of which bind to different TCRs [70]. In order to understand how the
immune system has evolved to recognise such an extensive range of pathogens, it is important to

understand how TCRs are formed at a genetic level.

1.3.1.1. Combinatorial and junctional diversity

Before detailing the structures of the alpha and beta chains, it is important to understand the
processes by which the chains rearrange to generate diversity. These processes are known as
combinatorial and junctional diversity events. The VDJ Recombinase complex is essential in these

processes.

Combinatorial diversity arises when different V, (D) and J gene segments randomly recombine to form
the V-region exon (Figures 2. and 3.) [71]. Two of the proteins required are located at the ends of the
VDJ genes and are essential for activation of VDJ recombination. These are the ‘recombination
activating genes’ RAG1 and RAG2 and are only expressed in the developing T-cells in order to allow
for TCR gene re-arrangement [72]. In combination with additional proteins, they form a complex
enabling the separation and subsequent re-arranging and then re-joining of the VDJ genes. The RAG
genes encode enzymes that cleave the dsDNA between the antigen receptor coding segment and a
region known as the flanking recombination signal sequence (RSS) creating junctions [73]. The RAG

enzymes remain until other proteins are recruited to the site which repair the junctions.
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The next steps lead to junctional diversity which occurs in the junctional regions encoded by the V, D
and J gene segments. One of the proteins that is recruited to the site where the RAG genes are present
is a lymphoid specific enzyme called terminal deoxynucleotidyl transferase (TdT). This enzyme
randomly adds P and N nucleotides at these gene segment junctions to repair the nicks in the DNA
[74]. This generates the many combinations of VDJ genes that form a TCR receptor resulting in the
diversity. Between TCRA and TCRB chains, the estimated number of V gene pairs at 5.8x10° and
junctional diversity at approximately 2 x 10! estimates a total diversity of the TCRAB repertoire of

10'8[75].

1.3.1.2. TCR alpha locus

The TCR alpha locus consists of 70-80 V alpha gene segments and then a cluster of 61 J alpha segments
a considerable distance from the V genes (Figure 2.) [76]. The TCR alpha locus is interrupted between
the V and J gene segments by the TCR delta locus [77]. The J genes are followed by one C gene, known
as the constant gene segment, because this is identical for all TCR alpha chains [78]. During T-cell
development, the germline genes rearrange and undergo a number of recombination events and
nucleotide insertion, deletion and substitution events to form a unique TCR alpha chain [79]. This
consists of just one V gene, one J gene and the constant gene segment. Due to the large number of

TCRAJ genes in the TCR alpha locus, variability in CDR3s is even greater.

TCR alpha chain locus

TCRaV TCRadJ TCRaxC
G line DNA OO ESDE ‘ 6lJgene  Constant
ermline sequence segments [ segments region
Rearranged DNA sequence v 3 Constant
generated by recombination events region

CDRS3 region

Figure 2. TCR alpha VJ recombination events that occur in the thymus.

The germline TCR alpha chain DNA sequence contains 70-80 V gene segments, 61J gene segments and
a constant region. Recombination events occur to generate a TCR alpha chain containing one V gene
segment, one J and one constant region. The CDR3 straddles the VJ junction. The diagram does not
show the TCR delta locus that spans the TCR alpha and the distances are not in proportion, the diagram

is for illustrative purposes.
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1.3.1.3. TCR beta locus

The fundamental difference between alpha and beta chains are that the TCR beta locus has an
additional diversity gene segment [80]. The TCR beta locus has 52 functional V beta gene segments
located away from two separate clusters that each contain a single diversity, D, gene segment, with
six or seven J segments and then a constant region (Figure. 3). Each TCR beta C gene has separate
exons encoding the constant domain [81]. The diversity gene segment present in the TCR beta locus
allows for greater diversity in TCR beta chains, because of the potential for a greater number of
different gene combinations produced during recombination, than in alpha chains that lack the

additional D gene segments [82].

TCR beta chain locus

TCRBV TCRBD, TCRBJ, TCRBC, TCRBD, TCRBJ, TCRBC,
Germline DNA 52 V gene D 6 J gene Constant D 7 J gene Constant
sequence segments segments region segments region
€ 4
v
Rearranged DNA sequence ( Constant
generated by recombination events \4 D J region

CDRS3 region

Figure 3. TCR beta VDJ recombination events that occur in the thymus.

The germline TCR beta chain DNA sequence contains 52 V gene segments, followed by two clusters
each containing a diversity gene segment, 6 or 7 J gene segments and a constant region.
Recombination events occur to generate a TCR beta chain containing one V gene segment, one J and
one constant region. The CDR3 region straddles the rearranged VDJ section of the locus and accounts
for the majority of the variation seen in an individual’s T-cell receptor repertoire. The distances

between gene segments are not in proportion, the diagram is for illustrative purposes.
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1.3.1.4. CDRS3region and its importance in T-cell receptor repertoire sequencing

A TCR repertoire is the characterisation of a population of T-cells, generally circulating in the
peripheral blood, by the TCR that they express. A TCR contains three complementarity determining
regions, CDR1, CDR2 and CDR3. They constitute part of the variable region in the TCR and are
important in the binding of the MHC class or CD1 presented peptides to the TCR, which is needed to
recognise the antigen and to promote a subsequent immune response if necessary [83]. CDR1 and
CDR2 only bind to the MHC class molecules/CD1 complexes and are located in the germline encoded
V domains so are less commonly used in repertoire sequencing studies [86]. CDR3 is most commonly
used when defining and assessing TCR clones in TCR repertoire research because it straddles the TCR
V(D)J junction, is unique for every T-cell clonotype (defined in 2.9.2.2.) and encodes the receptor
portion that interacts most closely with the antigenic peptide (Figure 4.) [84]. According to IMGTO
(the international ImMMunoGeneTics information system®) the gold standard knowledge base for TCR
repertoire analysis, structurally speaking, the CDR3 is the ‘codon positions 105 to end of the V-REGION
in germline gDNA or cDNA, codon positions 105 to 117 in V-DOMAIN’ [85]. As CDR3s also contain D-J
junctions, TCRBJ contributes to significant diversity within the repertoire, especially in TCRA with 61

TCRBJ gene segments [87].

The diversity of the CDR3 amino acid sequence, in combination with the alpha and beta chain genes,
provides insight into T-cell diversity and shows if the TCR repertoire is skewed towards a particular
antigen (antigen driven) due to infection or disease, for example. The amino acid properties of the
CDR3 can also shed light on possible immune recognition mechanisms of T-cell clones. For example,
CDR3s that harbour hydrophobic amino acids at specific points in the CDR3 sequence are thought to
promote the development of self-reactive T-cells that are involved in autoimmune disease in mice

[88].

CDR3 lengths are increased from germline sizes by the addition of nucleotides. This process generates
a greater diversity of TCRs with both beneficial and negative effects. Longer CDR3s have a higher
chance of sequence variation and they can potentially reach into narrower antigenic pockets [89,90].
Shorter CDR3s would struggle to interact with these pockets. These CDR3s however, have been found
to be highly enriched during thymic selection. Antigen driven TCRs also tend to have shorter CDR3s

than their naive counterparts and public T-cell responses also tend to involve shorter CDR3s [91].
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The CDR3 region of the beta chain accounts for the majority of the variation seen in a person’s TCR
repertoire [92], and, therefore, will be the starting point for analysis in this project. From here on out,
a TCR clonotype, in the context of this research project, will refer to a T-cell population that expresses
a receptor with an identical TCR beta V gene family, J gene family and CDR3 amino acid sequence. The
frequency of a specific CDR3 sequence indicates the abundance of its TCR clone and, combined with
the TCR V and J gene family usage data, is an important aspect of analysis for deciphering immune
repertoire properties that may be linked to illnesses such as autoimmune diseases or viral responses

[93].

DC + MHCI T-cell + TCR

CDR3
interacting--.__
with antigen

aB TCR

Figure 4. Interaction of CDR3p of an alpha beta TCR with an antigen presented via an MHC I.

The dendritic cell, acting as an antigen presenting cell, is presenting the antigen via an MHC | to the
alpha beta TCR. Each alpha beta TCR is made up of an alpha and beta chain. The alpha chain contains
a constant region (C), a joining region (J) and variable region (V). The beta chain contains a constant
region, variable region, joining region and diversity region. The region that straddles the V-D-J junction
is known as the CDR3. The CDR3 is the portion of the alpha beta TCR that interacts most closely with
an antigen and CDR3 beta is thought to account for the majority of the variation observed in a TCR

repertoire.
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1.4. Factors affecting the diversity of T-cell receptor repertoires

TCR repertoires are dynamic, they are constantly changing [94]. Many factors can influence an
individual’s TCR variation over time and variation between individuals, including stress, diet, illness,
sex and age (with regards to increasing TCRB clonality) as well as factors such as genetic biases that
can influence overall TCR repertoire composition [95-101]. TCR repertoire changes with age are

described in Figure 5.

1.4.1. Genetic variation and pre-selection of the T-cell receptor repertoire

Genetic variation accounts for 20-40% of immunological variation observed. Copy number variants of
genes and rare variants in the genome can cause structural variations which attribute to this [102].
Only a small set of genes encode TCRs but, as a result of random deletion, insertion and substitution
events, as well as genetic recombination processes, it is estimated that around 10 to 10% T-cell
clonotypes are capable of being produced in a human being [103]. However, this is not realistic
because there are only 103 human cells in the entire human body, and T-cells only contribute to 70-
85% of lymphocyte populations [104]. It does, however, illustrate the magnitude of diversity that a
repertoire can attain. The majority of TCR clonotypes do not even make it to the periphery after
undergoing the strict thymic selection events discussed in Section 1.1. to eliminate autoreactive T-
cells. It is thought that in reality only one in a 100 thymocytes reach the periphery [105] and that there
are only approximately 25 million clonotypes circulating in the peripheral blood [106]. The majority of
T-cells are thought to be present in lymphoid tissues with only around 2-3% found in peripheral blood

[107].

One known genetic cause for the restricted and scaled down diversity of TCR receptors observed in
peripheral blood is the composition of the pre-selection TCR repertoire (Figure 6.) [108]. The pre-
selection TCR repertoire is the repertoire that exists before positive and negative selection of TCRs
occurs in the thymus [109]. The diversity of alpha-beta TCRs is heavily restricted and structured before
thymic selection, with genetic factors influencing the composition of this pre-selection repertoire and,

therefore, influencing the TCR clonotypes that successfully enter the peripheral blood [110].
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Figure 5. Diversity of TCRB repertoires decrease with the ageing process.

The seven stages of human ageing are shown in relation to what an average TCRB repertoire would
expect to look like at each stage. The circles depict the TCRB repertoire as a whole and the segments
are simplistic indicating TCRB clones. The greater the number of segments in the sphere, the greater
the TCRB repertoire diversity. The more segments of similar size in the repertoire, the more stable it
is. Larger segments indicate expanded TCRB clones that are proliferating. This can be in response to
an antigen to drive an immune response, or proliferation to sustain homeostasis of naive T-cells and
mature subtypes. As a baby, the TCRB has the capacity to be extremely diverse and is influenced by
the maternal TCRB repertoire [391]. As the baby ages into a toddler, environmental factors such as
diet and exposure to antigens are involved. TCRB diversity remains high and some TCRB clones may
expand slightly in response to infection or vaccinations. As a child, TCRB diversity remains high, but
the thymic involution process gradually starts, therefore, diversity is slightly lower than at younger
ages. Even healthy children have been found to have persistent monoclonal TCRB clones to antigens
[336]. Moving into the teenage years and adulthood below the age of 40 years old, TCRB diversity
decreases over time and larger clonal expansions occurring to infection and other factors such as
stress will affect the TCRB repertoire stability [95,355]. Once an adult passes the age of 40 years old,
studies have suggested that the thymus drastically decreases the output of naive T-cells, TCRB
diversity decreases and the immune system is less capable of mounting immune responses to new
antigens. In old age, immunosenescence is in full progress, TCRB diversity is at its lowest and large
sustained TCRB clones will appear in response to recurrent infections such as EBV. The elderly often

see a reverse in their CD4:CD8 T-cell ratios, a marker of immunosenescence [135-136].
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1.4.2. Effects of environment on TCR diversity

One study estimated that environmental factors can influence over 50% of immunological variation.
It suggested that convergence of immune status could be linked to cohabiting. Individuals who shared
living quarters had a higher chance of sharing unique TCRs than those who did not. This could be
attributed to multiple factors that are associated with cohabitation, such as sharing diets, stress and
exposure to similar antigens, allergens and same courses of vaccines for example for overseas travel

[111].

1.4.3. Generation and prevalence of “public” T-cell receptor clonotypes

Another layer of diversity that can be added to the TCR repertoire is evaluating how common a unique
TCR is within a given population size consisting of many individuals’ TCR repertoires. For example, the
TCRs that are shared amongst the cohabiting individuals from the study cited above, can be referred
to as “public TCR clonotypes” as they occur in more than one individual. “Public” clonotypes can also
be categorised further into “semi-public” and “public” dependent on whether they are observed in
just a couple of individuals, particularly relatives, or amongst many individuals in a population [112].
Both genetic and environmental factors are thought to be linked to “public” clonotypes evolving and

some examples are outlined below [113].

1.4.3.1. V(D)J recombination events, convergent recombination and recombinatorial biases

The V(D)J recombination events in T-cell development that lead to TCR clonotype diversity were
originally thought to be entirely random. However, recent research has suggested that some
rearrangements are more favourable and occur more frequently than others, suggesting a reason for
‘public’ clonotypes arising [114-115]. Unequal frequency distribution of TCR clonotypes is thought to
be attributed to convergent recombination leading to some TCRs having structural advantages over
others by having more than one way of being produced. For example, particular nucleotide sequences
can be produced using a variety of recombination events, so are more likely to occur, some amino
acids can be made by a greater number of nucleotide triplets and certain TCRs require fewer insertion,
deletion and substitution events, creating potential skewing of clonotype frequency distributions

before the receptor has even met any antigens [116].
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1.4.3.2. Common antigens and shared MHC class complexes

Individuals will share TCR clonotypes that are responsive to antigens that are abundant in a population
and commonly infect humans, for example antigens to Cytomegalovirus, CMV [117]. Another example
would be vaccination, where a substantial number of people are infected with the same live or
attenuated antigen. This is because individuals will show some level of similarity in the MHC class

complexes that they express at a genetic level, particularly related individuals.

As the MHC class complexes present the antigens to TCRs, it is likely structurally similar T-cells have
evolved to bind to these alike MHC class molecules. This can lead to public TCR clonotypes that are

identified in many individuals [118].

1.4.4. Generation and prevalence of “private” T-cell receptor clonotypes

Each person’s TCR repertoire is generally highly diverse if they are “healthy” and is unique to that
individual. Despite the presence of some public clonotypes, the majority of the TCRs found in a
person’s TCR repertoire are unique to that individual and are known as “private” clonotypes. Many
factors can affect TCR repertoire diversity and can account for why the majority of clonotypes are
“private” and not shared between individuals [119]. It would be a sensible assumption that a TCR
repertoire’s diversity is attributed to genetics and in some part this is true. An example is in the pre-

selection TCR repertoire as detailed above.

However, a recent study sequencing the TCR repertoires of a set of twins showed that despite the
twins sharing the same genes, their TCR repertoires shared no greater number of clonotypes than two
randomly selected, non-related individuals [120]. Another study found that only 1.1% of TCR
clonotypes were shared between two donors when defining a clonotype using a CDR3 nucleotide
sequence, increasing to 14.2% when using CDR3 amino acid sequences [121]. This highlights that the
majority of TCR clonotypes observed in a repertoire will be “private”, however, the percentages of
shared TCRBs may differ according to environmental, genetic and technical factors such as blood

sampling.

Factors, for example the age of the individual (Figure 5.) and the environment that an individual
person is exposed to, especially from an early age like infections, vaccines and allergens, greatly affect
the composition and profile of their TCR repertoire, leading to a group of clonotypes only observed in

the individual [122].
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Research has also suggested that private clonotypes have evolved in response to preventing the
spread of viruses and infections in contrast to herd immunity [123]. If every individual mounted exactly
the same immune response to exactly the same antigens, it would be very easy for pathogens, such
as viruses, to evolve to evade the immune responses and therefore, be able to infect and spread
amongst the whole population. Having variations in responses means that the spread of a virus would
be much slower within a population [124]. The unique composition of an individual’s TCR repertoires
have lead some researchers to believe it could be used as an “immunological fingerprint” that one day
can be used to discover the immunological history of a person’s immune system and how they are
responding to a current function or illness and is why TCR repertoire sequencing is becoming more

and more prevalent in research [125-126].

1.4.5. Homeostatic regulation of T-cells and thymic involution

The most effective immune systems are those that have highly diverse TCR repertoires [127]. Even
though TCR repertoires are dynamic, when focussing on the most abundant TCRB clonotypes in an
individual’s repertoire, it remains fairly stable and constant throughout life, subject to events such as
infections or illness. This was highlighted in a study where an individual’s TCR repertoire was studied
over the course of a year. When analysing the most abundant TCRs, 63% were shared across the two
time points and the two samples clustered together when compared to other individuals’ TCRs,
showing stability [128]. This is attributed to homeostatic regulation which controls T-cell numbers and
T-cell distribution using regulatory mechanisms including selection events that drive the specialisation
of T-cells into subtypes that are best suited to occupy specific niches [129-130]. Homeostatic
regulation is also maintained by balancing the death of naive T-cells with the export of naive T-cells
from the thymus and the proliferation of naive lymphocytes in the periphery in the absence of any
known antigenic stimulation (homeostatic proliferation) [131]. In reality, it is thought that there may
be some degree of antigenic stimulation but with low affinity self-antigens. This is because TCR
interaction with MHC:peptide, along with signals generated from cytokine receptors are thought to
be needed to elicit T-cell proliferation of any kind. CD4+ T-cells undergo homeostatic proliferation,

dividing every 3-4 days. CD8+ T-cells perform this process much faster [132].

However, exceptions to this are infancy and old age. In infancy the TCR repertoire will undergo many
changes in response to the environment [133]. During early years, infants are also given vaccinations,

and this will also alter the TCRB repertoire as the immune system responds to the vaccine.
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These T-cells will then shrink, differentiate into memory cells and circulate at low levels in the

periphery, attributing to the increasing diversity of the repertoire.

Programming of the thymus in early life is essential for immune stability. Children who had undergone
thymectomies were shown to have accelerated T-cell ageing usually attributed to the natural ageing
process where the thymus begins the involution process (shrinks in size reducing export of naive T-
cells) from childhood [134]. Once an individual is approximately 40 years old [99], the immune
response is no longer capable of educating naive T-cells to new antigens and the involution process
can be attributed to immunosenescence [135-136]. This is why the elderly tend to have larger clonal
populations, for example T-cells responding to recurrent infections such as Epstein Barr Virus, and
therefore, have a less diverse repertoire [137]. Involution of the thymus may allow the maintenance
of an optimal peripheral TCR repertoire attained through years of antigen exposure in adulthood

[138].

1.4.6. Antigen skewed T-cell receptor repertoires

TCR diversity is at its highest in naive T-cell populations before T-cells have interacted with specific
antigens [139]. It is important that the naive populations are diverse to ensure that they can recognise
arange of antigens. The genes that code the MHC molecules are amongst the most polymorphic genes
in humans. MHC polymorphisms can have an effect on a person’s TCR repertoire by determining which
peptides are presented to T-cells and how efficiently a T-cell clonotype can interact with APCs that
express the varying MHCs. Antigen experienced repertoires are seen to be skewed towards certain
antigen specificities and pathogens that commonly infect human beings [140]. It is thought that public
TCR clonotypes in these antigen experienced repertoires could help identify markers of particular
diseases. Analysing an individual’s TCR repertoire could act as an indicator of current immune status
and the identification of antigen specific T-cells that are involved in specific disease development and

autoimmunity, for instance Autoimmune Encephalomyelitis [141].
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Figure 6. Developmental processes generating TCR repertoire diversity.

Each circle depicts a TCR repertoire at each stage. Within these circles are T-cells expressing a TCR.
Each colour depicts a different type of TCR. The pre-selection TCR repertoire is biased by genetics and
forms the basis for any subsequent thymic selection of TCRs. In the thymus, the pre-selection
repertoire undergoes a number of positive and negative selection events which lead to the death of
auto-reactive TCRs. The subsequent naive TCR repertoire is less diverse than the pre-selection
repertoire. These naive T-cells enter the periphery where they undergo clonal selection, proliferation
and expansion events in response to antigens. A healthy, non-antigen skewed TCR repertoire that is
not responding to current infection may have a small number of clonal expansions (depicted by
multiple TCRs of the same colour) but is generally diverse. The antigen skewed TCR repertoire on the
bottom left shows some TCRs that are not clonally expanded along with groups of highly expanded
TCRs. This symbolises how antigen driven TCR repertoires, such as those responding to infection, are

less diverse and more clonally expanded.
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1.5. T-cell receptor repertoire studies and their importance

The immune repertoire can be investigated by sequencing rearranged T-cell receptors, particularly
those expressed by circulating T-cells in peripheral blood. It therefore allows for the profiling of the
adaptive immune system [142] and can be applied to a range of research areas from clonal evolution,
cancers and infectious diseases, to interpreting the immune status of a patient, for instance after a

haematopoietic stem cell transplantation [143-146].

1.5.1. Historical T-cell receptor repertoire sequencing methods

With the advent of high throughput sequencing technologies, the TCR sequencing field has rapidly
changed allowing researchers to identify key aspects of the TCR repertoire. However, prior to these
technologies a number of alternative approaches were employed and provided research findings that
were the foundation of the field, some of which are used in parallel with current high throughput

sequencing techniques.

One method uses monoclonal antibodies that target the variable region of the T-cell receptor chain
to analyse heterogeneous populations of T-cells using flow cytometry [147]. This method is good for
studying selected T-cell populations and changes over time, for instance, variations affected by
immune system ageing. However, currently the number of antibodies available does not cover the full
range of TCRBV gene families and, therefore, cannot capture absolute diversity of T-cells. Flow
cytometry is also unable to address more complex and detailed T-cell receptor analysis approaches

such as V-D-J gene junctional studies and CDR3 analysis.

Spectratyping is another technique that has been employed to investigate TCR repertoires using the
electrophoresis capillary method to perform CDR3 analysis [148]. CDR3 length distributions are
analysed in the context of different TCRBV genes which is good for clonality studies such as those

researching into T-cell Leukaemia where T-cells are known to be pathological.

TCR methodologies have advanced to incorporate sequencing technologies, from less high throughput
methods such as Sanger sequencing to higher throughput methodologies such as Illumina®
sequencing [149]. Sequencing TCRs allows the analysis of both CDR3 distributions and TCRBV gene
usage as with the more historical TCR methods, but also allows for diversity of TCR sequences in a
repertoire to be evaluated in the context of both TCRBV and J gene usage and analysis such as CDR3

amino acid properties and nucleotide insertions.
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Different sequencing methods contribute advantages to the TCR sequencing field as well as caveats.
For instance, 454 sequencing allows for longer sequencing reads which can capture the full length of
TCR genomic DNA compared to sequencing technologies such as lllumina® [150]. However, the way
in which 454 sequencing works (Section 3.1.) means that it is prone to homopolymer errors which can
make sequence identification inaccurate. lllumina® sequencing works in a way that does not incur
these homopolymer errors and provides a high throughput and greater sequencing depth for a

sequencing library which is important when trying to assess TCR diversity [151].

When employing sequencing methods for TCR studies there are three main methods for amplifying
TCR genes as part of the sequencing library preparation. The method type is dependent on the genetic
material that the genes are being amplified from, RNA or gDNA. When using RNA only, a nested PCR
method can be employed using 5’RACE which incorporates an adaptor at the 5’end of cDNA during its
synthesis. The two other approaches can be used on both gDNA and cDNA (from mRNA). Target
enrichment involves the fragmentation of gDNA/cDNA and then end repairing which incorporates
multiple adenosine monophosphates to form a poly A tail using standard sequencing library
preparations. RNA baits complementary to the sequence of interest hybridise to the targets,
performing the target enrichment step. These target enriched sequences are then selected using
magnetic beads and can undergo further amplification PCR steps and are subsequently sequenced.
The final method, multiplex PCR, involves the PCR of the genetic material with multiple primer sets to
amplify TCR genes, followed by subsequent PCR reactions to carry out adaptor ligation before

sequencing and is the preferred method for the work in this project [152-154].

1.5.2. TCRB clonality versus TCRB diversity studies

TCRB repertoire studies are important for being able to identify T-cell dynamics in the context of
human beings rather than having to rely on mouse models. Mouse models have been used in
numerous studies to investigate areas such as naive T-cell dynamics. However, mouse immune
systems differ in some aspects from human beings [155-156]. Therefore, some conclusions drawn
from the findings that are then assumed to be similar in human beings may be inaccurate. TCRB

repertoire sequencing allows for a non-invasive analysis of T-cell dynamics in human beings.

TCR repertoire sequencing methods can be used to study both clonality and diversity of TCRB
repertoires [157-158]. In this thesis, TCR diversity refers to the number of unique TCRB receptor
clonotypes, (same TCRBV/J gene combination, and CDR3 amino acid sequence) which can sometimes

be phrased as species richness, a term originally coined for ecology research [159].
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TCR clonality in this thesis is defined as the number of unique TCRs within the repertoire that have
undergone clonal expansion. The measurements of TCR clonality are defined in Section 4.5.4. using

experimental methods.

Depending on the question the data is required to answer, the type of study used changes.
Autoimmune disease and cancer studies tend to be more interested in clonal expansions of T-cells in
response to disease and, therefore, focus more on clonal TCRB analysis [160]. In TCR repertoire
studies, clonality can arise from two biological scenarios (Figure 7.). The first is homeostatic
proliferation of naive T-cells, which is required to maintain a healthy balance of T-cells circulating in
the periphery (Section 1.4.5.). These clonal expansions tend to be lower in frequency and are
characteristic of a healthy, diverse, stable TCRB repertoire. The second is clonal proliferation of TCRB
clones in response to an antigen, triggering downstream immune responses (Section 1.4.6.). These
clonal expansions are characteristic of antigen skewed TCR repertoires in response to infections and

disease, tend to be less diverse and are associated with the elderly in particular [132].

Immunological genetic diseases that do not have an autoimmune basis will be more concerned with
the overall diversity and stability of a TCRB repertoire and variations of nucleotide substitution,
deletion and insertion events that occur in the TCR development stages in the thymus [161]. Many
diversity measures such as the Chaol estimator [162] are used in repertoire studies and have been

adapted from uses in population ecology which look at species variation [163].

Diversity studies in both B- and T-cell repertoires are being used to infer immunological fitness of an
individual, for instance, to predict the success of immunotherapies in treatments of some cancers.
Research is attempting to define biomarkers according to repertoire characteristics and link these to
predictions of patient frailty [164-165]. Immune repertoire studies combined with medical and

treatment records would be needed (Chapter 7.) which is a challenge for the field.
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Figure 7. Types of clonality caused by proliferation in the TCRB repertoire.

T-cell proliferation is essential to sustain a healthy, diverse TCRB repertoire. Two types of proliferation
can lead to varying levels of TCRB clonality in the repertoire. Within a healthy, stable, diverse
repertoire, indicated by the circle with equal segments in the top diagram, slight TCRB clonal
expansion will be observed. These are naive T-cell proliferations that are essential in maintaining
immune cell. The other type of proliferation is TCRBs that are proliferating in response to an antigen
in order to promote a downstream immune response. These TCRBs can range in size and can take up
a considerable percentage of the TCRB repertoire. This leads to skewed repertoires, indicated by the
circle in the bottom left hand corner. Homeostatic proliferation will be much lower in percentage in
the context of the entire TCRB repertoire, indicated by two TCRs in the top right. Antigen skewed

responses will tend to be larger, represented by multiple TCRs of the same type in the bottom right.
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1.6. A brief overview of bioinformatic analysis in TCRB repertoire studies

As the TCRB sequencing field expands and moves towards high throughput sequencing technology,
generating millions upon millions of sequencing reads, the bioinformatic analysis supporting TCRB
sequencing methods is ever changing. Bioinformatic analysis is required for both the pre-processing
of sequencing reads as they come off a sequencer and subsequent downstream analysis, taking TCRB
sequencing reads and then accurately re-creating TCRB repertoires. Analysis steps and tools will be
discussed fully in the Material and Methods Section, however, below, is a brief summary of the steps

to be expected in a standard TCRB repertoire study.

Many software packages exist to cater for different steps in the analysis, which are summarised in
Table 1. Samples are de-multiplexed according to the sequencing adapters, prior to being taken off
the sequencer. If unique molecular identifiers have been used in the sequencing methods, an
additional de-multiplexing step will be carried out, collapsing PCR duplicates into biological TCR

repertoires according to UMI consensus [166] (discussed in Section 2.8.9. and Section 6.7.).

Once the sequencing data has come off a sequencer the data needs to undergo strict quality control
steps to ensure that the sequencing data is of good quality, especially if it is being used to detect
genetic nucleotide variations in genetic studies. Quality is usually assessed base by base, with
expected quality dropping towards the end of a sequencing read in the case of lllumina® MiSeq
sequencing. Usually this is carried out using the base Phred scores and filtering accordingly. Phred

scores [167] are discussed in Section 2.9.1.2.

Depending on whether the sequencing method used is single read or paired-end reads, the paired
sequencing reads may need aligning. When sequencing paired-end reads, there is usually a region of
overlap between the forward and reverse reads which is used by an algorithm to generate a consensus

sequence leading to the overlap of the reads into one accurate sequencing read.

This sequencing read then needs to be annotated with TCRB genes. Usually the standard database
that the TCRB data is aligned to is IMGT® [85] which gives a comprehensive overview of possible TCRB

genes.

Once the reads are annotated into TCRB reads, in order to create a TCR repertoire, they must be
assembled into TCRB clones using pre-determined definitions. Additional error corrective steps can

then be undertaken to ensure accurate TCRB repertoires are assembled from the data.
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Once the TCRB clones are assembled, there are a great deal of interpretations that can be made from
the data. Again, depending on the biological question being asked, the analysis can include anything
from antigen specificity, TCRBV/J gene usage, public and private clonotypes, clonal abundance and 3D
protein modelling. Diversity can be calculated using measures such as Gini-Simpson [168] and

rarefaction plots [169].

Table 1. Analysis steps and complementary tools and softwares for TCR repertoire analysis.

Analysis step Examples of tools and softwares available

De-multiplexing and analysing UMIs Presto [170], MIGEC [171], clipUMI [172], UMI-
reducer [173], Decombinator [174]

Quality control FastQC [175]

Quality filtering according to Phred scores and | Trimmomatic [176], TrimGalore [177], Cutadapt
trimming reads [178], FastX toolkit [179]

Overlapping paired-end reads to build a | Pandaseq [180], pear [181], FLASH [182]

consensus read

Annotating TCR reads MiXCR [183] aligning to IMGT®

IMGT/high V-quest [184]

Assembling TCR clones MiXCR [183]

Downstream TCR analysis Immunarch(formally tCR) [185], MIXCR [183],
VDJtools [186], scTCRseq (single cell TCRseq)
[187], MITCR [188]
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1.7. Paroxysmal Nocturnal Haemoglobinuria as a model for TCR repertoire sequencing

In this project, experimental and bioinformatics analysis of TCRB repertoires was used to investigate
T-cells in the context of the disease Paroxysmal Nocturnal Haemoglobinuria (PNH). Patients’
peripheral blood and bone marrow samples from the PNH Research Tissue Bank were used to evaluate
whether changes in TCR repertoires occur in patients with PNH and whether there are TCR clonotypes
specific to the disease. The following section will describe PNH, its pathology and the involvement of

T-cells in PNH to show how TCR repertoire sequencing benefits research into this disease.

1.7.1. A brief introduction to PNH
PNH, is a rare, life threatening and chronic disease. It is caused by the clonal expansion of
haematopoietic stem cells that harbour a somatic mutation in the PIG-A gene [189-190]. It is classed

as a non-malignant, clonal, haematological disease and affects 1-5 people per million per year

[191-192]. People of any age can be diagnosed with PNH; however, the median age of diagnosis is 30
years old and there is not a skew towards a particular sex or prevalence in particular countries [193].
Recent research has suggested that haemolytic PNH reaches a peak between the ages of 30-49 years
of age [194]. The disease is characterised by complement-mediated chronic intravascular haemolysis
resulting in haemolytic anaemia and haemosiderinuria (brown urine caused by chronic intravascular
haemolysis). Unpredictable worsening of the condition and recurrent haemoglobinuria is seen with
some patients also exhibiting variable degrees of bone marrow failure and susceptibility to
thromboembolism. Thrombosis, in fact is the most frequent complication of PNH and can be fatal.
Haematopoiesis is impaired in almost all patients and it is unclear as to why exacerbations in the

disease occur at night [195-196].

1.7.2. Pathophysiology of PNH
1.7.2.1. PIG-A mutation in PNH

PNH is an acquired genetic disorder and it is caused by a somatic mutation in haematopoietic stem
cells (HSCs) in the phosphatidylinositol glycan class A gene (PIG-A). PIG-A is a housekeeping gene and
encodes an enzyme that is essential (in combination with other proteins) for the transfer of N-acetyl
glucosamine to phosphatidyl inositol [197]. This is the first step of glycosylphosphatidylinositol (GPI)
anchor synthesis and GPI anchored proteins are involved in many important cellular processes, such
as membrane trafficking and signal transduction, for example at the immunological synapse [198].

The PIG-A gene is located on the short arm of the X chromosome and is, therefore, X linked.
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PIG-A is the only X linked gene involved in GPIl anchor synthesis. Therefore, only a single mutation is
needed to impair this gene, even in females, because of X-chromosome functional inactivation [199].
One individual can have multiple somatic PIG-A mutations. Around 20% of PNH patients are believed
to have 2 or more PIG-A loss of function mutations, which leads to multiple PNH clones, that can co-

exist [200].

1.7.2.2 Complement system in PNH

The complement system is part of the innate immune response that aids antibodies’ and phagocytic
cells’ abilities to target and break down microbes and damaged cells, removing them from the immune
system. Its functions include induction of phagocytosis, inflammation and damaging the membranes
of bacteria [201]. The complement response is essential for immune responses. However, if
unregulated at some level due to lack of regulatory proteins, like in PNH, it can cause damage to host

tissues [202].

PNH cells lack GPI associated proteins on their surface and over 25 different proteins are thought to
be absent from the surface of red blood cells of PNH patients [203]. Two essential proteins absent
from these cells are CD59 and CD55, both complement regulatory proteins [204]. CD55 controls early
complement activation by the inhibition of C5 and C3 convertases, whereas, CD59 interferes with the
terminal effector complement which blocks the incorporation of C9 and the C5b-C8 complex and is

thought to play an important role in the progression of PNH [205].

The absence of the proteins on the surface of PNH red blood cells leaves the cells exposed to
complement mediated lysis resulting in intravascular haemolysis [206]. These proteins are also
deficient on white blood cells; however, nucleated cells have an additional complement inhibitor,
CD46, which is not GPI linked. One suggestion as to why PNH patients are more susceptible to
thromboembolism is that it is thought to be attributed to the uncontrolled complement activation

acting on platelets [207].
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1.7.2.3.  Hypothesis for the cause of PNH clonal expansions

In order for PNH to progress, the mutated HSC clone must expand allowing for differentiation into
different blood cell types such as red blood cells and platelets [208]. The PIG-A mutation does not
intrinsically cause this clonal expansion alone. Healthy individuals have been found to have around
0.003% of peripheral blood granulocytes deficient in GPI anchored proteins with somatic PIG-A
mutations without progression to PNH [209-211]. In addition to this, currently no effective PNH model
mouse exists as PIG-A knockout mice do not show clonal expansion of PNH clones in bone marrows

[212].

Although the cause of PNH clonal expansion is unknown, the PNH community have two main
hypotheses. The first is known as the ‘two hit hypothesis’, whereby HSCs acquire additional mutations
after the PIG-A mutation event. These mutations provide survival and growth advantages over the
non-PNH stem cells, allowing for the PNH clones to expand [213]. Secondary mutation events that are
thought to lead to clonal expansion have included studies linking dysregulation of HMGA2 and
separately the JAK2 gain-of-function mutation in PNH patients [214,215]. Another deep sequencing
study found that other genes such as TET2 were mutated in some PNH patients [216,217]. Whether
these are crucial to PNH pathogenesis or coincidental is another area of current interest. Studies have
shown that when multiple PNH clones exist, with different loss of function PIG-A mutations, along
with secondary mutation events, some of the mutations can initially convey a proliferative growth
advantage over others. For instance, mutations in JAK2 and PI/G-A had been found to have proliferative

advantages initially in PNH patients [218].

The second hypothesis involves clonal selection by extrinsic factors, referring to immune system
mechanisms [219]. Aplastic Anaemia is caused by CD8+ T-cell mediated destruction of the bone
marrow and is considered an autoimmune disease [220]. It has many associations with PNH [221].
One hypothesis for the cause of AA pathogenesis is that the immune system reacts to the virus EBV
to try and kill the infection, but the immune system becomes out of balance and can lead to
detrimental autoimmune responses attacking the bone marrow attributing to AA pathogenesis [222].
Forty to sixty percent of AA patients have a PNH clone which is generally small [223]. This has
contributed to the thinking that the disrupted bone marrow environment in PNH that leads to the
clonal expansion of the PNH clones could be immune mediated . One study suggested that PNH clonal

expansions could be caused by autoimmunity towards normal HSCs [203].
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Another suggestion is that autoreactive cytotoxic lymphocytes target GPl anchored proteins or the
GPI anchor itself expressed on normal HSCs. Therefore, PNH clones that lack these proteins avoid the
autoimmune attack, ‘immune escape’, allowing them to homeostatically proliferate and can fill
available niches, for instance in the bone marrow or in peripheral blood, out competing normal HSCs

[224].

1.7.2.4.  Aplastic Anaemia and PNH

Research has provided evidence that there is T-cell mediated suppression of haematopoiesis in both
bone marrow failure syndromes PNH and AA [225]. PNH develops in over 10% of patients with AA,
generally as patients are recovering from the disease, supporting the hypothesis that blood cells from
PNH patients are more resistant to an autoimmune environment [226]. Some studies have suggested
as many as 40-70% of AA patients have detectable levels of PNH clones [227]. Research by Platanias
[228] showed that Th17 cells (T helper) were increased in the peripheral blood and bone marrow of
AA patients. Kordasti et al. (2009) discovered that Th1 and Th2 cells were significantly higher in AA
patients and severe AA patients saw significantly lower numbers of Tregs than the normal controls
[229]. As PNH clones are able to survive and grow in a hypoplastic bone marrow environment, such
as in AA, some researchers have suggested that the evolution of the PNH clone may have been
nature’s way of restoring some form of bone marrow function even in the most adverse autoimmune

environments [230].

1.7.2.5. Treatment for PNH

The current standard for the treatment for PNH is the monoclonal antibody, Eculizumab. Eculizumab
is a terminal complement inhibitor administered to patients every two weeks. It has been considered
revolutionary in the treatment of PNH. Treatment with Eculizumab prevents intravascular haemolysis

and downstream events, but does not affect the bone marrow failure aspect of PNH [231].

1.8. Project Rationale

Reiterating Section 1.7., the majority of patients suffering from PNH have mutations affecting the PIG-
A gene. However, as mentioned above, research has shown that normal controls also have small

numbers of PNH clones present, but these clones do not expand.
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Therefore, there must be a selection pressure to expand the mutated clones in PNH. When using a
mouse model with PNH HSCs, the clones do not persist and PNH does not progress in the mouse. This
led to the idea that it is unlikely that the mutation alone causes the disease and that a combination of
events cause the progression of PNH, including a disrupted bone marrow environment. The work
outlined in this thesis, therefore, looked to identify a potential cause for the disrupted bone marrow

environment, which was thought to possibly be T-cell mediated as in AA.

1.8.1. Role of T-cells in PNH

The links between the lack of GPI associated proteins on the PNH HSCs and the bone marrow failure
aspect of PNH are still unclear. A major question in PNH is what factors are allowing for the expansion
of GPI-deficient clones within the disrupted bone marrow environment. PNH clones do not seem to
have a proliferative advantage to overcome normal haematopoiesis [232]. However, their expansion
is strongly linked to histocompatibility antigen HLA-DR2 [233]. Studies have suggested that there is
antigen driven clonal T-cell proliferations that act on haematopoietic stem cells in PNH selectively

suppressing normal stem cells when compared with PNH stem cells [234].

However, whether the T-cells kill the normal HSCs directly allowing for PNH clonal expansion is only
hypothesised. Karadimitris et al. found that the frequency of individuals with skewed repertoires was
higher in PNH than in the control groups. They found that the TCRBV families 4,7,23,24, had T-cell
clonal expansions occurring at a higher frequency in PNH patients than normal controls, with TCRBV7
being the most frequently skewed [235]. Gargiulo et al. identified a novel, auto reactive population of
T-cells that were more abundant in PNH patients [236]. However, on further inspection of the data,
the invariant TCRVa21Ja31-1, was only found in 1 out of 3 PNH patients’ mRNA, highlighting that not
all TCRB responses are the same in all PNH patients. These CD8+ T-cells were CD1d restricted and GPI
specific, reactive against antigen presenting cells that were loaded with GPI, suggesting the possibility
that T-cells target GPI in normal HSCs in PNH. Studies mentioned in this section suggest long term
persistence of T-cell clonal expansions could lead to T-cell mediated mechanisms that underlie the
pathogenesis of PNH. However, at present no specific T-cell clone has been identified in the
pathogenesis of PNH. The majority of T-cell repertoire studies in PNH used older techniques, such as
spectra-typing, 454-sequencing and flow cytometry which provide valuable insight but have
limitations. For instance, flow cytometry covers around half of the TCRBV families and does not assess
TCRBJ gene families. Another limitation of the majority of PNH TCR studies is PNH patient numbers

due to the rarity of the disease.
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1.9. Project aims and objectives

1.9.1. Project aims

The hypothesis was that there was a single or series of exclusive TCRBs shared in the repertoires of
PNH patients . The overall aim of the work in this thesis was to identify these TCRBs, if present, and to
provide more evidence to help clarify the role of T-cells in PNH progression by analysing TCRB
dynamics in PNH patients. This was achieved by developing experimental TCRB repertoire sequencing
techniques and designing a bioinformatics workflow for analysing and interpreting over 200 million

sequencing reads to establish accurate TCRB repertoires.

These techniques were applied to PNH, AA and healthy control samples of peripheral blood and bone
marrow to analyse the TCRB repertoires of 77PNH and AA patients. Thirty-one normal TCRB
repertoires were sequenced alongside this and analysed to gather background information on
clonotypes that appear in “’public” repertoires, to help identify truly PNH specific T-cells if present.
This allowed an investigation into whether there are TCRB clones that occur as clonal populations
specifically in patients with PNH. Alternatively, whether there are TCRB clones in both healthy controls
and PNH that are more prevalent or less prevalent in PNH patients was investigated. Equally, by
studying TCRB repertoires in AA patients both with and without PNH, whether there are differences

in AA patient repertoires depending on or attributing to PNH development could be assessed.
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1.9.2.  Objectives of the work carried out in this thesis

The work outlined in this thesis is split across four results chapters. Much of the work in this thesis
involved the development of new experimental and bioinformatic pipelines. Rationale for the use of
methods and types of analysis along with extensive optimisation steps, will be discussed in Chapters

2-6. This thesis can be broken down into six main objectives outlined below:

e Analyse 454 sequencing data from 18 PNH patients and 10 controls as pilot data to assess
whether TCRB repertoires differ in PNH patients. The objective was to establish a reason for
developing high throughput sequencing technologies for analysing PNH TCRB repertoires
(Chapter 3).

e |dentify a cohort of patient samples from the PNH Research Tissue Bank for TCRB repertoire
sequencing and analysis, including time course studies, spontaneous remission patients,

paired bone marrow and peripheral blood samples, and AA patients (Chapter 2).

o Develop, optimise (Chapter 2) and implement TCRB repertoire experimental techniques,
including library preparation, for sequencing TCRB from peripheral blood and bone marrow

samples (Chapter 4).

e Establish a normal background variation of TCRB repertoires from healthy controls to act as a
comparison for PNH TCRB repertoires for assessing whether or not observed differences in

TCRBs are PNH specific (Chapter 4).

e Design, optimise (Chapter 2) and implement a bioinformatics workflow to efficiently process
the large amounts of data produced by Illumina® MiSeq sequencing and implement insightful

analysis of TCRB repertoire data (Chapters 4, 5,6).

e Implement methods to analyse and compare a large number of PNH and AA samples from
peripheral blood and bone marrow, as well as analysis of clonotype tracking in longitudinal
samples to investigate changes in TCR repertoires according to PNH status over time (Chapter

5 and 6).
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Chapter 2 - Materials and Methods

A large proportion of this project involved the development, optimisation and implementation of
experimental and bioinformatics methods and analysis. Along with the finalised pipelines used to
generate the data, rationale and thought processes behind choices of methods and analysis whilst

developing the pipelines will be discussed in this section.

2.1. Patient and healthy control sample categorisation and selection

All healthy controls and patient samples were selected from the Leeds PNH Research Tissue Bank
(RTB) in accordance with their ethical guidelines. The healthy controls’ metadata included their age
and sex. Patient samples included age, sex and their Paroxysmal Nocturnal Haemoglobinuria (PNH) or
Aplastic Anaemia (AA) status. AA patients were selected as T-cells are known to be involved in the

pathogenesis of the disease and there is a link between PNH and AA.

2.1.1. Healthy control selection

Thirty-one healthy controls, defined as not being diagnosed with PNH or AA at the time of sampling,
were selected from the Leeds PNH RTB. The ages ranged from 22 to 57 years old with an average age
of 37 and median of 35 years of age. The ratio of females:males was 2.4:1. Where possible healthy
controls were selected as matches for age groups of the patient samples. Healthy controls were

broken down into the age brackets depicted in Table 2.

2.1.2. Patient categorisation

Patients were categorised by Dr S. Richards in the Division of Haematology and Immunology, who had
extensive diagnostic experience as part of the Leeds PNH team, according to the following parameters:
PNH status, AA status, size and status of PNH clone (Table 3.). All patients were either diagnosed with
PNH or AA. Clone size refers to the size of the PNH peripheral blood granulocyte clone and was
identified using clinical flow cytometry methods [194,237]. Seventy-seven patients from the RTB had
at least one TCRB repertoire sample successfully sequenced and analysed. Three patients had bone
marrow and peripheral blood matched samples sequenced. Two patients had undergone spontaneous
remission from PNH prior to the sample being taken for sequencing. Ages of the patients ranged from

19 to 85 years old.
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The average age was 46 and the median was 43 years of age. The ratio of females to males was 1:1.3.
The aim of the patient selection was to have good representation of all the major categories, for
example, PNH patients with a large stable clone, but also as many as possible of the more obscure

groups such as PNH patients who were recovering.

Table 2. Age-range of 31 healthy controls and 77 PNH and AA patient samples from the Leeds PNH

RTB. TCRB repertoires were successfully sequenced and used in the TCRB repertoire analysis.

Age-range Number of normals Number of PNH or AA
patient samples

18-24 9
25-29
30-34
35-39
40-44
45-49
50-54
55-59
60-64
65-69 -
70-74 -
75-80 -
80-84 -
85-89 -

8

N N B~ B D OO OO
=
w P

1
R =L, W U 0o b U1 W b O

2.1.2.1. Longitudinal TCRB repertoire studies

In order to assess variability of TCRB repertoires over short periods of time, 4 patients had samples
sequenced and analysed from multiple time points taken over the short-term (up to two years apart).
In order to assess changes in TCRB repertoires over longer periods of time, 9 patients were selected
from a 2013 trial for TCRB sequencing and these were compared with samples taken over 4 years

later.
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Table 3. Categorisation of 77 PNH and AA patients selected from the Leeds PNH RTB.
Patient samples were categorised according to PNH status, AA status and size and status of the PNH

clone. Samples were selected from the Leeds PNH Research Tissue Bank.

Number of patients samples

Patient category sequenced
PNH large clone (>25%), stable disease 17
PNH decreasing clone 6
PNH new clone/increasing clone 17
Aplastic anaemia; no PNH clone 6
Aplastic anaemia; small PNH clone (< 25%) 19
Aplastic anaemia; increasing clone 7
Aplastic anaemia; large clone (>25%) 1
Other (interesting cases to be discussed on an individual basis — Chapter 6) 4

2.2. Sample preparation
2.2.1. Mononuclear cell extraction from peripheral blood

Peripheral blood was extracted from patients and healthy controls according to the guidelines and
ethics outlined by the Leeds PNH RTB. Mononuclear cells (MNCs) were extracted from the peripheral
blood using Lymphoprep™(Axis-Shield) (according to the manufacturer’s guidelines) by creating a
density gradient. The MNCs were counted using a microscope and haemocytometer and then

aliquoted into 1 x 10 ® cells per aliquot.

2.2.2. Flow cytometry

Flow cytometry was performed on an aliquot of the fresh 1 x 10 ® mononuclear cells using a Cytoflex
(Beckman Coulter) flow cytometer. To prepare the cells for flow cytometry, 200ul of the cell
suspension followed by 2ml of MACS buffer (Miltenyi Biotec) was put into each flow tube (5 in total)
and the samples were centrifuged at 1200rpm for 3 minutes. The supernatant was removed, discarded
and the cells were re-suspended in the residual volume. One tube was unstained (no antibody) and
the remaining tubes were stained with 10ul of the antibodies CD3-FITC, CD15-FITC, CD11b-FITC, and

CD19-PE respectively.
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The samples were kept at 4°C for 20 minutes and were then re-suspended in 2ml MACS buffer,

centrifuged at 1200rpm for 3 minutes and the supernatant was removed and discarded.

0.5ml of MACS buffer was added to each sample and these were stored in the dark at 4°C before being
analysed on the Cytoflex within two hours. Flow cytometry data analysis was performed using
CytExpert(1.2.11.0). CD3 marker percentages were used to assess the percentage of T-cells present in
each sample for use in Section 2.9.2.2. In general, Section 2.2. was the standardised method used for
samples supplied by the Leeds PNH RTB, supplying samples of MNCs ready for preparation of cDNA or
gDNA. However, on occasion, a buffy coat method was used by the RTB. As a result, these samples
contained fewer T-cells than the standardised methods. This has been taken into account for the

calculations in Section 2.9.2.1.

2.3. Preparation of genetic material

Optimisation of library sequencing methods was performed using both cDNA and gDNA as genetic
material input. This was before gDNA was chosen as the preferred genetic material for repertoire

sequencing methods of PNH patients and the healthy controls (Section 4.3.2) .

2.3.1. RNA extraction

Aliquots of the fresh MINCs were centrifuged for five minutes at 700g. The supernatant was removed
and 1ml of TRIzol® reagent was added to the pellet containing the MNCs. RNA was then extracted
from the samples using the Direct-zol ™ RNA Kit (Zymo Research) according to the manufacturer’s

protocol using spin column technology.

2.3.2. DNase treatment

To remove any gDNA contamination in the RNA samples before cDNA synthesis, the Ambion® DNA-
free™ DNase Treatment and Removal Reagents (Life Technologies) was used to treat the RNA samples
according to the manufacturer’s protocol. Firstly, a DNase enzyme was added to the RNA sample to
remove any contaminating DNA or reduce it to levels that are not detectable by PCR. The “DNase
inactivation reagent” was then used to remove the DNase enzyme along with any divalent cations
including magnesium and calcium which could accelerate RNA degradation. The quality and yield of
the RNA samples were then measured using the NanoDrop (ThermoFisher Scientific) which calculated

absorbance levels. “Pure” RNA had a 260/280 ratio of 2.0 and a 260/230 ratio between 2.0-2.2.
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2.3.3. cDNA synthesis

The methods for cDNA synthesis were used in optimisation methods to assess whether a targeted
TCRB chain cDNA synthesis approach produced better TCRB repertoire data than a general cDNA
synthesising methodology. Reverse transcription was performed using the ImProm-II"™ Reverse
Transcription System (Promega) as per the manufacturer’s protocol. In brief, the reverse transcription
primer (oligo(dT)((0.5pug/reaction) or gene-specific primer (10-20pmol/reaction)) was added to the
RNA sample (up to 1 pg) on ice and made up to 5ul using nuclease free water. The mix was then heated
to 70°C for at least five minutes and then spun down in a microcentrifuge for 10 seconds to ensure
any condensation had returned to the mixture. It was then kept on ice. A master mix kept on ice
containing: ImProm-1I™ 5X Reaction Buffer, MgCl; (final concentration 1.5-8.0mM), dNTP Mix (final
concentration 0.5mM each dNTP), Recombinant RNasin® Ribonuclease Inhibitor (optional) and 20u
ImProm-II™ Reverse Transcriptase was made up to a final volume of 15ul per reaction with nuclease
free water. This was vortexed gently and kept on ice before dispensing into PCR tubes on ice (15ul
master mix per cDNA reaction). 5ul of the RNA primer mix was added to each 15ul of master mix for
a final volume of 20ul. The reaction mix then underwent PCR to synthesise DNA. Firstly, the PCR cycled
through the annealing stage, whereby the mixture was incubated at 25°C for five minutes. Then the
mixture underwent the extension stage where it was incubated at 42°C for up to one hour. As the
cDNA would be used in future PCR reactions an additional step was needed to thermally inactivate
the reverse transcriptase. The mixture was incubated at 70°C for 15 minutes and then the cDNA could
be used in PCR reactions or stored at -80°C until needed. The only modification to the protocol was
the addition of a TCRB chain C region primer (CTCAGCTCCAGTG) [396] for half the samples instead of

a standard oligo T primer (Sigma) to carry out a TCRB region specific cDNA synthesis.

2.3.4. Genomic DNA extraction

The QlAamp DNA Mini Kit (Quiagen) was used according to the manufacturer’s instructions to extract
gDNA from an aliquot of fresh MNCs. Genomic DNA (gDNA) was extracted using spin-column
procedures. In brief, the cell sample was incubated with a protease and a buffer containing surfactants
or detergents, vortexed for 15 seconds and then incubated for 10 minutes at 56 °C. This was the length
of time needed for cell lysis to be at its maximum. Physical destruction of the cell wall occurred when
vortexing the mixture which allowed the nucleic DNA to be free in solution. The buffers then removed
membrane lipids and the proteases broke down enzymes and other protein contaminants into amino

acids which meant that they could no longer interact with or destroy the nucleic DNA.
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The subsequent buffer washes and spin column methodology was used to purify and precipitate the

DNA for use in reactions such as PCR. The sample’s DNA quality and yield were then measured using

the NanoDrop (ThermoFisher Scientific) which calculated absorbance levels. “Pure” DNA had a

260/280 ratio of 1.8 and a 260/230 ratio between 2.0-2.2.

2.4. Sequencing Library preparation

In order to generate TCRB repertoire sequencing data from gDNA or cDNA samples, TCRB library

preparation methods were developed. Two TCRB sequencing library preparation methods were

developed as part of this project to allow accurate comparison and validation of results, the Robins et

al. primer method [238] and the BIOMED-2 primer method [154].

Development of a sequencing library method can be broken down into 8 stages. These are outlined

below in bold alongside important developmental considerations, such as optimisation steps.

Genetic material selection

TCRB amplification PCR

PCR clean up steps

The right genetic material must be selected dependent on the
biological question the experiments need to answer.

Selection of genetic input into PCR reactions is needed. This could be
gDNA or cDNA. The quality and concentration of the genetic material
needs to be evaluated to make the subsequent TCRB data both
accurate and the experiments viable.

The first PCR reaction uses primers that specifically amplify TCRB
genes from genetic material.

Primer selection and optimisation experiments are needed to amplify
the most TCRB product from the genetic material. This includes PCR
cycle number and PCR condition optimisation, such as Mg*
concentration and annealing temperatures.

Removal of PCR contaminants including reaction buffers, primer
dimers and non-specific binding PCR products.

Selection and optimisation of clean-up methods including gel
electrophoresis, bead and column size selection is needed. Removal
of lower molecular weight products than the desired TCRB PCR
product is essential to ensure non-biased sequencing of the TCRB
library.



Indexing PCR

Product selection

DNA quality check

DNA quantification

Sequencing
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The index PCR reaction adds sequencing adapters and identification
index codes to each end of the TCRB product. This allows the TCRB
product to bind to flow cells during sequencing and the sequenced
pooled library (multiple samples) to be de-multiplexed back into
individual samples.

Optimising PCR conditions to yield the most TCRB-adapter product
are essential. This includes optimising adapter concentration and PCR
cycle number.

After the indexing reaction, the TCRB-adapter PCR product is
selected out of the mix. This can be using similar methods to the
PCR clean up.

Select a method that is effective and accurate at selecting the
product but does not lose too much product in the process.

Quality of the DNA is checked to ensure that no lower molecular
weight contaminants such as primer dimers are present in the final
library samples.

Assess which products present in each sample are the desired

product and what are contaminants. Check library samples only have
the TCRB-adapter product present.

When pooling TCRB products from multiple samples into one
library, equimolar amounts of each sample must be added.

Decide what concentration of samples are needed for a good

quality library and to prevent sample skewing or variation in read
coverage and depth.

Sequencing of the TCRB sequencing library is carried out to
generate data for bioinformatic analysis.

It is important to decide before running experiments which
sequencing library method is to be used and in the case of lllumina®,
what cycle length is necessary to successfully sequence the product
size. A decision needs to be made whether to use paired or single -
end sequencing technologies.
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2.5. Robins et al. primer method’s optimisation steps and workflow

The first sequencing library preparation method was based around the use of 45 forward TCRBV gene
primers and 13 reverse TCRBV J gene primers from a paper published by Robins et al. (2009) [238] and
will be referred to as the Robins et al. primer method. Outlined below are the optimisation steps and

methods used to develop this methodology.

2.5.1. Computationally validating TCR beta chain primers

The 45 forward primers for TCR beta V gene segments and the 13 reverse primers for the TCR beta J

gene segments were validated using NCBI Gene [239] and UCSC In Silico PCR [240].

2.5.2. Adapting TCR beta chain primers for MiSeq sequencing

In order to make sure that the primers were compatible with the lllumina® MiSeq sequencing platform
and lllumina® Nextera Index kit, the following sequences were added to the beginning of the V gene

primers, and the J gene primers:
\" TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG
J GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG

This allowed the PCR products to be recognised in the second-round indexing reaction. The Nextera
codes are identical in sequence and position in the adapted primer sequence to those in the BIOMED-

2 primer method (Tables 6 and 7).

2.5.3. Experimentally validating and optimising TCR beta chain primers

It was not feasible to test all combinations of the 45V and 13J primers on genetic material individually,
therefore the two most common combinations [241] of V/J genes, TRBV20-1/TRBJ2-1 and TRBV5-
1/TRBJ1-1, were used to test whether the primers worked on gDNA and cDNA. They were also used
for the optimisation of the Mg ion concentration and annealing temperatures in the multiplex PCR to
ensure the primers effectively amplified the TCRB CDR3 region. The primer annealing temperature
was tested at 61°C, 63°C, 65°C and 67°C. The Mg ion concentration was varied between 1.5 mM,

2.5mM and 3.5mM.
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0.2ul of both the V primer and J primer were added to a 20ul PCR reaction, with 10ul of the Phusion
Flash High-Fidelity Master Mix (ThermoFisher Scientific), up to 2ul of cDNA or gDNA (equivalent to
100ng per PCR reaction) and nuclease free water. The final concentration of the primers in the PCR

were 22nM each.

The Phusion Flash Master Mix contained a Pfu based proofreading polymerase, Phusion Flash || DNA
polymerase, along with all necessary components for a PCR minus the primers and DNA template. The
master mix had a Mg ion concentration of 1.5mM. To make samples up to a Mg ion concentration of
2.5mM and 3.5mM, magnesium chloride was added to the PCR reactions. The thermal cycling
conditions used are detailed in Table 4. A positive control using the housekeeping gene GAPDH was
used each time as it amplifies readily and was a good indicator if there was an issue with the PCR
reaction. 1ul each of forward and reverse GAPDH amplifying primers (10um stock) amplified gDNA
and cDNA in a parallel PCR reaction. A negative control was also used each time using nuclease free
water in place of any genetic material to show that the primers were not contaminated. PCR products
were then mixed with a 6x loading buffer and run on a 2% agarose gel (1xTBE) containing GelGreen®

dye at 70mA and imaged using a GelDoc.

Table 4. PCR conditions used in optimisation PCR reactions for the Robins et al. primer method.

The below PCR conditions were used for optimising the TCRB amplifying PCR reaction in the Robins et
al. primer method. Annealing temperatures were optimised between 61 -67°C and the best annealing

temperature was found to be 65°C and used for subsequent library preparation.

1 cycle 30-35 cycles 1 cycle
Denaturation Annealing Extension

98°C 98°C 65°C (61 -67°C) 72°C 72°C

10 seconds 1 seconds 5 seconds 10 seconds 60 seconds
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2.6. Library preparation workflow for the Robins et al. primer method

The Robins et al. primer method was used to generate a number of TCRB libraries for optimisation

(Table 5.) and analysis of healthy controls.

2.6.1. Amplification of TCR beta chains using multiplex PCR

1um stock solutions of the pooled 45 TCRB V gene primers and the 13 TCRB J gene primers were kept
separately to prevent cross reaction. Each PCR reaction was 20ul in volume. 10ul of the Phusion Flash
High-Fidelity Master Mix (ThermoFisher Scientific) and 0.2ul each of the V and J primer pools were
added to each reaction. Each primer would be present at 22nm making the final concentrations of V
and J primer in each PCR reaction 1.0uM. The volume of genetic material was dependent on the
concentration required and the reaction was made up to 20ul using nuclease free water. A PCR
reaction using 1pul each of forward and reverse GAPDH amplifying primers (10um stock) was used as
a control for the amplification reactions and a control containing no genetic material was used to
ensure the primers were not contaminated. The PCR samples were run as stated in Table 4. using

1.5mM as the optimum Mg ion concentration and 65°C for the annealing temperature.

2.6.2. Cleaning up library components

The samples were cleaned up using AMPure XP purification beads according to the lllumina® Nextera

“clean up libraries” protocol which was sufficient to remove any lower base contaminants that could

affect sequencing efficacy.

Figure 8. Robins et al. primer method amplified a TCRB product of approximately 230bp.

The first round TCRB amplification PCR reaction using the Robins et al. primers amplified a TCRB
product of approximately 230bp. Fourteen cDNA and gDNA samples were amplified alongside the
Hyperladder™ 100bp (Bioline) ladder for comparison. The lower band was caused by non-specific
binding events producing products that partly amplified or were primer dimers. PCR clean-up was

necessary to remove these bands before the indexing PCR reaction.
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2.6.3. DNA extraction and second round PCR for lllumina® Nextera adapter tagging

PCR products were then run on a 2% agarose gel (1xTBE) at 70mA using GelGreen® dye and imaged
using a GelDoc. Gel bands at around 230 bp were cut from the gel and the DNA was purified from the
agarose using the Zymoclean™ Gel DNA Recovery Kit (as per the manufacturer’s protocol, discussed
in greater detail in Section 2.8.5.). 6l of the purified DNA and 10ul of Phusion Flash High-Fidelity
Master Mix were added to each PCR reaction along with 2ul of Nextera N index, and 2ul of Nextera S
index from the Nextera XT Indexing kit. A different combination of N and S indexes were used for each
sample. The two step PCR conditions below were used to eliminate lower sequencing bands from the
mixture. The PCR cycling conditions, for each cycle, was 98°C for 1 second followed by 72°C for 10
seconds, for a total of 10 cycles. PCR products were then run on a 2% agarose gel (1xTBE) at 70mA
using GelGreen® dye and imaged using a GelDoc. Gel bands at around 250 bp were cut from the gel
and the DNA was purified from the agarose using the Zymoclean™ Gel DNA Recovery Kit (as per the
manufacturer’s protocol, discussed in greater detail in Section 2.8.5.) finally eluting the DNA product

into 15 ul of nuclease free water.

2.6.4. Determining library component concentrations

Samples were analysed using the Agilent Tapestation to assess the molecular weight of peaks that
appeared in the samples. A peak would be expected at around 250bp (Figure 9.). The “Invitrogen
Quant-IT broad range dsDNA assay kit” was used to determine the library component concentrations
using PicoGreen and the data from the fluorimeter was analysed with the software Fluostar. From the
data, the volume of each sample in the library that needed to be added to the final sequencing library

was identified and combined to form a final library mix.

Figure 9. Molecular weight profile of a gDNA sample using the Robins et al. primer method. Following
the indexing step, TCRB amplicon reaction mixtures that were generated using the Robins et al. primer
method showed molecular profiles as above. Running the samples on an agarose gel allowed the
separation of the two larger peaks. The peak at 250bp (green box) was the TCRB amplicon final library
product and was cut from the gel, and purified ready for sequencing. This process removed the 111bp

peak attributed to primer dimerization from the final product.
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2.6.5. Sequencing

The library was sent to the University of Leeds Next Generation Sequencing Facility to be sequenced
on the Illumina® MiSeq platform. Each sequencing was 300bp in length and paired-end. The

sequencing data was then de-multiplexed according to the Nextera codes ready for analysis.

Table 5. The first sequencing library performed using the Robins et al. primer method.

Design of the first MiSeq sequencing run using the Robins et al. primer method. Samples were taken
from three normals and were cDNA and gDNA. Two types of cDNA, one using the standard oligo T
primer in reverse transcription and one using a TCRB constant chain specific primer were used to
compare a targeted approach versus a general approach. The amount of genetic material refers to the
amount of genetic material inputted into the first multiplex PCR reaction to amplify the TCRB CDR3
region which was varied to assess TCRB diversity observed with varying amounts of genetic material.
Sample replicates were important when designing libraries to allow the effects of sequencing and PCR
errors to be assessed on the TCRB repertoire accuracy and diversity observed. An additional sample
from an inflammatory condition in which T-cells are thought to have a role, but were few in number,

was used as a control to see how well the primers amplified T-cells at lower concentrations.

Sample Type of genetic material as Amount of Number of Additional Notes
number input genetic material replicates to be
ng included in the
library
0001 gDNA 100 4 0001 was a sample from a normal donor.

One sample was used for sequencing without a
second gel purification to assess whether this is an
essential step

0001 gDNA 100 1 A repeat of one of the samples already used was to
test gDNA at 100ng as a check for sequencing errors

gDNA 200 3
gDNA 400 3
0001 cDNA using oligo T primer in 100 3

reverse transcription

cDNA using oligo T primer in 200 3
reverse transcription

cDNA using oligo T primer in 400 3
reverse transcription

0001 cDNA using C region primer in 100 3 C region primer used to assess whether performing
reverse transcription reverse transcription specifically around the TCR beta
chain, before amplifying using the TCR beta specific
primers had an effect on T cell receptor repertoire
sequencing
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cDNA using C region primer in 200 3
reverse transcription

cDNA using C region primer in 400 3
reverse transcription

0002 gDNA 100 1 A sample prepared from a different normal donor to
assess repertoire diversity between two individuals

0003 gDNA 400 1 An inflammatory disorder sample thought to have
few T-cells acted as a good test for amplifying T-cells
at low levels

2.7. BIOMED-2 primer method’s optimisation steps and workflow

In order to evaluate the TCRB sequencing results generated using the Robins et al. primer method it
was important to develop a method using alternative primer sets. For this method, primers from the

BIOMED-2 paper [154] were used. This method will be referred to as the BIOMED-2 primer method.

2.7.1. Evaluating the optimal concentration of genetic material

TCRB diversity observed in a sample was expected to vary with concentration of genetic material
inputted in the first TCRB amplifying PCR reaction. The higher the concentration of the genetic
material, the more TCRB clones detected in a sample and thus the diversity increases. Too low a
concentration could result in minimal detection of rarer clones. However, when dealing with clinical
samples, many may not have a high DNA concentration. It is important to keep the concentrations of
the genetic material as similar as possible between samples, to allow for accurate comparisons of
TCRB repertoires. To assess the optimal and realistic concentration of genetic material to be used,
100ng, 200ng and 400ng of DNA per 20 ul were trialled as input for the first PCR reaction using the
same sample. The workflow used was the standard BIOMED-2 optimised primer method (Section
2.8.). These tests were replicated at least three times to account for natural variation. The optimal

concentration was found to be 200ng, the results are discussed in Chapter 4.

2.7.2. PCR optimisation for the BIOMED-2 primer method

Although the BIOMED-2 primer sets themselves had been heavily tested by the Euro Clonality
Consortium [379] and are routinely used in NHS hospitals for diagnostics, a number of optimisation

steps were needed to successfully create TCRB sequencing libraries using these primers.
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Three factors were important when optimising PCR conditions for TCRB sequencing. The first, Mg?*
concentration was important for ensuring specific binding of TCRB primers to the gDNA to amplify the
TCRB product. Mg ions act as catalysts for the DNA polymerases allowing efficient DNA replication,
however, too high a concentration can lead to a drop in the polymerase’s specificity and more non-
specific binding. DNA strands may also not denature at high temperatures if the Mg?* concentration
is too high. Too low a concentration could lead to the primer failing to anneal to template DNA and
lower efficiency of the polymerase enzyme. Secondly, annealing temperatures are the stage in a PCR
where primers bind to opposite strands of denatured dsDNA to allow replication. The annealing
temperature is primer specific. Too low a temperature will see non-specific products and too high will
result in primers being unable to bind. The final factor was the number of PCR cycles. Increasing the
number of cycles in a PCR will increase the PCR product yield to a point where it reaches saturation.
Each PCR cycle will allow for PCR errors and bias to be incorporated into the PCR product each time
which could cause inaccuracies. It is, therefore, important to find the right balance between PCR

product yield and minimal biases.

In order to optimise these factors, test PCRs were set up using the PCR cycling conditions and reagents
as stated in Table 9 and 10. Cycle numbers were trialled at the standard 35 cycles and then 50 cycles,
which is the maximum at which saturation occurs in product yield. The optimised conditions were
3.5mM and an annealing temperature of 61°C for the primers with UMIs added (Figure 10.) and 63°C

for non-UMI primers and a first PCR of 35 cycles.

For the index adapter reaction, an additional factor was optimised, the sequencing adapter
concentration. Too high a concentration would lead to non-specific binding events and too low would
mean less efficient addition of the adapters to the PCR product and then less of the product would
bind successfully to the flow cell for sequencing. In order that the TCRB amplicons can be sequenced
by the MiSeq, the ends of the sequence must be complementary to bind to the sequencing flow cell.
In order for this to happen, adapter sequences must be added to the TCRB amplicons. The adapters
contain N and S Nextera index sequences which bind to the start and end of the sequence respectively.
Each sample going into a library has a different N and S index combination. The reads can then be
demultiplexed after sequencing back into the original sample sets using the index codes. The adapter
concentration was optimised to 2ul of each N and S index per index PCR reaction (detailed in full in

Section 2.8.4).
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2.5mM Mg ions 3.5mM Mg ions

Annealing temperature — 61°C

Annealing temperature — 63°C

Annealing temperature — 65°C

Annealing temperature — 67°C

Figure 10. Optimisation of first round PCR reactions for the BIOMED-2 primer method.

Mg?* ion concentration in the PCR was optimised at 2.5mM (left side) and 3.5mM (right hand side) in
the PCR reactions. Each set of reactions were optimised for an annealing temperature between 61°C
and 67°C. PCR reactions were run on a 2% agarose gel, 14 wells per row. The first well was the
HyperLadder™ 100bp (Bioline), followed by UMI-JA, UMI-JB, Non-UMI-JA, Non-UMI-JB, GAPDH, the
same sample amplified using the “Robins et al.” primer method and then a blank. The same order was
used for the next 7 wells using the higher 3.5mM Mg ion concentration. The same gDNA sample was
used for all the PCRs at 200ng per PCR. The red boxes indicate regions where non-specific binding and
primer dimers were expected to be present. The yellow box indicates the region where the desired
TCRB product band should be present. The brighter the band the higher the yield. There will always
be non-specific products and primer dimer present in the mixture, the aim of the optimisation was to

get the brightest TCRB band possible with lower intensity bands for the non-specific products.

2.7.3. PCR clean up optimisation workflow for the BIOMED-2 primer method

During library preparation it is important to make sure that the sample is pure and only contains the
TCRB amplicons for sequencing. No lower molecular weight contaminants can be present in the TCRB
library preparation. This is because NGS (next-generation sequencing) efficiency is size determined,
small products will exponentially fill all of the sequencing space. This is why the size selection

processes in TCRB library preparation are of high importance.
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As stated in Section 2.5. the Robins et al. primer method used gel selection and AxyPrep beads after
every PCR reaction to remove and prevent any products formed from non-specific primer binding or
primer dimerisation being included in the final TCRB amplicon library. This method was initially used
for the BIOMED-2 primer method, where the JA and JB primer reactions (explained in detail in Section
2.8.) would be run in separate lanes, and then the bands cut out and purified together for DNA
extraction. However, as the samples were run separately this could introduce initial experimental bias.

Therefore, a new selection method using beads was optimised and used in its place.

After the first PCR reaction, the JA and JB 20ul reactions were vortexed (to return any mixture back to
the PCR that had condensed with heating) and combined into one 40ul reaction mixture. Promega
Pronex®beads were used to perform the selection process according to the manufacturer’s protocol.
The first bead selection used “protocol 6A” from the manufacturer, using 1.5x the volume of beads to
the volume of sample (40ul). This step removed most contaminants below 250bp such as primer

dimers.

The second round of bead selection used a dual size selection method optimised to select a product
peak of approximately 325bp, which is complementary to a standard curve for the TCRB amplicon size
at this stage. A 1.1.x bead selection volume was used to remove smaller base pair products such as
primer dimers and contaminants such as buffers that might have still been present after the first
selection. Smaller contaminants than the TCRB amplicon were bound to the beads in the mixture. The
tubes of mixture were then placed onto a magnet causing these bead bound contaminants to bind to
the magnet. This allowed the supernatant containing the TCRB amplicons to be moved into a new
tube. The second bead selection used a lower bead concentration of 0.35x this time allowing the TCRB
amplicons to bind to the beads. The supernatant containing remaining contaminants was removed,
and the purified TCRB mixture underwent washing steps and was then eluted in a volume of 20ul of

elution buffer for downstream processes.

Initially, the dual selection process was trialled without the need for the first 1.5x step, however the
selection around the peak of TCRB amplicons was not accurate enough, with much of the lower base
pair contaminants still present in the sample (Figure 11.). Therefore, the first 1.5x step was necessary
to remove the lower base pair contaminants to a level to allow successful dual bead size selection to

occur in the subsequent step.
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Without this, the dual selection was ineffective in selecting for the 325bp peak (Figure 11.). This
meant that some TCRB product was lost, but overall, this method was the most accurate for TCRB

library preparation.

Figure 11. Molecular weight profiles of TCRB amplicons after the first PCR reaction.

The BIOMED-2 primer method produced a TCR product peak at 316/317 bp after the first TCRB
amplifying PCR reaction when using gDNA from a specific sample (A). A and C show the profile before
a size selection clean up peak, showing large amounts of contamination indicated by peaks above and
below 316-317bp. After using a 1.5x Promega Pronex bead size selection, the primer dimer
contamination peak at 100bp had reduced in size by about a quarter (B). However, there was still a
considerable amount of contamination that needed to be removed. The same gDNA underwent a
separate first round PCR TCRB amplifying reaction producing a peak at 314bp (C). This sample had
more TCRB product and less primer contamination but still significant levels. The sample was cleaned
up using Promega Pronex beads and only using the 1.1x/0.35x dual size selection discussed in Section
2.7.3. Although the sample appeared purer after clean up (D), primer was still present and there was
significant product loss. The optimised PCR clean-up method using both the 1.5x step and then the
1.1x/0/35x dual selection step produced a pure TCRB product peak at 312bp with minimal primer

contamination (E). Dark blue boxes indicate the desired TCRB amplicon peak.
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Figure 12. Molecular profiles for the optimisation of PCR clean-ups using the BIOMED-2 primers.

The PCR product constituents were measured according to their molecular weight using the Agilent
TapeStation to assess what profiles are associated with successful TCRB reactions and whether size
selection methods were successful in removing contaminants. When no DNA was inputted in any of
the PCR reactions, the final “library” (A) contained contaminants below 150bp which were primer
dimers and contaminants above the desired size that were most likely attributed to non-specific
binding events. The TCRB final product size of between 376 and 433 bp was notably absent acting as
a successful negative control. Successful size selection was often dependent on the quality and
concentration of the DNA sample which made finding a method suitable for lower quality and
concentrations challenging. When the sample DNA was of low concentration, the TCRB product was
more likely to be lost completely through size selection due to less effective PCR amplification (B).
When using the bead selection process (C-D), depending on the amount of primer dimer formed
during the PCR reaction, the effectiveness of the selection process differed. When similar peak levels
of primer dimer and TCRB product were observed (C), or high levels of primer dimer (sometimes more
than the TCRB product) were present (D), several size selection clean ups were implemented to get
rid of the primer peak, but each time a similar amount of TCRB product was lost. Consequently, a
choice had to be made as to whether to go through another clean-up step and risk more TCRB product
loss, or fewer clean ups leaving some primer behind, which could cause inaccurate sequencing. After
extensive optimisation of methods, the two step method was implemented in Section 2.7.3. providing
the best results of a smooth TCRB product peak with minimal primer contaminants and as little

product loss as possible (E).
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2.7.4. Experimentally evaluating the effect and subsequently compensating for PCR and

sequencing errors associated with TCRB library preparation

One of the biggest caveats with TCRB sequencing is how to know when differences in the TCRB
repertoire are truly biological or caused by factors such as PCR bias, sequencing errors or technical
errors. This is why it was important to test for these caveats when developing the BIOMED-2 primer
method further. Experimental methods were employed to evaluate the effect and then compensate
for variations in sequencing attributed to sequencing and PCR when generating the TCRB sequencing
reads. All samples designed to assess the effect of PCR and sequencing error were replicated at least

three times in a library to account for natural variation observed in TCRB data.

2.7.4.1. Methods to identify and compensate for sequencing errors

Technical rather than biological variation can occur in TCRB repertoires when they are run as part of
different sequencing libraries. This can be attributed to variations in sequencing machinery and
sequencing tile quality variants. For example, one flow cell in the sequencer may have an associated
sequencing error bias. To ensure any drastic changes in library sequencing attributed to these factors
were identified and consequently compensated for, identical samples were run on each sequencing
run from a mixed gDNA sample (Promega). This commercially sourced gDNA was a mixture of male
and females from the ages of 18-60 years old. The concentration of gDNA inputted into the first TCRB
amplifying reaction was 200ng. This sample was pooled with each library and run alongside patient
and control samples. The most abundant TCRB clonotypes were compared between libraries (Section
4.3.5.). Natural variation was expected to occur. However, if there were any drastic differences in
TCBV/J gene usage, for instance, it could be assumed that these were due to sequencing and this

information would be taken into account when comparing samples between library preparations.

Each sequencing run will generate undetermined reads which cannot be sorted according to Nextera
index, generally because of sequencing errors that occurred during the sequencing of the adapter
codes. For every sequencing run, these files were analysed to ensure particular TCRB clonotypes were
not all being discarded due to inherent and potentially biased adapter sequencing errors, thereby

potentially inaccurately skewing a TCRB repertoire.
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To test for sequencing error variation between samples on the same sequencing run, a number of
samples were split into two reactions prior to the second round adapter PCR. These were then
sequenced as separate samples and assessed to see whether a significant difference occurs in TCRB
repertoire analysis because of errors or biases such as sequencing lane bias, incorporated during the
sequencing reactions. Top TCRB clones and TCRBV/J gene usage were analysed as well as repertoire

overlap to take into account natural variation in rarer clones (Section 4.3.6.).

2.7.4.2. Identifying and compensating for PCR errors

During the library preparation process, original TCRB receptor sequences are amplified in PCR steps;
the first when initially amplifying the TCRB region with TCRBV and TCRBJ gene primers and the second
when adding Nextera® adapters ready for pooling samples to make a library and then for sequencing.
The number of PCR cycles may affect the diversity results of the TCRB repertoire by incorporating PCR
biases and errors. To evaluate the potential effect of this, additional samples were run alongside the
standard BIOMED-2 method samples. These samples had undergone either 50 cycles compared to the
usual 35 cycles at the first stage PCR (PCR cycles tend to reach a maximum yield by the 50th cycle) or
20 instead of the usual 10 at the adapter indexing PCR step. The TCRB repertoire data was then

compared to the same gDNA sample that had undergone the normal PCR cycles to evaluate the effect.

2.7.5. Determining the sensitivity of the BIOMED-2 primer method

Pilot data from a simultaneously running study into viral based treatment of tumours was used to
investigate the sensitivity of the BIOMED-2 primer method. Samples from a number of patients were
taken at different time points and TCRB sequencing data was produced using the optimised BIOMED-
2 method detailed in full in Section 2.8. The time points from the study, before, at the time of viral
treatment and after the viral treatment, were expected to differ in time enough that variations in
TCRB clonotypes could be observed. To assess this, patient samples at the three time points were
compared and any novel TCRB clonotypes that emerged in the final time point could be assumed to
be linked to the viral treatment. This indicated sensitivity of the BIOMED-2 primer method as it was

able to decipher and identify new emerging TCRB clones with time (Section 4.4.1.).
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2.7.6. Validating the BIOMED-2 primer method

As the BIOMED-2 primer method was developed as part of this project, it was important to validate
the results using data from alternative methods that identify TCRB clonotypes. In order to evaluate
the accuracy of this high throughput sequencing method, the TCRB sequencing data of a RAG deficient
patient whose repertoire was analysed using a flow cytometry TCRBV identifying method, was
compared. This method used 23 TCRB antibodies capable of identifying 29 TCRB family and subfamily

genes. TCRBV gene family usage was used as the comparison.

The BIOMED-2 primers had been used to generate the 454 sequencing data in Chapter 3. These
primers had been adapted for use with 454 sequencing, whereas in this research they had been
adapted for use with Illumina® sequencing. Therefore, comparing TCRBV gene usage between the two
methods would be a good indicator of effective adaptation of the primers to a high throughput
method. Two samples from the 454 sequencing cohort were identified and run on a library using the

optimised BIOMED-2 primer method.

2.8. BIOMED-2 primer method for TCRB library preparation

As results in Chapter 4 will show, the BIOMED-2 primer method was considered to be the most
accurate and was, therefore, used to generate TCRB sequencing libraries for the PNH patients and
healthy controls. Outlined below is the final optimised pipeline used to generate the TCRB repertoires

for the patient samples and healthy controls with a schematic shown in Figure 13.

2.8.1. Genetic material

Immune repertoire research appears to be split on whether it is best to use genomic DNA or
complementary DNA (cDNA) derived from mRNA as the genetic material for the initial PCR TCRB
amplifying reactions. Choice of genetic material very much depends on the biological question that
the sequencing data needs to answer. Sequencing cDNA does not provide absolute quantification of
the T-cell receptor repertoire because a single T-cell can express multiple copies of mMRNA (cDNA is
synthesised from mRNA). These levels will vary depending on T-cell activation status and therefore
cannot be used to estimate diversity within the repertoire. In this project, the hypothesis is that in
PNH, T-cell clonal expansions should be observed. Therefore, cDNA may not be the best choice as

proportions of TCRB could be biased by expression levels.
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However, cDNA removes the large intron that spans the TCRBJ and TCRBC regions, allowing for more

immune specific genetic input into a PCR reaction.

This is advantageous to maximise the number of TCRB clonotypes that can be identified at a certain
sequencing depth. Methods such as 5’RACE can be used on cDNA using primers that span the length
of the constant region. Therefore, only a select number are needed to amplify different TCRB V and J

genes, reducing potential for multiplex primer bias at the TCRB amplification stage unlike with gDNA.

Genomic DNA is beneficial as it provides absolute quantification of diversity as only one productive
copy is produced by each T-cell, so it will not be biased by factors such as disease progression. The
majority of PNH patient samples are genomic DNA which is why genomic DNA was used for 454-

sequencing in Chapter 3.

To assess whether the use of cDNA had specific benefits over using gDNA for TCRB sequencing in this
project, both types were used in the initial stages of Chapter 4 results. However, gDNA was selected
as the input of choice for the main BIOMED-2 primer method. Genomic DNA was selected for use in
this method as the majority of the clinical samples from the RTB were gDNA. Based on results
discussed in Section 4.3.1., 200ng per 20ul was selected as the optimal concentration of gDNA for the
first round PCR reaction. This was selected as the concentration was large enough to allow TCRB
diversity to be observed, but also not too high a concentration that there would be too much sample
to fit into the 20l PCR reaction. Lower concentrations were accepted from lower yield gDNA samples,
but where possible 200ng was used for consistency. cDNA can also be used for this method, however,

this was not optimised further as part of this project.

2.8.2. TCRB amplification PCR reaction

The primers used in the first PCR reaction are detailed in Table 6 and 7. These were adapted from the
original to make them compatible for Illumina® sequencing by the addition of Nextera adapters
(Section 2.5.2). For the first round PCR, two reactions were used for each sample, splitting the TCRBJ
primers to stop unspecific interactions. These TCRBJ primer aliquots will now be referred to as JA and
JB (Table 8.). Each PCR reaction was 20ul in total to limit PCR associated biases and set up as in Table
9. The only variants in volume from Table 9 were nuclease free water and sample volume, which were
dependent on sample concentration and made up to 20ul using the nuclease free water. Each sample
had an equimolar amount of sample put into each JA and JB PCR and the PCRs were run at the same

time in the same PCR machine to reduce PCR bias attributable to the PCR machine.
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The PCR conditions and cycle numbers used were found to be optimal (Section 2.7.2) to produce a

good yield of TCRB product with minimal non-specific binding (Table 10.).
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Figure 13. Optimised pipeline for TCRB sequencing library preparation using the BIOMED-2 primers.

A pipeline was developed and optimised in order to generate TCRB sequencing libraries from genetic
material (Section 2.8.). This method is referred to as the BIOMED-2 primer method and is compatible
with lllumina® MiSeq sequencing. This pipeline was used to evaluate the TCRB repertoires of 31

healthy controls and 77 patients.
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Table 6. BIOMED-2 TCRBV primers adapted for MiSeq sequencing. Twenty-three BIOMED-2 TCRBV
primers (Sigma) were adapted by the addition of an [llumina® Nextera adapter code to the forward
primers allowing Nextera Indexes to be added to the TCRB product during the second PCR reaction.
This meant that the TCRB library product could bind to the flow cells for sequencing. The Nextera code
is indicated by the nucleotides in capital letters and the BIOMED-2 primers are in lower case. The same

Nextera sequence was added to all TCRBV primers.

Nextera code + TCRBV family (forward primer) Primer nucleotide sequence

VB2nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGaactatgttttggtatcgtca
VB4nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcacgatgttctggtaccgtcagea
VBS5/1nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcagtgtgtcctggtaccaacag
VB6a/11nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGaaccctttattggtaccgaca
VB6b/25nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGatcccttttttggtaccaacag
VB6ecnex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGaaccctttattggtatcaacag
VBT7nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcactatgtattggtacaagca
VB8anex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGctcccgttttctggtacagacagac
VB9nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcgctatgtattggtataaacag
VB10nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGttatgtttactggtatcgtaagaage
VB11nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcaaaatgtactggtatcaacaa
VB12a/3/13a/15nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGatacatctactggtatcgacaagac
VB13bnex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGggccatgtactggtatagacaag
VB13c/12b/14nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGgtatatgtcctggtatcgacaaga
VB16nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtaacctttattggtatcgacgtgt
VB17nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGggccatgtactggtaccgaca
VB18nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtcatgtttactggtatcggcag
VB19nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGttatgtttattggtatcaacagaatca
VB20nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcaaccatatctggtaccgaca
VB21nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGtaccctttactggtaccggcag
VB22nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGatacttctattggtacagacaaatct
VB23/8bnex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcacggtctactggtaccageca
VB24nex TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGcgtcatgtactggtaccagca
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Table 7. BIOMED-2 TCRBJ primers adapted for MiSeq sequencing. Thirteen BIOMED-2 TCRBJ
primers(Sigma) were adapted by the addition of an Illlumina® Nextera adapter code to the reverse
primers allowing Nextera Indexes to be added to the TCRB product during the second PCR reaction.
This meant that the TCRB library product could bind to the flow cells for sequencing. The Nextera code
is indicated by the nucleotides in capital letters and the BIOMED-2 primers are in lower case. The same
Nextera sequence was added to all TCRBJ primers. The TCRBJ primers were split into two aliquots for
separate amplification reactions when combined with the TCRBV primers in the first PCR. This was to
prevent cross-annealing of primers. The aliquot JA was made up of nine TCRBJ primers and JB

contained four.

Nextera code + TCRBJ family (reverse primer) Primer nucleotide sequence

JA primer mix

JB1.1nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacctacaactgtgaatctggtg
JB1.2nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacctacaacggttaacctggte
JB1.3nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacctacaacagtgagccaactt
JB1.4nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcatacccaagacagagagctgggttc
JB1.5nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacctaggatggagagtcgagtc
JB1.6nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcatacctgtcacagtgagectg
JB2.2nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacccagtacggtcagect
JB2.6nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGctcgcccagcacggtcagect
JB2.7nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcttacctgtaaccgtgagectg

JB primer mix

JB2.1nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGc cttcttacctagcacggtga
JB2.3nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcccgcttaccgageactgtca
JB2.4nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGccagcttacccagcactgaga
JB2.5nex GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGcgcgcacaccgagcac

Table 8. BIOMED-2 primers split according to TCRBJ region primers. In the BIOMED-2 method, the
TCRBJ primers were split into two for use in the TCRB amplification reaction with all TCRB V region

primers. The J primers were split into groups to avoid cross annealing and unspecific interactions.

JA B

Primer mix Primer mix
J1-1 J2-1

J1-2 J2-3

J1-3 12-4

J1-4 J2-5

J1-5

J1-6

12-2

12-6

12-7
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Table 9. Reagents for the first round TCRB amplification PCR using the BIOMED-2 method.

For the first round PCR reaction in the BIOMED-2 primer method, TCRB amplification occurs. To
achieve this, PCR reactions were set up as detailed below. The volumes below remained constant for
all samples. An x, indicates variables that occurred from sample to sample. Depending on the gDNA
sample concentration, the volume of DNA needed to achieve 200ng would vary and this would be
made up to a final volume of 20ul with nuclease free water to ensure all PCR reactions were equal in

volume to reduce biases.

PCR reagent Volume / pl PCR reagent Volume / pl
Nuclease free water X Nuclease free water X

MgCl; (25mM) 1.6 MgCl; (25mM) 1.6

Phusion Flash master 10 Phusion Flash master 10

mix mix

V primer aliquot 0.96 V primer aliquot 0.96

JA primer aliquot 0.36 JB primer aliquot 0.16

DNA at 200ng X DNA at 200ng X

Total volume 20ul Total volume 20ul

Table 10. PCR cycle conditions for the first TCRB amplification PCR for the BIOMED-2 method.

During the first round TCRB amplification, the following temperatures and time-lengths for the
denaturation, annealing and extension stages as well as the PCR cycle number were found to be

optimal to generate a good TCRB product yield.

1 cycle 35 cycles 1 cycle
Denaturation Annealing Extension

98°C 98°C 63°C 72°C 72°C

10 seconds 1 seconds 5 seconds 10 seconds 60 seconds

2.8.3. PCR clean-up steps

Promega Pronex® beads were used for the PCR clean up steps. The clean-up step needed to
successfully remove PCR contaminants whilst preserving the TCRB product band in order to improve
the subsequent index PCR. The method that provided optimal TCRB product recovery with minimal
loss, was a 1.5x bead step followed by a dual size bead selection. The 20ul JA and JB PCR paired mixes

for each sample were combined to form one 40ul mix for one sample.
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The first step used a 1.5x bead volume (60ul) and was used to remove smaller base pair products,
such as primer dimers, and contaminants, such as buffers. The second step involved dual size selection
using a 1.1x bead volume followed by a 0.35x volume (as outlined in more detail in Section 2.7.3.).
The second step selected for product with a peak of 325bp which effectively selected for the TCRB
product of base size (307-364bp). The final product was eluted into 20ul of elution buffer. Samples
could be stored in the fridge overnight, however, it was found that carrying out the entire library

preparation in one day provided the best quality sequencing.

2.8.4. Second round index tagging PCR conditions

The Illumina® 96 Nextera Indexing kit was used to perform the indexing reaction adding sequencing
adapters to the TCRB amplicon. Each sample was given a different N/S Nextera Index combination, to
allow it to be identified when all samples were pooled together for sequencing. The PCR reaction was
carried out in a 20ul volume using 10ul of Phusion Flash master mix, 2ul each of the specified N and S
Nextera index chosen for that sample and 6 pl of the DNA from the clean-up PCR (Table 11.). The
reaction was briefly vortexed to mix. The PCR was run according to the cycle conditions in Table 11.
after which the PCR tubes were briefly vortexed and could be stored overnight in the fridge. The index
PCR added a unique combination of codes to each sample’s TCRB product. This enabled the samples
to be de-multiplexed once all samples were pooled together to form a sequencing library. The PCR
reactions were carried out in a volume of 20ul using 6l of the TCRB product. During the indexing PCR
the temperatures and time-lengths for the denaturation, annealing and extension stages as well as

the PCR cycle number in Table 11. were found to be optimal.

Table 11. PCR reagent set up and conditions for the index PCR for the BIOMED-2 method.

Index PCR reagent Volume of reagent (ul) / 20 pl

Phusion flash master mix 10

N Nextera index 2

S Nextera index 2

DNA from clean up PCR (TCRB product) 6

1 cycle 10 cycles 1 cycle
Denaturation Annealing Extension
98 °C 98°C 72°C 72°C

30 seconds 1 seconds 10 seconds 60 seconds
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2.8.5. TCRB product Selection

After the index reaction, the addition of the index codes increased the TCRB product size to between
376 and 433 bp. The majority of samples were size selected using gel electrophoresis. The 20ul
samples were mixed with 4pul of TriTrack DNA loading dye (6X) (Thermo Fisher Scientific) and run on a
2% GTG agarose gel using a 1XTBE buffer alongside a Hyperladder IV (Bloline) until a good separation
of bands was observed. The gel was imaged using a light box with UV and a blue filter guard. Two
bands were observed in the sample, one at the size of the TCRB product and one much lower (around
100bp) which was excess adapter and dimerised adapter which had not been used in the PCR. The
TCRB product band was cut out of the gel. The DNA was extracted from the gel using the standard
protocol from the Zymoclean ™ Gel DNA recovery kit, avoiding the heating step which could lead to
GC bias in the TCRB product when sequenced. The method used ADB buffer to digest the agarose and
the sample was then added to a spin column where it underwent a number of centrifuge steps, finally
being eluted in 15ul of nuclease free water rather than the elution buffer provided in the kit. Some
samples which were of poorer quality may have produced some non-specific binding products in the
index PCR which were hard to separate using gel electrophoresis. For these few samples, the PCR

clean up in Section 2.7.3. was repeated and then gel electrophoresis was performed as above.

2.8.6. DNA quality check

To ensure that the TCRB product was present in the final sample and that there was no contamination,
the molecular weight profile for each sample was analysed using the Agilent Tapestation. One
microlitre of sample was mixed with 3ul of D1000 sample buffer which had previously reached room
temperature. The samples were then run on the 2200 TapeSation using a D1000 screen tape which
had previously been brought to room temperature. 2200 TapeStation Controller Software was used
to generate reports for each sample to assess whether the samples were pure for sequencing. Good
reports showed strong peaks of TCRB product at a size between 376 and 433 bp, with no
contamination below this. Some samples had small amount of product above this but, as long as the
peaks were broad and low, the sample was acceptable for sequencing (Figure 14). If contamination
was found below the TCRB product in the occasional sample, an additional 1.5x ProNex bead selection

was carried out and the sample re-tested on the TapeStation to ensure purity.
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Figure 14. Molecular weight profiles of TCRB library product using the BIOMED-2 method.

The 2200 Agilent Tapestation was used to generate molecular weight profiles for TCRB samples during
the library preparation process. At the final stage, where the samples were ready for sequencing, if
there was some non-specific binding present in the sample, above the TCRB product size, as long as it
was a low, wide peak (Top left, indicated by the red rectangle), it was accepted for sequencing. If there
were even small amounts of non-specific products below the TCRB amplicon size (Top right, indicated
by the green rectangle), the sample underwent an additional 1.5.x bead selection step to ensure it
was removed. The majority of good quality samples produced pure TCRB peaks between 376 and

433bp (Bottom).

2.8.7. DNA quantification

In order to assess the concentration of TCRB product in a sample, DNA quantification was carried out
using the Quant-iT™ PicoGreen™ dsDNA Assay Kit (InvitrogenTM, ThermoFIsher Scientific) according
to the manufacturer’sinstructions. The protocol first set up a DNA concentration gradient of standards
in the first column of wells in a black fluorimetry 96 well plate. This served as a comparison for the
samples to assess their individual concentration. One microlitre of each sample was placed in a new
well. A buffer was then made using Quant-iT™ PicoGreen® dsDNA reagent and TE buffer. This was
then used to dilute the DNA gradient and the samples. PicoGreen® is a nucleic acid stain that
specifically quantifies double stranded DNA and so will not bind to primers. The reagent is

ultrasensitive and fluorescent which allows its signal to be measured using a machine.
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The plate was read using the FluoStar Software which generated a standard curve for the DNA
concentration gradient and then subsequent reports for the concentration of DNA in the samples.
These samples were then normalised to calculate what volume of sample was needed for 10ng. The
aim was to then add 10ng of each sample into the pooled TCRB sequencing library for sequencing.
Equimolar samples would reduce biases in sequencing depth. If 10ng could not be achieved by poorer
quality samples, a maximum volume of sample allowed in one library was 7ul, again to reduce bias.

Once all samples were added to the TCRB pooled library, sequencing could commence.

2.8.8. Sequencing of TCRB libraries

Sequencing was performed by the Leeds Next Generation Sequencing Facility. The pooled TCRB library
underwent quality control checks prior to being sequenced. The Illumina® MiSeq was used to
sequence the TCRB libraries and cycles of either 250bp or 300bp were used. Paired-end sequencing

was carried out on all samples.

1/23 forward TCRBV primers 1/13 forward TCRBJ primers
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Figure 15. UMI adapted BIOMED-2 primers to reduce amplification bias in TCRB reads.
BIOMED-2 primers were first adapted for compatibility with the Illumina® MiSeq sequencer. This was
done by the implementation of a Nextera adaptor to the start of the forward TCRBV primer and
reverse TCRBJ primer. The forward and reverse adapter had a different sequence. The adapters bind
to Nextera codes in the index reaction allowing each sample to be given a unique Nextera code
combination. This allows the sequencing data of each sample to be de-multiplexed from the pooled
library. For UMI-adapted BIOMED-2 primers an additional, randomly allocated, six base pair code was
added to the primer in between the adapter and the TCRB amplifying gene region. This gave a final
TCRB-UMI library product range of between 388-433bp. In non-UMI BIOMED-2 primers, the only

difference is the absence of these six base pair sequences.
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2.8.9. Unique molecular identifier adapted primers reduce TCRB amplification bias

During the library preparation method, the PCR reactions amplify and replicate the original TCRB
sequences so that they are at detectable levels for subsequent sequencing. However, this can lead to
associated PCR errors. An experimental method, known as unique molecular identifiers (UMIs) can
be implemented to help reduce inherent PCR bias. This method is more common for cDONA and RNA
methods where it is essential, because T-cell receptor mRNA can have multiple copies dependent on
expression levels which can skew TCRB repertoires, rather than gDNA which is only present in one

functional form per T-cell.

Unique molecular identifiers are incorporated in TCRB sequences during the first TCRB amplifying PCR
to decipher biological replicates (TCRB clones that are identical and a result of clonal expansion) from
technical replicates caused by the PCR reactions (Figure 16.). This method was developed and trialled

on a number of samples.

Six random base pair UMIs were incorporated into the TCRB primers(sigma) (Figure 15) for both the
reverse and forward primers between the Nextera-Adapter sequence and TCRB region primer. Within
each TCRB V or J family primer aliquot, 16,777,216 unique combinations of primers were present
because of the UMIs, each ready to bind to, and amplify alongside a different TCRB biological

sequence.

In order for the UMIs to be incorporated into the sequences, PCR is needed. In theory, only one PCR
cycle should be used to incorporate these UMIs to reduce PCR bias. More PCR cycles would risk
incorporating more bias and defeat the objective of UMIs. However, in practice, very little TCRB
product is produced in one PCR cycle and is likely to be lost during the rest of the library preparation
process. For this reason, cycle lengths of 1,2,3 and 10 for the first PCR were trialled in the experiments.
PCRs were set up in exactly the same way as described in the TCRB library preparation sections, with

the same primer concentrations.

However, the annealing temperature was optimised to slightly lower than the normal primers at 61°C
(Figure 10.) with the rest of the cycle conditions being identical to the usual non-UMI BIOMED-2

primer methods.



86

Clean up methods were identical to the library preparation pipeline as it was still important to ensure

primers were removed from the reaction as they would out replicate the TCRB product.

For the indexing PCR, the reaction conditions and temperatures were kept the same. However, cycles
of 10, 20 and 35 were trialled, trying to keep the cycle numbers as low as possible to prevent PCR bias,
but high enough to generate enough TCRB product to be sequenced. Product selection, final DNA
quality and quantification checks as well as sequencing were identical to the library preparation
pipeline in Section 2.8.1-2.8.8. UMI samples were not pooled with non-UMI samples. Considerably
lower amounts of TCRB product were present at the end of the library preparation for sequencing
than when using the non-UMI BIOMED-2 primers (Figure 17.) but this was to be expected as fewer

replication cycles took place.
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Figure 16. Using unique molecular identifiers in TCRB sequencing helps reduce PCR bias.

Unique molecular identifiers that are incorporated into the TCRB amplifying primers are incorporated
into each separate biological TCRB sequence at the point of TCRB amplification. Once this has occurred
any subsequent amplification PCR will not inflate bias for the reads. After sequencing, the UMI reads
can be collapsed according to groups with the same UMI which are technical replicates rather than
biological replicates. This means that the original TCRB repertoire is shown by the data, rather than

PCR inflated expansions of reads.

After sequencing, an additional step was implemented into the bioinformatic pipeline discussed in the
next section to process the UMlIs. The software clipUMI [172] was used to generate a list of all the 12
base pair UMI combinations (forward and reverse primers). This list of UMIs was then parsed through
to the program pRESTO [170]. Here, the software generated consensus UMI sequences using the UMI
combinations that matched with a maximum of one base different over the 12 bases and had the

same TCRB sequences.
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After consensus building and quality control steps, the TCRB sequences in each sample were able to
be collapsed (removing technical replicates) into a TCRB repertoire similar to that observed in the
original sample before PCR took place (Figure 16.). After these processing steps, the bioinformatics

pipeline was identical to non-UMI sequences.

Figure 17. Molecular profiles of UMI incorporated TCRB product using the BIOMED-2 primers.
When using the UMI primers for the BIOMED-2 primers, the TCRB amplification PCR was cycled at
either 1,2,3 or 10 at an annealing temperature of 61°C and then underwent the same clean up steps
as the non-UMI primers to produce a peak of TCRB product at 346bp for the sample shown (A). The
indexing PCR (B) was cycled for either 10, 20 or 35 cycles before undergoing clean up and final library
preparation steps. For this sample a clean peak was observed at 407bp. Less product was generated

using the UMI method due to restrictions in PCR cycle numbers.
2.9. Bioinformatic analysis methods

Many different types of bioinformatics analysis can be used for TCRB repertoire studies. Over the
course of the project many bioinformatics tools and methods were assessed as this is a rapidly
developing field with new methods constantly being added. However, for the simplicity of this thesis,

only the final pipelines are discussed in the Material and Methods section.
2.9.1. 454-sequencing analysis

Chapter 3 discusses the analysis of previously generated 454-sequencing data and the beginnings of

building a bioinformatics pipeline to analyse TCRB repertoires.



88

The 454-sequencing data had previously undergone stringent and standardised quality control
methods for 454-sequencing data before being downloaded from the sequencer. Therefore, trimming
and quality control parameters were not necessary in this specific pipeline. 454-sequencing is lower
throughput than newer sequencing technologies, such as lllumina® . Therefore, sequencing files could
quickly and efficiently be processed using the online platform Galaxy [262], which contains suites of

online tools for biomedical data analysis.

2.9.1.1. Pre-processing reads and overlap alignment of paired-end reads

Firstly, the program Trim (Galaxy version 0.0.1) was used to trim off the primer sequences from the
ends of the sequencing reads. The two trimmed paired end sequencing files for each sample were

then overlapped using the software FLASH v 1.2.11 with its default parameters.

2.9.1.2. Phred scoring and quality control filtering

Filter by quality (Galaxy version 1.0.0) was used to filter the sequencing reads according to their Phred
scores. The parameters were cut off value = 20, and percentage of bases in sequence that must have
a cut off value of equal to or higher than 20 = 98. Sequencing reads that had a Phred score base quality
of 20 or above were kept, other reads were discarded. In sequencing, base calling is when a nucleotide
base is assighed on comparing it to a fluorescence peak generated through the sequencing cycle
process. There is a small error associated with this process for modern high throughput sequencing
technologies. A Phred score is logarithmically related to the error probabilities associated with this

base calling process in sequencing. It is calculated as follows:
Q =-10logl0OP

Where Q equals Phred score and P is the error probability of base-calling [397]. A Phred score of 20
means that each sequencing base has a probability of 1 in 100 of being incorrectly called. The Phred
score could have been increased to higher than 20, keeping only the greater quality sequencing reads.
However, the number of sequences and data lost because they did not meet the parameters was
assessed and as a result the Q score kept at 20. FastQC (v 0.11.5) [175] was then used to analyse the
quality of the remaining sequencing reads, taking into account factors such as per base sequence

quality and per base sequence length.
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2.9.1.3. Annotating T-cell receptor beta sequencing data

For the following workflow, all work was carried out using a Virtual Box (v5.1) virtual machine with an
Ubuntu(16.04) operating system and the Linux kernel. When R (v3.3.2) was used in the downstream

analysis, R studio (v1.0.44) was used as the accompanying software platform.

To identify the TCRB clones present in the sequencing files, the software MiXCR v 2.1 [183] was
implemented in the Linux command line. IMGT®, the international ImMMunoGeneTics information
system®, is an online database storing information such as T-cell receptor genes and is used as the
gold standard in immune repertoire sequencing analysis [85]. The IMGT® database files were
downloaded locally on to the virtual machine as a .json file. Each pre-processed sequence file was
then aligned to the locally downloaded IMGT® database, annotated with TCRB gene annotations and
assembled into clones. A clone was a T-cell receptor that shared the same TCRBV gene family, TCRBJ
gene family and amino acid CDR3 sequence. Then only the productive TCRB sequences were exported.
These were sequences that were not out of frame or did not contain stop codons and were therefore

functional in the TCRB repertoire.

2.9.1.4. Downstream analysis of T-cell receptor beta clones

VDJtools (v1.1.4) [186] was implemented in the Linux command line and used to produce graphical
data output from the sequencing data, such as Circos plots identifying TCRBV and J gene family usage
and spectratypes showing abundant CDR3 clones and rarefaction plots. VDJtools was also used to
pool the sequencing reads to analyse overall CDR3 amino acid sequence commonality between
controls and between PNH groups. The sequence files previously generated by MiXCR and VDJtools
were parsed into R. Then the R package, tcR (v2.2.1) [185] was used to generate TCRB V and J bar
plots, basic clonotype statistics, and clonal homeostasis plots. Biostatistics methods used include:

Chaol estimator [162], Inverse Simpson [249] and the Shannon Diversity Function [393].

2.9.2. High throughput sequencing analysis

In order to analyse the larger volumes of data produced by Illumina® sequencing, the methods used
in Section 2.9.1. were modified and expanded upon. In this portion of the project, over 150 million
sequences from the lllumina® MiSeq were analysed. It was therefore essential that the new pipeline
was time efficient and accurate at analysing the data, but also robust to withstand the high throughput

nature of the data (Figure 18.).
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Instead of continuing to use the Galaxy platform for pre-processing, the analysis was carried out locally
using the virtual machine outlined in Section 2.9.1. A combination of bash scripting, Linux commands,
R scripting and python scripting were used to create the new pipeline. All sequencing reads processed

were paired-end and either 250bp or 300bp cycles.

2.9.2.1. Quality control and pre-processing TCRB sequencing reads

Quality control analysis was carried out on the separate forward and reverse sequencing reads using
FastQC (v 0.11.5 or above) [175]. Forward reads (Figure 19A.) in general were better quality than
reverse reads (Figure 19C.). FastQC was used to ensure that the sequencing had performed correctly
looking at factors such as read length, Nextera® adapter content and duplicated and overrepresented
sequences. Tile quality was assessed to ensure there was no positional sequencing bias from the
sequencing machine itself. Duplication error warnings were common due to the nature of TCRB
repertoire sequencing where if clonal expansions are present, highly represented reads will be

common.

The next step involved the trimming of any Nextera® adapters still present and primers from each end
of the sequence reads (Figures 19 and 20). The softwares, TrimGalore, which uses Cutadapt, and
Trimmomatic, (Table 1.) were used in combination to achieve the best quality control trimming. In
general, the end bases in a sequence were of poorer quality and needed to be trimmed to ensure
successful overlap in subsequent steps. Bases were trimmed starting from the end of the sequence
until all sequences achieved a Phred score of 30 (q30) (99.9% base call accuracy). FastQC analysis was

then repeated on the sequencing reads and the quality of the bases were assessed.

If 930 had not been achieved an additional trimming was implemented. This was essential for runs
that used 300bp cycles. These saw a dip in quality at around 265bp and then an improvement in
quality as the sequence reached the end, which was not necessarily corrected with one trimming step
(Figure 20.). Forward reads generally saw better quality reads than reverse reads. If an additional
trimming step was required, an additional FastQC step was used to check that q30 had successfully
been achieved. Very few reads were discarded at this step. They were only discarded if their length

fell below 20bp once trimmed.
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Figure 18. Bioinformatics pipeline for the analysis of TCRB sequencing data generated using the

BIOMED-2 primer method.

The bioinformatics pipeline above processed over 150 million TCRB sequencing reads including 31
healthy controls and 77 PNH or AA patients. Percentages in the central section indicate the number
of expected TCRB reads to successfully filter through to the next step. Percentages and arrows to the

right indicate reads discarded at each step as they did not meet the requisite criteria.
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2.9.2.2. Alignment processes
Overlapping paired-end sequencing reads

The first alignment process involved the overlapping of the paired-end forward and reverse reads.
As the TCRB products ranged from 376bp to 433bp, 250bp and 300bp paired-end cycle sequencing
achieved sufficient overlap for this step. This overlap was used to build a consensus sequence using
the algorithm from the software FLASH [182]. Standard parameters were used with the exception of
an optional orientation step that meant all reads were aligned in both “outie” and “innie”
orientations to ensure as high a percentage of overlap as possible was achieved. In general, an
overlap value over 94% should be achieved on good quality data. FLASH merged the paired R1 and

R2 files so that just one consensus TCRB read was taken forward in the analysis.
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Figure 19. Sequence base qualities of TCRB repertoires using the BIOMED-2 primer method (250bp).

After the TCRB methods had undergone TCRB library preparation using the BIOMED-2 primer method
they were sequenced using the lllumina® MiSeq. Each sample generated forward and reverse reads.
Forward reads (A) generally saw higher quality base scores than the reverse reads (C). It is usual for
sequence base quality to lower over the course of a sequencing cycle. The bioinformatics pipeline
trimmed reads until a base score of q=30 was achieved using TrimGalore and Trimmomatic softwares
(B and D). FastQC was used to generate the base quality plots. The green areas indicate base quality
Phred scores of 28 and above. Each yellow box plot indicates the interquartile ranges of the base
quality at each base of the sequencing read across the sample. The black lines indicate the 10% and
90% range. The red line represents the median quality and the blue line the mean. The plots above

were from the same TCRB sample sequenced using a paired-end 250bp cycle.
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Figure 20. Sequence base qualities of TCRB repertoires using the BIOMED-2 primer method (300bp).

After the TCRB methods had undergone TCRB library preparation using the BIOMED-2 primer method
they were sequenced using the lllumina® MiSeq. The bioinformatics pipeline trimmed reads until a
base score of =30 was achieved using TrimGalore and Trimmomatic softwares (A and C). FastQC was
used to generate the base quality plots. The green areas indicate base quality Phred scores of 28 and
above. Each yellow box plot indicates the interquartile ranges of the base quality at each base of the
sequencing read across the sample. The black lines indicate the 10% and 90% range. The red line
represents the median quality and the blue line the mean. The plots above were from the same TCRB
sample sequenced using a paired-end 300bp cycle. Samples generally sequenced using 300bp cycles,
did not achieve a Q score of 30 after the first trimming step (A and C). At around 260-270bp a dip in
quality was observed after trimming. A second trimming step was repeated on the new data set which

achieved the desired Q score of 30 for the mean and median values (B and D).

Alignment to IMGT® for T-cell annotation of sequences

As mentioned, the International ImMunoGeneTics information system® was used as the database of
choice for the alignment of the sequencing reads, annotating them with T-cell receptor beta gene
data. The software MiXCR was used to align the reads to IMGT® again as described in Section 2.9.1.
At this stage, any sequencing reads that were not TCRB or were unable to be assigned a TCRB gene
annotation, for instance if there was a lack of TCRBJ gene, were discarded. A negligible number of

reads were discarded for not being TCRB.
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Defining, assembling and filtering TCRB clonotypes

In this study a TCRB clonotype is defined as any sequence containing the same TCRB V, TCRB J genes
and CDR3 amino acid sequence. CDR3 amino acid sequence was chosen over nucleotide sequence to
avoid biases in analysis caused by the biological biases associated with convergent recombination
(Section 1.4.3.1.). In order to group the T-cell receptor beta gene annotated sequences according to

this definition of a clonotype, the software MiXCR was used.

From good quality data, it would be expected that over 85% of the reads from the alignment stage
pass the clonotype clustering process. Those reads that do not pass, may be discarded due to PCR
error correction or failed mapping or, the majority, due to lack of clone sequence (attributed to
sequencing errors). PCR and sequencing associated errors were compensated for bioinformatically.
During the assembly stages of TCRB clones using MiXCR, some reads were dropped by the analysis
due to PCR errors. The algorithm clustered TCRB sequencing reads believed to be clones, and
compared the non-hypermutation origin regions (T-cells unlike B-cells do not undergo
hypermutation). These are portions of the TCRB gene, such as the non CDR3 portion of the TCRB V
and J genes that should be the same sequence for all clones of the same family. The probability of a
single nucleotide mutation in the clonal sequences was calculated and then used to create a threshold.
Any number of nucleotide mutations that surpassed this threshold when compared to the IMGT®
sequence data were attributed to sequencing or PCR errors and subsequently discarded and filtered

out from further analysis by MiXCR.

The TCRB clonotypes that passed this stage then went on to be exported using MiXCR. When using
gDNA as the sequencing material, a maximum of two TCRB receptors gene sequences can be detected
per T-cell. If the first receptor does not pass the selective processes in the thymus (Section 1.1. ) the
TCR has one more chance to re-arrange to produce a viable TCR. The first receptor will not be
functional so will, therefore, either contain a stop codon in the genetic sequence, or the sequence will
be out of frame. If the TCR passed the selective processes first time, only one gene sequence will be
present in the data and it will be productive. Therefore, as only the functional, active TCRB needs to
be analysed in the context of the TCRB repertoire, MiXCR was used to export only the
productive/functional clonotypes. This can range in frequency from sample to sample, but usually 75%
and above of clonotype reads are expected to be productive. The clones output file was then

converted to VDJtools format using the VDJtools software for downstream analysis.
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Adjusting TCRB clonotypes according to T-cell sample numbers

Within a natural TCRB repertoire there can be more abundant clones (higher percentage) present
along with rarer clones that will be present at very low levels, with some TCRB receptors only
appearing once in a repertoire. However, this will not be true for the sequencing data representation.
This is because lllumina® sequencing uses a method known as bridge amplification [260]. This allows
the TCRB library product to be amplified and cluster in flow cells, allowing the product to be present
at detectable levels for the sequencer. This however, means that the TCRB reads are artificially inflated
pre-sequencing. Therefore, legitimate TCRB sequences, even those present at very small levels in the
original TCRB repertoire, would be expected to be present more than once in the sequenced sample.
The rarer sequences that appear only once in the VDJtools files may be attributed to sequencing errors
of other legitimate clones. In order to more accurately decipher biologically low frequency clones
present in the repertoire from sequencing errors, where applicable, T-cell percentage data was used
for filtering. This data was collected using flow cytometry (Section 2.2.2). The following calculations
were carried out to achieve a cut off threshold for real TCR clonotypes in each sample individualised
by T-cell count data. Where T-cell data was not available, for PNH samples the T-cell count percentage
was assumed to be 80%, and healthy controls and aplastic anaemia samples at 60%. If samples were
prepared from buffy coat, the percentages were halved as buffy coat contains around half as many T-

cells.

T-cell concentration was calculated by dividing the concentration of the genetic material inputted into
the first PCR (most samples were 200ng per PCR) over the total amount of genetic material (6
picograms per cell). Total number of T-cells was calculated by dividing the T-cell percentage by 100
and multiplying by the T-cell concentration. The number of total TCRB clonotype reads was then
divided by the T-cells in the sample to calculate the reads per cell. Each value for each TCRB clonotype
in the VDJtools file was then divided by this number. Due to variation in sequencing, some cells may
be sequenced more times than the threshold value and some less. To make sure the lesser values
were not discarded, the threshold was defined as the reads per cell divided by 2. Any TCRB clonotypes
that had newly calculated clonotype reads below this value were assumed to be sequencing errors
rather than rare clones and discarded from the downstream analysis. An example is detailed in Table

12.
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2.9.2.3. Downstream analysis - Creating a background for normal variation observed in

TCRB repertoires

Due to the dynamic nature of TCRB repertoires outlined in Section 1.4. it was important in any

|”

downstream analysis to assess what “normal” TCRB repertoires in the general population consist of,
allowing for accurate comparison with patient TCRB repertoires linked with AA and PNH. TCRB
repertoires from 31 normals described in Section 2.1.1. were sequenced. A number of downstream
analysis methods were performed on the T-cell receptor beta data in order to investigate repertoire
dynamics. Concepts and rationale of methodologies are discussed in more detail in the context of their

results when first introduced in the result sections. The following will give a brief overview of how the

analysis was carried out and the primary aim.

TCRB clonotype variation analysis

In order to assess the effect of age and sex on the number of unique TCRB clonotypes, the total
number of TCRB receptors in each sample and their abundance in a person’s repertoire for both
healthy controls and patients was investigated using the R package immunarch. Both CDR3 nucleotide
sequence and amino acid sequence were investigated in each analysis. Values were plotted as bar
plots, with statistical p values added from Wilcoxon rank sum tests [242]. P values were adjusted using

the Holm method [243] when multiple comparisons were made, for instance, between age ranges.

TCRB V and J gene family usage analysis

In order to investigate changes in TCRBV and J genes within a TCRB repertoire, the R packages TCR
and immunarch were utilised. TCRBV and J gene family usages were plotted separately as bar charts
according to the gene identified in the TCRB clonotype. Plots were analysed both on an individual basis
and when patients and controls were grouped according to age and sex, assessing the effect these
factors may have on outcomes. The software VDJtools was used to analyse TCRB clone size irrespective
of CDR3 in an individual’s repertoire by generating a Circos plot [244]. This assessed whether
particular TCRBV/J gene combinations were commonly observed. Circos plots are circle plots that
represent an individual’s TCRB repertoire. The top hemisphere depicts TCRB V genes and the bottom
TCRBJ genes. Each TCRBV/J gene combination in a repertoire joins up to make a segment in the Circos
plot. The larger the size of the segment, the larger the abundance of the unique TCRB in the repertoire.

Therefore, these plots are excellent for easy visualisation of clonality in a repertoire.
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TCRB CDR3 analysis

CDR3 analysis was carried out using several methods. Length distribution of CDR3 (both amino acid
and nucleotide sequence) was assessed using Immunarch. Differences in CDR3 distributions between
sex and ages were statistically tested using the Wilcoxon test and Holm adjusted P values.
Spectratyping graphs were created using VDJtools to assess CDR3 length in the context of abundance
of clonal TCRB CDR3 amino acid sequences to assess whether clonal sequences shared a particular

CDR3 length.

CDR3 amino acid physiochemical property analysis

The amino acid properties that make up a TCRB CDR3 sequence are thought to provide insight into
the properties of the T-cell receptor. Amino acid properties of CDR3 sequences were assessed using
the R package Alakazam [245]. The amino acid sequences were analysed in the context of clonal
response levels to assess whether specific amino acids were more common in clonally expanded TCRB
sequences or in TCRB that were not clonally expanded. Clonal response levels used in this project are
defined in Section 4.5.4. Significant difference in these factors between response levels was
statistically tested (Kruskal Wallis) [246]. Additionally, each response level property result was
compared to one another pairwise (Wilcoxon). To investigate positional effects of amino acids in CDR3
sequences, kmers were created from the CDR3 sequences of length 4, 8 and 15 which was the
maximum kmer length of the CDR3. This enabled analysis into more central amino acid variation

within the CDR3. Position probability matrices were produced to investigate this.

Defining and investigating variances in clonal TCRB response levels in the TCRB repertoire

In a TCRB repertoire, as it is a snapshot in time of the immune system, a number of combinations of
TCRB events could be occurring. Clonal expansions occur through T-cell proliferation to i) maintain
homeostasis and ii) when T-cells are activated in response to an antigen to generate an immune
response. Repertoires are dynamic but the blood sample taken is static, which means that it can be

difficult to assess the ongoing T-cell dynamics.
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For example, a mid-level clonal expansion could be in a mid-activation state, gearing up to fight
infection or it could be contracting after the infection has passed and the immune response has been
dampened down. Although these events cannot be deciphered, an attempt was made to measure
clonal responses. In order to associate a numerical value with clonal response, the percentage of the
individual’s repertoire accounting for the top TCRB clone across all the 31 normals was plotted and a
linear regression smooth curve of best fit was plotted using the ‘loess’ method [247]. Ay intercept of
the median value for the top clone proportion across the normals was added to this graph. The plots
showed groupings in clonal responses across the healthy controls. This would be expected as a
number of controls could have expanded TCRB clones promoted by the process of fighting infections,
such as those caused by the common cold or suffering from allergies or other diseases not detailed by
the PNH RTB data. However, the majority of the repertoires were expected to show no large T-cell
clonal expansions. Therefore, their levels depicted would show natural percentages of sequences that
occur due to PCR amplification processes, creating a baseline value. Naturally, the normal data (Figure
37.) grouped into clonal expansion levels according to natural variation in the population. These

figures were used subsequently to define clonal expansions (Table 13.).

Assessment of monoclonality versus polyclonality in the TCRB repertoire

When investigating TCRB clonal responses these can be monoclonal, one TCRB clone, or polyclonal,
comprising of multiple simultaneously clonally expanded responses. The TCRB clones across the 31
healthy controls making up more than 2.42 % of the total TCRB repertoire were investigated for

monoclonal and polyclonal responses.

Investigating effects of thymic involution

As introduced in Section 1.4.5., the thymus involutes as a person gets older and the diversity of the
TCRB repertoire would be expected to decrease with age. Diversity can further be decreased because
of chronic exposure to infections such as CMV and EBV. To investigate this effect on the TCRB
repertoire in healthy controls, the number of unique TCRB clonotypes, number of TCRB clonotypes,
CDR3 length distributions, TCRBV/J gene usage and diversity measures, including d50 [248], inverse
Simpson [249] and Gini-Simpson [168], were investigated in the context of age. It is suggested after
the age of 40 the TCR repertoire is no longer able to generate more unique TCRB attributed to the
thymic involution process [355]. Therefore, for this analysis, healthy controls were split into below 40

years old and above 40 years old, with a ratio of samples of 19:12 respectively.
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TCRB repertoire overlap studies

In order to assess the extent of overlap expected between two healthy controls in a population,
overlap studies were performed using immunarch. Two methods for similarity were used, “public”
and “overlap” [250, 251]. The “public” method calculated the number of shared TCRB clonotypes
between two individuals and summed the counts of these clonotypes. The “overlap” method
measured the overlap or intersection between two finite TCRB repertoires, normalising the data

according to TCRB repertoire size.

TCRB clone identification using database cross validation and scientific literature

To assess whether TCRB clonal responses in the 31 healthy controls were observed in other diseases
or infections, such as autoimmune disease, cross validation of these clones across multiple TCRB data
platforms was carried out. This was stratified into clonal response levels. Internet searches, scientific
literature searches using Pubmed [252] and Google Scholar [253], alongside cross validation with pre-
existing TCRB knowledge bases, including the McPAS-TCR and VDJ-db databases [254-255] were

carried out on TCRB clones that were considered to be clonally expanded.

Generating a TCRB public repertoire

Public TCRB clonotypes, as mentioned in Section 1.4.3. are defined as TCRB clonotypes with the same
TCRBV/J gene combination and amino acid CDR3 sequence that appear in two or more individuals.
These TCRB clonotypes were assessed using immunarch with parameters set so that any TCRB
clonotype in one of the 31 healthy controls that appeared in one or more other controls was added
to a matrix. This generated a database of public TCRB clonotypes from the experiment which were

cross-referenced with databases using the methods detailed above.

Diversity measures to evaluate TCRB repertoire diversity in healthy controls

There is an extensive range of statistical tests and diversity measures that can be used in TCRB
repertoire studies. Seven diversity measures were used in this project as they provided different
aspects of information on TCRB repertoire data (Table 14.). The data was pre-processed in R followed
by statistical analysis carried out using immunarch. The diversity measurements were used to provide
an insight into the types of TCRB diversity expected to be observed when no known pathological

immune responses are taking place.
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For this analysis one of the controls was removed as it contained a TCRB clone accounting for 53% of
the TCRB repertoire which was abnormal and would skew diversity statistics. Therefore, only 30

healthy controls were included in this method.

Table 12. Adjusting TCRB sequencing reads for technical amplification during sequencing.

All TCRB processed sequencing reads were adjusted for artificially inflated TCRB clone numbers
attributed to amplification during the sequencing process. In this example, 200ng of gDNA was used
in the first TCRB amplifying PCR. In the sample 90% of the cells were identified as T-cells using flow
cytometry. The number of TCRB sequencing reads that passed pre-processing was 300,000. This
generated the value of 10 for the number of sequencing reads expected per cell. All TCRB clonotype
numbers were divided by 10 to reduce bias attributed to amplification. A cut off threshold of 5 was
then used to filter out any TCRB clonotypes that potentially arose from sequencing errors. TCRB
clonotypes with fewer than five reads in this particular repertoire were discarded from downstream

analysis.

Concentration of genetic material inputted into | 200ng

first PCR (TCRB amplification)

Concentration of genetic material in each cell 6 picograms

T-cell percentage of sample 90%

TCRB clonotype reads 300000

T-cell concentration in PCR sample Concentration of genetic material | 200000/6 33333

inputted into first PCR / concentration

of genetic material in each cell

T-cells in sample T-cell concentration in PCR sample x( T- | 33333 x | 30000
cell percentage in sample /100) (90/100)

TCRB sequencing reads per cell TCRB clonotype reads/T-cells in sample | 300000/30000 | 10

Number of reads for each TCRB clonotype Each individual clonotype number | Reads/10

/TCRB sequencing reads per cell

Cut-off threshold for adjusted TCRB clonotypes | TCRB sequencing reads per cell / 2 Reads/10/2 Reads/5
>x refers biological TCRB clones

<x TCRB clones generated due to sequencing
error and subsequently discarded from further

analysis




101

Table 13. TCRB clonal response thresholds calculated from TCRB sequencing data of 31 normals.

In order to assess natural variation in TCRB clonotype response levels, 31 healthy controls had their

TCRB repertoires sequenced using the BIOMED-2 primer method and analysed. The percentage of

each control’s top clonotype was plotted and a curve of best fit applied. Natural variation of these

values occurred across the healthy controls allowing threshold values to be assigned for non-

expanded TCRB clonotypes, low level expansions, moderately expanded and hyper-expanded

clonotypes.
TCRB TCRB clonotype
clonotype percentage in the

response level

entire TCRB

repertoire/ %

Potential factors causing response level

Non-expanded | 0<x<2.42 TCRBs identified by level may be higher than biologically

clonotypes present. Artificially amplified expansion levels as a result
of experimental/technical expansion of clonotypes,
attributed to PCR and sequence amplification of reads
rather than biological expansion.

Low level 2.42<x<4.85 Beginning of a T-cell activation response to an antigen,

expansion recent T-cell activation, or towards the end of an
infection/immune response where the T-cell response is
dampening down, contracting and almost returned to
normal levels.

Moderately 4.85<x<20 In the midst of a clonal T-cell response, could be long or

expanded short-term.

Hyper- 20<x<100 In the midst of a clonal T-cell response, could be long or

expanded short-term, could be a chronic infection, or T-cell mediated

disease. Unusual for one clonotype to take up such a large

portion of the repertoire.
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Table 14. Diversity measures used to investigate TCRB variability within a TCRB repertoire.

Diversity measure

Rationale for choice in TCRB repertoire analysis

Chaol estimator

[162]

Investigates the number of rarer clones in a repertoire that potentially were not

discovered by the sequencing sample.

ds0 [248]

Calculates the number of TCRB clonotypes needed to represent 50% of the entire
repertoire using the most abundant clonotypes first. The smaller the d50, fewer TCRB
clonotypes are needed to make up 50% and therefore the repertoire is more clonally

expanded.

Gini index [257]

The closer the index to zero, the more even the TCRB clones in proportion in the
repertoire. Combined with d50 values provides insight into stability of the TCRB

repertoire.

Gini-Simpson index

[168]

Indicates diversity by calculating the probability two selected TCRB receptors are

different clonotypes.

Hill values [256]

Family of diversity indices. Q =0 measured repertoire evenness, q =1 represented the

Shannon index and g=2 was the Simpson diversity index.

Inverse Simpson

[249]

Calculates species richness and evenness of TCRB clonotype populations. Indicator

of repertoire stability.

Rarefaction [169]

Assesses species richness using an extrapolation method. Can indicate TCRB richness

and species diversity saturation attributed to sequencing depth.

2.9.2.4. Patient data downstream analysis

Each of the analysis methods outlined above in Section 2.9.2.3. were repeated using the PNH and AA

patient sequencing data. The information gathered for generating background values for TCRB

repertoires using healthy controls was compared with each analysis for patients. This allowed any

findings in the PNH or AA patients for factors such as TCRBV/J gene usage to be assessed in the context

of natural variation, and allowed accurate assessment as to whether specific TCRB repertoire findings

were AA or PNH specific, or natural population variance. Analysis methods were repeated splitting

patients into the categories in Table 3. to compare responses according to PNH status and

progression. TCRB clonality and clonal expansion analysis were of particular interest for the PNH and

AA patients. This is because, if there is some form of T-cell involvement in PNH, it would expect to be

observed using the variety of methods outlined above.
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Chapter 3 - T-cell receptor beta repertoire analysis in Paroxysmal Nocturnal

Haemoglobinuria using 454-sequencing technologies

3.1. Introduction

Originally, Chapter 3 displayed the complete data analysis carried out on previously generated 454
sequencing data from 18 PNH patients and 10 healthy controls. Due to the page limit of this thesis,
the full analysis could not be displayed. The introduction to the project work, objectives of this
chapter, along with a brief summary of the important results and how they shaped the direction the

project took in Chapters 4 and 5 will be outlined below.

As discussed in Chapter 1, there are many methods that can be used to generate T-cell receptor beta
(TCRB) repertoire data. One more common sequencing method is 454 pyrosequencing (Roche 454
sequencing) which was launched in 2005 [150]. The method (outlined in more detail in Figures 21.
and 22.) generates a sequencing library bound to a bead. This bead is populated by PCR within a
droplet. Sequencing then takes place and each read is from a single bead in a single well. A nucleotide
is assigned on the basis of light emissions caused by an enzymatic reaction involving the enzyme
pyrophosphate. This occurs when, in each round of sequencing, only one type of nucleotide is added
to the sequence at one time. If there are multiple adenine nucleotides in the sequence, for example,
these will all be added in one cycle producing a large bright flash of light. The recorded peaks from the
light emitted produce a pyrogram shown in Figure 21. In each round of sequencing only one type of

nucleotide can be added to the sequence at one time.

There are a few advantages to using 454 sequencing over earlier sequencing methods such as the
Sanger method, one being that many cells can be sequenced at a lower cost. Another being that the
method does not rely on cloning template DNA. It has therefore been suggested that it will not skip
sections of the DNA that cannot be cloned, for instance regions such as heterochromatin [258], that

are compact, enabling the sequence to be more accurate.
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Figure 21. Sequencing cycle method in 454 sequencing. The blue spheres represent the tiny resin
beads mentioned in Figure 22 with the complementary sequence attached on the left-hand side of
the sequencing strand. 1. Represents the cycle where guanine nucleotides are added to the wells that
house the specific sequence bead. Here, a guanine is incorporated into the sequence and light is
emitted via the enzymatic reaction signified by the lightning bolt. The pyrogram below indicates that
one guanine was added, which equates to one cytosine in the sequence (complementary base). 2.
Represents a second cycle where thymine nucleotides are added to each well and one T base is
incorporated emitting light. It appears on the pyrogram below and the sequence is now CA. 3. In the
final sequence, three cytosine nucleotides are added to the sequence, emitting three times the

amount of light, which is registered on the pyrogram, showing a final sequence of CAGGG.
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Figure 22. Overview of the 454-sequencing method. The 454-sequencing method involves a number
of steps that are outlined in the workflow above. The first step starts with dsDNA being broken into
smaller fragments. BIOMED-2 primers are used to amplify the TCRB region with a linker based on the
“m13” sequence. A second round PCR binds with the linker and adds the sequencing primer sequence
and MID unique identifier. The final step consists of plotting a pyrogram based on light intensity from

nucleotide additions, also shown in Figure 21.

The main aim of the work carried out in this chapter was to assess as to whether the TCRB repertoire
data produced by 454- sequencing provided evidence for and assessed the feasibility of TCRB
repertoire studies in PNH. The secondary aim was to identify potential pitfalls in the data which could
make biological inferences challenging and would need improving in the HTS method development
(Section 3.3). Firstly, a bioinformatics workflow was developed to allow manageable amounts of
sequencing data to be analysed and recreated into TCRB repertoires (Section 2.9.1.). This would
provide insight into whether there were differences in TCRB repertoires between PNH patients and
normals. The 454-sequencing data used BIOMED-2 primers [154]. As will become clear in Chapter 4,
this was the preferred primer method for the subsequent high throughput sequencing analysis. The
results in Chapter 3, therefore, also serve as a comparison for an adapted two step PCR method

between two sequencing methodologies, 454 and Illlumina®.
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3.2. Results

Sequencing data from gDNA isolated from the peripheral blood of 10 healthy controls and 18 PNH
patients was analysed in this chapter. TCRB was amplified using BIOMED-2 primer sets [154]. The 454-
sequencing data had undergone quality control tests standardised by the sequencer software
beforehand and only the sequences that passed these checks were analysed. The pipeline developed
involved five main steps: pre-processing, quality control, alignment of the reads to a TCRB database,
assembling TCRB clones and finally downstream analysis (Section 2.9.1. and Figure 23.). Pre-
processing involved trimming sequencing adapters and aligning paired-end reads. Quality control
steps trimmed sequences where the bases fell below a Phred score of 20. In order to annotate the
reads with TCRB information such as TCRBV and J families, all reads were aligned to the IMGT®
database [85]. TCRB clones then needed to be grouped from the data. These were defined as any
reads annotated with the same TCRBV/J and CDR3 amino acid sequence. Once clones were assembled,
any productive reads were then ready for downstream analysis. Analysis of TCRB repertoire data is

vast and the methods selected provided different insights into the data to help aid further work.

Preprocessing: Quality Control:
GALAXY TRIM-trim adapter GALAXY FILTER BY QUALITY
sequences. g — remove bases that do not
FLASH-align paired-end match the quality control

sequencing files. parameters.

3

Alignment:
Assembling clones: MiXCR- align sequences to
MiXCR- assemble sequences locally downloaded IMGT®
into clones (identical TCRB V ﬁl database to identify TCR
and J families and identical beta sequences. Only
CDR3 amino acid sequence). productive reads used

downstream.

Downstream analysis:

TcR- cl ype istics, ple overlap studi I I h
plots, TCRB V and | gene usage.
VDJTools- rarefaction plots, bi isti P -atypes, circos plots.

Figure 23. Pipeline developed to construct T-cell receptor beta repertoires from 454-sequencing

data.

In total, 232,177 TCRB sequencing reads were analysed downstream for the control data sets and
12,884,563 TCRB sequencing reads in the PNH cohort. A number of analysis measures were carried
out including TRCBV/J gene usage, CDR3 spectratyping plots, diversity measures including Chaol
estimators, inverse Simpson and d50 (Table 14.) along with clonal homeostasis analysis measuring the

number of clonal TCRBs in a repertoire (data not shown).
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Circos plots showing the diversity in TCRBV and J gene combinations in 4 PNH patients (Figure 24.)
and graphs indicating TCRB V and J gene usage plots across the 18 PNH and 10 healthy controls (Figure

25. and 26.) have been included as examples of the data analysis performed.

e
2 3
2 «
5 3
g

TRBI-1
TRBJI-3

TRBJ2-7

-
g
g

Figure 24. Circos plots of TCRB clonality in 4 PNH patients.

Showcasing the natural diversity and similarities in TCRB V and J families in PNH patients. Circos plots
display clonality irrespective of CDR3. Each clone is mapped between a TCRB V gene segment and
TCRB J gene segment. The width of the segment signifies the percentage of the overall TCRB repertoire
represented by this clone. The wider the segment the larger the clone in the repertoire. PNH
repertoires varied from patient to patient when assessing TCRBV/J combinations. The patient in the
bottom left exhibited unusual V/J gene usage of V13/J2-3 rarely observed in other samples’ TCRB

repertoires at a clonal level in the data sequenced in this project.
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Figure 25. TCR beta V gene family usage in 10 healthy controls (top) and 18 PNH patients (bottom).
Analysed from 454 TCR beta sequencing data. TCR beta V gene families were identified using the

IMGT® database. The Z axis represents each control sample.
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Figure 26. TCR beta J gene family usage 10 healthy controls (top) and 18 PNH patients (bottom).
Analysed from 454 TCR beta sequencing data. TCR beta J gene families were identified using the

IMGT® database. The Z axis represents each control sample.
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3.3. Discussion
3.3.1. Summary of results, key findings and future project considerations

The aim of the work in this chapter was to provide evidence for pursuing a HTS TCRB repertoire
method in PNH and identify potential caveats in the methods to make improvements in the HTS
method. From the analysis of the 454-sequencing data it was evident how diverse TCRB repertoires

can be and how they vary considerably between individuals regardless of disease status. Studies

IM

investigating what a “normal” TCRB repertoire looks like are few in number [241], highlighting the

importance of having a control cohort sequenced alongside PNH samples. Having healthy controls
sequenced alongside the PNH group using the same method also allowed for an accurate comparison
between groups rather than using publicly available healthy control data generated using 5’ RACE for
example. In order to improve the TCRB repertoire analysis based on the findings in this chapter, the
project focussed on expanding and improving the background for TCRB repertoire data from healthy
controls to compare with PNH patients. The methodologies and findings will be detailed in Chapter 4.
Generating a background of normals will also allow for a better definition of clonal expansions to be
calculated in this project, as some normals will have clonal expansions as a result of current infections

and other factors but the majority should not have clonal populations.

Both similarities and differences were observed between the PNH and control cohorts. Similar trends
in TCRBV and J gene usage were observed with V19, V29-1 and J2-1, J2-3 being the more commonly
used V/J gene combinations. On an individual level, different CDR3 sequences were identified as most
common amongst the PNH patients when compared with the control group. Average CDR3 length was
44bp. It could suggest that a particular CDR3 is involved in PNH, but more research was needed to
prove this and in a larger PNH cohort, with patients stratified according to clinical status (Chapters 5
and 6). In the PNH cohort 14 patients shared V29-1/J2-3 as their most abundant clonotype in line with
healthy controls which makes deciphering pathogenic responses challenging. On average PNH
repertoires appeared more clonal than the control group with some CDR3 distributions being skewed
and not as normally distributed as in the control data-set, however if the normal group had equal
numbers of samples this trend may have been observed. Non-normally distributed sequence lengths
have been linked to problems, such as autoimmunity [91] which will be investigated further in the

context of these PNH patients in this thesis.

Combining all TCRB reads in each cohort together was done to see whether this was a better technique

for analysing TCRB repertoires than on an individual basis.
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From a computational and analytical point of view it would also be less complex than comparing many
different repertoires from many different samples. Using this method, TCRBV29-1 and TCRBJ2-5 with
a CDR3 amino acid sequence ‘CSALRRYSQETQYF’ appeared in all 18 PNH and in 9 out of 10 controls as
the top clone. This was a good example of a “public” clone. The problem with combining the reads,
rather than looking at repertoires on an individual basis, means that any clonotype that is specifically
skewed in a repertoire can be overrepresented in the combined reads. This will make a clonotype
appear more common when in reality it is only present in one sample. Combining reads makes some
analysis approaches more difficult, for instance looking at monoclonality in an individual’s repertoire.

Therefore, this approach was used with care in subsequent analysis.

Variation was observed in TCRB repertoires within both the PNH and the control cohorts. Variety
across a human population is to be expected as TCRB repertoires are dynamic and affected by factors
such as infection, age and HLA-type (Section 1.4.). It is important to be able to distinguish between,
where possible, variation that is considered “natural” and variation that is considered disease specific.
An example of the variation observed was one CDR3 sequence in the PNH group (also observed in the
control group). Six PNH shared the CDR3 ‘CSVERGLSSYNEQFF’ as their most abundant CDR3 but the
majority were not hugely clonal compared with the controls. However, one of the PNH patients had a
very highly expanded TCRB clone with that CDR3 sequencing accounting for 40% of the entire

repertoire.

Seven PNH patients shared the CDR3 amino acid sequence ‘CATSRVADTDTQYF’ as their most abundant
clonotype but this was only shared with 3 out of the 10 controls. Metadata was not available for these
samples therefore it could not be established if perhaps larger clonal CDR3s were found in patients
with progressive PNH compared to those with stable PNH. The sample sizes were large for PNH as it
is a rare disease but on the small size to enable trends in cohorts to be identified. In Chapter 5 and 6,
more patient samples were able to be sequenced, allowing the cohort to be split into different stages
of PNH for example new, progressive PNH or large PNH clones that are stable. Metadata was available
about the individual’s age and sex in the subsequent results chapters which improved the analysis

from this chapter.

When applying biostatistics to the data, it would be expected that the controls would have higher
diversity of TCRB clonotypes in their repertoires, and based on previous research in PNH, PNH patients
would have less diverse, more clonal, antigen skewed TCRB repertoires (Section 1.7.). This was not

the case with the 454-sequencing data.
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However, a possible cause of this is variance in the sequencing depth. PNH samples on average had
five times the sequencing reads than the normal controls (data not shown). This allowed for the
detection of more TCRB clonotypes and, therefore, the PNH repertoires appeared more diverse when
using the biostatistics, which used measures such as TCRB clonotype. Therefore, PNH patients may
have biologically more diverse TCRB repertoires than normals, but to assess this, the technical
variance in sequencing depth would have to be improved, so that similar reads were achieved for most
samples. Although, this is not an exact science, one way to achieve this would be to ensure equimolar
TCRB gDNA from each sample is going into the final TCRB sequencing library. This was incorporated
into the HTS technique (Section 2.8.7.). Another reason for the difference in sequencing depths or
differences observed in the number of TCRB clonotypes could be attributed to the concentration of
genetic input in the initial TCRB amplifying PCR reactions. The concentrations in the 454-sequencing
library were not known. However, in the future HTS methods in the next chapters these factors were
assessed and taken into account to achieve better sequencing depth comparisons between samples

(Section 4.3).

Interestingly, despite increased sequence depth in the PNH cohort which allowed for the detection of
rarer clonotypes, Chaol estimators counting the number of TCRBs missed by sequencing, was higher.
This may be down to the way the estimator is calculated. Possibly, this finding combined with the fact
that more and more clonotypes were discovered as the sequencing reads in PNH increased, may
suggest that in PNH samples there are a greater number of rarer clonotypes. The trend observed in
normals, however, could be suggestive of the need for exhaustive sequencing (increasing sequencing
depth no longer increases the number of TCRB clonotypes) [121] although the HTS have increased
sequence depth which may solve this. In repertoire studies underrepresentation of the entire
individual’s TCRB repertoire will always occur as it is not possible to capture the diversity from one
blood sample [106]. However, underrepresentation in the sample can be reduced, with measures such
as sequencing the samples multiple times. This can involve taking multiple samples from the gDNA
and amplifying and sequencing separately, or taking an amplified sample, splitting before sequencing,
then sequencing multiple samples to collate TCRB clonotypes. These methods will be carried out for

the HTS sequencing method (Section 4.3).



113

3.3.2. Chapter conclusions

A bioinformatics pipeline was successfully developed to analyse 454-sequencing reads to create TCRB
repertoires. These repertoires allowed for the comparison of TCRB features within and between PNH
and healthy control cohorts. The data served as a useful comparison with the PNH and normals in
Chapters 4,5 and 6. Although 454-sequencing allows for longer read lengths than lllumina®, which is
ideal for sequencing the length of a TCR without the need for paired-end reads, 454 has a problem
with homopolymer repeats [151]. For example, if multiple adenines are incorporated in one cycle, it
is hard to discriminate between 3 or 4 of them, as the bright light will not necessarily become more
intense. Therefore, many errors occur in these regions, this effect is lessened with lllumina®. The 454-
sequencing method can sequence theoretically, up to 20 million bases per run. In reality about
200,000 sequences is the maximum with sequence lengths significantly lower than 1000bp [150]. High
throughput sequencing technologies such as the lllumina® MiSeq are capable of generating around
20 million reads per sequencing run [259]. This generates a greater sequencing depth per sample than
the 454-sequencer, potentially allowing more TCRB clonotypes to be identified in a given sample. This
is why the project will now focus on high throughput sequencing methods for future TCRB repertoire

analysis.

The analysis in this chapter highlighted both similarities and differences between and within the two
cohorts. To investigate this further, the project needed to progress in the direction of using high
throughput sequencing technologies such as lllumina® sequencing, analyse more PNH patients’ TCRB

Ill

repertoires and create a “normal” background for TCRB data to allow accurate comparisons and
conclusions to be made about TCRB repertoires in PNH. The addition of metadata for patients and
normals was essential for project progression. The results of which will be discussed in the next

chapters.
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Chapter 4 - Optimisation of TCRB high throughput sequencing methodologies and defining
a ‘healthy’ TCRB repertoire

4.1. Introduction

The 454-sequencing results discussed in Chapter 3 showed the potential for the use of genomic
sequencing in deciphering further the role of T-cells in Paroxysmal Nocturnal Haemoglobinuria. It
allowed the development of an analysis pipeline and highlighted important considerations to be made
when designing and implementing the high throughput sequencing method. This included factors such
as patient and control sample sizes, the importance of clinical data, read depth, cell nhumber
calculations and consistency between sequencing library runs. As discussed, there were, however,
some aspects of 454 sequencing, such as the homopolymer errors and low throughput of sequencing
reads, that made the method less efficient than some of the next-generation sequencing techniques

now accessible in research.

In order to generate high throughput sequencing for this project, methods were developed using
lumina® sequencing. In lllumina® sequencing technologies DNA that has undergone library
preparation (see methods), undergoes cluster generation on sequencing flow cells using the process
called “bridge amplification”. The DNA is then sequenced by the method “sequencing by synthesis”.
This involves the incorporation of a fluorescently labelled nucleotide into a nucleic chain during a
sequencing cycle. This acts as a terminator stopping any more nucleotides being added to the chain.

After each nucleotide is incorporated, the fluorescence produced is imaged to identify the base [160].

Although lllumina® sequencing produces short reads compared to 454-sequencing, there are many
advantages to using this technology. In this project the MiSeq sequencer was utilised which sequences
DNA to produce 20 million reads per sequencing run [259] providing high throughput results.
lumina® routinely uses paired-end sequencing technologies where the same DNA sequence is
sequenced in both the forward and reverse directions, allowing these reads to be overlapped,
providing a consensus sequence with accuracy. Sequencing by synthesis rather than pyrosequencing

has fewer errors in homopolymer regions [151].
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Before comparing T-cell receptor repertoires of PNH patients, it was important to test the
methodologies on healthy controls. Firstly, to assess whether the methods were working and
producing accurate results, with similar TCRBV/J usage profiles to normals in Chapter 3. Secondly, to
account for natural variations that can be observed in populations and trends that may also appear in

PNH patients unspecific to the disease.

As discussed in the main introduction, T-cell receptor repertoires are dynamic. They are easily
affected by factors such as disease, age, sex and stress (Section 1.4.). Even though PNH does not seem
to have an age bias in current published literature [194], it is still important to assess age when
observing the normal cohorts. Sex can also play a role in the differences observed, for instance females
seem to have a bias towards CD8+ T cells which links with their increased susceptibility to autoimmune
diseases [261]. It is therefore important, where possible, to investigate these findings in the healthy

control cohort of this project.

The bioinformatics analysis pipeline in Chapter 3 was significantly expanded in this chapter for a
number of reasons. In the 454-sequencing data-set there were approximately 13 million reads. Using
Ilumina® sequencing, one sequencing run produced over 20 million reads. The high throughput nature
of the data led to coding and scripting being introduced into the pipeline rather than using online
servers such as Galaxy [262]. This allowed for the analysis to be more efficient, reproducible and
involve a greater range of possible analyses of the data, giving detailed TCRB repertoire results. A
greater number of analysis types were also introduced into the new pipeline, as the increased
sequencing depth allowed these to be successfully implemented. As the project aims for this chapter
involved the development of the bioinformatics pipeline detailed and summarised in Section 2.9.2,
for completeness, rationale for subsequent analysis and how important parameters in the pipeline

were obtained, will be detailed in this chapter, along with the results from the samples themselves.

Carrying on from the work in Chapter 3, important concepts needed to be defined including how to
define a TCRB clonotype experimentally. Using the optimised sequencing methods to accurately
define hyperexpanded TCRB clones would also be important when investigating a suspected T-cell

clonally expanded disease response in PNH.
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The main aim of the work in this chapter was to adapt the T-cell receptor repertoire sequencing
methods in Chapter 3 to high-throughput next generation sequencing technologies and to use the

techniques to create a base line of values established from healthy controls.

Generating larger volumes of sequencing data, firstly on healthy controls, would provide more
accurate information on T-cell receptor repertoires in normals and natural variations in populations.
This is with the aim of providing benchmarks for comparisons when Paroxysmal Nocturnal
Haemoglobinuria samples are analysed, to decipher possible PNH specific changes in T-cells, which

will be discussed in Chapter 5 and 6.

The primary objective of this chapter was to develop an accurate and efficient way to experimentally
amplify and sequence TCRBs in DNA samples. The secondary objective was to then adapt and improve
the bioinformatics pipeline from Chapter 3 to successfully analyse the sequencing reads in order to
create TCRB repertoires. The pipeline would need to be robust and streamlined to process the high
throughput sequencing data quickly and efficiently. The final objective was to compare the TCRB
repertoires of 31 healthy controls to understand better natural changes in the TCRB repertoire with
factors such as age and assess potential variations and caveats that may be attributed to the

experimental methods themselves.

4.2. Results - Comparison of two methods for the amplification of TCRB

In this project two methods for amplifying the regions of the T-cell receptor beta chain were optimised
and performed on healthy controls. This would help identify any discrepancies in the data caused by

the specific methods rather than natural variation in the repertoires.

The first method was based around the use of 45 forward TCRBV gene primers and 13 reverse TCRBJ
gene primers from a paper published by Robins et al. (2009) and will be referred to as the Robins et
al. primer method [238]. This paper was one of the most highly cited TCRB sequencing method
publications and the method is now part of one of the commercial market leads for TCRB sequencing
[238]. The second method was based on the primer sets from the EuroClonality/BIOMED-2
consortium using 23 TCRBV primers and 13 TCRBJ gene primers [154] which will be referred to as the
BIOMED-2 primer method from here onwards. The primers amplify all functional TCRBV/J genes. This
method was developed and validated by a large consortium of researchers and has been routinely

used in diagnostic laboratories for many years.
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It was important to test two methods for the TCRB PCR amplification as this process can produce many
biases which can artificially skew the identification of TCRB clones in a repertoire sample. Any biases
caused, for example one TCRBV primer having a higher binding affinity to gDNA than others, would be
amplified in the repertoire sequencing reads due to the exponential nature of PCR amplification. By
adapting two well established methods and comparing the results, it would help identify any potential

discrepancies or inaccuracies in TCRB repertoire sequencing.

4.2.1. TCRB V and J gene usage differed depending on TCRB gene primer method

When observing TCRB V and J gene usage across control samples when using the Robins et al. and
BIOMED-2 primer methods, it would be expected to observe similar trends in high and low gene usage,
as well as high diversity in normals. However, large differences in the repertoires were observed

dependent on the method used (Figure 27 and 28.).

Despite being adapted from 454 sequencing to lllumina®, the BIOMED-2 primer method produced
similar V family trend results to that of the 454 sequencing in Chapter 3. Both methods showed V29-
1/12-1 and J2-3 as the most common combinations across PNH and healthy control cohorts,
highlighting that the HTS adaptation of the BIOMED-2 primers for lllumina® did not affect or skew their
performance. The BIOMED-2 method (Figure 27, bottom) indicated a variety of TCBV gene usage
observed across 30 healthy controls. V29-1 (blue box) and V19 (yellow box) sharing the greatest
usages across the repertoires with some samples showing over 25% usage in the repertoire. The

trends were also similar in usage across the normals.

When using the Robins et al. primer method, there was a skewing towards TRCRBV 7 families (Figure
27, top). which was considerably different from the normal repertoires observed with the 454
sequencing and the BIOMED-2 primer method. V7-2 had the highest usage using this method, in one
sample accounting for over 30% of the entire V beta gene usage. This was followed by V7-6. Apart
from some gene usage across the V6 family primers, the majority of the other 23 families saw little to
no usage across the repertoire. V19 (yellow box), and V29-1(blue box), families with the highest family
usage using the BIOMED-2 method, again showed little and no usage respectively in the Robins et al.
primer method. The origins of the V7-2 skewing, biological or experimental, were further investigated

and the results detailed below.
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In agreement with the 454 sequencing in Chapter 3, TCRBJ 2-1 and 2-3 had the highest usage in an
individual TCRB repertoire across 30 heathy controls (Figure 28, bottom). Only 11 of the 13 genes
were shown as J1-1 and 1-3 were not present or rare in clonotypes across the healthy controls. Using
the Robins et al. primer method, J2-1 and J2-3 were also amongst the highest genes used in an
individual’s repertoire. J1-1 and J1-3, were present but at varying frequencies and generally the lower
of the TCRBJ gene usage observed. Interestingly, the J2-5, 2-6 and 2-7 were highly used in repertoire
using the Robins et al. primer method. Figures 27 and 28. show 3 of the samples analysed using the
Robins et al. primer method for simplicity and were selected as they show the general trends observed
across all the samples. In conclusion, there were some similarities shared across the two methods for

TCRBJ gene usage but also significant differences.
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Figure 27. TCRB V gene usage in healthy controls. TCRBV gene usage values from six randomly
selected control samples using the Robins et al. primer method (top) and in 30 healthy controls using
the BIOMED-2 method (bottom). Only six samples are shown for the Robins et al. method for
simplicity showing the general trend observed across all samples. The V gene family 7-2 is highlighted
with a red box in both plots, V29-1 blue, and V19 in yellow to highlight differences in the primer
methods. The number of TCRBV gene families on the x axis differs as each method uses a different
number of TCRBV gene family primers. The y axis indicates frequency of the TCRBV gene in the

sample’s TCRB repertoire.
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30 healthy controls using the BIOMED-2 method (bottom). Only six samples are shown for the Robins

et al. primer method for simplicity showing the general trend observed across all samples. The y axis

indicates frequency of the TCRBJ gene in the sample’s TCRB repertoire.
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4.2.2. Investigating the source of the TCRBV 7-2 skewing in the Robins et al. primer method

As there was no literature detailing a V7-2 skewing/bias when using the Robins et al. primer method,
in order to optimise the method for use in this project, the source of the TCRBV7-2 primer skewing

was investigated to assess whether it was biological or technical.

4.2.2.1. Type of DNA and concentration of DNA input did not lead to V7-2 skewing

The method was optimised using varying concentrations of DNA input using 100, 200 and 400 ng per
20ul PCR reaction. If there was too little or too much DNA input, the primers would either bind non-
specifically or be exhausted and not perform. However, concentration of DNA did not affect the V7-2
skewing observed. Three sources of DNA input into the primer reaction were tested. One was gDNA,
and the other two were cDNA generated using two different methods. One method used a poly T
primer during synthesis, and another used a TCRB C region specific primer as detailed in Section 2.5.
Regardless of the DNA input the extreme V7-2 skewing was still observed. Therefore, DNA

concentration or type of DNA used was not causing the V7-2 skewing.

4.2.2.2. PCR conditions had no obvious effect on V7-2 skewing

The PCR reactions were optimised, using the brightness of the product band as an indicator of product
yield. The PCR annealing temperature, Mg?* concentration, and sequencing adapter concentration
were optimised. Optimisation steps could not feasibly be carried out on all combinations of V/J
primers so the two most common combinations, V20-1/J2-1, V5-1/J1-1 were tested in the
optimisations. PCR product bands were observed in the optimisation rounds (data not shown) for
both primer combinations. However, in the sequencing summarised in Figures 27 and 28, J1-1 was
present in very low numbers, J2-1 had high usage, V20-1 and V5-1 were either present at a very low
abundance or not present at all across the samples. The samples used in the optimisation to generate
the DNA input were also used in the sequencing, potentially suggesting the V7-2 skewing is caused by
a problem when all primers are combined in the multiplex PCR reaction to amplify TCRB. This can be
supported by the observation that during the processing of the sequencing data, the insert length
between forward and reverse primers varied dramatically, and some sequences were so short that
they terminated before the end of the sequencing length and therefore were much shorter than

expected to be as detailed in the original paper [238].
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4.2.2.3. TCRBV7-2 skewing was not caused by a batch effect, sequencing or technical effects

Over the course of the optimisation using Robins et al. primer method, over 150 samples were
sequenced across 4 sequencing runs from 40 different biological samples. Different primer aliquots
were used across the samples, therefore, not having all primers present in the multiplex can be ruled
out. The methodology was also used by a collaborator on a disease set who also observed the same
V7-2 bias, ruling out batch effect, or sample specific biases. All optimisation experiments were
performed in triplicate, and there was no difference in the results observed, V7-2 skewing was still

present.
4.2.2.4. Reducing TCRBV7 family primers, or removing them altogether still caused skewing

In theory, if VB7 families for some unknown reason were causing the skewing alone in the system,
III

when the primer concentrations were lowered, or primers left out completely, a more “norma

repertoire should be observed. However, this was not the case (Figure 29.).
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Figure 29. TCRBV gene usage with varying concentrations of TRCBV7 family primers.

Samples were amplified using the Robins et al. primer method. The samples either had normal
concentrations of TCRBV7 families as described in Section 2.5. (green, n=6) a tenth of the original
concentration (orange, n=1) or no TCRBV7 family primers present in the initial TCRB gene multiplex
amplification PCR reactions (yellow, n=1). Not all sample data is shown for simplicity but the samples

selected reflect the general trend across all samples.

When all TCRBV7 family primers were added to the PCR multiplex at a 10" of the concentration
originally used (Figure 29., orange bars), high V7-2 usage was still observed. This accounted for over
20% of the overall repertoire and similar trends in overall TCRBV7 family usage were observed when

compared with the samples with normal concentrations of TCRBV 7 families (Figure 29., green bars).
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Interestingly, higher usage across the TCRBV6 family was observed in samples with the lower TCRBV7
primer concentration than in the original. When observing results that contained no VB7 family
primers, no VB7 family usage should be observed. However, as Figure 29. shows (yellow bar plots)
there were very small levels of TCRBV7 family usage in these samples, potentially attributed to “tag
swapping” (Section 7.4.1.5.). VB7-2 was significantly lower than in the other samples representing less
than 2.5% of the repertoire. With no VB7 family primers, there was a significant increase in the usage
across the TCRBV6 family. The TCRBV6 family was also present when the primers were included but

at a second rate compared to VB7 family usage.

A lack of TRCRBV7 family amplification lead to an increase in the amplification of many other TCRBV
families as to be expected in a normal repertoire, with TCRBV20-1 appearing, along with V19 and V28
amongst others. However, these levels of usage were still low compared to the BIOMED-2 primer
method, with a skewing now being observed towards the TCRBV6 family, although not as severe a
skewing as when using the V7 families and observing V7-2. In conclusion, varying the TCRBV7 primer
concentration gave insight into why the skewing was occurring and potentially it is an issue inherent

with the primer system.

4.2.2.5. Robins et al. primer method saw higher numbers of unique TRCB clonotypes despite

similar sequencing depth

The Robins et al. primer method produced a large number of unique TCRB clonotypes in each sample,
with the majority of values above 1000, and many above 2000. Some values were observed over 4000
per sample. These were consistently higher than those observed using the BIOMED-2 method. There
were no significant discrepancies in sequencing depth between the two methods which might have
been the cause for the differences. On average TCRVB7 primer produced most unique clonotypes,
followed by 1/10 VB7 followed by noVB7 which saw much lower values, one of which was 651

clonotypes.
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4.2.2.6. Decreasing the concentration of TCRBV7 family primers in the amplification TCRB
PCR significantly decreased the number of shared clonotypes using the Robins et al. primer

method

The “public” method was used to calculate the overlap of TCRB repertoires by calculating the number
of shared TCRB clonotypes between two samples (Figure 30.). If both samples contained the same
clonotype, the sums of this clonotype were added and the number represented in the grid. The higher
the value, the higher the degree of sharing between the samples and the grid will be a darker red. The
lowest values for shared clonotypes were observed when comparing the sample with no TCRBV7
families in the TCRB amplification PCR with the samples which have normal concentrations of TCRBV7,
with values between 200 and 300 shared clonotypes. This was considerably higher than between

individual control TCRB repertoires amplified using the BIOMED-2 primer method (Figure 39.)

Slightly higher shared clonotype numbers were observed between this sample and samples with a
tenth of the concentration of TCRBV7 primer at 500 TCRB clonotypes. The samples with a tenth of the
concentration of TCRBV7 saw a greater degree of shared clonotypes with the samples with normal
concentrations of TCRBV7 at numbers between 700 and 1000 which was the highest value observed.
When comparing the normal concentration samples, these had the highest degree of shared
clonotypes with a range between 800 and 1000, with two thirds of the values being the maximum of

1000.

The general trend was that those using the normal TCRBV7 concentrations showed high similarity, this
similarity in the shared number of clonotypes decreased as the concentration of TCRBV7 primer
decreased. It was also significantly less when no TCRBV7 primer was present. A similar trend was
observed when using the “overlap” method which measures the overlap between two samples. The

size of the intersection between two samples is divided by the smaller sample.
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Figure 30. Overlap studies measuring clonotypes shared across samples using the Robins et al.
primer method. The grid axis indicates the samples and the number in each square is the “public”
overlap metric shared between two pairs of samples. The redder the scale the higher the degree of
overlap. The grid uses the measure of shared TCRB clonotypes between two samples, where the clonal
counts of the same clonotype in each group will be summed. The sample numbers: 1-5 and 6a were
samples containing the standard concentration for all 45 TCRB V primers from 6 randomly selected
“normal” gDNA samples representing the large number of samples sequenced to test this primer
method. The last two samples used the same sample gDNA as sample 6a, but the TCRBs were amplified
using a tenth of the original concentration of TCRBV7 family primers (6b) in the amplification TCRB
PCR and using no TCRBV7 family primers (6¢) in the TCRB amplifying PCR reaction.

4.3. Optimisation of BIOMED-2 primer method

As the Robins et al. primer method could not be optimised to reduce the V7-2 skewing, it was decided
that the project would continue to solely use the BIOMED-2 primer method. Further optimisation to
the method was needed before using disease samples. Factors including sequencing errors, PCR
errors and differences in biological or technical replicates were investigated, the results of which are

detailed below.
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4.3.1. Increasing gDNA concentration increased the number of TCRB clonotypes

In the preliminary sequencing runs the concentration of gDNA inputted into the TCRB amplifying PCR
reaction was tested using concentrations of 100ng/20ul, 200ng/20ul and 400ng/20ul per PCR
reaction. As expected, doubling the concentration increased the number of clonotypes observed in
the TCRB repertoire by at least double. Some diversity measures that used clonotype number in the

calculations therefore also observed an increase with increased gDNA concentration.

One sample with a known clonal population had its repertoire measured using both 200 and 400 ng
of genomic input. The 200ng sample had three replicates, one was a sequencing replicate taken from
its parent sample just before the indexing reaction, and the other was a separately amplified sample
run on a different sequencing run. TCRB clonotypes that passed processing steps were very similar
ranging from 1050 to 1200. The d50 diversity measures ranged from 186-194, Chaol estimates
between 1048 and 1198 and Inverse Simpson estimations between 276 and 316. All samples had one

clonal TCRB which was identical and at a percentage between 3.4 and 4.4 of the entire repertoires.

The same patient whose repertoire had been generated using 400ng, showed a greater number of
clonotypes, over four times that of 200ng at 5020. D50 was higher at 349 and inverse Simpson was
553. Chaol estimator was not applicable. There were no clonal TCRBs and the top clone was not
identical to the other samples, at 1.2% of the repertoire. Another sample with replicates at 100, 200
and 400ng observed a similar trend. All replicates had the same TCRB clonotype as their top clonotype.
This was not clonal for 200 and 400ng samples but was in 100ng, this transpired to have occurred due
to the low number of TCRB clonotypes passing the processing steps (177) compared to 1150 and 2227
for 200 and 400ng respectively. A similar sample also saw the trend with one clone for the 100ng and
none for 200 and 400ng, again due to the low TCRB clonotypes in the sample causing artificial inflation.
However, this was not always the case as another sample with replicates at 100ng and 200ng, had
double the number of TCRB clonotypes at 200ng, but both shared the same TCRB clonotype as the top

clone varying between 1.5 and 1.7%. The second clonotypes were not identical.



126

4.3.2. Evaluating the pros and cons of gDNA concentrations
Although increasing the gDNA concentration in the PCR increased the number of TCRB clonotypes,

there were pros and cons to increasing the gDNA concentrations in the BIOMED-2 method.

When using a higher concentration of 400ng per 20ul in the TCRB amplifying PCR reaction it was
expected that a higher number of clonotypes would be captured potentially identifying a higher
diversity in the repertoire. However, by using a higher concentration, the primers in the amplification
may have been exhausted from overuse throughout the PCR cycles and failed to amplify all of the
gDNA regions in the sample. This resulted in a diverse repertoire, but so diverse that any clonal TCRB

may not be amplified in the reaction.

When performing repertoire studies, ideally all samples want to be amplified at the same
concentration to reduce bias attributed to gDNA concentration. For some clinical samples, some of
poorer DNA quality, extracting 400ng of gDNA would not be possible. Using the lower concentration
of 100ng also encountered issues. If too low a number of TCRB clonotypes were captured in the
sample, this would cause artificial clonality of some TCRBs. Clonality observed would appear due to
low numbers of some of the rarer TCRB clones in the sample. Lower levels of gDNA could cause cross
reactivity of primers producing greater amounts of primer dimer. Primer dimer can then interact with
the TCRB sample during PCR producing non-selective binding products at different molecular weights
to the desired TCRB library. Using 200ng was the concentration of gDNA that provided the most
reliable results whilst capturing sample diversity. Chaol estimators calculated from 200ng samples
were below the number of TCRB clonotypes observed in the repertoire indicating sample diversity was
being represented in the sequencing data. This concentration was also realistically attainable from

clinical samples. Therefore, 200ng of each sample was used for all subsequent TCRB PCR reactions.

4.3.3. Buffy coat sample preparation lessens TCRB clonality

Twelve RTB samples from ten patients in this study were prepared using the buffy coat method. Four
patients had both standard gDNA extraction (Lymphoprep®) and buffy coat samples sequenced for
comparison and the rest had only buffy coat available for the specific time points taken. A number of
the buffy coat samples were unable to be amplified for TCRB sequencing and only three patient

samples that were only buffy coat were used in the analysis in Chapter 5.
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Comparing buffy coat and gDNA preparations from the same patient taken at the same time showed
that only up to a half of the number of TCRB clonotypes were observed in buffy coat samples,
sometimes as a low as a fifth. Potentially this was because fewer T-cells were captured at the
preparation stage, going into the first TCRB amplifying reaction, rather than at the sequencing stage
and when normalising the data according to T-cell numbers. This meant that before the TCRBs were
amplified, there were already fewer in the sample to be amplified by the TCRB primers. When using
buffy coats samples, it might be assumed in future, that any clonal percentages detailed, could in
reality be higher than observed. Buffy coat samples had top TCRB clonotypes at much lower
percentages, generally below 2.42% (non-clonal) (Table 15, Patient 1,2, and 4) in the repertoire, than
their standard gDNA preparation counterparts and the TCRB sequence tended to differ. Buffy coat and
the matched standard preparation samples tended to share the same TCRB top clonotype when
present at percentages above 2.42% (Table 15, Patient 3). This was clearly indicated by one patient
who had a large TCRB clonotype above 46%. The gDNA sample was taken five years prior to the buffy
coat sample, but because the TCRB clonotype was so large, it was picked up in the buffy coat sample

as the top clonotype too (Section 6.3.2).

Table 15. Four patients who had Lymphoprep® and buffy coat samples taken at the same time. Each
patient had a gDNA sample and a buffy coat sample. Number of TCRB clonotypes were significantly
lower in buffy coat samples. Top clonotypes were shared between gDNA and buffy coat samples, when

clonal TCRBs were identified in the buffy coat samples.

Top done Second highest clone

Patient Number of TCRB clonotypes % of TCRB repertoire CDR3 (amino acid sequence) % of TCRB repertoire CDR3 (amino acid sequence)
Patient 1 -gDNA 2608 11 CSVGSGGTNEKLFF 18 CATSRTSESEGADTQYF
Patient 1 - buffy coat 749 18 CATSRESGGTDEQFF 18 CSVPRGTDTQYF
Patient 2 -gDNA 1016 5.7 CSVNSGSGNQPOMF 2 CATSRGEQFKQHF
Patient 2 - buffy coat 379 16 CATSRESGGTDEQFF 1.6 CSVPRGTDTQYF
Patient 3 -.gDNA 892 21 CSVNWGSGNQPOMF 1.6 CASSPGDGGYEKLFF
Patient 3 - buffy coat(S years later) 842 12 CSVNWGSGNQPOMF 15 CASSPGDGGYEKLFF
Patient 4 -.gDNA 1596 14 CSVGSGGTNEKLFF 11 CSVDRADTQYF
Patient 4 - buffy coat 305 2 CSVPRGTDTQYF 19 CATSRESGGTDEQFF

4.3.4. Technical variations in TCRB repertoires

Technical variance was observed in TCRB repertoires when technical replicates from the same
biological samples were produced from separate TCRB amplification reactions. The majority of

technical variance was observed in TCRB sequences that were below 1.2% and were not clonal.
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This could be attributed to the fact that in PCR reactions, if there are many TCRB sequences present
at lower levels, they compete for the TCRB primers. This means each PCR reaction may amplify more,
certain TCRB sequences that are rarer, in one PCR and less in another. However, the accuracy of the
TCRB sequence percentages at these levels are not essential for answering the biological question of

clonality.

4.3.5. Clonal TCRB sequences exhibit stability during TCRB repertoire sequencing

From sequencing library to sequencing library, clonal TCRBs are accurately identified. Clonal TCRB
clonotypes were not biased by indexing reaction, sequencing process or downstream bioinformatics
analysis. In order to ensure accurate representation of repertoires, it would be advised to run technical

replicates of the same sample at the indexing stage, if practical (Table 16.).

In accordance with Section 4.5.4., any TCRB sequence that accounted for more than 2.42% of the
overall repertoire was considered clonal. When running different sequencing runs, to ensure that no
differences in TCRB repertoires were observed due to being run on different sequencing runs, a couple
of samples were run on every sequencing run for continuity. Initially, the commercially produced
mixture of gDNA (Promega) from approximately 12 individuals, female and male, and of varying ages
was used alongside an in-house sample. When looking at the mixed Promega sample, all technical
samples showed no clonal populations with top TCRB clonotype percentages below 1.2%. These TCRB
clonotypes, however were not identical. However, when using the in-house sample which had a top
TCRB clonotype that was clonal between 3.4-4.4%, the top clonotypes were identical across different
sequencing libraries. The second clonotypes were not clonal and were below 1.2%. These varied
across sequencing libraries. This phenomenon was also observed across the patient samples that were
technical replicates, sometimes biological replicates, or biological samples from the same patient but
taken at different time points. This was another important reason for assessing a threshold for
clonality at 2.42% or above rather than the standard 1% TCRB clonotype used in many TCRB studies,

which if used would vary between the two samples from the same patient if between 1-1.2%.

4.3.6. Biases incorporated in the indexing and sequencing processes had no effect on TCRB
repertoires

It was important to validate the BIOMED-2 primer method by assessing potential sequencing biases.
To assess this, some samples were split at the indexing reaction stage and sequenced separately (Table

16.)
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Table 16. Sample replicates to assess sequencing biases. Samples were split at the indexing stage and
then sequenced separately to assess whether biases such as position on the sequencer or sequencing
index had an effect on TCRB repertoire sequencing. The top clonal TCRB sequences along with the

number of TCRB clonotypes were assessed.

Top clone Second highest clone

Number of

TCRB % of TCRB CDR3 (amino acid % of TCRB

clonotypes repertoire sequence) repertoire CDR3 (amino acid sequence)
Patient1-A 1050 3.9 CATQPGGGGNEQFF 0.9 CATSTIAGETQYF
Patient1-B 1200 4.4 CATQPGGGGNEQFF 0.9 CATSTIAGETQYF
Patient2-A 656 1.2 CSVEERGTGAEKLFF 0.9 PQARGPRGGKLFF
Patient2-B 610 1.2 CSVEERGTGAEKLFF 1 PQARGPRGGKLFF
Patient3-A 456 57 CSVGSGGTNEKLFF 1.2 CATGQDSNQPQHF
Patient3-B 311 61 CSVGSGGTNEKLFF 1.2 CATGQDSNQPQHF

When assessing these samples, TCRB repertoires from the same sample PCR reaction, split at the
indexing stage, once sequenced, shared the same top clonotype and the second highest clonotype
regardless of the clonotypes percentage in the entire repertoire (Table 16.). All paired samples
showed similarity in the percentages of the TCRB repertoire that the top two clonotypes occupied
with some being identical. Number of TCRB clonotypes passing the bioinformatics analysis also
showed similarity between matched samples with most being within 150 TCRB clonotypes of one
another irrespective of sequencing depth (number of sequencing reads) which naturally varied from
one sequenced sample to the next. Overall, this highlighted that no biases were incorporated in the
indexing reaction, sequencing reaction or bioinformatics pipeline that caused inaccuracies in TCRB

repertoire analysis.

4.4. Case study analysis for the validation of the BIOMED-2 primer method

A number of studies were carried out using the BIOMED-2 primer method which have produced some

results that verify the sensitivity and accuracy of the BIOMED-2 primer method.
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4.4.1. BIOMED-2 primer method'’s sensitivity allowed for the identification of newly clonally
expanded TCRBs

In this dataset, a group of patients with colorectal cancer or melanoma, had their TCRB repertoires
tested at different points in treatment. The treatment involved the introduction of a genetically
modified virus intra-tumour wise to evoke immune responses to treat these cancers. The time-points
were at base level (no virus), a time point a couple of weeks after the virus was introduced to the
patients and a time-point a couple of months after. Figure 31. showcases the top 24 CDR3s present in
the peripheral blood of a patient prior to treatment. These were then tracked at the second and third
time-points. After the virus was injected, two novel CDR3s emerged (Figure 31., JX-01-L-F column)
which were not present in the patient’s repertoire prior to this. Potentially, this is a T-cell clone
responding specifically to the virus which then remains in the repertoire after infection. This indicates

the sensitivity of the BIOMED-2 method to identify novel T-cell clones.

All CDR3 JX-01-L-B JX-01-L-F JX-01-L-H

CASSYGADTQYF 0.026808038 0.017396366 0.019600027
CASAITTENTQYF 0.010371331 0.009959258 0.013686798
CASRKREATTDTQYF 0.007269192 0.009247882 0.006511195
CASSPGPGGGFNEQFF 0.00476896 0.009247882 0.005979669
CASSYLALGDTQYF 0.005139365 0.008083813 0.003986446
CASSAIQGGTDTQYF 0.005694972 0.007307767 0.003720683
CSVALAGGSDTQYF 0.000138902 0.007049085 0.008836622
CSVDQLAGSADTQYF 0.002916937 0.005044299 0.006311873
CSVGQGSADTQYF 0.005694972 0.004591606 0.002657631
CASNWGILDNSPLHF 0.001435318 0.004914958 0.005315261
CSVDRADTQYF 0.000740809 0.008277824 0.002192545
CSVPRSGGRGDEQFF 0.003055839 0.005432322 0.00259119
CASSLRWGETQYF 0.004444856 0.003039514 0.003322038
CSVDIGSSGANVLTF 0.003750347 0.002134127 0.003920005
CSVYQVSSYNEQFF 0.004074451 0.003168855 0.002126105
CSVVGNGANVLTF o 0.002263468 0.006378314
CSVEQQGQADTQYF 0.006620983 0.001487422 0.000531526
CSASKTGIGTDTQYF 0.002176127 0.002069456 0.003920005
CASRRVGTGLFF 0.00314844 0.004138912 0.000730848
CASSRAEGNEQFF 0.003426243 0.00122874 0.002258986
CASSISPITQPQHF 0.001481619 0.002004786 0.003255598
CSALGTPRGNEQFF 0.002315029 0.002845502 0.001395256
CATSRDPGRPPYEQYF 0.001944625 0.001746104 0.002790512
CSVERADTQYF o 0.000840717 0.005514584

Figure 31. Novel TCRBs detected using BIOMED-2 primer method. The top 24 CDR3s identified
through TCRB sequencing using the BIOMED-2 primer method. The first column indicates CDR3 amino
acid sequence. The second column shows the clonal frequency of the CDR3 in the entire TCRB patient
repertoire before treatment. The third column was two weeks after the genetically modified viral
infection. was introduced into the tumours. The final column was from samples taken a couple of
months after treatment. The green in column two indicates two novel CDR3s that were introduced

into the repertoire after the viral infection. Table courtesy of D. Newton.
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4.4.2. Flow cytometry TCRBV gene identification method identified the same top TCRBV

gene family as the BIOMED-2 primer method in a RAG deficient sample

A patient deficient in some recombination-activating genes (RAGs) that are important in gene
rearrangement and recombination events for encoding T-cell receptors had their TCRB sequenced.
Three different methods were used, previously generated data from a flow cytometry method (flow
cytometry data kindly provided by the Savic laboratory/clinical immunology, St James’s University
Hospital) for TCRBV gene identification, the Robins et al. primer method and the BIOMED-2 primer

method.

Using three methods on the same patient sample, allowed for the verification of the TCRBV family
usage of this patient and for the reliability of the BIOMED-2 method. The TCRB sequencing methods
used the same aliquot of patient gDNA. When comparing the two sequencing methods, the Robins et
al. primer method showed the same pattern of results as with all other different samples mentioned
in previous sections, with the majority of reads being from the TCRBV7 and TCRBV6 families. These
results were very different to the BIOMED-2 primer method, which showed the top CDR3 clones as
being TCRBV 27, 6-4 and 29-1. When looking at TCRBV usage irrespective of CDR3 sequence, TCRBV29-
1 was the most highly used in the repertoire according to this method. When comparing this with the
flow cytometry data, similarities were shared. In the flow cytometry data, TCRBV 27 was found to
have high expression at almost three times the expression expected at a baseline normal expression.

This supports the BIOMED-2 data but not the Robins et al. primer method.

Only 29 of the TCRBV gene families were identifiable using the antibody flow cytometry method.
TCRBV6-4 and TCRBV29-1 were not represented families using the flow cytometry method and
therefore were not able to be compared between methods. Having the flow cytometry data allowed
the BIOMED-2 primer results to be verified as accurate and that the inherent primer bias in the Robins
et al. method was causing inaccuracies. This was an important reason for taking the BIOMED-2 method

forward and not the Robins et al. method.
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4.5. Analysis of 31 healthy control TCRB repertoires to investigate natural TCRB repertoire

population variance

In order to investigate PNH specific T cell responses in PNH patients, it was important to first establish

Ill

a background for “normal” T-cell repertoires using 31 healthy controls. The average age of the
controls was 37 years old, with a median of 35. Therefore, there is a slight skew towards the ages
below 37 years old. The minimum age was 22 and the oldest person was 57 years old. When split into
age range groups the breakdown of the ages is detailed in Table 17. Overall, 9 controls were male and
22 were female. When comparing healthy controls, it was important to investigate the possible effects

of sex and age on the TCRB repertoire measures and statistics.

Table 17. Metadata for the 31 healthy controls sequenced using the BIOMED-2 primer method.

Age Number Male Female

Range of controls

20-24
25-29
30-34
35-39

= N N W

45-49
50-54

N B B W N OO W

1
6
8
4
40-44 4
4
2
2

55-59

4.5.1. Effect of age and sex on the number of unique TCRB clonotypes and their
abundance in the repertoire

In this initial analysis, a TCR clonotype was any sequence with the same TCRB V and J gene

combination, along with the same CDR3 sequence at the amino acid or nucleotide sequence level.

4.5.1.1. Number of unique TCRB clonotypes did not significantly differ between sex or age

When comparing the number of unique clonotypes for each control, there was no significant
difference when using the nucleotide or amino acid sequence, regardless of age, sex or both. For both

nt and aa, the mean number of clonotypes for all female controls was 971 and for males it was 973.
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The minimum number for females was 424, males it was 681 and the maximums for each were 1793
and 1499 respectively (Figure 32.). Overall the range of unique TCRB clonotypes for the 30 healthy

controls was between 424 and 1793.
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Figure 32. Number of unique TCRB clonotypes in 30 of the healthy controls.

One male control was removed due to a highly clonal population not indicative of a “normal” TCRB
repertoire. The left graph used amino acid CDR3 sequence and the right used nucleotide sequence for
CDR3. Each bar chart represents female controls (red) and male controls (blue). The P value of 0.9

shows no significant difference in unique TCRB clonotypes between sex (Wilcoxon rank sum test).

4.5.1.2. Abundance of TCRB clonotypes observed did not vary according to sex or age

When observing the relative abundance of TCRB clonotypes in the repertoires of the 30 healthy
controls, no significant difference in the trends were observed when comparing age, sex (Figure 33.)
or both. This was irrespective of using nt or aa as the CDR3 sequence when defining a TCRB clonotype.
In general, the majority of clonotypes had a low abundance in each repertoire (not clonal) and very

few if any, were present in medium to high abundance (clonal) showing high diversity in normal

repertoires.
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Figure 33. Distribution of TCRB clonal abundance in 30 of the healthy controls.

One male control was removed due to a highly clonal population not indicative of a “normal” TCRB
repertoire. The left graph used amino acid CDR3 sequence and the right used nucleotide sequence for
CDR3. Each line graph represents each sample. Red line graphs represent female controls and
turquoise represent male controls. The general trend is the same for all of the healthy controls, with
the majority of TCRB clonotype present at low abundance within the repertoires. This is indicative of

Ill

“normal” diverse TCRB repertoires.

4.5.1.3. Number of TCRB receptors did not significantly differ irrespective of age or sex

When comparing the number of TCRB receptors in each sample, there was no significant difference
when comparing age, sex or both (Figure 34.). This trend was the same when using nt or aa CDR3
sequence. The minimal number of TCRB receptors per sample amongst the female controls was 10779,
the mean was 14285 and the maximum number was 18539. When comparing the results within the
male controls, the minimum number of TCRB receptors per sample was 8706, mean was 13197 and
the maximum was 16053. Overall, amongst all 30 controls, the range of TCRB receptors per sample
was between 8706 and 18539. Most likely any subtle differences were biological rather than technical.
Number of TCRB sequences could have been affected by factors such as sequence depth however, a
number of measures were put in place to reduce this. The methods used to generate separate
sequencing libraries were consistent. For example, all samples were measured using Pico Green™ to

assess the concentrations of TCRB amplicon.
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This allowed the same concentrations of each sample to be inputted into the sequencing library so
that no sample was biased due to having a higher concentration in the sequencing bridge amplification
reactions. PCR cycles were identical between sequencing libraries. All of these measures helped to
lessen the potential differences in clonotype number attributed to variances in sequencing depth

(read number) between samples and sequence runs.
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Figure 34. Number of TCRB receptors per sample in 30 of the healthy controls.

One male control was removed due to a highly clonal population not indicative of a “normal” TCRB
repertoire. The left graph used amino acid CDR3 sequence and the right used nucleotide sequence for
CDR3. Each bar chart represents female controls (red) and male controls (blue). The P value of 0.5

shows no significant difference in unique TCRB clonotypes between sex (Wilcoxon).

4.5.2. Healthy control TCRB repertoires showed no significant skew in CDR3 lengths

Within a normal TCRB repertoire, lengths of CDR3s would be expected to vary. Germline CDR3s with
no insertion or deletions tend to be below 12 amino acids in length [264]. Lengths are normally
distributed around a mean of approximately 14-15 amino acids. CDR3 lengths amongst the healthy
controls followed this trend. There was no skew towards shorter or longer CDR3 lengths. This pattern
was the same when comparing nucleotide (top, Figure 35) and amino acid CDR3 sequences (bottom,
Figure 35). CDR3 nucleotide sequences had an average of 42-45 nucleotides (top), CDR3 amino acid
sequence (bottom) had an average of 14-15 amino acid sequences. This trend was observed across all
the age groups and there was no significant difference between sex (Figure 35., male blue, female

red).
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Figure 35. TCRB CDR3 length distribution in 31 healthy controls.

CDR3 nucleotide sequences had an average of 42-45 nucleotides (top), CDR3 amino acid sequence
(bottom) had an average of 14-15 amino acid sequences. There was no significant difference between
male and female groups (Wilcoxon). Male groups are indicated in blue and the female in red. Each dot

is representative of a sample repertoire. Padj values were all 1 (Holm).



137

4.5.3. Healthy control TCRB repertoire showed no signs of decreased diversity after the age
of 40
All of the analysis above was also performed when splitting the control groups into those who were

above 40 and those below 40, the age at which it is thought that the thymus can no longer educate

naive T cells, leading to a drop in diversity and inability to produce new T-cell receptors [99].
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Figure 36. No significant differences were observed for basic TCRB repertoire statistics when 30
healthy controls were split into below and above 40 years old. Clockwise, CDR3 amino acid
distribution of lengths, Chaol estimating diversity, D50 measuring clonality and CDR3 nucleotide
length distributions. A TCRB clonotype was a TCRB population with the same CDR3 amino acid
sequence, TCRB and J genes. Blue indicates patients under 40 years old and red over 40 years old. P

adjusted values above 0.05 indicated no statistical significance (Holm, Wilcoxon).
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There was no significant difference between the age groups when investigating number of unique
TCRB clonotypes, number of clonotypes per sample, CDR3 length distribution, TCRBV/J gene usage or

diversity measures, such as d50 and Chaol estimators (Figure 36).

Overall, there was no difference between using CDR3 amino acid or nucleotide sequence. However,
in this project, TCRB clonotype is defined as the same TCRV gene, J gene and CDR3 amino acid
sequence, to reduce convergent evolution bias. The majority of TCR repertoire studies also depict TCR
clonotype as the CDR3 amino acid sequence, therefore using amino acid sequence over nucleotide

sequence will be advantageous for later comparisons with literature.

4.5.4. Defining TCRB clonal expansions in the repertoire using BIOMED-2 primers

In order to define whether a clonal expansion is biological or as a result of PCR amplification, the
following analysis was carried out. When assessing the clonal proportion of the top clone in each
healthy control, the average proportion was 4.79%, the median was 2.2%. The difference in the
median and the average would suggest a skew towards there being more low values for the top
clonotype. For instance, if only a couple of samples had above average clonal expansions, which could
be attributed to a current cold for instance, these will cause the average to look higher. This is why
both the median and average were calculated for the majority of the analysis. One of the 31 healthy
controls had an abnormally high T-cell receptor clone constituting over 50% of their repertoire, which

III

is not characteristic of a “normal” TCRB repertoire and may be indicative of a chronic response to a
common infection such as EBV. Therefore, this was excluded for the first part of this analysis. In order
to assess the highest TCRB clone proportion in a healthy repertoire, the median value of the remaining

30 controls top clonotype proportion was calculated.

The second method plotted each of the 30 healthy controls’ top clone proportion e.g. 2.2.%. A linear
regression smooth curve was plotted through the points using the ‘loess’ method [247]. Tight grouping
was observed along the line, remaining relatively flat at around 2.2% (Figure 37, top ). The y intercept
was plotted where the curve begins to increase exponentially. The y intercept was plotted at 0.0242
which is the equivalent of 2.42%. When the large 50% clone control was put back into the analysis,
this value rose to 0.0485 equivalent to 4.85% (Figure 37, bottom). However, including the higher clone
gave better grouping due to the scale for the healthy control data, with varying levels of T-cell

response for their top clone.
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The majority of normals had a top clonotype around the value of 0.0242 (Figure 37, bottom). There
were a few controls with slightly larger clones between 0.0242 and 0.0485. Another cluster of controls
appeared with values between 0.0485 and 0.200 and then the abnormally large clonal expansion from

the control at >0.200.

Healthy controls in this project are defined as those who have not been diagnosed with Paroxysmal
Nocturnal Haemoglobinuria. However, within a given population, it is highly likely a healthy control
may have a cold or another type of infection. They could be suffering from a T-cell mediated disease
such as gastritis [265] and as people get older, they tend see more clonal expansions specific to
infections such as EBV and CMV [266] because of skewed repertoires towards memory T-cell subsets
and re-stimulation. There is also the process of memory populations clonally expanding in response
to re-stimulation from a previously “seen” antigen which can give rise to these fluctuations in clonality.
In a given “normal population”, there can be a variety of different levels of T-cell response dependent
on some of these factors. Therefore, it is important to take these situations in to account as best as

|”

possible when establishing the background of “normal” T cell responses for comparisons against

people with PNH [267].

Taking the majority of the normals into account and the groupings observed in Figure 37. bottom
graph, in this project TCRB clones making up 2.42% or less of the repertoire were deemed non-clonal
TCRB expansions and the expansion could be attributed to PCR amplification rather than biological.
TCRB clones with a value greater than 2.42% but less than 4.85% are defined as possible TCRB clonal
expansions but low response. Moderately responsive TCRB clonal expansion are those above 4.85%

and in the range below 20% and those above 20% are highly responsive T-cell clone expansion.
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Figure 37. Investigating the proportion of the entire TCRB repertoire that the top clonotype in each
healthy control contributes. The top clonotypes for 30 healthy controls (top) and 31 healthy controls
(bottom) were plotted. For the 30 healthy control group, the healthy control with a single clone
making up 50% of the repertoire was removed, as this was deemed abnormal. The proportional
percentage is out of a maximum of 1. The line of best was plotted using the ‘loess’ method [247]. The
y intercept lines represent the value at which the curve begins to increase exponentially. The y
intercept for all 31 controls (green, bottom graph) value was 0.0485 and 30 controls (red) was 0.0242.
The bottom graph, which includes the anomalous healthy control (circled in black) with a proportion
of above 0.500, indicates that the majority of normals have a top clonotype around the value of
0.0242. There are a few controls with slightly larger clones between 0.0242 and 0.0485. Another

cluster of controls appears with values between 0.485 and 0.200.
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4.5.5. Monoclonal TCRB responses in comparison to polyclonal TCRB responses

When measuring TCRB clonal expansions it is important to assess whether they are monoclonal, clonal
expansion is from one TCRB population, or polyclonal, consisting of more than one TCRB clonal
expansion. In the 14 out of 31 healthy controls that showed a level of possible T-cell clonal expansion,
the mono/poly clonal response was assessed. The clones that accounted for over 2.42% of the
repertoire were selected and these were then split into response level as described above, and the
number of different TCRB clones that made up each response level (Figure 38.). There was no
association of monoclonality/polyclonality or T-cell clonal expansion level with a specific age range or

sex in the healthy control cohort.

Figure 38. shows varying levels of T-cell responses across the healthy controls. As expected, the
majority, 17 of the 31 controls showed no T-cell clonal response. Five exhibited low responsive
monoclonal T-cell responses. Six of the controls were found to be producing both low and moderate
T-cell responses which were either monoclonal or polyclonal and the one abnormal control, with the
large T-cell clone over 50%, exhibited an monoclonal high response T-cell clonal expansion, along with
monoclonal moderate and low responsive T-cell clonal expansions. This highlighted variability in T-cell
clonal expansions that can be observed and considered natural variation in a population of people not

diagnosed with PNH.
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Figure 38. Monoclonal and Polyclonal T-cell receptor beta responses in healthy controls. For the 31
healthy controls, T-cell clonotypes were categorised into response levels. T- cell non-clonal response
was any clonotype that represented 2.42% or less of the overall repertoire (red), low responders were
clonotypes between 2.42 and 4.85% (yellow), moderate responders were between 4.85% and 20%
(light blue) and high responders were clones above 20% (dark blue). The T-cell clonal expansion groups
were then identified by the number of clonotypes in each group (number in the box) to investigate
whether a response was monoclonal (one clonotype), or polyclonal (more than one clonotype). Each
bar chart indicates the entire clonal space of one control repertoire, with each response size indicating
the proportion of the TCRB repertoire it occupies. The blue dotted lines in boxes indicate the balance

each TCRB clonotype in that response group occupies when multiple TCRBs are detected (polyclonal).

4.5.6. Identification of clonally expanded TCRBs in the controls from scientific studies and

database cross validation

To test the theory that in a given non PNH population, clonal T-cell responses could be attributed to
autoimmune disease or common infections for example, cross validation of the clonally expanded
TCRBs across the 31 normals was investigated. The top clone of the non-clonally expanded controls
was also analysed. Overall, 27 clonally expanded and 17 non-clonally expanded TCRB clones were
searched for in scientific literature, in internet searches and the databases ‘VDJdb’ and ‘McPAS-TCR’
databases [254,255], which are manually curated and contain T-cell receptors from published work

that are associated with pathological diseases. Overall, only 10 of the 27 TCRBs were found in this
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analysis (Table 18.). Only one appeared in two controls, the rest occurred only once. The large clone
from the control accounting for 53% of the repertoire was not found in the analysis. Two out of 14
low responsive TCRB clonal expansions were found in search and were linked to CMV and EBV.
Interestingly, out of the 12 moderately responsive clonal TCRB populations in the healthy controls,
only 2 were validated in a cross analysis. The TCRB attributing to 9.9% of a control repertoire was
found to possibly be an effector CD8+ in a study, suggesting this control may be actively fighting an
infection or responding to an antigen of some kind. However, the antigen was not identified. The other
control repertoire had a sizeable clone at 17.6% of the repertoire, which was found to be associated
with public CDR3 clones in studies. It was also found as the top clone of another healthy control but
at a considerably lower level (non-clonal) of 1.9%. The TCRB can be public and pathogenic, perhaps a
response to a common infection such as the common cold. The control with the high clone could be
responding to a current infection, whereas the 1.9% clone could mean that the antigen is common
enough to warrant a sizeable memory T cell clone, but the antigen is not currently present, so the

clone is not activated and therefore not expanding.

Two TCRB clonotypes were associated with CMV and EBV which is to be expected, the controls were
25 and 39 years of old, one female and one male. There was a range of CD8+ and CD4+ T-cells
identified, therefore, showing a spread of killing and protective immune responses across the
population. Many of the low and no clonal response were found to be public CDR3s, TCRB clonotypes

occurring in more than one individual (generally not related).

One of the TCRB clones was found in a study in two patients with IBD, but not in the control sets
suggesting it could be IBD specific. This is an interesting finding, as it is estimated that 396 people per
100,000, annually, suffer from IBD [268]. If this is caused by T-cell responses, this supports the theory
that T-cell clonal expansions of varying levels of response can be observed and it is very difficult to
define a “normal response”. However, the other studies would suggest it could be public. Another
example of this was in one control sequence that was identified as being specific in renal cell
carcinoma patients, and in another study is thought to be a public CDR3 response, highlighting that it
can be challenging to draw conclusions about the specificity of T-cells in disease, and the importance
of having a good sample set of normals for comparison with the disease sets. When comparing the
top 100 CDR3s across all of the healthy controls, according to proportion, only 2 had results in the
analysis linking them to diseases such as cancer (melanoma), autoimmune disease such as ulcerative

colitis, influenza and were CD8+.
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Table 18. TCRB clones in the control set identified in published scientific literature.

From 31 healthy controls, 27 clonally expanded and 17 non clonally expanded (top clonotype for non-
clonally expanded control repertoires) were cross validated in an internet search and using the McPAS-
TCR and VDJdb databases to identify any known pathological associations particularly EBV and CMV

common infections. Only 10 TCRB were identified in the analysis.

TCRB V  TCRBJgene CDR3 sequence (aa) Clonal proportionin  Association
gene repertoire/ %
27 2-3 CASSFGGITDTQYF 3.4 -HLA type 7 CD8+ T cells

-TRP specific CMV

27 2-3 CASSLTGDTQYF 17.6 -Common public TCRB appeared in 6 of 39
donors in a study

-Found in lower % 1.9% in patient 33F

29-1 1-4 CASRKDSLTGELFF 2.6 -HLA-A2 restricted BMLF12s0 epitope from
EBV

27 2-1 CASSLGGSYNEQFF 2.7 -Myocardial infarction patients and normal
coronary artery controls - potentially

common CDR3
-Narcolepsy patient
-CD4foxp3-tumour subset
-Conventional CD4+ T cell

-2 patients with IBD but not in controls

13 2-3 CASSFQDTDTQYF 2.7 -Treg CD4+Tcell

-Foxp3+ intra tumour

27 2-1 CASSLGGDYNEQFF 2.5 -TAIR database, public CDR3
27 2-1 CASSTYNEQFF 21 -Ageing study

-CD4+foxp3-
27 2-1 CASSQTSGSYNEQFF 2.3 -CD8+

-Found in lung cd103-, not in blood or CMV
patient in study

-Public TCRB

5-6 2-1 CASSLDSPNEQFF 9.9 -CD8+

-Effector T-cell

19 2-3 CASSSQETQYF 2.3 -Renal cell carcinoma

-Public tcr found in 100% normals blood
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4.5.7. Repertoire overlap studies and generating public and private TCRB clonotype
matrices

4.5.7.1. Low overlap observed between TCRBs of healthy controls

In order to investigate the overlap between healthy controls to assess how much similarity could be

expected between TCRB repertoires, two methods for similarity were used in the analysis.

Repertoire overlap

Sample1

.33.35 34 30 34 30 26 30 32 29 34 33 35 39 21 31 28 23 35 33 37 29 30 29 36 25 31
33.49 28 41 33 38 32 34 25 34 37 32 30 37 46 31 30 30 30 31 37 37 26 29 35 43 35 38 34
.49.37 43 39 37 31 29 26 36 39 30 32 41 43 19 37 30 28 38 36 45 35 30 42 38 30 41

Sample2
Sample3
Sampled

Sample5 35 28 37.43 31 34 26 26 25 26 27 30 33 33 31 28 31 28 24 27 28 29 27 25 27 34 22 23 30
Sample6 34 41 43 43.42 43 42 41 33 44 43 44 41 49 48 31 45 36 45 48 40 47 44 32 42 55 37 36 53
Sample? 30 33 39 31 42.59 31 36 29 32 40 33 38 51 47 37 46 35 31 39 33 44 41 31 33 48 35 40 39
Samples 34 38 37 34 43 59.53 40 34 41 46 38 38 50 45 37 44 38 31 44 39 49 37 33 43 50 39 39 36
Sample9 30 32 31 26 42 31 53.62 28 33 37 33 32 42 40 31 36 31 33 32 39 39 38 28 38 44 26 32 34
Sample10 26 34 29 26 41 36 40 62.37 37 41 41 29 53 46 30 38 37 32 39 41 45 32 32 43 44 36 29 41
Sample11 30 25 26 25 33 29 34 28 37.45 34 28 29 39 40 24 33 27 24 40 29 39 27 28 34 38 33 31 40
Sample12 32 34 36 26 44 32 41 33 37 45.56 35 33 43 42 29 32 33 28 42 35 41 32 33 36 50 40 34 43
Sample13 29 37 39 27 43 40 46 37 41 34 56.36 38 40 49 39 34 34 30 37 42 42 32 31 37 45 30 38 31 Overlep vahuse
Sample14 34 32 30 30 44 33 38 33 41 28 35 36.35 45 47 29 35 38 31 35 30 39 36 33 40 38 29 38 39 ' %
%Samplew 33 30 32 33 41 38 38 32 29 29 33 38 35.44 43 30 37 38 25 35 30 43 36 30 39 40 30 32 37 0
g Sample16 35 37 41 33 49 51 50 42 53 39 43 40 45 44.61 42 50 44 38 51 43 59 50 40 45 56 44 49 59
9 samplet7 39 46 43 31 48 47 45 40 46 40 42 49 47 43 61 .37 50 51 41 48 52 54 50 38 42 53 45 44 49 0
Sample18 21 31 19 28 31 37 37 31 30 24 29 39 29 30 42 37.29 32 28 35 33 44 38 25 31 39 22 32 27 . 2
Sample19 31 30 37 31 45 46 44 36 38 33 32 34 35 37 50 50 29.37 26 46 36 46 41 34 40 46 36 45 43
Sample20 28 30 30 28 36 35 38 31 37 27 33 34 38 38 44 51 32 37.34 38 37 43 31 28 34 38 36 36 34
Sample21 23 30 28 24 45 31 31 33 32 24 28 30 31 25 38 41 28 26 34.34 32 38 33 30 30 33 35 36 34
Sample22 35 31 38 27 48 39 44 32 39 40 42 37 35 35 51 48 35 46 38 34.44 47 41 39 42 41 50 45 45
Sample23 33 37 36 28 40 33 39 39 41 29 35 42 30 30 43 52 33 36 37 32 44.45 34 29 28 50 30 31 39
Sample24 37 37 45 29 47 44 49 39 45 39 41 42 39 43 59 54 44 46 43 38 47 45. 38 48 56 36 50 49
Sample25 29 26 35 27 44 41 37 38 32 27 32 32 36 36 50 50 38 41 31 33 41 34. 30 37 41 31 36 40
Sample26 30 29 30 25 32 31 33 28 32 28 33 31 33 30 40 38 25 34 28 30 39 29 38 30.35 34 29 30 27
Sample27 29 35 42 27 42 33 43 38 43 34 36 37 40 39 45 42 31 40 34 30 42 28 48 37 35.44 33 36 34
Sample28 36 43 38 34 55 48 50 44 44 38 50 45 38 40 56 53 39 46 38 33 41 50 56 41 34 44.41 44 49
Sample29 25 35 30 22 37 35 39 26 36 33 40 30 29 30 44 45 22 36 36 35 50 30 36 31 29 33 41 .35 37
Sample30 38 41 23 36 40 39 32 29 31 34 38 38 32 49 44 32 45 36 36 45 31 50 36 30 36 44 35.45
Sample31 30 53 39 36 34 4'1 4.0 453 3'1 39 37 59 4'9 2.7 453 3|4 3,4 45 39 4'9 4.0 27 3|4 4? 3'7 45
5993885835555 ss330sac0sss888¢§8¢8¢
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
8868883335888 888aaa8888888a8aa343
Sample

Figure 39. Overlap studies comparing TCRB clonotypes shared across 31 healthy controls

The grid axis indicates the samples and the number in each square is the “public” overlap metric
shared between two pairs of samples. The redder the scale, the higher the degree of overlap. The grid
uses the measure of shared TCRB clonotypes between two samples, where the clonal counts of the
same clonotype in each group will be summed. TCRB repertoires were generated using the BIOMED-

2 primer method. The majority of healthy controls showed low levels of overlap between repertoires.
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One method, the “public method” (Figure 39.) used the measure of shared TCRB clonotypes between
two samples, where the clonal counts of the same clonotype in each group were summed. The grid
axis indicated the samples and the number in each square was the overlap metric shared between
two pairs of the sample. The redder the scale, the higher the degree of overlap. The majority of the

values for degree of similarity showed low numbers of shared TCRB clonotypes per sample.

One sample, a 32-year-old female, showed very low similarity with other repertoires ranging between
1 and 16 shared TCRB clonotypes. HLA is related to how an individual’s immune response presents
peptides via MHC to T-cells [269]. Genetics influence HLA type. Perhaps this individual is of a different
ethnicity to the majority of the samples, which could attribute to the low number of shared TCRBs.
Ethnicity was not noted in the metadata. Sample 16 and 17 showed moderately high similarity
between most samples especially between each other at values of 61 shared clonotypes, they were
male and female and aged 27 and 32 respectively. Four of the 930 numbers were considered high
similarity and were above 76 shared TCRB clonotypes. The highest values between repertoires were
77, 81, 83, and 86. Sample 4 and 31 shared 77 TCRB clonotypes and were both female, aged 33 and
32 respectively. The value of 81 was shared between samples 24 and 25 which were both male aged
34 and 51 respectively. Sample 2 and 31 which shared a value of 83, were both female and the age of
32. The highest value of 86 was observed between the samples 2 and 4, a 32-year-old female and a
33-year-old female. Considering the average number of TCRB repertoires in a sample was above
13,000, and unique TCRBs was around 1000, 80 shared TCRB clonotypes does not seem a particularly

large number. Indicating that across healthy controls there is a low degree of overlap.

A similar trend was observed when using a second similarity method, the “overlap” method, which
measured the overlap between two samples (Figure 40.). The size of the intersection between the
two samples (shared TCRB clonotypes) was divided by the number of TCRBs present in the smaller
repertoire. The higher the value the more TCRB clonotypes that were shared between the two
samples. In general, there was a slightly higher trend of similarity than when using the “public”
method, perhaps attributed to the fact that the size of the TCRB repertoires was taken into account

to “normalise the values” irrespective of sequence depth.

The majority of the samples show lower levels of overlap between TCRB clonotypes. Two of samples
show high levels, mostly those compared with sample 5 which was the youngest sample at 22 years

of age and had the highest number of unique TCRB clonotypes in the female group.
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Figure 40. Comparing the “overlap” measure of TCRB clonotypes across 31 healthy controls.

The grid axis indicates the samples and the number in each square is the overlap metric shared

between two pairs of samples. The redder the scale the higher the degree of overlap. The grid uses

the “overlap” measure which is similar to the Jaccard index [270]. It measures the overlap between

two finite sets in this case two samples’ TCRB repertoires. The larger the overlap the higher the value.
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4.5.7.2. Generating a public TCRB repertoire matrix
Public TCRB clonotypes in this project are defined as TCRB clonotypes with the same TCRBV/J gene
combination and amino acid CDR3 sequence that appears in two or more healthy controls. These were

combined across all 31 healthy controls to generate a public matrix for comparison with PNH samples.

Across the 31 healthy controls, only 1178 of the 25897 unique TCRB clonotypes were considered
public clonotypes. 1178 clonotypes were cross referenced against TCRB clonotypes identified by
searching scientific literature, internet searches and querying the “McPAS-TCR” and “VDJdb”
databases. They were associated with a range of diseases including CMV, EBV, Influenza, Crohns,

Diabetes, melanoma, ulcerative colitis, colorectal cancer and M. tuberculosis [254].

4.5.8. Amino acid characteristics of normal TCRB CDR3s

4.5.8.1. No significant difference in amino acid properties was observed between clonal

response levels

CDR3s are the portion of the TCR that interacts most closely with an antigen. Investigating the amino
acid characteristics of these CDR3s could help identify properties of the antigen it binds. In order to
investigate the properties of amino acids that make up the CDR3 in healthy controls, all TCRB
clonotypes were combined and then split into four groups according to clonal response level as
defined in Section 4.5.4. CDR3 length, acidity, basic values and GRAVY (grand average of hydropathy)

were the factors analysed.

When comparing these factors there was no significant difference at each property level between
response levels (Kruskal Wallis) or when each response was compared to one another pairwise
(Wilcoxon). The mean CDR3 amino acid length was 15 amino acids, as previously investigated in
Section 4.5.2. (Figure 35, bottom). When investigating the percentage of acidic residues in normal
control CDR3s the mean values were between 6.6% and 8.8% across the response levels. When looking
at the percentage of basic residues in the CDR3, the mean value was between 0 and 5.8%. The zero
percent was from the largest hyperexpanded clone in the normals at 53% which would not be
regarded as a “normal” response. The final factor “GRAVY” measures the grand average response of
hydrophobicity [271]. For all except the high responding clone, GRAVY was a negative number ranging
between -0.218 and -0.436 indicative of more non-polar, hydrophilic residues in the CDR3. The high

responsive cohort of one sample saw a mean GRAVY value of 0.287.



149

The other response levels saw positive values when including their maximum values, with no clonal
expansion seeing the highest value of 1.19, which would indicate more polar residues in the CDR3 and

more hydrophobic characteristics (Figure 41.).
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Figure 41. CDR3 amino acid characteristics in 31 healthy controls grouped by clonal response.

TCRB repertoires generated from 31 healthy controls were grouped together according to response
level: no hyperexpanded clones (n=25,000+), low response hyperexpanded clones (n=14), moderate
response hyperexpanded clones (n=14) and finally hyperexpanded clones with high response (n=1).
The CDR3 amino acid sequences were then analysed and the following factors compared: CDR3 length
(top right), acidity of residues (top left), basic value of residues (bottom left) and GRAVY index of
residues (bottom right) (a measure of hydrophobicity). Outliers are indicated as black dots, the plots
are standard box and whisker plots, with the mean value indicated by the purple square at each
response level. Overall, there was no significant difference in values for each factor when comparing
response level means (Kruskal-Wallis), or when comparing response levels pair wise at each level

(Wilcoxon).
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4.5.8.2. K-mer and positional residue analysis

The position and characteristic of an amino acid in a CDR3 has been linked to autoimmune disease.
For instance, a hydrophobic residue in position 6 and 7 in mice, was found to be linked with self-
reactive T-cells [88]. In order to evaluate as to whether there were any shared positional
characteristics of clonal CDR3s in healthy controls, positional kmer analysis was used. Splitting CDR3s
into kmers allowed CDR3 patterns to be compared irrespective of variations in lengths. Kmer analysis
was performed on the CDR3s within their response levels using the whole CDR3 (k=14, maximum
allowed), and then at two smaller levels (k=4,8) to analyse potentially more central sections of the

CDR3 thought to interact directly with a peptide [272].

When observing kmers of length 4, no hyperexpanded, low and moderate response levels, showed
similar trends in amino acid patterns. Serines and polar residues dominated most positions (Figure
42.). Whereas the one hyperexpanded clone saw a mixture of polar and hydrophobic residues,

tyrosine and valine.

Octomer sequences contained the majority of polar residues at all response levels. The first three
response levels showed similarities with the first three positions being serines and the final position
being a hydrophobic phenylalanine. The hyper expanded kmers differed as they had strong positional

hydrophobic residues in the first two positions followed by polar Y repeats (Figure 43.).

Analysing the CDR3 sequences when broken up into 14/15mers (Figure 44.) showed high similarity in
the no and low hyperexpanded response levels. The first four bases being ‘CASS’ and the last three
‘QFF’. The pattern seemed to be first position polar residue, second hydrophobic, third and fourth
polar. Positions 13-15 were neutral then two hydrophobic residues. Moderate responsive clones
observed an almost identical pattern but replacing residue 2 with a polar serine, not a hydrophobic
alanine. The hyperexpanded clone did not show much similarity to the other response levels and had

a large hydrophobic component.
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Figure 42. Positional characteristics of CDR3 amino acid residues in healthy controls as 4mers.
Positional characteristics and properties of CDR3 sequences broken up into 4mers from 31 healthy
controls were analysed and displayed as a position probability matrix. The results were grouped into
TCRB clonal response levels: no hyper expanded TCRB (top left) (n=25,000+), low hyper expanded (top
right) (n=14), moderately hyperexpanded (bottom left) (n=14) and highly hyperexpanded (bottom
right) (n=1). The no, low and moderate groups observed similar trends with the majority of polar

residues whereas the highly hyperexpanded residue contained polar and hydrophobic residues.
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Figure 43. Positional characteristics of CDR3 amino acid residues in healthy controls as 8mers.
Positional characteristics and properties of CDR3 sequences broken up into 8mers from 31 healthy
controls were analysed and displayed as a position probability matrix. The results were grouped into
TCRB clonal response levels: no hyper expanded TCRB (top left), low hyper expanded (top right),
moderately hyperexpanded (bottom left) and highly hyperexpanded (bottom right). The no, low and
moderate groups observed similar trends with the majority of polar residues, the first three bases

being polar serines and the last position being a hydrophobic phenylalanine. Whereas, the highly
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Figure 44. Positional characteristics of CDR3 amino acid residues in healthy controls as 15mers.
Positional characteristics and properties of CDR3 sequences broken up into 14/15mers from 31
healthy controls were analysed and displayed as a position probability matrix. The results were
grouped into TCRB clonal response levels: no hyper expanded TCRB (top left), low hyper expanded
(top right), moderately hyperexpanded (bottom left) and highly hyperexpanded (bottom right). No
and low hyperexpanded response levels showed high similarity with the first four bases being ‘CASS’
and the last three ‘QFF’. The pattern seemed to be first position polar residue, second hydrophobic,
third and fourth polar. Position 13-15 were neutral then two hydrophobic residues. Moderate
observed an almost identical pattern but replacing residue 2 with a polar serine not a hydrophobic
alanine. The hyperexpanded clone did not show much similarity to the other response levels and had

a large hydrophobic component.
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4.5.9. TCRB repertoire diversity was not affected by age or sex across 30 normals

Diversity measures were used to investigate the effect of age and sex on TCRB diversity in the normal
population. This included d50, the number of TCRB clonotypes needed to represent 50% of the
repertoire using the most abundant clonotypes first. None of the measures indicated a significant
difference between age groups or sex for the healthy controls. The control with the large 53% clone

was removed in the diversity analysis to prevent bias.

The Chaol estimator had a mean value of 731 which was lower than the average number of unique
TCRB clonotypes found in the healthy controls of 971 suggesting sequencing discovered the majority

of the TCRB diversity in the repertoire.

Taking the average number of unique TCRB as 971 (30 healthy controls), the average d50 observed of
118, suggests the top 12% of the unique clonotypes account for half the proportion of the entire
repertoire. The smaller the d50 the more clonally expanded the repertoire. The Gini index calculated
the inequality of TCRB clonotype size across the control TCRB repertoires (maximum value possible
would be 1, representing one clonotype occupying the whole repertoire, minimum value of 0, meaning
all clonotypes are equal). The mean value across the normals observed was 0.417. The index could
potentially be used to infer the stability of the TCRB repertoire as higher values are indicative of
skewed repertoires. As on average, the controls did not have many clonally expanded populations,

the Gini index and d50 values will be useful when trying to assess the clonality of PNH samples.

The Gini-Simpson index was used to calculate the probability that two TCRB receptors selected at
random represented different TCRB clonotypes. The maximum value possible would be 1. All Gini-

Simpson values were observed above 0.9 (Figure 45.) indicative of highly diverse TCRB repertoires.

(Gini-Simpson Index
8

Figure 45. Gini-Simpson analysis of 30 healthy controls indicative of diverse TCRB repertoires.
BIOMED-2 primer method was used to sequence the TCRB repertoires of 30 healthy controls. All Gini-

Simpson values were above 0.9 indicative of highly diverse TCRB repertoires.
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The Rarefaction method was used to assess species richness from the results of sampling using an
extrapolation method. Generally, the curve for the controls increased rapidly as common clonotypes
were discovered, then tailed off as the rarer clones were the final clonotypes to be observed. All but
one sample showed saturation of diversity from the sequencing of their repertoires, suggesting
adequate depth of sequencing was achieved ensuring an accurate representation of species diversity

in each sample (Figure 46.).
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Figure 46. Rarefaction analysis of 30 healthy TCRB repertoires indicative of sufficient sequencing
depth. BIOMED-2 primer method was used to sequence the TCRB repertoires of 30 healthy controls
on which rarefaction analysis was performed. The solid lines were calculated using interpolation and
the dotted lines are as a result of extrapolation. A sharp initial increase in the sample curves were
suggestive of the detection of common TCRB clonotypes which slowed as the rarer clonotypes were

identified. The plateau occurred when the analysis achieved “true diversity”.
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In order to calculate both richness of TCRB species and the evenness of the populations, the Inverse
Simpson method was applied to the control data. The minimum value possible would have been
observed if only one clonotype was present in the repertoire. The maximum value would only have
been achieved if perfect evenness had occurred across the repertoire and would be equal to the
number of clonotypes. Higher indices values observed in the cohort were suggestive of stable

repertoires with high evenness and richness of clonotypes.

The majority of the repertoires showed stability with values above 400 (Figure 47.). Those with lower
richness and evenness could have been the more clonal repertoires with a few highly responsive TCRB

clones. This did not include the individual with the hyperexpanded TCRB clone.

800 -

600 -

Figure 47. Inverse Simpson values across 30 healthy TCRB repertoires were indicative of variability

400

Inverse Simpson

200

in the natural population of TCRB repertories. The minimum value possible would have been
observed if only one clonotype was present in the repertoire. The maximum value would only have
been achieved if perfect evenness had occurred across the repertoire and would be equal to the
number of clonotypes. Higher indices values observed in the cohort were suggestive of stable
repertoires with high evenness and richness of clonotypes. The majority of the values were showing
stability with vales above 400. Those with lower richness and evenness could have been the more

clonal repertoires with a few high responding TCRB clones.
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Hill values are a mathematically unified family of diversity indices used to allow the easy comparison
of differences in diversity across multiple samples using different diversity measures. The values
differed only by the exponent ‘q’. Q =0 measured repertoire evenness, q =1 represented the Shannon
index and gq=2 was the Simpson diversity index. Although a variety of TCRB clonotype numbers were
observed amongst the control samples, the general trend was similar (Figure 48.). There was a gradual
decrease in diversity estimation with g value increase. The steeper the sample line the more indicative
of unevenness in the repertoire. The flatter the line the more even the repertoire. The majority of
normals appear to have some unevenness in the repertoire but all clonotypes are not completely

uneven (clonal). Controls displayed a mixture of rarer and abundant TCRB clonotypes.

1200

900
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Figure 48. Hill indices highlighted variability in healthy control diversity. Hill family indices were
applied to TCRB repertoires of 30 healthy controls. The BIOMED-2 primer method was used to
generate sequencing producing TCRB repertoires. Q =0 measured repertoire evenness, q =1
represented the Shannon index and 2 was the Simpson diversity index. The general trend was similar
across the normals with some unevenness observed but no repertoires were highly clonal. Rarer and

more abundant TCRB clonotypes were present.

Using multiple diversity measures enabled deciphering of richness and evenness of TCRB clonotypes
as well as abundance of rare and more common TCRB clonotypes. This identified a variety of diversity
characteristics naturally observed amongst a population, along with similarities including high TCRB
diversity. The results will serve as good baseline values when comparing diversity statistics amongst

PNH samples in the next chapters.
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4.6. Chapter summary

The work in this chapter was successful in achieving the aims outlined in its’ introduction. An
experimental TCRB method using an adapted BIOMED-2 primer method was successfully developed
along with a robust bioinformatics pipeline. This enabled gDNA to be processed into TCRB sequencing
libraries and successful sequencing reads were processed to recreate TCRB repertoires from blood
samples (method outlined in Chapter 2.). This method was used to analyse 31 healthy controls and
went on to be used in subsequent chapters to analyse TCRB repertoires in PNH and AA patients. By

IM

sequencing 31 healthy controls, a good base line for “normal” TCRB responses was created which will
enable successful comparisons to be drawn in the next chapters as to whether any differences
observed in PNH repertoires are disease specific or attributed to natural variation within the human

population.

4.6.1. Important findings

4.6.1.1. Significant optimisation and testing of methods were required to ensure reliable

TCRB repertoire data

Sections 4.2 and 4.3, surprisingly emphasised that not all published TCRB methods re-create accurate
representations of TCRB repertoires from blood samples. The Robins et al. primer method showed
significant skewing in the repertoire for TCRBV7-2 usage in a normal sample that was not expected to
be largely clonal. Problems with skewing of these primer sets have not been detailed in any papers. In
fact, TCRBV7-2 was detailed as common in normals and patients with diabetes in one paper [273] that
references the Robins et al. primer method, highlighting that the usage of V7-2 was expected to be
prominent when using this method. Perhaps in a similar way that V29-1 is common in normals when

using the BIOMED-2 primer method

Extensive work was undertaken to understand the reasons for the skewing and to try and counteract
it in this project. It was however, only by developing a second method using the BIOMED-2 primer
method that it became obvious that the skewing was attributed to the primer sets themselves.
Interestingly, since the paper detailing the Robins et al. primer sets was published [238], the research
group has published a new method related to these primers that now uses internal normalisers in the

experiments to ensure accurate, unbiased results [274].
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Being able to show that a sample which had had TCRBV flow cytometry performed on it, identifying
V27 as most highly used, and then also finding this as the top V family usage when using the BIOMED-
2 primer method on the same patient but not in the Robins et al. primer method, again strengthened
the reliability of using the BIOMED-2 primer method. This was why the BIOMED-2 primer method was
used for all subsequent experiments. In reality, multiple methods should not be needed to prove a
TCRB repertoire data set is an accurate representation of the repertoire. The implications of this will
be discussed in more detail in Chapter 7. In this chapter extensive work was carried out to optimise
the BIOMED-2 method from the concentration of gDNA to use, accounting for sequencing run
variation, to capturing as much TCRB diversity from a sample. In reality, more work could be
performed to optimise this method further. For example, the rarefaction plots in Figure 46. suggested
that the majority of the samples had achieved TCRB saturation. Exhaustive sequencing would not
detect any new TCRB clonotypes. However, one study suggested that from one sample, around
1,000,000 unique TCRBs could be identified, much higher than the maximum values in this project
[121]. This will fluctuate between individuals but serves as a reminder that more optimisation, testing

and analysis can always be performed.

4.6.1.2. Defining a TCRB clonal population

One of the most significant findings was designing a method to define TCRB clonality. Often it is
assigned an arbitrary cut off value of 1%. However, the calculation in this project takes into account
artificial inflation of clonality attributed to PCR amplification. By using the assumption that the
majority of normals would not have a clonal top TCRB, the 31 healthy controls grouped together into
distinct response levels which aided the definition of clonality as a TCRB population with the same
TCRBV/J, CDR3 amino acid present in a repertoire at a value of above 2.42%. Defining clonality was
extremely important to test the project hypothesis that a single or series of TCRB clonal expansions
are present and the same in all PNH TCRB repertoires. The measure also took into account the reality
that amongst a normal population, some will have clonal TCRBs attributed to infection or other
underlying autoimmune disease such as gastroenteritis that will not have been detailed in the RTB

metadata.

III

4.6.1.3. Establishment of a “normal” TCRB repertoire baseline

Fundamentally, the work in this chapter wanted to establish a baseline of results related to normals
that could be used to compare with PNH and AA repertoires to decipher disease specific TCRB

responses from those that may be attributed to factors such as age or sex.
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This was achieved by the findings in this chapter. The majority of normal repertoires were non-clonal,
had high diversity, low clonality and had a low number of shared TCRB clonotypes between one
another. A range of analysis was carried out to try and identify key areas of the TCRB repertoire that
might be of most use in PNH studies. For example, the incorporation of CDR3 k-mer positional
characteristics in normals allowed for an antigen specific analysis to be performed. The assumption
was that CDR3s responding to the same antigen in multiple people would not necessarily have the
same amino acid sequence due to events discussed in Section 1.4. However, the CDR3 may have
similar positional characteristics for example hydrophobic residues. By analysing normals, the results
acted as a baseline of what TCRBs may expect to look like in a non-antigen skewed repertoire. Using
a range of diversity measures allowed different biological questions to be answered from the data.

D50 tended to address clonality, whilst inverse Simpson focused on diversity.

Generating a public repertoire of TCRB clonotypes from these samples will allow for accurate
inferences to be made about any TCRB clonal expansions in the PNH and AA patients. If the clonal
expansions are also present in this public repertoire data set, then they are not exclusive to PNH and
are likely as a result of a common infection, the origin of which, as of yet, has not been identified in
research. By sequencing 31 healthy controls, it allowed for any anomalies such as the “normal” with
the hyper expansive clone to be identified as an outlier and trends to be identified between
individuals. Expanding the normal data set further will strengthen the conclusions able to be drawn
from the data. Overall, the range of analysis, enabled a comprehensive dataset of base values for

Ill

“normal” TCRB repertoires to be achieved.

4.6.1.4. Analysis results that influenced subsequent analysis of PNH patients

A number of findings enabled more meaningful analysis to be performed in the context of PNH
patients in the next chapters. A lack of TCRB clonotypes being annotated with information such as
disease associations in the cross-validation search emphasises that as more and more TCRB studies
are carried out, more TCRB clonotypes will be able to be annotated in the context of disease and

highlights current limitations in defining the pathogenicity of clonal TCRBs.

It also highlights the importance of the “normal” background of TCRBs generated in this chapter. These
can serve as a comparison for PNH specific TCRBs or those appearing in normals in subsequent

analysis.
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Generating a background of normals showed that there was considerable variation between
individuals naturally and that it was important to account for factors such as age and sex that could
affect TCRB repertoires. Females are more prone to autoimmune disease, whereas males are more
prone to infection [275]. This is why basic statistics were split according to age and sex, but no
significant variances were linked to these factors. This could be due to the lack of normals over the
age of 50. No patients were in their 70s or 80s where the effects of immune-ageing are represented
in the TCRB repertoire [276]. Finally, the low number of TCRB overlap between samples agreed with
the study referenced in Chapter 1. Perhaps it is unlikely that one or a series of TCRB clones will be
present in all PNH patient repertoires. Many analysis methods will be needed to identify TCRB

dynamics in PNH patients.

4.6.2. Conclusion

In conclusion the development, optimisation and testing of experimental and bioinformatic processes
in TCRB sequencing allowed for a reliable method to be used on the analysis of 31 healthy controls.
The findings in this chapter created an extensive collection of baseline values for measures that will

be used to assess TCRB repertoire similarities and differences in PNH and AA patients.
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Chapter 5- TCRB repertoire analysis of PNH and AA patients

5.1. Introduction

In this chapter the project progressed to using the developed experimental and bioinformatics method
for analysing TCRB repertoires of PNH patients. Acting as another control type for TCRB repertoire
values, samples from AA patients both with and without PNH were also sequenced and the TCRB
repertoires analysed. The reason for using AA patients as a comparison was that AA is a bone marrow
disorder known to be mediated by T-cells by means of an autoimmune attack [277]. AA TCRB
repertoires should therefore differ in some way from normals. If TCRs are involved in PNH too, it would
be expected that there would be differences in repertoires between them and the normals. If no
differences are observed between PNH and normals, but there are differences between AA and
normals then it might be that the hypothesis of TCRs being involved in PNH is not true. However,
similar features in PNH and AA repertoires may indicate this T-cell involvement. PNH can develop in
the background of AA and it is thought that the immune responses may be similar [226] and that GPI-
targets in PNH can evade this response, but this is not confirmed. The autoantigens that the TCRs are
responding to in each disease, for instance, may be the same or linked. Potentially the GPI loss in PNH
could prevent the killing of these mutant HSCs by preventing T-cell interactions. Therefore, AA

repertoires serve as the nearest to a positive control in this work.

PNH is caused by an acquired mutation in PIG-A that to date has no known cause or risk factors except
AA and can occur at any pointin a person’s life [278]. This again adds complexity to the TCRB repertoire
analysis. Although the hypothesis centres around a clonal TCRB in PNH, in reality, this could be
multiple TCRBs, or a non-clonal TCRB repertoire with CDR3s with specific characteristics that differ

from non-PNH repertoires.

Analysis methods included diversity measures, mono versus polyclonality studies, TCRB CDR3 amino
acid profiling both positional and chemical, along with TCRBV/J gene family usages. Each repertoire
had a countless number of analysis methods that could be carried out to investigate its composition
and dynamics. However, methods in this chapter were selected to cover a sufficient range of

repertoire descriptors in case specific clonal TCRBs were not identified exclusively in PNH.
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Over 100 TCRB repertoires from 77 PNH and AA patients were analysed in this chapter but each one
could not be discussed at length. Therefore, interesting cases in both PNH and AA, for instance, those

with multiple associated diseases, were selected and analysed at the individual level in Chapter 6.

Other trends in the data, for example, CDR3 length, have been generalised by grouping AA and/or
PNH patients together for comparisons with normals. Summary statistics have also been included,

grouping patients into smaller categories to allow for a meaningful analysis.

The main aim of this chapter was to identify whether there was a specific TCRB or group of TCRBs
involved in the pathogenesis or progression of PNH that were present in many PNH patients and

exclusive to PNH.

Objectives:

e |dentify and carry out a variety of analyses capturing all aspects of TCRB repertoire dynamics
and clonality in order to not bias the study towards exclusively looking for TCRB clonality

e Analyse the TCRB repertoires of 77 AA and PNH patients

e Use the AA TCRB repertoires along with the normals analysed in Chapter 4 as a comparison

to identify PNH specific TCRB repertoire characteristics

Some of the data is not displayed in this chapter due to thesis page limits but is available on request.
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5.2. Results

As the analysis in this chapter is extensive, some of the findings have been discussed in the context of
wider research to help explain rationale for the analysis as it is presented and how it may have directed
subsequent experiments in this project. The main findings will then be discussed as part of the chapter

summary.

For the main analysis carried out in this chapter, the primary dataset consisted of 76 PNH and AA
patient samples processed by the PNH RTB between 2017 and 2019. One patient with a large
hyperexpanded TCRB clone (over 40%) was excluded from the primary dataset but included in
clonality studies taking the dataset to 77 PNH and AA patient samples during that analysis. Where
multiple samples were available for a patient, for instance, over short term time-points (>2 years) the
most reliable samples were selected for comparison in the primary data set based on findings from
Chapter 4. For example, where possible, if a gDNA sample using the standard method in Chapter 2
and a buffy coat sample were available for the same patient, the standard method sample was used
preferentially over buffy coat because of the results detailed in Section 4.3.3. Three buffy coat samples

were present in this primary dataset as no alternatives were available.

5.3. Primary data-set basic statistics

In this section, basic statistics such as age and sex were evaluated in the context of category groups
(Table 19.). This allowed for any variations in factors such as age and sex that could affect TCRB
repertoires to be identified and assessed when drawing any conclusions as to whether a TCRB
response was more likely PNH or AA specific, or, as a result of ageing for example. Basic repertoire
statistics included distribution of CDR3 lengths in a repertoire, number of TCRB clonotypes that passed
the bioinformatic quality control and clonal abundance which are excellent measures for assessing
whether there are any abnormal TCRB dynamics happening within a repertoire. It also allows factors
such as sequencing depth to be assessed early on in the analysis. Sequencing depth can affect the
number of TCRB clonotypes in a population [279]. Any samples with low TCRB clonotypes were tracked
back to the original experiments to assess factors such as original T-cell number inputted into the PCR
and as to whether the sample was buffy coat. This meant that biological differences could be

distinguished from technical.
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The average age of the AA and PNH patients in this dataset was 46 with a slightly lower median age of
42, the maximum age was 85 and the minimum 19. The ratio of females to males was 1:1.24. When
splitting the data into PNH and AA patients, the sample numbers were 43 and 33 respectively. As
immune repertoires can be affected by factors such as age and some studies have linked differences
between sex (Chapter 1) it was important to assess these in the dataset before drawing any
conclusions from the data. The median age for PNH patients was 42 with an average of 47 years old.

The youngest patient was 19 and the oldest 85. The ratio of females:males was 1:1.15.

For AA patients, the median age again was 42 with a lower average than PNH at 45 years old. The
youngest patient was 23 and the eldest 77. The ratio of females to males was 1:1.36. Age and sex were
then broken down into categories according to the clinical status of the patient (category defined in
Section 2.1.2.) to assess how each category varied from the overall values (Table 19.) As there were
more males in the study than females it would be expected that most categories had slightly higher
numbers of males to females. Interestingly, in the AA patients, both AA with an increasing PNH clone
and with a small PNH clone had broadly balanced ratios, with AA patients with no PNH clone seeing a
higher skew to male patients with a ratio of 1:5, higher than the average trend across all datasets. AA
patients with a small clone showed similar trends in age values as the general AA trend. However, AA
with increasing clones were on average 3 years older than the norm. AA patients with no clone were
6 years younger than the average, perhaps suggesting an age element to the onset of PNH (Section

7.3.2).

Table 19. Category breakdown according to clinical status of the patient along with basic statistics
of average age, median age and ratio of females to males in each patient category for the 76 patients

used in the primary analysis dataset. Clone refers to the size of the PNH granulocyte.

Category Total number in primary data- Average age / years Median / years Sex ratio
set
Female:male
Aplastic; 60% PNH clone 1 70 70 0:1
Aplastic; increasing PNH clone 6 48 50.5 1:1
Aplastic; small PNH clone 19 44.9 42 1:0.9
Aplastic; no PNH clone 6 38.8 34.5 1:5
Haemolytic; PNH clone 7 56.8 58 1:1.3
decreasing
Haemolytic; large PNH clone, 17 45.1 43 1:0.7
stable
Haemolytic; new/increasing 17 47.5 41 1:1.83
PNH clone
Other (Aplastic, PNH clone 1 27 27 0:1

decreasing, complex case)

Other (Haemolytic, large PNH 1 26 26 1:0
clone, complex case)

Other (Haemolytic, thrombotic, 1 36 36 0:1
T-cell LGL)
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PNH patients with a new or increasing PNH clones saw a higher number of males to females than the
norm. Haemolytic PNH patients with a recovering (decreasing) clone saw values slightly above the
norm and PNH with a large stable clone saw slightly more females in the category than males. PNH
patients with a new or increasing clone were around the average age for PNH patients, patients with
large stable clones were slightly below, but those with decreasing clones were significantly older in
age with an average of 56.8 years, almost ten years above the average across PNH patients. Variations

may also be attributed to variances in numbers within each category group.

Firstly, analysis was carried out across the whole of the primary dataset regardless of diagnosis or
category. The average number of TCRB clonotypes identified in a TCRB repertoire post- bioinformatics
processing was 18,514 with a median of 19,978. When identifying unique TCRB clonotypes, the
average was 1217 with a marginally lower median at 1209 TCRB clonotypes. Clonal abundance plots
(data available upon request) measuring the number of TCRBs that were more abundant as a stability
metric, showed similar trends to those of the normals in Chapter 4 with most TCRBs not appearing at
highly abundant levels. Finally, when analysing the most common CDR3 clonotypes in the TCRB
repertoires, the length distributions peaked at 15 amino acids and between 42 and 45nts. No
statistically significant differences were observed for these values when comparing between age
groups, sex or category. This helped to ensure that there was no obvious bias between factors that
could affect TCRB diversity before considering PNH or AA (data available on request). It also
highlighted that factors such as age were not skewing CDR3 length of TCRBs in a repertoire.
Distributions that do not follow a Gaussian as expected (example in Figure 49 C and D.) are indicative

of skewing in the TCRB repertoire.

The analysis above was carried out again splitting the data into PNH or AA patients and there were no
statistically significant differences between the two patient groups. As at surface level, there seemed
to be no significant difference between AA or PNH groups for TCRB clonotypes, CDR3 length, TCRB
clonotype abundance or total number of clonotypes, it was important to perform a deeper analysis
on these TCRB repertoires. For this, the groups were split further and compared at the type (AA, PNH
or normals), diagnosis (AA with PNH, AA no PNH, PNH, normals, spontaneous remission from PNH) or

clinical status category level (Table 19.).
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5.4. Trends and differences in TCRB repertoires of AA, PNH patients and normals

The first part of the analysis involved comparing the patient samples with the normal repertoires
analysed in Chapter 4. This would help assess if there were any obvious trends or differences observed
between normal repertoires versus all patient samples with PNH or AA, helping to identify potentially

PNH specific TCRB responses.

5.4.1. Number of TCRBs, unique TCRBs and CDR3 lengths

The 30 normals were compared with 27 AA patients with PNH clones, 6 AA patients with no PNH clone
and 43 PNH patients. When comparing the number of TCRBs in each repertoire by clinical status
category, statistical significance was achieved between two groups. This was the group “AA patients
with a small PNH clone” and an AA patient annotated as a “complex case”, but recovering from PNH
(padj<0.05, Holm, Wilcoxon). However, the AA complex case was one patient which would mean
statistical significance could be biased by this. However, no groups saw significant differences when

assessing unique numbers of TCRBs (data available on request).

When splitting the data by diagnosis (AA no PNH clone, AA PNH clone, PNH, normal or spontaneous
remission (recovered from PNH)) the number of TCRBs identified was statistically significant between
the normals and all other diagnosis groups apart from PNH patients who had recovered (padj<0.05,
holm, Wilcoxon) (Figure 49A.). Therefore, lower numbers of TCRBs were observed in normals and
recovered PNH patients than those with AA or PNH. Although statistical significance was not achieved
between diagnosis groups at the unique TCRB level (Figure 49B.) the trend is present and perhaps

with higher patient numbers this would become significant.

Repertoires were also split into those with a disease (regardless of it being AA or PNH), normals or
spontaneous remission from PNH to assess whether an analysis could distinguish between a repertoire
from a patient with some degree of bone marrow disruption from normal. The padj value for unique
TCRBs between the disease affected repertoires and normals was 0.1 (Holm) with normal repertoires
having lower numbers. Although this is a large PNH study, due to the rarity of the disease, sample
sizes are smaller meaning that calculating and inferring statistical significances can be difficult. The

trend is present even though significance was not achieved.
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There were significantly lower numbers of TCRBs (overall numbers of TCRBs irrespective of clones, not
unique TCRBs/clones) in normal repertoires than disease affected repertoires, but not between
disease affected repertoires and those who had recovered, or those who had recovered and normals.
Only statistical significance was achieved between “disease” and “normals” at the TCRB number level.
No difference in unique TCRBs was observed for any level of groupings above. No significant difference
was observed between D50 values measuring clonality when looking at clinical status categories or
diagnosis or for inverse Simpson values measuring diversity. As discussed in Chapter 4, TCRB
responses are variable between individuals and although grouping patients allows for identifying
trends, it could be hiding subtler differences in regard to overall clonality and diversity. This indicated
the need for looking at TCRB repertoires on an individual basis some of which are detailed in Chapter

6.

Similar trends in CDR3 lengths were shared between diagnosis groups (Figure 49C.). The majority of
the categories followed the same CDR3 length trend peaking between 14 and 15 amino acids long

following a Gaussian distribution indicative of non-antigen skewed repertoires on the whole.

However, all of the “other” categories, referring to a complex PNH case, a complex PNH case with LGL
and an AA with a decreasing PNH clone but complex case, peak in CDR3 earlier at 13-14 amino acids,
with a slight skew towards shorter CDR3s (Figure 49D.). Again, this could be attributed to the low n
numbers of the other cases, in total n=3, but shows that the methods are capable of identifying

antigen skewed repertoires which could result from the patients having a complex diagnosis.
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Figure 49. Basic TCRB analysis between diagnosis and category groups of PNH, AA and normals. Total

CDR3 am-n(;am sequence length

number of TCRBs (A) number of unique TCRB clonotypes (B) and distribution CDR3 amino acid lengths
in a repertoire (C) were assessed at diagnosis level, split into normals (n=30), AA no PNH (n=6), AA
with PNH (n=27) and PNH(n=43). Distribution of CDR3 lengths was assessed at category level for AA,

PNH and normal repertoires (D). P adjust values depicted were calculated using the Holm method

from Wilcoxon paired testing.
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5.4.2. TCRBV and J gene usage in PNH and AA patients
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Figure 50. TCRBV gene family usage in TCRB repertoires. Data was split into diagnosis group (A) and
clinical status category group (B). P adjust values depicted were calculated using the Holm method
from Wilcoxon paired testing. P adj <0.05 was deemed statistically significant. Red circles indicate V

gene families which were significantly different between groups. IMGT® nomenclature was used [85].

TCRBV and J gene usage can serve as an indicator as to whether there is any skewing towards
particular V and J genes being used in TCRB repertoires that differ from normals. J genes are also
thought to attribute to greater variance in the repertoire than TCRBV. This assesses shared properties

of the TCRs irrespective of CDR3 clonality.
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This means that the analysis is not biased towards looking for an antigen specific TCR in PNH or AA. As
discussed in Chapter 4, V 29-1 was the most commonly used V gene and J2-1 and J2-3 for the J genes.
Samples were first split into diagnosis, then clinical status category groups, in order to assess whether

more specific groupings detected more changes.

When splitting the patient samples by diagnosis, TCRBV gene usage variations did occur (Figure 50A.).
Although the categories and diagnosis groups shared similar patterns in V gene usage, significant p adj
values indicate that between the groups there were differences within these families. Statistically
significant differences were observed between the groups for TCRBV 18, 19, 20-1, 29-1, 5-1 and 7-2 at

diagnosis level.

When observing these changes at the category level, V18, 19, 20-1 and 29-1 were significantly
different between groups (padj<0.05, Holm, Wilcoxon) (Figure 50B.). This could be attributed to
differences in group sizes rather than variances in gene usage between categories which most likely
would only be observed when looking at the individual repertoires. This is supported by the finding
that statistical difference for V 29-1 and V19 were because of the PNH LGL patient, with an n group of
1. V 19 was significantly lower than other groups for this patient and V29-1 significantly higher. This
patient is discussed in more detail in Section 6.4.6.3. PNH patients generally saw V29-1 as the most
abundant V gene at around 50%, followed by V19 at around 12%, then V15, V18, V27 and V6-5 at
similar levels of between 7-10%. Similar trends were observed in AA with PNH patients and AA with
no PNH. This trend did not differ much from normals either. However, some TCRBV gene usage

variations did occur (Figure 50A.).

In regard to TCRBJ gene usage, the general trends in PNH, AA with PNH and AA no PNH patients, again,
were similar to each other and to normals, with J2-1 and J2-3 appearing to be the most used in the
repertoire (Figure 51A.). However, there was significant variation between the groups for some J gene
family usage. For example, they all had J2-1 as the second most used J gene family, however, normals
showed much higher levels than the other diagnosis groups (padj= 0.015, Holm). Whereas J2-6 and
J2-7 was significantly lower in usage in normals than the other categories (padj <0.05, Holm).
Potentially this was a result of grouping at the diagnosis level rather than category level. This meant
that PNH patients who were recovering/decreasing PNH clone were grouped with those with active

responses. There could be variances in TCR according to these groups which is why the data was also
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split into diagnosis groups. Variances could also be due to differences in group numbers as discussed

above.

At the category level, again similar J gene usage trends were observed for all categories, with J2-1 and
J2-3 being the most highly used. This time, J2-1 and J2-6 showed a statistically significant difference
between groups (padj<0.05, Holm, Wilcoxon) (Figure 51B.). J2-1 had the lowest usage in AA with no
PNH clone and the highest in an AA complex case with a recovering/decreasing PNH clone. For J2-6,
normals had much lower usage than the other categories. Potentially, again this could be attributed
to low group numbers as the AA complex case, with a recovering/decreasing PNH clone, was a group

of n=1. Whereas most other groups, the values were averaged across multiple individuals.

No significant differences were observed in TCRBV gene usage when comparing age, sex, AA with or
without PNH or thymic involution (patient repertoires over 40 years old or under 40 years old) (data

not shown) for PNH or AA categories or when compared to normals.

When comparing only AA categories, those with an increasing PNH clone or a large PNH clone had
lower usage in J1-5 and higher usage in J2-5. When splitting males with females, J2-2 and J2-7 were
slightly higher in males. Again, none of these findings achieved statistical significance at p<0.05. With
a higher n number, the statistical significance may have been achieved and therefore, the findings
should not be disregarded. No differences (p adj =1) were found when comparing TCRBJ usage with
age, AA with PNH versus AA with no PNH, or thymic involution between AA or PNH patients, or within
the groups. This helped to suggest that the J usage was more likely linked to changes in TCRB due to

disease rather than factors such as age.

This section’s findings suggested that potentially more variation in these patients was observed in the
J gene usage than the V gene usage, attributed to more statistically significant differences being

achieved between categories.
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Figure 51. TCRBJ gene family usage in TCRB repertoires. Data was split into diagnosis group (A) and

category group (B). P adjust values depicted were calculated using the Holm method from Wilcoxon
paired testing. P adj <0.05 was deemed statistically significant. Red circles indicate J gene families

which were significantly different between groups. IMGT® nomenclature used [85].

5.4.3. Diversity analysis of AA, PNH and normal TCRB repertoires

There are many different diversity measures used in TCRB repertoires, many have been incorporated
from ecology research fields, comparing ecology species in an environment to T-cells in an immune
repertoire [280]. Measures selected in this analysis allowed different biological questions to be asked
from the data in regard to diversity. All diversity measures used the definition of a TCRB clone as
having the same TCRBV/J and CDR3 amino acid sequence. The measures d50, inverse Simpson, Chaol
and “true diversity index” were used. D50 calculated the number of clonotypes, starting with the most
abundant, needed to achieve 50% of the TCRB repertoire population [248]. This was used as an
indicator for antigen skewed repertoires. If there was a large clone, or a polyclonal response with
moderate responding clones for example, fewer TCRB clonotypes would be needed to achieve 50%
resulting in a lower d50. Inverse Simpson measured the abundance of TCRB clonotypes in the
repertoire, using the total number of reads and the total number of reads for a particular TCRB

clonotype [249].
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The minimum could be one and the maximum, the maximum number of TCRB clonotypes in the
sample. For example, if there were one hundred TCRB clonotypes in the sample and an Inverse
Simpson of 90, it would mean the TCRB repertoire is extremely diverse and not clonal. However, if the
value was 20 it would indicate a decrease in diversity and more clonal populations. Chaol, is an
interesting estimator used to calculate the number of TCRB clonotypes potentially missed from
sequencing [162]. As discussed previously, many TCRB clonotypes are missed due to sampling biases.
Here, the estimator tries to evaluate as to whether the sequencing performed well, detecting rarer
clonotypes. Rarer clonotypes may contribute to PNH. The estimator works on the basis that if each
clonotype is detected at least twice then likely, no more clonotypes would be discovered from the
sample. In reality, exhaustive sequencing would be performed on a sample, but this is extremely
costly. True diversity calculated the number of clonotypes needed to achieve equally abundant types
(proxy for repertoire stability) [281]. Diversity values for d50, inverse Simpson, Chaol and “true
diversity index”, saw no statistically significant differences between groups at either clinical status

category or diagnosis level.

At the “type” level all AA and PNH patients (n=77) were grouped together versus normals (n=30) or
spontaneous remission from PNH (n=2). AA/PNH patient groups had statistically significantly higher
values than the normals (padj<0.05, Holm, Wilcoxon) for the “true diversity index”, but for the other
metrics, no statistically significant difference was observed. This significance was also achieved when
the AA and PNH groups were compared separately to normals, with “true diversity” values being
higher in the AA and PNH patients (padj<0.05, Holm, Wilcoxon). Lower values in normals could be
indicative of more stable repertoires than the AA or PNH patients, as in order for, on average 1000
unique TCRBs per repertoire to be equally abundant, none could be present at a clonal percentage
(defined previously as 2.42% or above) in each repertoire. This could mean that AA and PNH
repertoires are more diverse than normals, especially in memory T-cell subsets attributed to previous
infection or reactions that led to PNH or AA. It could indicate pathological memory T-cells waiting to
re-activate. Clonality may be involved in these diseases but only at certain times of the disease. This
will be investigated when analysing long term patient samples in Section 6.3. Again, what may be
happening is that by grouping individual repertoires together, any significant differences in clonality
that may occur in one patient, but not another, were being filtered about by the general trends in
data. Grouping patients together assumes all TCRBs are reacting in the same way in all patients
irrespective of clinical status. Implications of this will be discussed in Chapter 7, as factors such as

individual treatment history e.g. immunosuppressants [282] could also affect these results.
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5.4.4. TCRB homeostasis and clonal response levels in PNH and AA patients

Clonality and TCRB response levels in patients were a key focus for this project as it is hypothesised
that a single clonal TCRB or series of clonal TCRBs are present in PNH patients. PNH may be linked with
clonality, but it is unlikely that a clonal TCRB involved in PNH will be clonally expanded all the time
unless linked with chronic infections. As discussed in Chapter 1, once an infection is cleared and the
T-cells are no longer active, they shrink (become less clonal) and differentiate into memory T-cells
which remain circulating in the blood in case of re-infection but at non-clonal levels. If PNH is linked
to a particular autoantigen for example, the clonal expansions may be memory subsets at time of
sampling waiting to be re-activated. Diversity in the repertoire may actually be in these memory
populations due to multiple infections or immunological events leading up to PNH pathogenesis.
Therefore, in this section clonal dynamics were investigated along with differences in the types of
TCRB clones related to their abundance in the repertoire. AA patients, were included as the positive
control for reasons detailed previously, relating to the autoimmune pathogenesis of AA known to be

T-cell mediated.

In order to investigate the clonal dynamics of the groups, a number of analyses were performed. These
included analysing clonotype abundance and the percentage of the repertoire that the top specified
number of TCRBs occupied. The abundances used on the x axis in the plots in Figure 52. were used as
they were part of the standard method used by immunarch, a leading software for immune repertoire
analysis [185]. At diagnosis, clinical status category and type level (disease, normal or spontaneous
remission) (Figure 52. A, B, C) clones that appeared between 31-100 times in a repertoire, were
statistically significantly lower in normals than in the other groups (padj<0.05, holm, Wilcoxon). As
these TCRBs were present, not at clonal levels but were amongst the higher of the non-clonal TCRBs
in a repertoire, this could be indicative of the memory T-cell subsets circulating from recent infection.
This would explain as to why PNH patients who had recovered also shared this difference to normals.
As even though they had recovered from PNH, their immunological memory would be similar to those
who still had PNH in terms of memory T-cells and past antigen exposure. This analysis is particularly
interesting given that non-clonal TCRBs are hard to detect in sequencing and are often different
between technical sample sets as described in Section 4.3.4. When assessing the varying numbers of
top clonotypes, at the category and diagnosis level, no statistically significant differences were
observed between groups with the numbers of TCRBs that occupy a given space in the repertoire.

When the x axis was set to 1 this calculated the space that the most abundant TCRB occupied.
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Increasing this number gradually allowed the calculation to act as a proxy for clonality in the repertoire
as some patients may have polyclonal responses with low responding TCRB clones compared to other

patients with one large clonally expanded TCRB (Figure 52. D, E, F).
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Figure 52. Clonal homeostasis analysis in 43 PNH, 33 AA, and 30 normal TCRB repertoires.

Rare TCRB clonotype analysis within a repertoire was analysed at category (A) group (B) and type
levels (C). This calculated the relative abundance of clonotypes split into lower counts and the
percentage of repertoire space occupied by them. The number of specific TCRB clones needed to
occupy repertoire space was calculated at diagnosis (D) category (E) and type levels (F). The x axis
indicates the number of TCRB needed to occupy the percentage of repertoire space that number of
TCRBs occupied, acting as a proxy to assess the clonality of repertoires. . P adj values were used,

calculated using the Holm method from Wilcoxon testing, p<0.05 deemed significant).
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The top 10 clonotypes accounting for the same repertoire space in normals and the other groups at
type level is indicative of clonal TCRBs perhaps to more common infections such as Influenza and CMV
rather than TCRBs involved in PNH. Statistical significance between groups was found at the ‘type
level’ between the repertoire space taken up by the 11™"-50"" most abundant clonotypes, which was
slightly lower in normals than the other groups. None of the patients or normals had over 10 clonal
TCRB clonotypes present in their repertoire which will be discussed in the next sections. Therefore, it
can be assumed that these differences are in non-clonal TCRBs. Again, this could suggest that in AA,
PNH and patients recovering from PNH, that the TCRBs that are non-clonal but most abundant, most
likely are responding to a recent infection, take up a greater amount of the repertoire than the same
number of TCRBs in normals, as they may not have fully contracted. There could me more
immunological responses occurring in PNH and AA patients in response to treatment as well. It could
also mean that there are subsets of TCRs in PNH and AA that are not clonal in regard to CDR3 but are

more abundant than in normals.

However, the trends were generally consistent between groups with most of the repertoire space
being occupied by the 101th to 1000" TCRBs, indicative of less clonal and more stable repertoires
overall in groups. Clonal TCRB repertoires were not restricted to a single category or group. As

expected, the response was variable and will be discussed in more detail in the following sections.

Overall TCRB response levels were analysed at group levels (Figure 53.). When analysing TCRB
response at the clinical status category, type and diagnosis level, there were no statistically significant
differences between the groups at each TCRB response level, non-clonal, low, moderate or high
(defined in Table 13.). The majority of TCRB populations were present at non-clonal percentages for
all groups, PNH, AA or normals (Figure 53.). However, normals appeared to have more moderate and
high responding clones with fewer non-clonal TCRBs compared to the other groups. PNH have more
non-clonal and low responders. This perhaps indicates that in PNH, the TCRBs that may later be
identified as “disease specific”, occupy repertoire space that in normals is occupied by moderate and
low responders. Again, this supports the homeostasis plot findings, suggesting that it could be non-
clonal populations implicated in PNH. Perhaps they are non-clonal because of the definition of
clonality in this project which will be discussed in Section 7.2.1.3). They may not be antigen specific,
therefore defining clonality using a CDR3 amino acid may not be informative. It could also be that it is
not clonality that is an issue in PNH, more so the overall make-up of the TCRB repertoire, for example,

CDR3s may be more negatively charged. This theory was investigated further in the next section.
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Figure 53. TCRB clonal response levels in PNH, AA and normal TCRB repertoires.

TCRB repertoires were grouped according to AA no PNH, AA with PNH, PNH patient, normal or
spontaneous remission from PNH. The TCRBs in each group were then collated and annotated with a
response level, non-clonal, low, moderate or hyper defined in Table 13. The analysis calculated the
percentage of the space per group, occupied by each clonal response. P adj values are shown

calculated using the Holm method from Wilcoxon.

5.4.5. CDR3 amino acid properties in PNH and AA patient TCRB repertoires

Individual characteristics of the amino acids that make up the CDR3 will affect features such as charge,
size of the protein and its interactions, which could result in different interactions with peptides
presented via MHC molecules [283]. General trends in CDR3 amino acid sequence lengths did not
appear to differ significantly between diagnosis groups. However, it was important to assess other
CDR3 amino acid properties. As discussed above, CDR3 amino acid sequence was part of the definition
for identifying TCRB clones. CDR3s are the portion of the TCRB that come into contact with an antigen
acting as a good indicator as to whether in PNH, the immune response is responding to a particular
antigen for example, GPI. T-cell populations may not share the same CDR3 due to processes detailed
in Chapter 1. that contribute to private TCRB clonotypes, but CDR3s between patient repertoires may

share certain characteristics.

Properties of CDR3 amino acid sequences, such as hydrophobicity and length, have been linked to
autoimmune disease, vaccinations and stages of immune response [284]. Steric recognition of the TCR

with the MHC:peptide complex is essential to generate an immune response [245].
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Interactions such as Van der Waal forces, hydrogen bonds and disulphide bonds between amino acids
in the CDR3s and peptides are essential for these interactions. Some amino acid properties, such as
those that have bulky side chains and others that are large and aromatic, can make these interactions
more difficult or for instance longer CDR3s can make the interaction less specific and easier to interact

with multiple peptides including self-peptides [286].

In order to investigate this, a number of CDR3 amino acid properties were analysed in the context of
diagnosis categories to assess if there were any general trends observed between normals, PNH, AA
with PNH or AA with no PNH in TCRB repertoires. Both the average and median were calculated for
each group across 9 CDR3 amino acid properties: GRAVY (grand average of hydropathy), length, bulk,
aliphatic index, basic residues, acidic residues, aromatic residues, polarity and charge (Table 20.).
GRAVY measured the ratio of hydrophobic to hydrophilic residues [271]. Bulkiness of amino acid side
chains are associated with promoting hydrophobic interactions, glycine has a very simple structure
and has a bulkiness value of only 3.400 compared to Trp which has the highest at 21.670 [287]. The
aliphatic index referred to the relative volume of the CDR3 that was taken up by aliphatic side chains,
for example isoleucine and valine [288). Basic and acidic values measured the percentage of each type
at informative positions of the CDR3) [245]. Aromatic residue percentages were measured at
informative positions as well [245] along with polarity of amino acids [289]. Charge referred to the
overall net charge of the CDR3 calculating the ratio of negative to positive residues. As will be observed
below, net charges were observed as being slightly negative in PNH which could indicate more of the
negative amino acids D and E being present [290]. Some patients’ characteristics varied from the norm

(Figure 56.) and are discussed in Chapter 6.

The mean values for each property were compared between groups to assess whether there was any
significant difference. Medians were not used to test statistical significance but were detailed in Table
20. as an indicator of potential biases from varying n numbers in groups that arise from using mean
values. Differences in the mean values of properties in Table 20. may seem small to achieve statistical
significance. However, the statistical tests took into account overall distribution of the data in each
group around the mean, when comparing statistical differences between means of groups. Summaries

of trends in some of the interesting CDR3 properties are in Figure 54.
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5.4.5.1. CDR3 properties of PNH TCRB repertoires differ from normals

To assess whether overall PNH CDR3 TCRBs were significantly different to normals CDR3 properties

were compared between the groups.

TCRB repertoires showed statistically significant differences for the properties: length (padj<0.0001,
Holm, Wilcoxon), GRAVY (padj<0.001, Holm, Wilcoxon), percentage of acidic residues at informative
positions (padj<0.0001, Holm, Wilcoxon), charge (padj<0.05, Holm, Wilcoxon), aliphatic index
(padj<0.05, Holm, Wilcoxon) and finally, percentage of aromatic residues at informative positions
(padj<0.05, holm, Wilcoxon). There was no statistically significant difference for basic residues,
polarity or bulk. CDR3s in PNH TCRBs were shorter than in normal repertoires. They also contained
slightly more hydrophobic residues than normals but overall CDR3 repertoires were still hydrophilic
like normals. Compared to normals, PNH CDR3s also had more negatively charged CDR3s, with higher
percentage of acidic residues, higher aliphatic index, and, finally, lower percentages of aromatic

residues.

Table 20. Average and median CDR3 amino acid property values for 30 normals, 43 PNH patients,

27 AA patients with a PNH clone and 6 AA patients with no PNH clone.

CDR3 property | Average/median Normals PNH AA with PNH | AA no PNH

Length Average 14.5000 14.4000 14.4566 14.4067
Median 15.0000 14.0000 14.0000 14.0000
Gravy Average -0.2330 -0.2157 -0.2297 -0.2290
Median -0.2530 -0.2380 -0.2533 -0.2528
Basic Average 0.0588 0.0589 0.0610 0.0634
Median 0.0625 0.0625 0.0667 0.0667
Acidic Average 0.0824 0.0844 0.0820 0.0810
Median 0.0714 0.0714 0.0714 0.0714
Average 0.3500 0.4009 0.3963 0.4026

Aliphatic
Median 0.3690 0.3769 0.3688 0.3769
Average 8.3540 8.3526 8.3594 8.3576

Polarity
Median 8.35%0 8.3583 8.3643 8.3625
Charge Average -0.5560 -0.5884 -0.5527 -0.5184
Median -0.9610 -0.9632 -0.9613 -0.9610
Bulk Average 13.6400 13.6439 13.6209 13.6354
Median 13.6200 13.6283 13.6113 13.6107
Average 0.1680 0.1667 0.1667 0.1663

Aromatic
Median 0.1540 0.1538 0.1538 0.1538
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PNH with LGL Statistically significantly
fewer basic residues than
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Figure 54. CDR3 property trends of TCRB repertoires from PNH, AA patients and normals. Summary
of CDR3 length, bulkiness, charge and percentage of basic residues between TCRB repertoires at the

category level.

5.4.5.2. CDR3 properties of AA patients with a PNH clone differ from normals

AA TCRB CDR3s would be expected to differ from normals, due to the T-cell mediated mechanisms
underlying AA pathogenesis, however, it wanted to be assessed whether with the addition of PNH
clones, differences were still apparent. When comparing normal TCRBs with AA patients with PNH
clones, significant differences were observed for CDR3 length (padj<0.0001, Holm, Wilcoxon), basic
residues (padj<0.0001, Holm, Wilcoxon), aromatic residue percentages (padj<0.05, Holm, Wilcoxon),
aliphatic index and charge (padj<0.01, Holm, Wilcoxon). Overall, in AA patients with a PNH clone, the
CDR3s were shorter than in normals, they had a higher percentage of basic residues, higher aliphatic
index, were less negative in charge but still negative overall and had a lower percentage of aromatic

residues.

5.4.5.3. CDR3 properties of AA patients with no PNH clone differ from normals

As AA patients are known to have T-cell dysfunction, if CDR3 properties are good indicators of immune
dysfunction, AA patients with no PNH should see differences with normals. This was the case for some

important CDR3 characteristics.
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When comparing AA patients with no PNH clone to normal TCRB repertoires, statistically significant
differences were seen for CDR3 length (padj<0.0001, Holm, Wilcoxon) , basic residues (padj<0.0001,
Holm, Wilcoxon), aliphatic index (padj<0.0001, holm, Wilcoxon) and charge (padj<0.0001, Holm,
Wilcoxon). AA patient repertoires generally contained shorter CDR3s, CDR3s with higher percentage
of basic residues and higher aliphatic indices. Similar to PNH repertoires, CDR3s in their repertories

were also less negatively charged than normal TCRB CDR3s.

5.4.5.4. PNH TCRB repertories differed from AA no PNH clone TCRB repertoires

As PNH CDR3 TCRB characteristics differed from normals highlighting immune dysfunction, evaluating
whether these responses were related or different to AA pathogenesis when there is no PNH was
essential. In the PNH TCRB repertoires, there were statistical differences between the AA no PNH
group for percentage of acidic and basic residues along with overall charge (padj<0.0001, Holm,
Wilcoxon). PNH repertoires had lower percentages for basic residues but consequently higher values

for acidic and were overall more negatively charged than AA with no PNH.

5.4.5.5. PNH TCRB repertoires differed from AA patients with PNH

Deciphering further, as to whether there were CDR3 TCRBs involved in PNH, which were different
from those in AA, even if the two diseases were co-existing, was important. Any shared characteristics
that were not shared between AA and AA no PNH may indicate properties of PNH TCRBs. Alternatively,
TCRB mechanisms in PNH in the AA context may differ from those who had solely PNH. For this, CDR3
characteristics between PNH patients and AA patients with PNH clones were compared. The only
property to have no statistically significant difference between PNH and AA with PNH repertoires was
percentage of aromatic residues. PNH repertoires generally had shorter CDR3s, and slightly more
hydrophobic residues in their CDR3s than AA with PNH. PNH repertoires had lower percentages of
basic residues, consequently higher percentages of acidic residues and CDR3s with a higher aliphatic
index. Finally, PNH patient CDR3s had fewer polar residues, were more negatively charged overall,
and were structurally bulkier than in AA patients with PNH (padj<0.05, Holm, Wilcoxon). This
highlighted the properties of potentially distinct TCRBs involved in PNH when in the presence or

absence of AA.
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5.4.5.6. CDR3 properties differed between AA patients with and without PNH

By comparing CDR3s in AA patients with and without PNH, it was thought that characteristics of CDR3s
involved in PNH in the context of AA could be identified. Patients with both AA and PNH saw
statistically significant differences in length (padj<0.05, Holm, Wilcoxon), basic residues (padj<0.01,
Holm, Wilcoxon), aliphatic index (padj<0.05, Holm, Wilcoxon) and charge (padj<0.01, Holm, Wilcoxon)

compared to AA with no PNH.

Overall, AA with PNH had longer CDR3s, lower number of basic residues, lower aliphatic index and
more negatively charged residues than in AA with no PNH. Potentially, this could mean that AA
patients who go on to develop PNH could be identified from their peripheral blood TCRB repertoires.
In order to investigate this more, it would be interesting to track AA patient repertoires who have no
PNH clones and see if they begin to develop a PNH clone, tracking their TCRB repertoires to see

whether the changes detailed above occur.

Overall this section highlighted that although repertoires may not be clonal, there are significant
differences in CDR3 properties between normals and the disease groups as well as between the
disease groups themselves, providing insight into differences in TCRB repertoires. Differences were
observed between PNH patients and those with AA and PNH, perhaps suggesting different T-cell
subsets are involved in PNH when in the context of AA. Differences in CDR3 properties between AA
with and without PNH, such as those with PNH having fewer basic residues, could indicate populations
of T-cells with more acidic residues relate only to PNH when AA is absent. The differences observed
did not support the PNH T-cell hypothesis in terms of clonal populations but has suggested there are

changes in CDR3 TCRBs between PNH, normals and AA patients.

5.4.5.7. Significant differences in TCRB CDR3 properties were observed at clinical status

category level

As it was indicated that there were differences in TCRB repertoires when investigating CDR3
characteristics between AA, PNH patients and normals, it was important to repeat the analysis at the
clinical status category level. This is because those with new or increasing PNH, for example, are
assumed to be in an active, progressive stage of disease. Whereas PNH patients who are recovering

or have large stable clones will not have active disease or it will be stable and not progressing.
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TCR repertoires will differ under these different conditions and therefore it was important to assess
the CDR3 characteristics in the context of each category. CDR3 property analysis between diagnosis
groups showed some significant differences as to be expected. Some of the interesting findings were
detailed below. All p values detailed are p adj values calculated using the Holm method from Wilcoxon
pairwise mean comparisons. Visual trends between categories for some of the interesting CDR3

properties are detailed in Figure 54.

CDR3 average length varied between patient category groups

Firstly, as studies have suggested that autoimmune diseases can be attributed to TCRB repertoires

with CDR3s skewed towards the shorter size, CDR3 length was analysed [91,273] (Table 21.).

Table 21. Average and median CDR3 amino acid lengths of AA and PNH patients split by category.

Category Average CDR3 length /aa Median CDR3 length /aa
Aplastic; no clone 14.25 13.5

Aplastic; small clone 15 15

Aplastic; increasing clone 13.7 14

Haemolytic; clone decreasing 13 13

Haemolytic; new / increasing 13.7 14

Haemolytic; large clone stable. 13.4 14

When excluding the AA patient with the hyper-expanded EBV specific TCRB clone, all categories except
AA patients with a small clone, had significantly shorter CDR3s in their TCRB repertoires than normals
(p<0.001). AA small clone were longer but not statistically significant from normals. AA patients with
no PNH had significantly shorter CDR3s than AA patients with small PNH clones. AA patients with
increasing clones had longer CDR3s than recovering PNH patients/those with decreasing PNH clones
and shorter than AA patients with a small PNH clone (p<0.05). AA patients with small clones had
significantly longer CDR3s than all other categories except normals and the AA patient with the large
EBV clone. PNH patients with large stable clones or new and increasing clones had longer CDR3s than
recovering PNH patients (p<0.05). Patients who had spontaneously recovered from PNH had shorter

CDR3s than AA patients with small clones (p <0.05).
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Bulkier CDR3s were observed in the LGL patient repertoire

In this section bulkiness of CDR3s was assessed. Bulkiness refers to whether the amino acids that make
up a CDR3 have bulky side chains that can change the way in which CDR3s interact with antigens [291].
A previous study showed that introducing an amino acid with bulky side chains such as tryptophan
restored reactivity of T-cells against the well characterised autoantigen, myelin basic protein which
has been linked with multiple sclerosis [292]. Therefore, it was important to assess whether CDR3s in
PNH had amino acids with bulkier side chains that may alter the plasticity of T-cells in how they interact
with antigens via MHC complexes. When comparing the bulkiness of CDR3s in TCRB repertoires, the
lowest bulkiness value was for AA with a large PNH clone at 13.58. When comparing the categories
with normal CDR3s, only the AA patient with a large PNH clone had a less bulky CDR3s than normals
(p<0.05). The other main categories (excluding complex cases with n=1) showed no statistical
differences with the normals. AA with the large clone and AA patients with small clones had
significantly less bulky CDR3s than recovering PNH patients/those with decreasing PNH clones and

PNH new or increasing clones (p<0.05).

Little variation was observed between repertoires when investigating polarity

Non-polar amino acids tend to be found in regions that are in contact with membranes [293]. TCR
signalling involved in T-cell activation, like many processes occurs across membranes [294]. Therefore,
this property was investigated. Much fewer statistically significant differences were seen between
categories when calculating polarity of CDR3s. AA patients with small clones had significantly more
polar residues than PNH patients who were recovering (decreasing PNH clones) and PNH patients who

had a large stable clone (p<0.05).

Significant differences in net charge between normals and diagnosis categories

CDR3s that have an excessive number of positively charged amino acids are thought to impair MHC-
dependent TCR signalling and in general undergo death by neglect during positive selection and are
removed [295]. In PNH, as T-cells are thought to target normal HSCs, it was interesting to assess
whether these T-cells had more positive residues and potentially had escaped positive selection. PNH
with new or increasing clones, spontaneous remission PNH and PNH with large stable clones had no
difference in net charge compared to normals. The AA patient with the large EBV clone, AA patients
with no PNH and AA with small PNH clones had more positive residues in the CDR3 although still

negative overall.
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AA with increasing PNH clones, AA with a large PNH clone and PNH recovering patients all had more
negative residues in the CDR3 than normals (p<0.05). The AA patient with the large EBV clone had an
almost neutral charge at -0.173, which was the least negative. Some studies have suggested that PNH
could be nature’s cure, trying to re-populate a bone marrow in a toxic immune environment in AA
patients [230]. AA patients could have more positive residues in their TCRB CDR3s indicative of issues
with positive selection and T-cells in PNH have fewer positive residues evolved to try and restore some

IM

form of “normal” immune response to improve the bone marrow environment.

Percentages of basic and acidic residues differed between categories

As best to current knowledge, no studies specifically assess basic and acidic CDR3 interactions with
peptides in humans for TCRB. However, as this may change as TCRB studies advance the analysis was
still carried out. Normals showed significant differences in percentages of basic residues between AA
patients with no PNH, those with increasing PNH and AA with small PNH clones. AA increasing had
lower percentages of basic residues, whereas AA patients with small PNH clones or no PNH clones had
higher basic residue percentages. Spontaneous remission repertoires of patients who had PNH only,
had significant differences in basic residues when compared with AA increasing PNH clone patients.
No differences were observed within PNH groups, or the AA patient who had a large PNH group. When
assessing all acidic residue percentages in the repertoires, only AA patients with no PNH did not have
differences when compared to normals highlighting a potential link of acidic residues in CDR3s and
PNH. AA with small PNH clones had fewer acidic residues than the normals, with the other categories
having more. Spontaneous remission patients showed differences with AA no PNH clones, normals

and AA small PNH clone. AA no PNH clones, normals, and AA small clones had fewer acidic residues.

Few differences were observed for aromatic residue percentages

TCR:MHC interactions rely on Van der Waals interactions and hydrogen bonds between amino acids
in CDR3s and peptides [296]. Large aromatic residues binding to other large aromatic residues have
high Van der Waal scores which can be both good for forming immunological synapses but can result
in too strong a bond being created, which is problematic if the interaction is with a self-peptide [297].
In order to investigate if CDR3s in PNH contained more aromatic residues an analysis was performed.
Only AA small PNH clone and PNH large clone stable repertoires showed a significant difference from

normals for aromatic residue percentages (p< 0.001) and were lower than in normals.
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CDR3 property changes in response to stage of PNH

CDR3 properties were analysed in the context of the stage of PNH the patient was at. The aim being
to assess whether changes in the TCRB repertoire are dependent on whether a patient currently had
PNH, was stable or was recovering (seeing a decrease in PNH clone size). This could potentially identify
a biomarker for PNH progression or perhaps remission, allowing for predictions to be made about a

patient’s future PNH state or severity.

In this section the PNH categories: spontaneous remission, PNH new or increasing, PNH large clone
stable and PNH recovering were compared with the normal datasets. In this section, mainly the

significant differences are discussed.

PNH patients recovering from PNH had the shortest CDR3s

All categories (spontaneous remission, PNH new or increasing, PNH large clone stable and PNH
recovering) were significantly shorter in CDR3 length than normals (p<0.0001). PNH recovering
repertoires had significantly shorter CDR3s than PNH large clone stable (p<0.001) and PNH new or
increasing clones (p<0.05). Interestingly, this highlights differences in TCRB repertoire lengths even
between those recovering (seeing a decrease in PNH clone sizes) and those that have recovered. This
could indicate immune processes involved in the recovery of PNH which then share more “normal”
characteristics once fully covered. Perhaps patients recover due to as shift in immune response but

go on to get autoimmune diseases linked with the shorter CDR3s. These ideas will be discussed further

in the context of T-cell exhaustion and autoimmunity and PNH later in the thesis.

PNH patients with active disease had fewer hydrophobic CDR3s

Both PNH recovering and large clone stable had more hydrophobic residues than normals (p<0.0001).
They both also had more hydrophobic residues (less negative GRAVY value) than the new or increasing
PNH repertoires. (p<0.01). Interestingly, this finding is converse to theories of autoimmunity which
suggest that hydrophobic residues play a role in the development of autoimmune disorders [298].
However, studies tend to suggest it is the position of these hydrophobic residues that have more of
an impact than the number in the CDR3 [88]. Positional analysis of amino acids will be discussed in
Section 5.5.3. It does however highlight that with time, as generally recovering PNH patients and those
with large stable clones have had the disease 10+ years, the immune response perhaps becomes more

autoimmune or at least changes occur that are different to normals and those with progressive PNH.
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PNH CDR3s had higher acidic residue percentages than normals

No significant differences were observed for percentage of basic residues. All PNH groups had
significantly higher acidic residue percentages compared with normals (p<0.05). Both PNH new or
increasing and large clone stable had lower acidic residues than PNH recovering (p<0.05) which had
the highest, followed by spontaneous remission repertoires. This could indicate that CDR3s with lower
acidic residues are involved in the pathogenesis and progression of PNH. If these characteristics in
CDR3s decrease in the repertoire, potentially they attribute to ongoing recovery. Acidic and basic
amino acids form salt bridges or electrostatic interactions between one another. These are important
forces when a peptide interacts with a CDR3 [299]. The differences in TCR properties here could relate
to the change in peptide that the TCRs are interacting with at different stages of disease. Potentially,
as the active PNH and stable PNH groups have CDR3s with fewer acidic residues, this may mean that
the peptides they are binding to, perhaps involved in PNH pathogenesis, have more acidic residues,
therefore the CDR3s need to have more basic residues for interaction. This would explain that as these
TCRs contract, and the repertoire contains more CDR3s with acidic residues, interacting with peptides

that have more basic residues that are not involved in PNH, recovery may occur.

PNH patients had more aliphatic index residues in CDR3s than normals

Few studies have looked at aliphatic index values in CDR3s in humans. One study in mice, found that
enriched usage of aliphatic residues at position 5 of a CDR3 beta was indicative of Tregs [300]. All PNH
patients had higher aliphatic index values than normals (p<0.05). PNH new or increasing had a lower
aliphatic index than PNH recovering, whereas PNH large clone stable had higher (p<0.05). It would be
a stretch to suggest that the variations in these groups was due to changes in Treg populations with
the stages of the disease, but it would be interesting to split the TCRB repertoire further into subsets

such as Tregs to see if this was the case.

PNH patients with decreasing PNH clones had more negative CDR3s than normals

Only PNH patients with decreasing PNH clones had a significantly more negative net charge than
normals(p<0.05). TCRB CDR3s in CD4+ T-cells have been found to be associated with more positively
charged amino acids, whereas CD8+ are associated more often with negatively charged CDR3s [301].
This does not mean that recovering PNH patients have more CD8+ T-cells necessarily, but again, it
would be interesting to split the T-cells into subsets such as CD4+ and CD8+ and perhaps supports the

theory of autoimmunity in PNH recovery.
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Aromatic residues lower in PNH large clone stable than normals

Aromatic residues were significantly lower in PNH large clone stable than normals (p<0.01) and when
compared with PNH new and increasing (p<0.05). As stated before, more aromatic residues could be
indicative of steric interactions with TCR and MHC: peptide. Differences compared with normals may
indicate steric changes that hinder interactions or lead to pathological activation of T-cells for example

with self-peptides [296].

No differences were observed for polarity of bulkiness between PNH and normals

No significant differences in polarity or bulkiness of CDR3s were observed between groups or normals.

CDR3 property differences between active PNH in AA and PNH patients

In order to assess whether there are similar characteristics in TCRB repertoires when PNH is active,
the two categories with active PNH were compared, AA and PNH patients with increasing PNH clones.
If features were found to be similar in both they might be linked to progression of PNH. It would also
provide insight as to whether there are differences in TCRB repertoires dependent on whether the
patient has active PNH on its own, or active PNH in the context of AA. GRAVY, length, polarity,
bulkiness and percentage of aromatic residues had no significant differences. Therefore, these factors
may be linked to active PNH pathogenesis/progression. The differences below, highlight changes

occurring in active PNH TCRB repertoires dependent on an AA context or solely PNH.

Basic residue percentages were significantly higher in the PNH new or increasing patients than in the
AA (p<0.001). Acidic residues were significantly higher in the AA increasing than the PNH (p<0.001).
The reverse to the trend previously observed. This could be indicative of differences in the peptides
that TCRBs are responding to and may relate more to differences in PNH clone progression in an AA
context or solely PNH. In AA with PNH, the peptide may have more basic residues, whereas solely in
PNH, more acidic residues. The aliphatic index was higher in PNH than AA (p<0.05) perhaps loosely
related to PNH repertoires having more Tregs [300]. Net charge was significantly more negative in AA
(p<0.0001), again, perhaps loosely related to AA repertoires having more CD8+ T-cells which would
agree with current research into the immune responses in AA detailed in Chapter 1. These factors may
link more to AA versus PNH pathogenesis and are interesting factors to assess as pathogenesis leads
to progression. PNH clones may have different mechanisms for immune evasion dependent on

whether it is in an AA or solely PNH context.
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CDR3 TCRB repertoire changes in active versus recovering PNH patients

In order to assess whether changes occurred at the CDR3 level between PNH patients with active
disease versus those who were recovering, CDR3 characteristics of TCRB repertoires were compared
in this context. Potentially this could identify a biomarker for PNH that changes according to status of
the disease. Having multiple time sets taken, from patients who had PNH to then when they have
recovered would also enable a biomarker to be identified. These comparisons and differences in TCRB
repertoires at the different stages will help aid further research into TCRs and PNH. PNH new or
increasing clones were compared with PNH recovering, and the AA complex case who was recovering
from PNH. To note, the complex case was one patient, statistical inferences may not be strong, but it
was included as an interesting comparison. Acting as backgrounds, spontaneous remission from PNH
were compared along with normals, to see whether active, recovering cases or both, were differing

from the norm.

Shared characteristics between normals and spontaneous remission patients could highlight

potential CDR3 markers in PNH activity

GRAVY and polarity, bulkiness and percentage of aromatic residues had no significant differences
between normal repertoires or PNH spontaneous remission patients, indicating that when PNH is

active. TCRBs with those characteristics could be implicated if differences are found in other groups.

Recovering patients/falling PNH clones had more hydrophobic residues in CDR3s

PNH patients with decreasing PNH clones along with the AA, patients with falling PNH clones,
contained significantly more hydrophobic residues in CDR3s than spontaneous remission, normals and
PNH new and increasing (p<0.05, Holm, Wilcoxon). Interestingly, PNH new or increasing repertoires
were similar to normals and spontaneous remission repertoires. As hydrophobic residues have been
linked with autoimmunity and dysfunctional immune responses [88,298], it is interesting that
recovering PNH patients had more of these residues and will be discussed in Chapter 7. This could be
linked to factors such as immune ageing, as recovering patients tend to be older and with age

repertoires tend to become more clonal [302].
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All PNH categories had shorter CDR3s than normals including spontaneous remission

When comparing CDR3 amino acid sequence length, all categories were shorter than normals even if
they had recovered from PNH (p<0.001, Holm, Wilcoxon). AA complex had significantly shorter CDR3s
than the other categories (p<0.01, Holm, Wilcoxon). PNH new or increasing repertoires had CDR3s
significantly longer than PNH recovering repertoires (p<0.05, Holm, Wilcoxon). However, both
categories were not significantly different from spontaneous remission categories, potentially
attributed to a lower sample number (n=2) for spontaneous remission patients. Spontaneous
remission having shorter CDR3s than normals, indicated that although recovered from PNH, the
patient still had a dysfunctional immune system. This may take some time to recover. It is less likely
to be an effect of immune ageing as the spontaneous remission patients were aged 39 and 40. Both
had however, had PNH for over 19 years at time of sampling and therefore their immune system will
have been dysfunctional for some time. Shorter CDR3s tend to be linked with autoimmunity and
antigen skewed repertoires [92,273], both of the spontaneous remission patients were also female,
perhaps more prone to autoimmunity. It would be interesting to see if spontaneous remission occurs

in male patients who are less prone to autoimmunity and more likely to get infections.

Higher acidic residues compared to normals indicative to responses to basic peptides

All of the groups had significantly higher acidic residues than normals (p<0.05, Holm, Wilcoxon). As
stated previously, this could indicate antigen skewed responses to peptides with more basic residues.
AA increasing PNH clones had significantly lower basic residues than PNH new or increasing,
spontaneous remission and normals (p<0.001, Holm, Wilcoxon) and AA increasing clones had
significantly more acidic residues than PNH new or increasing PNH clones (p<0.001, Holm, Wilcoxon).
This finding was interesting. It highlighted that perhaps some TCRBs in the patient were responding in
the context of PNH to more basic peptides, but there were also TCRB linked to AA that may have been
responding to more acidic peptides too. This trend was stated above when looking at AA versus PNH.
PNH tended to have more acidic CDR3s than in AA. Normals had significantly lower basic residue
percentages than all other categories (p<0.05, Holm, Wilcoxon). PNH recovering had significantly
higher percentages than PNH new or increasing (p<0.05, Holm, Wilcoxon) but neither category

differed from spontaneous remission patients.
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PNH TCRB could be associated with higher aliphatic index

In terms of aliphatic index, spontaneous remission patients, PNH new or increasing patients and PNH
recovering patients, had significantly higher aliphatic index results than normals and the AA increasing

clone (p<0.05, Holm, Wilcoxon). AA complex saw no differences between any categories.

PNH recovering had a significantly higher index than PNH new or increasing (p<0.05, Holm, Wilcoxon).

This could highlight a role for Tregs in PNH recovery [300].

More negative CDR3s associated with PNH and AA than in normals

AA with increasing PNH saw significantly more negative charge than all other categories, which were
all similar in value (p<0.01, Holm, Wilcoxon). PNH recovering had significantly more negative CDR3s
than normals (p<0.05, Holm, Wilcoxon), however, not when compared with PNH new and increasing.

This could implicate CD8+ in AA and PNH repertoires.

Finally, there were no significant differences between categories for polarity or percentage of
aromatic residues suggesting these characteristics are not involved in TCR responses in PNH.
Differences in bulkiness were only observed for the AA complex which was bulkier than all other

categories.

CDR3 property changes in response to PNH status of AA patients

In order to investigate whether TCRB CDR3 properties changes with AA pathogenesis, the AA patient
categories were assessed in the context of normals. No significant difference in GRAVY or polarity
values were found between the categories and normals. This analysis may help decipher factors that
affect the TCRB attributed to AA specifically (AA no PNH) and those AA repertoires with stages of PNH.

It could also help predict in future, whether these AA no PNH could go on to develop PNH.

Shorter CDR3s in AA groups than normals indicate antigen skewed repertoires

AA repertoires were significantly shorter in regard to CDR3 than normals (p<0.001) indicative of
autoimmunity, serving as a good control in this study. AA small clone CDR3s were significantly longer

than AA no clones, AA large clones or increasing clones.
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Acidic CDR3 TCRBs higher in PNH patients with increasing PNH clone than normals

AA small clone and AA no PNH had significantly more basic residues than normals (p<0.0001) whereas
AA PNH increasing had lower basic residues (p<0.0001). AA no PNH had significantly more basic
residues than AA increasing (p<0.001) and AA large clone (p<0.001). AA small PNH clone also had
higher basic residues than AA increasing and AA large clone (p<0.001). AA small clone had significantly
fewer acidic residues than normals, AA large PNH clone and AA increasing clone (p<0.01). AA no PNH
had fewer acidic residues than AA large clone and increasing (p<0.001). AA large clone and increasing
had more acidic residues than normals (p<0.0001). These findings are in line with the PNH specific
TCRB repertoires who all had higher acidic residues in their repertoires than normals, detailed above.
This suggest that TCRBs in the repertoire as a result of or causing PNH may have more acidic residues,
and if antigen specific in response, could be interacting with peptides with more basic properties. It
also suggests that as the AA patients would be most likely on immunosuppressants to suppress the
AA specific CD8+ T-cells, that although not present at clonal levels necessary, this analysis can pick up

changes in the repertoires and those that could be related to PNH rather than AA in these patients.

Aliphatic index higher in AA patients with fewer or no PNH clones

AA small clone and no PNH clone had higher aliphatic index values than normals, AA increasing and
AA large clone (p<0.01). Interestingly, this finding is the opposite to what was expected based on the
PNH aliphatic index values calculated above. PNH seemed to be associated with higher aliphatic index
values than normals, but in the context of AA this was not the case. Perhaps AA immune responses
contribute to this change, this would also support the reverse trends being observed when comparing

the smaller categories of AA and PNH previously.

Negative charges of CDR3s varied with PNH clone sizes

AA small clone and no PNH were significantly less negative in charge but still negative overall
compared to normals, AA large clone and increasing clones (p<0.0001). Both AA large clone and
increasing were more negative than normals (p<0.01). As negative charged CDR3s are linked with
CD8+ T-cells and more positive residues with CD4+ it could indicate that as the PNH clones increase,
more CD8+ populations appear in the TCRB repertoire. The AA with no PNH can still have a more

dominant CD8+ response but this is increased with PNH clones potentially.
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Few categories saw differences in bulkiness and aromatic residues

Only normals and AA large PNH clone saw a difference in bulkiness with AA large clone being less
bulky. Only AA small clone and normals saw a difference in percentage of aromatic residues with small

clones having a lower percentage(p<0.01).

Overall, analysing CDR3 characteristics in the context of diagnosis and clinical status, was a good
indicator of changes in TCRB responses in PNH and the findings will allow for further work into how

different amino acid properties could affect the TCRB repertoire.

5.5. TCRB clonal responses in AA and PNH patient repertoires

In order to investigate the hypothesis that PNH patients had TCRB clonal expansions related to PNH
pathogenesis, clonality studies were performed on the AA and PNH cohorts. One sample was excluded
from the primary analysis set of 76 patients to reduce bias as it contained one single TCRB clonal
expansion representing over 40% of the entire repertoire. This sample was looked at on an individual

level (Section 6.3.2.) and was included in the following clonality analysis.

Out of the 77 AA and PNH patients in the clonality study, 23 repertoires showed monoclonal immune
responses and 5 showed polyclonal responses (2 or more clonal expansions, TCRB clonotype
accounting for 2.42% and above of the TCRB repertoire) (Table 22.). The mean age of patients with
monoclonal TCRB responses was 49.7 years old with a median of 49.5. This was slightly above the
average age of AA and PNH patients overall of 46 and median of 42, so potentially monoclonality was
skewed by age but not significantly. Interestingly, for both the monoclonal and polyclonal responses,
the female: male ratios showed a higher skew towards males, with 1:1.75 and 1:1.5 respectively, both
higher than the 1:1.25 calculated across the 76 patients. The non-clonal subsets had a ratio of almost
1:1 with 25 males to 24 females. Studies have discovered that immune dysfunction has a strong sex
bias [98], with men being more susceptible to infection and some cancers. Women tend to develop
autoimmune diseases due to strong immune and have also been found to have more CD4+ T-cells

than men [303]. However, in this study TCRB clonality did not appear to have a significant sex bias.

Previous sections have analysed repertoires irrespective of clonal responses so as not to bias analysis
towards searching solely for clonality in case PNH does not involve clonal TCR expansions as
hypothesised. In this section, analysis was now carried out in the context of TCRB clonality in order to

explore the hypothesis, whether clonality is linked with PNH or not.
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For example, TCRBV and J gene usage comparison was performed between repertoires that were
clonal and non-clonal to assess whether clonal repertoires had higher usage of certain genes than non-

clonal.

Table 22. TCRB clonal responses in each patient category from the primary data analysis of 76 PNH
and AA patients. The TCRB response that categorises the most patients for each status category is

depicted in bold and red text.

Category Non-clonal Monoclonal Polyclonal Total number in primary data-set
Aplastic; 60% PNH clone 1 0 0 1
Aplastic; increasing PNH clone 4 1 1 6
Aplastic; small PNH clone 15 4 0 19
Aplastic; no PNH clone 2 4 0 6
Haemolytic; PNH clone decreasing 6 1 0 7
Haemolytic; large PNH clone, stable 8 6 3 17
Haemolytic; new/increasing PNH clone 12 4 1 17
Other (Aplastic, PNH clone decreasing, complex case) 1 0 0 1
Other (Haemolytic, large PNH clone, complex case) 1 0 0 1
Other (Haemolytic, thrombotic, T-cell LGL) 0 1 0 1

To investigate whether PNH or AA patients had a skew towards mono or polyclonal responses or
whether the patient’s clinical status affected the TCRB response, clonality was broken down into
categories (Table 22.) In a similar trend to the normals analysed in Chapter 4, the majority of
categories favoured non-clonal responses, as 49 out of the 77 patients had non-clonal TCRB responses.
Poly-clonal responses were the rarer response with only 5 patients exhibiting them, the majority being
PNH patients with large stable clones. Only one AA patient had a poly-clonal response, and this was a
patient with an increasing PNH clone. Despite AA patients with small PNH clones having the most
patient numbers, nearly three quarters showed no clonal TCRB responses. Haemolytic large clone
stable had seemingly similar numbers between non-clonal and monoclonal. Active PNH patients and
those with AA and no PNH clone tended to have more clonal repertoires. The clonality exhibited could
be linked to separate infections, for example, CMV. As in previous sections, normals and PNH/AA
patients tended to observe similar levels of clonal TCRB abundances in the repertoire, whereas
normals had fewer TCRB clones in the compart consisting of TCRBs clones occurring 31-100 times
(Section 5.4.4.). Another possibility could be that, the TCRB repertoire in AA patients with no PNH is
being disrupted and a year or so later, PNH clones may appear. It would be interesting to re-sample
the AA no PNH clone patients over multiple time points and compare this with any changes in

diagnosis.
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To understand whether PNH patients with clonal expansions, had T-cells interacting with similar type
peptides, the characteristics of these clonal TCRBs were investigated at a deeper level. TCRBs for all
PNH patients were categorised into non-clonal(<2.42%), low responders (2.42-4.85% clone), moderate
responders (4.86-20%) and high responders (20%+). The percentages refer to the space that the clone
takes up in the entire TCRB repertoire. Response level is a term coined to describe the size of a TCRB
clonal expansion in a TCRB repertoire. Low responders are smaller clones. The high responders are
large clonal TCRB expansions, often attributed to chronic infection and are generally rare in normal

repertoires (Chapter 4.).

In order to investigate TCRB clonal expansions in patients with AA, the above analysis was repeated
on just the AA related cohort consisting of 33 patients. For AA patients with PNH, who had monoclonal
TCRB responses, four had low response clonal expansions and 4 were moderate. In patients with AA
and no PNH clones, 3 were low response and one moderate. When comparing clonality in terms of
response level, there was no significant difference between the response levels when split by clinical

status category or diagnosis.

5.5.1. No significant differences in TCRBV gene usage in clonal versus non-clonal repertoires

When grouping all the AA and PNH patients according to clonal response, non-clonal, monoclonal or
polyclonal, or when splitting them into PNH or AA and then the clonal response level, no statistically
significant difference was seen between any of the groups or response levels (data available on
request). It was important to investigate this to understand as to whether some responses were
antigen specific in case PNH is caused by a super-antigen for example. Antigen specific clonal
populations would be expected to be present at some point during the PNH pathogenesis and

progression.

5.5.2. Potentially significant differences in TCRBJ gene usage were observed between clonal

and non-clonal patient TCRB repertoires

When comparing non-clonal versus monoclonal and polyclonal TCRB repertoire responses, regardless
of having AA or PNH, although statistical significance was not achieved, J1-4, J2-3 and J2-6 showed
differences. Monoclonal repertoires tended to have higher J1-4 usage and J2-6 usage but lower J2-3
usage (Figure 55. left.). With a higher n number, the statistical significance may have been achieved

and therefore should be taken into account although not a significant finding.
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When comparing clonal versus non-clonal repertoires irrespective of AA or PNH, again J1-4 and J2-6
were more used in clonal repertoires and J2-3 was used less in clonal TCRB repertoires. Again, the
findings were not statistically significant (Figure 55. right). When comparing AA categories, those with

an increasing PNH clone or a large PNH clone had lower usage in J1-5 and higher usage in J2-5.

When splitting males with females, J2-2 and J2-7 was slightly higher in males. Again, none of these
findings achieved statistical significance at p<0.05 but with a higher n number, the statistical
significance may have been achieved and therefore should not be discarded. In conclusion, again more
variation was likely when analysing TCRBJ usage than TCRBV gene usage, particularly in the context of

clonal repertoires.
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Figure 55. TCRBJ gene usage in 43 PNH and 33 AA patients according to clonality. The analysis
compared clonal versus non-clonal TCRB responses in the primary data cohort of 43 PNH patients, 6
AA with no PNH and 28 AA with PNH. TCRBJ gene usage was compared between non-clonal n=49,
monoclonal n=22 and polyclonal n =5 TCRB responses. Four out of 5 polyclonal repertoires were PNH,
and 12 out of 22 were PNH for monoclonal responses. P adj values shown were calculated using the

Holm method with pairwise Wilcoxon mean comparisons. P<0.05 was considered significant.

5.5.3. No obvious specific CDR3 patterns were associated with clonal TCRB

CDR3 characteristics were assessed at both the positional pattern level and amino acid property level
in regard to immune response. However, due to the low n number of the clonal populations, and high
n number for non-clonal populations of 50,000 +, any statistical tests would be biased. Figure 56.
details CDR3 properties that were investigated in PNH patients, showing that the majority had similar
profiles. Some of the patients with abnormal results in the context of PNH, were analysed on an

individual level in Chapter 6 in more detail.
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To investigate as to whether there were any positional amino acid properties that could be
contributing to the TCRB clonality, the TCRB clonal expansion’s CDR3 was analysed using a positional
weight matrix. This assessed whether particular sections of the CDR3 had certain amino acid
characteristics. The analysis assessed clonal TCRB in AA or PNH categories and then non-clonal
expansions in some normal repertoires on the basis that they were not linked to a chronic infection at
least in that individual. A variety of residues were used in each position of the CDR3 with no particular
patterns being linked to a clonal TCRB in a specific clinical status category. CDR3 is defined as the
region between a cysteine and ending with a phenylalanine-glycine. Therefore, it would be expected
that all CDR3s would start with a C and end with an F residue [304]. One clonal CDR3 from an AA small
PNH clone patient and one from a PNH patient with a large stable clone showed hydrophobic residues
at positions 6 and 7 in the CDR3, which in mice have been linked to self-reactivity [88]. As only one is

present in two patients, it may be an outlier.
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Figure 57. Position frequency matrix analysis of clonal CDR3s in AA and PNH patients. From top to
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bottom, by row, the CDR3s are examples of clonal CDR3s from AA patients progressing PNH with a
large EBV TCRB clone, PNH new or increasing, PNH large clone stable, AA no clone, AA increasing clone,
AA small clone and finally three examples from non-clonal normal repertoires, of non-clonal CDR3
TCRBs. CDR3s were taken from multiple patients as examples of structures. Red is acidic residues, blue

basic, black hydrophobic, purple neutral and green polar.

5.5.4. Thirty-four unique TCRB clonal expansions were identified in AA and PNH repertoires

TCRBs that were annotated as accounting for more than 2.42% of an individual’s repertoire were
defined as clonal based on findings in Chapter 4. Thirty-four unique clonal TCRBs were found in AA
and PNH patient repertoires. Twenty-six of these were novel and unique to AA or PNH patients at the
time of analysis, as they were not identified in the 29,140 TCRBs (irrespective of clonality) identified
in the normal cohort or when searching the TCRB databases or literature searching (Section 2.9.2.3.)
(Table 24.). Only two of the TCRB clonal expansions were found in literature searching or searching
TCR databases. ‘CASKGGNQPQHF’ was found in three other patients in a study so is not unique to AA.
‘CSVGSGGTNEKLFF’ was found with multiple hits linking to EBV and Influenza A [254,255].
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This CDR3 was also one of four TCRB clonal expansions found to be persistent (clonal at multiple time-
points for one patient) and appeared in five PNH and AA patients spanning a range of the patient
categories along with 5 normals. Persistent clonotypes are important for understanding chronic
immune responses. As PNH is a chronic disease, if T-cells have a significant involvement, TCRB clones
may expect to be persistent and correlated with PNH clone size. These dynamics are best investigated
using longitudinal TCRB studies (Section 6.3.). Two well represented clonotypes ‘CSVETPGTSGRYEQYF’
and ‘CSVDKAGAGELFF’, whose origin is currently unidentified by other research, were found in 23 and
24 of the 30 normals respectively. They were, however, only found in one AA patient with an

increasing PNH clone and one AA no PNH patient respectively (Table 24.).

In the AAincreasing PNH clones, 3 out of 7 patients had clonal repertoires. One, patient 00563 (Section
6.3.2.) had a hyperexpanded clone at 61%, V29-1/J1-4. All clonal responses were seen in males aged
65 and above in this category. The other four non-clonal repertoires were, one male aged over 65,
and the rest were female and aged between 22 and 36, considerably younger. This again, could be
linked back to the fact of women being more prone to autoimmunity and men infections. With ageing,
the repertoire tends to represent more infections such as EBV which could be the cause of clonality in

the older male TCRB repertoire [305].

In AA no clone, the group was made up of mostly males of varying ages, and four being monoclonal.
Three low responsive TCRB clones and one moderate at 11%. TCRBV15, 18, 10-2 and 6-5 were
highlighted as interesting as they routinely emerged in the top 10 clonotypes in this cohort and were
families not usually observed at high frequencies in normals. The moderate TCRB clone was V6-5/J1-

5 followed by a non-clonal V10-2/J1-4.

In the AA small clone (which included those who were recovering from PNH or clone was falling) there
were 4 monoclonal repertoires. Three had moderate responders and one low. Of the two patients
who had falling PNH clones, one was non-clonal, and one was a low responder at 3.5% with a novel
TCRB ‘CASPGTTTDTQYF’, patient 004V3, detailed in Section 6.3.1. Interestingly, this clone was

persistent but decreased over the six years between samples with the decrease in PNH clones size.
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Five out of the 17 PNH with new or increasing clones were clonal with one being polyclonal in
response. Three of the patients were originally diagnosed with AA but now only PNH, and two of these

were monoclonal with low or moderate responses.

Nine out of 17 PNH patients with large clones but stable had clonal repertories. Three were polyclonal,
however, one was polyclonal due to low clonotype number. Five had low response clones and 3 were
moderate. Interestingly, the majority of the clonal repertoire patients had had PNH for longer periods

of time (10+ years) compared with some of the non-clonal (2+ years).

Table 24. TCRB clonal expansions in PNH and AA patients.

CDR3 amino acid sequences from 77 AA and PNH patients present at clonal TCRB frequencies
(occupied 2.42% or above of the TCRB repertoire). Each TCRB CDR3 sequences was annotated with
the number of times it appeared in the normals cohort along with the category and clonal percentage
it was present at in the AA and PNH cohorts. The two CDR3s in italics indicate CDR3s identified in other
studies. The four CDR3s in bold indicate persistent clones, those found at clonal frequencies in multiple

time points from the same patient. 26 were novel to AA or PNH at time of the analysis.

TCRBV TCRBJ CDR3 amino acid sequence Number of times CDR3 appears in normals Category % of TCRB reperotire occupied
V53 )14 CARSHEGGLDEKLFF 0 HLCS 6.2
vii-l  J2-2 CASGDRVTGELFF 0 HLCS 8

vis )15 CASHPFRGNQPQHF 0 HLCS 3.2
vig  J1-5 CASKGGNQPQHF 0 aasc 6.5
V55 )23 CASPGTTTDTQYF 0 aasc 35
Vi )26 CASRTGTGGRGANVLTF 0 aasc 9
Vi 114 CASSARTGHEKLFF 0 HLCS 3.2

Vi2-3 115 CASSFPGNDRVHF 0 HLCS 2.8

vig )15 CASSIGVPSGNQPQHF 0 HLCS 25
vis 15 CASSIPDRGSQPQHF 0 PNH new inc 25
V27 )23 CASSLSGLIDTQYF 0 AA new inc 3

V64 J1-6 CASSPPGTDNSPLHF 0 PNH new inc 37
vig  J14 CASSPPLGQGNEKLFF 0 aasc 6.8
vig )14 CASSPTGYGSEKLFF 0 HLCS 15

V113 )21 CASSPWENEQFF 0 AA new inc 2.6
V54 13 CASSQLGDGNTIYF 0 HLCS 8.7
V65 13 CASSQREGNTIYF 0 PNH new inc 4.4
V65 J1-5 CASSYQGAQPQHF 0 AA no PNH 11

vis 14 CASTRTGGGPNEKLFF 0 HLCS 3.19
vis )23 CATSRTSESEGADTQYF 0 AA no PNH 2.6
vis 114 CATSSQAGEKLFF [} PNH recovering 4.2

V291 )26 CSAAIGTDSSGANVLTF 0 LGL 25
V291 J2-6 CSAHADAGANVLTF 0 HLCS 9.8
V291 )23 CSVDRADTQYF 0 HLCS 4.7
V29-1 15 CSVNSGSGNQPQHF 0 PNH new inc 5.7
V29-1 J2-3 CSVPRGTDTQYF 0 HLCSx2 6.4,2.7

vis )23 CATSTLAGEAQYF 1 HCLS 44

V291 15 CSVNWGSGNQPQHF 1 HLCS 12

vis 21 CATQPGGGGNEQFF 2 PNH new inc 39

V291  J2-2 CSVGGSGELFF 2 PNH new inc 2.6
V29-1 J1-4 CSVGSGGTNEKLFF 5 AA no PNH, HLCSx2, aasc, AA new inc 4,4.1,11,14, 46
V291 J2-7 CSVETPGTSGRYEQYF 23 AA new inc 43
V291 J2-2 CSVDKAGAGELFF 24 AA no PNH 2.7

Vvis )21 CATSRESGGTDEQFF 2 HLCS 39
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5.5.5. Polyclonal TCRB responses in PNH and AA patients

Table 25. TCRB repertoire clonality study highlighted 5 patient samples that had polyclonal T-cell
responses. The clonal TCRB responses for each patient are in bold, these are TCRB clonotypes
comprising 2.42% or more of the overall TCRB repertoire. Some non-clonal TCRB were included to

indicate the sharp decline in clonal to non-clonal percentages.

Sample % of TCRB repertoire CDR3 seq e(aa) TCRBV  TCRBJ Number of clonotypes Diagnosis notes
502 3.03 CASSLSGLIDTQYF  TRBV27 TRBJ2-3 1220 Aplastic progressive disease 3 years, increasing/variable clones now '

2.60 CASSPWENEQFF  TRBV11-3 TRBJ2-1
177 CATADWNNEQFF  TRBV6-2 TRBJ2-1

004VR 3.17 CASSARTGHEKLFF  TRBV19 TRBJ1-4 1002 Haemolytic, large stable clone

Interesting case. Grans all type lll, mono all type Il, red cells almost
2,50 CASSIGVPSGNQPQHF TRBV19 TRBJ1-5 indistinguisable from normal but likely 100% clone. Thrombotic
235 CATSRESNDHGQPQHF TRBV15 TRBJ1-5
1.49 CASSSNSRVGKLFF ~ TRBV27 TRBJ1-4
Haemolytic, large stable clone

00532 6.43 CSVPRGTDTQYF  TRBV29-1 TRBJ2-3 43 Thrombotic with large (>99%) clones. Stable disease for 7 years
4.70 CSVDRADTQYF  TRBV29-1 TRBJ2-3
394 CATSRESGGTDEQFF TRBV15 TRBJ2-1

005DE 14.74 CASSPTGYGSEKLFF  TRBV18 TRBJ1-4 1198 Haemolytic, large stable clone
8.09 CASGDRVTGELFF  TRBV11-1 TRBJ2-2
6.57 CASTRTGGGPNEKLFF  TRBV19 TRBJ1-4
319 CASHPFRGNQPQHF TRBV19 TRBJ1-5
1.85 CASSKWGQGDQPQHF TRBV19 TRBJ1-S

005DY 441 CASSQREGNTIYF  TRBV6-5 TRBJ1-3 848 Haemolytic new/increasing
372 CASSPPGTDNSPLHF  TRBV6-4 TRBJ1-6 Sample taken a couple of months after diagnosis
0.82 CASIQRQAASSNSPLHF TRBV6-5 TRBJ1-6

Five polyclonal TCRB repertoires were identified in this study, 4 PNH and one AA (Table 25.) Each

patient repertoire was analysed at an individual level.

Patient 0053Z, who was in the category of PNH, with a large stable clone, had 13 out of 43 TCRB
clonotypes in the repertoire present at clonal levels. However, on analysis of the T-cell count data, the
sample only had 15% T-cells before being processed. The repertoire was unusual in that the majority
of the CDR3s had no basic residues. The patient was thrombotic which may have attributed to issues
with sampling separation. Therefore, most likely the clonality observed was due to low T-cell numbers

which could have a biological origin, or, been artificially produced by the blood taking process.

Interestingly, for the remainder of the polyclonal patient responses, the inclusion of the first non-
clonal TCRB (Table 25., not in bold type) highlights how rapidly the percentage of a TCRB population

dropped after the clonal responses.
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For example, patient 005DY had two clonal TCRBs at 4.41% and 3.72% of the TCRB repertoire so were
considered moderate levels of response. The next clonotype is non-clonal at a much lower percentage
of 0.82%. This was almost five times lower than the second top clonotype in the repertoire. This
suggested that the polyclonal responses were biological rather than technical. Patient 005DY was
diagnosed only a couple of months prior to sampling, suggesting that they were in a known active

stage of PNH, progressive state which may indicate why there was two clonal expansions.

The majority of the five patients had TCRB clonotype numbers near to the average of 1217 in patients
in the primary analysis set. 005DY had a slightly lower number as it was a buffy coat sample, as was
005DE, but not significantly low enough for TCRB responses to be attributed to this. Three out of the
five patients were PNH with large stable clones, one was aplastic with an increasing clone and one was
haemolytic PNH with a new and increasing clone. The ages ranged from 28 to 83 so the response was

not linked with age, and the sex was 3:2, male to female, again not showing an obvious sex link.

When carrying out TCRBV and J gene usage on just the polyclonal subsets, interestingly, the usage was
different to that of the primary analysis when looking at individual polyclonal responses (Figure 58.).
When observing patterns in TCRBV and J gene usage in the repertoires of these polyclonal responses,
all patients except 005DE shared the most common TCRBV family as 29-1 in agreement with non-

clonal responses and the normal samples in Chapter 4.

O0O5DE shared V29-1 as its third most common TCRBV, close in number to TCRBV18 and V19 which
were top. Generally, a similar pattern usage was observed across the samples, 0053Z had an
abnormally high TCRBV29-1 usage possibly attributed to the low T-cell sample counts. The usage
differed slightly to the usage observed in the PNH or AA subsets. V18, 19, and 27 were amongst the

higher usages but not across all five samples.

005DE also saw V11-1 at higher usage levels than the other patient samples. V11-1 to date has not
been annotated in a particular disease. Overall, this highlighted that there may be subtler changes in
TCRB clones in individual repertoires not identified when averaging results of all patients’ repertoires

across a group.
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Figure 58. TCRBV and J gene usage across the 5 patient samples that produced polyclonal TCRB
responses. Polyclonal TCRB responses were defined as TCRB repertoires having 2 or more TCRB clonal
expansions. A TCRB clonal expansion was a TCRB clonotype occupying 2.42% or more of the
individual’s TCRB repertoire. 004VR, 0053Z and 005DE were PNH patients with a large stable clone,

502 was an AA patient with an increasing clone and 005DY was PNH with a new or increasing clone.
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5.6. GPI- versus GPI+ T-cells

Having analysed TCRB repertoires in the context of PNH, it was important to understand whether
clonal TCRB might be involved in the pathogenesis of PNH (GPI+ T-cells) or the progression (GPI- T-
cells). When PNH first emerges the majority of the T-cells will be GPI+ and will be responsible for the
initial immune responses [306]. Potentially, the emergence of GPI- T-cells, allows for the mutated PNH

HSCs to expand and progress the disease further.

Flow cytometry TCRBV data (kindly provided by Dr S. Richards) was analysed for 8 patients, chosen for
their high GPI- T cell populations (over 25% considered large), large PNH clones or the length of time
they had had PNH. The majority of patients had normal CD4+ to CD8+ ratios and the T-cells were not
generally memory or viral specific e.g. for CMV when analysing cell specific markers for these factors.
CD57+ for example, was used to differentiate terminally senescent T-cells [307]. One patient had
mainly GPI+T-cells (GPI- 3.13%), but an inverse ratio of CD4 to CD8 with almost double the number of
CD8:CD4 T —cells than expected. The majority of the V beta frequencies were lower than in normals in
the GPI- fraction and many in the GPI+ fraction. When higher than normal expression of V beta gene
families was seen in patients, the majority of patients saw higher than normal expression of V beta
gene families in the GPI- fraction than in GPI+ fraction. This was not true in two patients who

coincidentally had inverse CD4:CD8 ratios compared to the other patients.

The majority of the T-cells were naive, to be expected especially in the GPI- compartments as these
will have been most recently produced in patients as they developed PNH. Two patients saw slightly
higher numbers of memory T-cells than their counterparts at 26.54% and 33.42% compared to the
rest of the patient values being under 12%. On both occasions these were GPI+ T cells. V27 was
exclusively overrepresented in only GPl—T-cells. V 4-1,4-2,4-3, was highly expressed exclusively in one
patient’s GPI- population, accounting for 21% compared to the mean value in normals of 2.56%. V 12-
3 was exclusively down regulated in one patient in the GPI- compartment. V18 was exclusively highly
expressed in one GPI- compartment. V19 highly expressed in one patients GPI+ at 9.58% compared to
the norm at 5.15% (data available on request). This again highlights the variety of TCRB responses in

PNH patients and identifies V27 as of interest from this data.



208

5.7. Chapter summary

The work in this chapter was successful in achieving the main aim of assessing as to whether there
was a specific TCRB clone involved in the pathogenesis or progression of PNH. The findings suggested
that there was not one single TCRB clone involved in PNH pathogenesis shared between all patient
samples. However, a number of interesting observations are summarised below, some of which are
discussed in more detail in the context of the research field as a whole in Chapter 7. A range of analysis
was performed to ask different biological questions from the TCRB repertoire data in regard to PNH
and T-cells. The 77 AA and PNH patient TCRB repertoires were successfully analysed and compared

with normals to identify some potentially PNH specific TCRB characteristics.

Relating back to the original project hypothesis, a single TCRB clone or series of TCRB clones were
hypothesised to be present in the repertoire of all PNH patients. The findings in this chapter do not
support this. However, they do provide evidence for disrupted TCRB repertoires in PNH patients that

differ from normal subsets.

5.7.1. TCRB clonal responses in PNH and AA
5.7.1.1. Twenty-six novel TCRBs identified in PNH and AA patients

The analysis investigating the hypothesis that identical TCRB clones are shared amongst PNH patients
and prevalent in the repertoire, led to the conclusion that this was not the case. Mainly attributing to
natural variation in TCRB repertoires, due to infections, it made it very hard to decipher PNH specific

responses.

However, 34 unique TCRBs were identified in the 77 PNH and AA repertoires, 26 which were novel (at
time of the analysis) to PNH or AA as they were not present in the public TCRB repertoire generated
in Chapter 4. The importance of having the public repertoire was highlighted by two well represented
TCRB CDR3s ‘CSVETPGTSGRYEQYF' and ‘CSVDKAGAGELFF’ in the patient cohort, whose origin is
currently unidentified by other research. They were, however, found in 23 and 24 of the 30 normals
respectively. This meant that they were public TCRBs and unlikely to be linked exclusively to PNH. Five
samples showed polyclonal TCRB responses (more than one TCRB clonal population) and the majority

were PNH with large stable clones which could have clinical relevance.
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When breaking the clonality of repertoires into categories, age or sex, some distinctions could be
made. AA with no PNH had more clonal than non-clonal TCRB repertoires within a group, which was
as expected, as AA has been linked with clonal CD8+ T-cell expansions [308]. Although, clonality in
general was not exclusive to one category group, it varied across the groups. Clonality was slightly
skewed towards males, as males are more prone to infections than females, the clonality may not be
related to PNH but rather a different infection or virus. One group showed a distinct separation in the
metadata of clonal repertoires. This was AA patients with an increasing PNH clone. All of the clonal
repertoires were either male and over 65 or young females. This would need to be investigated

further.

No specific CDR3 pattern was shared between the PNH and/or AA cohorts for clonal TCRBs not
indicating any particular pathological amino acid sequences. However, the method could be improved
by applying machine learning techniques to assess trends and differences rather than manually, to

draw accurate conclusions from the data.

5.7.1.2 Are PNH specific TCRBs in memory states in some repertoires?

Interestingly, when analysing the number of unique TCRBs that occupied a specific percentage of
repertoire space, TCRBs that appeared 31-100 times in a repertoire (non-clonal) were higher in the
disease subsets than normals. This suggested that perhaps it is the non-clonal populations in some
PNH subsets, dependent on stage of disease, that are implicated in PNH. This would link roles for T-
cell subsets such as memory T-cells that are present at non-clonal percentages in the repertoire.
Perhaps in active stages of disease, the TCRB will be clonal. As the PNH status remains stable, the
TCRBs may contract and differentiate into memory subsets. In order to investigate this further, PNH
newly diagnosed patient repertoires were analysed in Chapter 6. If TCRB clonal populations are
present in these patients it may support this theory. Equally, if spontaneous remission patients, also
analysed in Chapter 6., have non-clonal TCRBs, this would support the theory. For further work, T-cells
could be sorted into subsets prior to sequencing based on surface markers. For example, central

memory T-cell subsets express CD45R0 [309].
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5.7.1.3. Diversity was not decreased in PNH patients compared to normals

Diversity of TCRBs in a repertoire can be an indicator of stability inimmune response, the more diverse
the repertoire, the greater the ability to recognise more infections. Equally, if there are more clonal
populations responding to infection, diversity will be decreased and therefore, decreased diversity
could be pathological [310]. It was therefore expected that PNH patients would have significantly
lower diversity than normals. The only diversity measure to differ between PNH/AA patients and
normals was “true diversity” which was indicative of stability in normals compared to AA and PNH
repertoires. It might have been expected for more diversity measures to be different between the
groups. However, it could be due to diversity measures using the definition of a TCRB clone as the
same V/J gene, CDR3 amino acid usage that lead to the insignificance (Section 7.2.1.3.). The diversity
may be related less to antigen infection and more to do with selection processes in the thymus during
T-cell development (Chapter 1). This is why TCRBV and J gene usage was also assessed irrespective of

CDR3 but again no significant differences were observed at group levels.

5.7.1.4. TCRBV/J gene usage in PNH and AA patients

Interestingly, it might have been expected that TCRBV and J gene usage in the repertoires would be
skewed towards particular families in PNH and AA in response to clonal expansions. However, this was
not the case. When observing the trends in AA and PNH cohorts, the general trend was similar to that
of the normals with V29-1 being highly used followed by V-19. J2-3 and J2-1 were highly used J genes
also seen in normals. When splitting the V and J gene usage by clonality response, (non-clonal, mono
or polyclonal) no differences were observed in V usage but in monoclonal responses J2-3 usage fell
and J1-4 and J2-6 increased. This may suggest that clonal populations usage differs from normals,
however it could not be inferred if this was specific to AA or PNH or in response to an infection for
example. This highlighted that perhaps V and J gene usages were subtler and unique to an individual’s
response. This is why in Chapter 6. Some individual’s data were analysed in depth and showed

variances in TCRBV/J gene usage.
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5.7.2. Disease types could be distinguished by overall TCRB CDR3 repertoire amino acid

properties

5.7.2.1. PNH TCRB clones had more acidic and more negative residues in TCRB CDR3s than

normals and AA patients

As clonality did not appear to be a significant find in the data sets, CDR3 amino acid properties in the
TCRB repertoire as a whole were analysed irrespective of clonality. This helped assess whether there
was immunological dysfunction in the TCRB repertoire. Non-surprisingly, AA with PNH, AA no PNH and
PNH patients could be separated from normals based on some CDR3 amino acid properties. PNH
patients had more acidic residues, more negatively charged and shorter lengths of CDR3s in their
repertoires than normals. They also had lower aromatic residues, higher aliphatic and more
hydrophobic residues. Some of these characteristics have been linked to autoimmunity, and others

with Tregs, which would suggest an attempt to re-balance the TCR repertoire [300,311].

Interestingly, AA with PNH or showed to have lower basic residues, more acidic and more negative
CDR3s than AA with no PNH, which again highlights that in the context of PNH, TCRB CDR3s seem to
have more acidic residues and more negative residues. This will relate to the type of antigens they
respond to e.g. antigens with more basic residues. This would also suggest that the antigens that PNH
related TCRB clones are either interacting with or unable to interact with, depending on the
mechanisms, are different to those in AA. It would be interesting to track the AA no PNH repertoires
over time and assess whether they change and whether they develop PNH. CDR3 properties could

serve in future as a biomarker to predict perhaps whether PNH will present in some AA patients.
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5.7.2.2. Are recovering PNH TCRB repertoires becoming more autoimmune?

PNH patients who were recovering were significantly older than the average PNH patient by around
10 years. These patients also had the shortest CDR3s (excluding complexes cases and groups of n=1)
and more negative CDR3s than the other solely PNH groups. These factors could suggest some antigen
skewing in the repertoire and have been linked with CD8+ T-cells [312]. It would be interesting to see
if these patients had or go on to develop any known autoimmune diseases leading to the recovery or
as a result of recovering from PNH. The older age may suggest mechanisms of immune-ageing (Section
7.3.2) as factors in recovery. Active PNH groups had fewer hydrophobic residues in CDR3s.
Hydrophobic CDR3s have been linked with autoimmunity [88]. Fewer of these would suggest it is less
likely that there are autoimmune mechanisms involved with active PNH but could link with

autoimmunity in recovery.

5.7.2.3. PNH clones increasing in the context of AA had the most negative CDR3s

Out of the AA groups, AA increasing PNH clone had the most negative CDR3s and a higher number
than the other solely PNH groups. As these are indicated in CD8+ populations, it could mean that TCRB
responses are attributed to AA, or responses differ in PNH when AA is also present. It could also be
that in AA with increasing PNH, the bone marrow environment is extremely toxic due to AA, allowing
PNH clones to expand, which either could be as a result of or result in the change in these TCRB

characteristics.

5.7.3. Chapter conclusion

In conclusion, the successful production of 77 AA and PNH TCRB patient repertoires and subsequent
bioinformatics analysis allowed for TCRB dynamics to be assessed in the context of disease, by
comparison with the large normals data set. Although no shared TCRB clone specific to PNH was
identified, the results identified novel TCRBs in AA and PNH along with disruption of TCRB repertoires
present in PNH patients that share common CDR3 amino acid properties. This immune dysfunction
was not observed in the normal datasets. The analysis in Chapter 6. will expand on these findings and
assess TCRB repertoire dynamics in patients over multiple time points, along with interesting cases

and some BM and PB matched samples.
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Chapter 6 — In depth analysis of TCRB dynamics in AA and PNH patient TCRB repertoires

6.1. Introduction

This results chapter follows on from the work in Chapter 5. However, rather than focussing on trends
between categories and diagnosis sets, a number of patients were selected to analyse on an individual
level. Experiments used to improve the reliability of conclusions drawn from the TCRB data are also
discussed in this section including comparing TCRB repertoires from bone marrow and peripheral
blood matched TCRB repertoires. Chapter 4 and 5 highlighted how dynamic TCRB repertoires are
between different individuals rather than over-time for the same person. This chapter investigates the
TCRB dynamics over time and in the context of other factors such as BM versus PB. In depth analysis
of the samples in this chapter allowed for more conclusions to be drawn about the dynamics of TCRBs
in PNH in relation to the BM, at the start of the disease, during spontaneous remission, and changes

over-time in the context of changes in clinical status.

6.1.1. Analysing TCRB repertoires over time to understand TCRB and PNH clone size

dynamics

TCRB repertoires are dynamic and many factors can have an effect on a repertoire both short-term,
for example acute viral infection, or over the long term, for example a chronic infection like EBV
(Section 1.4.). A number of AA and PNH patients had multiple short-term time point samples (< 2
years) and long-term time points (>2 years). Analysing these TCRB repertoires helped identify
persistent TCRB clones, those that appear clonal at multiple time points, often indicative of chronic
disease. Immune mechanisms linked with chronic disease such as T-cell exhaustion will be discussed
in the context of these results in Chapter 7. Fundamentally, TCRB repertoire studies are challenging,
as realistically the whole immunological history of the patient prior to the sample being taken has led
to the current diversity of the repertoire. This makes inferring information from the TCRB repertoire
of one sample at one time-point with accuracy, difficult. However, multiple time points can help

strengthen these inferences and assess changes over-time.
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6.1.2. Establishing whether “interesting cases” can be identified by abnormal TCRB

repertoires

A number of individual PNH and AA patients were annotated as “interesting cases” by Dr S. Richards.
For example, one patient did not haemolyse as expected despite having 50% Type Il red blood cells.
It was therefore interesting to analyse these patients on an individual basis to assess whether there
were changes in TCRBs that could be linked to their specific cases. Included in this cohort were a
number of newly diagnosed PNH patients to assess whether TCRB repertoires are markedly different
when first diagnosed with PNH, when pathogenesis would be expected to be at a height. An AA patient
with progressive disease was also assessed here. Due to clonal TCRBs not being present in all AA
repertoires in the previous chapter, perhaps due to immunosuppressive treatment, it was important
to analyse the repertoire of this patient. If AA is progressing, it would be expected that a clonal
expansion of TCRBs would be present and that immunosuppressant treatments either had not been
administered yet or were not involved in the suppression of TCRB clones. Two spontaneous remission
patients were analysed in this section. They had recovered from PNH having had it for over 19 years
each. They were assessed on an individual level and in the context of normals and PNH to identify any

TCRB changes occurring linked to recovery.

6.1.3. Bone marrow TCRB repertoires versus peripheral blood TCRBs

PNH, like AA, is a bone marrow disorder and ideally bone marrow samples would be used in this
project. There are many practical problems associated with obtaining bone marrow samples, in
particular, the invasive nature of the procedure. Healthy control bone marrows are difficult to obtain

|”

and therefore any bone marrows considered “normal”, are usually ones from patients with another
haematological disease or are under investigation for an undiagnosed haematological disease. This
would result in limited comparisons of repertoires with normals and would make identifying PNH
specific TCRB responses in the BM difficult. It would also be unethical to put patients through
unnecessary bone marrow sampling. Often bone marrows are taken at the beginning of treatment or
when something has gone wrong which would also bias the results. For this reason, peripheral blood
samples were used as the default. However, 3 patient samples had bone marrow and peripheral blood
matched samples. These were analysed to discover whether peripheral blood TCRBs can be used as a
representation of the repertoire in the bone marrow environment. On the other hand, the peripheral
blood may also show something occurring that is unrelated to the bone marrow environment but still

related to the disease. For example, infections that show in the blood such as EBV specific clonal

expansions, could drive changes in the bone marrow or vice versa [313].
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There could be a population of GPI- T-cells in the peripheral blood driving the progression of the

disease but not present in the bone marrow.

6.1.4. Experimental bone marrow TCRB repertoires versus patient bone marrow TCRB

repertoires

As detailed in Chapter 1, this project work follows on from original experiments by Dr. R. Kelly. These
experiments used PNH and normal BM samples in a laboratory setting to assess the fitness of PIG-A
mutated HSCs compared to normal HSCs in the context of PNH. They were also used to assess the
ability of the bone marrow to generate haematopoietic cells/colonies. The in vitro long-term bone
marrow culture model was designed to mimic the in vivo conditions of a PNH patient’s bone marrow
using a stromal cell line. Preliminary data showing that when T-cells from patients with PNH were
present in the artificial bone marrow, PIG-A mutated HSCs had a selective growth advantage over
normal HSCs, implicated T-cells as an extrinsic cell factor that help the clonal expansion of mutated
HSCs. When these T-cells were not present, normals HSCs had the proliferative advantage as the T-
cells were inhibiting the function of the normal HSCs. This was indicated by more progeny that were

GPI+ [234].

These experiments have shown that normal bone marrow cultures last 8 weeks compared to the PNH
which lasts around 4 weeks. When T-cells are removed, the PNH culture also lasts 8 weeks. Both a
normal bone marrow and a PNH bone marrow culture were sampled at 45 days still containing T-cells.
The PNH BM, still containing T-cells and still functioning at 45 days was an unexpected finding and
identifying the T-cell populations was of great interest. Therefore, these samples were sequenced and
analysed to assess the TCRBs in the bone marrow repertoire investigating as to whether the effect of
T-cells is linked to the TCR which would be indicated by skewed clonality. The immune escape of PNH
HSCs due to their GPI loss is an accepted hypothesis [314]. It therefore would be expected that there
are a number of clonal mature T-cells involved in the pathogenesis or progression of PNH residing in
the bone marrow. These will have migrated from other secondary lymphoid organs, such as the
spleen, so would potentially be matched in the peripheral blood [315]. Another possibility is that the
response is not clonal in response to superantigens. The symptoms could be as a result of cytokines,

stress responses (NK receptors) or inflammatory mediators [316].
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6.1.5. UMI- adapted TCRB data to improve TCRB repertoire studies

Throughout the project a UMI TCRB sequencing method was developed. This involved the tagging of
each biological TCRB in a PCR reaction with a unique 12bp code split at the beginning and end of a
sequence. UMI techniques are becoming more routinely used as it is thought they can reduce
technical biases associated with TCRB sequencing [166] previously discussed in this thesis. A summary

of the results from successfully sequenced UMI libraries will be discussed.

6.1.6. Chapter aims and objectives

The aim of this chapter was to investigate TCRB repertoires in AA and PNH patients on a more
individual basis to assess subtleties in responses that may not be picked up when grouping patients
together. By using samples from scenarios detailed above, the analysis hoped to strengthen the
reliability of the project findings and improve understanding of the links between TCRBs and PNH

clone sizes.

Objectives:

e Assess patient TCRB repertoire dynamics over time

e Determine whether TCRB repertoires from patients annotated as “interesting cases” differ
from other patient repertoires

e Draw parallels between bone marrow and matched peripheral blood TCRB repertoire
dynamics

e Compare experimental LTBMC TCRB sequencing data with a PNH patient BM sample

e Analyse UMI adapted TCRB repertoire data

As research into TCR dynamics, particularly CDR3 amino acid characteristics, in PNH advances, the
biological findings of the work in this chapter will become more apparent. The chapter is structured so
that the sections will act as case studies that can be read independently from one another as points of

reference and interest in future.
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6.2. Short-term time points showed changes in TCRB repertoires

Seven patients had multiple short-term time points, 4 of which also had longer term time points and

will be discussed in the next section.

6.2.1. Patient 00551 - short-term samples

The first patient 00551, was 51 at time of the first sample, male and had PNH with a large stable clone
(100%) that had been stable for over 15 years. Both samples were monoclonal taken 6.5 months
apart. However, the clonal TCRB was not the same. The first sample had a clone at 10.4% which was
moderate with a V29-1/J1-4 and CDR3 ‘CSVGSGGTNEKLFF’ linked with EBV and Influenza A as
discussed in the next section. The second sample had a top TCRB clone at 3.1% which was low
response, V6-5, J1-5 and CDR3 ‘CASSQRAGYQPQHF’ and no hits in databases or literature. The samples
shared 167 clonotypes and there were no significant differences between CDR3 characteristics. This
number of shared TCRB clonotypes was above the maximum found to be shared between two normals
in Section 4.5.7. This is to be expected in a sample from the same patient. A number of shared memory
T-cells should be picked up at each sample stage. The buffy coat sample had under half the number of

TCRBs of the gDNA sample with only 11,238 to 25,952, as to be expected with buffy coat samples.

The number of unique TCRBs for the first sample was almost six times the number for the buffy coat
sample at 2608 to 459. The inverse Simpson value for the first sample was lower at 81 compared to
222 6.5 months later. However, d50 was higher at 260 to 96. V usage for the first sample was V29-1,
accounting for almost half the repertoire, then V19 and V 6-5 at just above 10% each. This was similar
to the trend observed in normal TCRB repertoires. Six and a half months later V usage had dropped
slightly to around 35% and V19 and V6-5 were just under 10% as the most common. J usage for the
first sample was J2-3 followed by J2-1 for the most common. Six and half months later this was J2-3

followed by J1-5 closely followed by J2-1.

The first sample’s top clone was not present in the sample taken 6.5 months later. The second sample
was buffy coat whereas the first was not which could have had an effect on the clone percentages and
the TCRB clones identified (Section 4.3.3.). Most likely the EBV related clone was not picked up in the
BC sample rather than completely disappearing as even if it was not active it would be expected to be
circulating in a memory state. These memory states however would be non-clonal and perhaps if

multiple technical replicates were taken, it would have been detected (as detailed in Section 4.3.).
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The second sample’s top clone was present in the first sample but only at 0.28% showing clonal
expansion over the 6.5 months perhaps due to re-infection. Half of the top ten TCRBs in the first
sample were present in the second sample. Eight of the top 10 TCRBs in the second sample were
present in the first. This would infer that, assuming the majority of the top 10 TCRs were at detectable
levels in each patient, that a number of new memory T-cells could have entered the repertoire over

the 6.5-month period.

6.2.2. Patient 004WZ

Sample 004WZ was a patient whose diagnosis went from AA to haemolytic and was aged 43 and male.
At the time of sampling they had a large PNH clone, greater than 95% and had stable disease for over
2 years. The second sample was taken 17.5 months later and was buffy coat. The first sample showed
no clonal response. However, the second sample showed a polyclonal (3 clonal TCRBs) response, with
clones at 9.65% (‘CSAHADAGANVLTF’), 8.4% (‘CASSQLGDGNTIYF’) and then 6.5%
(‘CATSTWDREGANVLTF’). The next clone was non clonal at 1.6%. Both samples shared the top TCRB,
V29-1, J2-6, ‘CSAHADAGANVLTF’, however, it was only present at 1.7% in the first sample. The other
two clonal populations in the second sample were present in the first sample, but at very low
populations. This indicated that they had clonally expanded over the 17.5 months. It would suggest
that these were memory T-cells, and due to reinfection for example, have clonally expanded. It would
be interesting to sample the patient again to see if these populations had contracted since or whether

the infection or chronic immune response remained.

There were no significant differences between CDR3 properties for both repertoires inferring general
stability over the time points for the majority of TCRBs. However, when looking at CDR3 property
distributions of patient 004WZ in the primary cohort (Figure 56), the majority of the CDR3s had no
basic residues. Both samples saw on the lower end of TCRB clones expected at below 12,000 with the
buffy coat sample seeing about a third less. The second sample had about half the number of unique
TCRBs decreasing from 602 to 379. Diversity in the first sample was greater than the second with an
Inverse Simpson value of 318 to 43 and d50 went from 138 to 51, showing greater clonality 17.5
months later. The two samples only shared 26 TCRB clonotypes which was lower than expected. Both
samples shared V29-1 as the highest usage, but the first sample had more than double the usage. V19
was the second highest usage at about half of V29-1. For J usage, J2-3 and 2-1 were the highest for
the first sample, 17.5 months later this had changed to J2-6 closely followed by J-1-3, J1-4 and J1-5.
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Six of the top ten for the first sample were present 17.5 months later, but only 5 for the later sample
were present in the first sample. The discrepancies could be to do with the buffy coat sample, which
may cause technical variation, or potentially linked to the disease or a separate infection. The
repertoire suggested a drop in diversity over time and it would be interesting to link this with future

changes in clinical status.

6.2.3. Patient 004UV

004UV was 58, male and had PNH with a decreasing PNH clone of 45% at time of sampling the first
sample. Samples were taken five months apart, both of which were non-clonal with top clones below
1.25%. As discussed in Section 4.3.4., with levels this low it was unlikely top clones would be identical.
V29-1 had the highest usage for both samples nearing 40% of the repertoire followed by V19 at 10%.
J2-1 and 2-3 were most used for both samples in agreement with more “normal” TCRB repertoires.
There were no significant differences in CDR3 characteristics between TCRB clones. Both samples
showed good numbers of TCRBs at over 24,000. The number of unique TCRBs increased slightly over
time from 1318 to 1931. Inverse Simpson values remained fairly consistent at 513 and 529 with d50s
of 232 and 251, so there was a slight increase in diversity and reduction of clonality although no TCRBs
were clonal in response level, inferring stability in the repertoire. Over a third of the TCRB clonotypes
were shared between samples at 547, again inferring stability. All top 10 clonotypes for each sample
were found in the other sample’s repertoire. Tracking of top 10 clonotypes from one time point to 5
months later showed them all at non-clonal levels, again inferring stability. This recovering TCRB
repertoire indicated that recovering TCRBs could be more stable than those with active or progressing
PNH disease. All of the analysis inferred a stable TCRB repertoire over time in line with the recovering

PNH status.

6.2.4. Patient 00540

Patient 00540 was 38 at the time of the first sample, male and was AA with a small PNH clone at less
than 1%. The samples were taken five months apart. The majority of the TCRBs in the first sample
were clonal as very few TCRBs were produced in the final sequencing reads. Usually the sample would
have been disregarded but due to an additional time point it was analysed. The sample 5 months later
was not clonal. Only 216 TCRBs were identified compared to 26097 five months later, 10 were unique
compared to 2601. The later sample, had high diversity with an inverse Simpson of 786 and d50 of 381

inferring stability again. V29-1 was the most used V gene and J2-3 and J 2-1 for the J gene usage in
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agreement with more “normal” TCRB repertoire usage. All of the TCRBs from the first sample were

present in the second.

Five of the top ten TCRBs found 5 months later were also present in the first sample, which was a good
finding considering there were only 10 unique TCRBs identified. This highlights similarity over the time
points despite there being a technical issue leading to a lack of TCRB reads in the first sample. This
could indicate that in both patient 004UV and 00540, stability in the TCRB repertoire shown by similar

diversity measures and shared clonotypes, could be linked to stability of clinical status.

6.3. Long-term TCRB repertoire analysis identified persistent TCRB clones

For nine of the patients, there were backdated gDNA samples from 2013 available. They were used to
track changes over time in patient TCRB repertories and to determine whether responses varied with
some of the changes in clinical status (Table 26.). This analysis allowed the identification of any
persistent clones. Persistent TCRBs could be indicative of chronic immune responses. These were
defined as any clonal TCRBs (same CDR3 amino acid sequence, TCRBV and TCRBJ, occupying more
than 2.42% of the TCRB repertoire) that were present at clonal levels in multiple time points for a

patient. Three patients had persistent clones identified.

Table 26. Metadata for 9 PNH or AA patients with samples at least 4 years apart. Detailing any
changes in clinical status of PNH and the time frame between each patient sample. Red samples

indicate patients whose clinical status varied between time points.

Patient Sample Clinical status in 2013 Clinical status at recent sampling Years between samples
00551 Haemolytic (100% stable) Haemolytic (100% stable) 6-6.5
004VG Haemolytic (90% stable) Haemolytic (90% stable) 4
004VN Haemolytic (70%) Haemolytic (70%) 4
004VR Thrombotic, large WC clone, small RC clone, strange type II's Thrombotic, large WC clone, small RC clone, strange type Il's 4
00567 Haemolytic (100% stable) Haemolytic (100% stable) b
0053E Haemolytic (90% stable) Haemolytic (90% stable) 5
004VH Haemolytic (90% stable) Haemolytic (90% stable) 4
004V3 Haemolytic (70%, falling) Haemolytic (>50%, falling) 4
00563 Aplastic (>30%, variable) Aplastic (>50%, slow rise) b

6.3.1. Patient 004V3

Patient 004V3, aged 52 and female, back in 2013 had a diagnosis of PNH with a large clone of 70% but

this was falling. Another TCRB repertoire sample was analysed 4 years later where the patient still had
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PNH and the clone was falling, but the clone was estimated to be lower at above 50%. Circos plots

(Figure 59.) are used extensively in the subsequent analysis.

They are excellent for assessing whether certain TCRBV/J gene usages and combinations are more
common in a repertoire. They investigate clonality irrespective of CDR3 which is important when it is

not known if the immune response is antigen specific. The circle represents the TCRB repertoire.

One half represents the V genes, the other the J genes. The ribbons joining them represent clones that
share that TCRBV and J gene combination. The wider the ribbon the more repertoire space that VJ
combination occupies and can be an indicator of clonality. In normals the most common usages were

V 29-1, with J2-1 and J2-3.

Interestingly, when analysing the changes in TCRB repertoires for patient 004V3, TCRBV/J pairings
(Figure 59) significantly changed over 4 years. In the 2013 sample, there was significant usage of the
pairing TCRBV15/J1-4 (Figure 59, left). When looking at the patient’s repertoire 4 years later this

IM

pairing had significantly dropped in usage and the more “normal” pairing V29-1/J2-3 became the most
abundant. The change in the VJ pairings coincided with the fall in PNH clone size. Both samples had
similar numbers of TCRB clones in the TCRB repertoire at 21417 for 2017 and 23598 for 2013.
However, the sample in 2017 had almost double the number of unique TCRB clonotypes at 1138 to

IM

2013’s 620. As the repertoire appeared to be returning to “normal” it could be indicative of fewer

autoimmune mechanisms or re-population of memory T-cells from previous pathogenic responses.

When calculating diversity metrics, the sample from 2013 was less diverse, and appeared more clonal.
Sixty-three TCRB clonotypes were needed to make up 50% of the TCRB repertoire space compared
with 161 in 2017. The inverse Simpson metric also indicates a higher diversity in the 2017 sample with
avalue of 247 compared to 2013’s 28. The repertoires shared 99 TCRB clonotypes, more than between
two normal individuals in Chapter 4. Both repertoire samples remained monoclonal and the top clone
remained constant, therefore annotated as ‘persistent’. This TCRB clonotype was V15, J1-4, with a
CDR3 ‘CATSSQAGEKLFF’'. The size of the TCRB clone decreased in line with the decrease in the PNH

clone over time.

In 2013 it was 18.3% which was a moderate TCRB clonal response, almost at the large hyperexpanded
stage (20%) down to a low-level responder at 4.15%. Querying this sequence across the TCRB

databases and literature searching returned no results. From the top 10 TCRBs in 2017, 3 were not
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present in the 2013. Tracking the clonotypes highlights how the top clone has decreased over the

time.

The other top clones were not clonal and were present either at very low levels or not at all between
samples. No significant differences were observed between CDR3 characteristics for each sample. It

would be interesting to isolate this T-cell population further and perform single cell sequencing and

paired chain sequence on the clonal CDR3 that is varying according to PNH status.
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Figure 59. Patient 004V3 TCRBV/J pairings and top 10 TCRB clonotypes over 4 years.

The left column was the sample in 2013 and the right column from 2017. Circos plots showed the most
common TCRBV/J pairings in the repertoire. The bottom row tracked the top 10 clonotypes from the
2013 sample through to 2017, the larger the box the more abundant the clone. The right-hand side
tracked the top 10 from 2017 back to the 2013 repertoire.
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6.3.2. Patient 00563

Patient 00563 was male and aged 64 in 2013 and diagnosed as AA with an increasing PNH clone.
Patient 00563 had a gDNA sample taken back in 2013 and another sample taken six years later. One
of the recent samples was buffy coat which was also split at the second PCR stage to run as a

sequencing bias test (Section 4.3.6.) and one was a Lymphoprep® sample.

In 2013 and then six years later the patient had the same diagnosis of having AA with an increasing
PNH clone. At the time of the most recent sample the patient had had AA for ten years and a slowly
increasing PNH clone currently at 52%. The sequencing test on the buffy coat sample showed the same
TCRB clone for the top and second clone in the TCRB repertoire at similar percentages. All samples,
from 2013 to the current time, had the TCRB clone with CDR3 sequence ‘CSVGSGGTNEKLFF’ as their
top clone at very high percentages of over 45%. This was considered a hyperactive TCRB clonal
response and possibly due to chronic infection or persistent disease such as AA. Unique TCRB
sequences were considerably lower than the average in the AA and PNH datasets and can be
attributed to having a large clonal population in the TCRB repertoire. High skewing was observed
across all samples for both TCRBV and J gene usage (Figure 60.) with TCRBV29-1 and J1-4 accounting
for more than 40% of the repertoire, representing the large clonal TCRB expansion. Seventy-seven
TCRB clonotypes were shared between the buffy coat and gDNA samples, and the 2013 sample shared
35 with the buffy coat and 62 with the Lymphoprep® gDNA. Inverse Simpson values were the lowest
observed in the study at 5 in 2013 decreasing to 4.7 and 2.6 six years later for gDNA and buffy coat
samples respectively. D50 followed the same pattern of 8, 7 and 1 respectively showing incredibly

clonal repertoires.

In order to analyse the monoclonal CDR3, both a positional frequency and probability (data not shown)
matrix analysis was performed. This showed that over half of the CDR3 consisted of polar amino acids,
concentrated in the first half of the CDR3, four hydrophobic residues were present, generally at the
end of the sequence and there was one each of neutral, acidic and basic residues next to each other
(Figure 60 top left). The CDR3 was tracked across the sample time points over six years (Figure 60 top
right). This showed that both gDNA samples, one from 2013 and the other six years later, had similar
levels of the CDR3 at 45% and 46% respectively. The buffy coat sample six years later had a higher
abundance of the TCRB clone. This could be attributed to the fact that fewer T-cells were captured in
buffy coat samples (Section 4.3.3.). In some respects, this shows that this person’s repertoire was

stable, but in a chronic state of infection or persistent disease.
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The patient was 63 at the first sampling so it could be an age-related infection such as CMV or EBV but
it is a very abnormal response. In order to assess whether the CDR3 was found in other diseases, a
literature and database search was performed. The CDR3 was found in a number of publications and
databases as specific to EBV. The MHC was annotated as HLA-A2, antigen protein was BMLF-1 in CD8+
T-cells [254,255]. Other autoimmune diseases such as multiple sclerosis have been linked to EBV

infection [317] which could be relevant to this patient.
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Figure 60. TCRB repertoire analysis of an AA patient with a slowly increasing PNH clone from 2013
to 6 years later. Positional frequency matrix analysis of the clonal CDR3 and clonotype tracking.
Patient 00563 had an monoclonal response both in 2013 and six years later at a frequency of over 45%
of the entire TCRB repertoire. Analysing the properties of the amino acids that made up the CDR3 (top
left) and tracking of the size of the clone over time (top right) helped the understanding of this
patient’s TCRB repertoire dynamics. Two samples six years later were taken as buffy coat and gDNA
and compared to the sample from 2013 to assess whether any changes in the TCRB repertoire had
occurred over time. The graphs show TCRBV and J usage overtime. The table shows the top two clones
for each sample, including a sequencing bias repeat of the buffy coat sample, which highlighted that

the TCRB clone is not a technical replicate and was biological.
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6.3.3. Patient 004VR, PNH with interesting monocyte and red cell populations

Patient 004VR was a PNH patient with a large stable clone in 2013 and 2017. Granulocytes were all
type lll, monocytes were all type Il and red cells were almost undistinguishable from normal, but it is
likely the clone was 100%, the patient was also thrombotic. This patient was annotated as an

interesting case and was 40 years old and female.
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Figure 61. TCRB repertoire analysis for patient 004VR over 4 years.

TCRBV/I pairings for patient 004VR from 2013 to 2017 (top). Clonotype tracking (bottom) tracked the
top 10 most abundant clonotypes in 2013 in the 2017 repertoire. The larger the square the more

repertoire space occupied by the CDR3.
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Between 2013 and 2017 overall TCRBV/J pairings were stable with 29-1/J2-3 being the most common
indicative of more “normal” TCRB V/J gene usage. Even the small pairing between V29-1/J1-4 was
consistent between samples. The circos plots were similar between long term samples perhaps
indicative of the stable PNH status, unlike in the previously presented patients where their clinical
status was changing (Figure 61., top). On investigating clonality, in 2017 the patient had a polyclonal
TCRB response with two low responding clones. V19, J1-4 at 3.2%, ‘CASSARTGHEKLFF’, and V19, J1-5,
CDR3 ‘CASSIGVPSGNQPQHF’ at 2.5%. Looking at TCRBJ gene usage, J1-4 and 2-3 accounted for over
20% of the repertoire each. J1-5 and 2-1 accounted for around 15% each. Neither of the CDR3s
returned any matches when querying the TCR databases. TCRBV15, 18 and 6-5 accounted for around
6-8% of the repertoire each, V19, around 18% and V29-1 the most at over 30%. V29-1 paired with J2-
3 and J2-1 were the most common pairings. The same top two TCRB clones were present in the 2013
sample. However, the response was monoclonal, and the top clonotype V19/1-4 was present with a
moderate response of 5.62%. Over the years the T-cell clone may have decreased slightly but more
likely remained at a similar level, giving allowance for slight technical variances in percentages of
TCRBs. When looking at diversity metrics the more recent sample was slightly more diverse with a
higher inverse Simpson value of 225 to 137. D50 values increased over time from 83 to 142, indicative
of less clonal TCRB repertoire in 2017. It would be interesting to see if this stability and increase in
diversity would mean that in a few years the patient starts to recover. There were 142 shared TCRB
clonotypes which was much higher than observed between two healthy individuals. When tracking
the top 10 clonotypes of each sample into the next, 2 of the 2013 sample TCRB were not in the 2017
sample. However, all 2017 TCRB top 10 clonotypes were present in the 2013 sample (Figure 61.,
bottom). Both returned similar clone numbers of over 22,000 and relatively similar unique TCRB
clonotypes 711 in 2013 and 1002 in 2017. Compared to patient 004V3 these values seem relatively

stable over time.

In 2017, when looking at CDR3 length, 004VR saw no significant differences when compared to
normals or its PNH large clone stable group. 004VR had significantly more basic residues in CDR3s than
normals or the PNH LCS group (p<0.0001) and significantly fewer acidic residues (p<0.0001) which was
different to the general trend that PNH TCRB clones had more acidic residues (Section 5.7.2.1.) The
aliphatic index was significantly higher than in PNH LCS group or normals (p<0.05). There was no
significant difference in polarity. 004VR overall net charge was significantly less negative than PNH LCS
and normals (p<0.0001). 004VR had significantly fewer aromatic residues than normals but not than
the PNHLCS group (p<0.05). It would be interesting to monitor this patient to see if the TCRB clone

begins to contract and if so PNH may decline or vice versa.
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6.3.4. Patient 00567

00567 was a patient with PNH, haemolytic 100% large stable clone back in 2013 and when sampled 6
years later in 2019. This patient had had stable disease for over 30 years. The patient was male and
was 66 years of age at the time of the most recent sampling. The circos plots indicated relatively stable
V/J pairings in line with PNH clinical status, with a slight decrease in V19 and increase in 6-5. V29-1/1-

5 was most common at both time points.

Both samples showed an monoclonal response and shared the same clonal TCRB sequence of V29-1,
J1-5 with a CDR3 of ‘CSVNWGSGNQPQHF’. In 2013 this clone was a hyperexpanded clone at 20.7%, by
2019 the TCRB clone was only a moderate responder at 11.5% but still a significant size. The second
TCRB clone was also consistent across both samples although not clonal with the CDR3
‘CASSPGDGGYEKLFF’, V5-4/ J1-4. These TCRBs were persistent and could be indicative of persistent

TCRBs in some patients with stable PNH and a stable PNH clone size.

Neither TCRB clonotypes returned any known results for origin, or disease pathology. Both samples
had good TCRB numbers of over 23,000 and unique TCRB clonotypes of 842 and 892 for the 2019 and
2013 samples respectively. Diversity metrics were d50s of 110 and 88, along with inverse Simpson
indices of 64 and 22 respectively. Lower diversity was shown, as to be expected with these larger
monoclonal populations. When tracking the clonotypes for the top 10 in the 2013 sample, only half
were found in the 2019 sample perhaps contracting to memory T-cell populations over-time. Three of
the top 10 2019 sample were not found in the 2013 sample (Figure 62). No difference was observed

between CDR3 characteristics between the samples.

Further work could include isolating the clonal TCRBs and sorting them according to cell markers
before sequencing. T-cell markers associated with T-cell exhaustion and senescence could be used to
infer whether the TCRB is chronic. The drop in the persistent TCRB clone could be linked to PNH
recovery in a few years, tracking the patients TCRB could help determine this, as the patient has had

the disease for a considerable length of time.
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Figure 62. TCRB repertoire analysis in patient 00567 over 6 years.

TCRBV/I pairings for patient 00567 from 2013 to 2019 (top). Clonotype tracking (bottom left) tracked
the top 10 most abundant clonotypes in 2013 in the 2019 repertoire. The larger the square the more

repertoire space occupied by the CDR3. Bottom right tracked the 10 most abundant clonotypes in the

2019 repertoire back to 2013.
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6.3.5. Patient 004VN

Patient 004VN had had haemolytic PNH for over 25 years. Both at sampling in 2013 and four years
later, the diagnosis was a large 70% clone that was remaining stable. Two samples were available from
2013 with slight variation and were taken four months apart. According to their V/J pairings (Figure

|”

63.) V29-1/J2-3 was the most common pairing indicative of a “normal” TCRB repertoire. However, in
one 2013 sample, V29-1 seemed to have a higher usage in the repertoire than another sample which
appeared to be more diverse. By 2017, the V29-1/)2-3 usage seemed to have increased slightly, but
generally similar pairings to 2013, showing alignment with the consistency of the diagnosis and

stability. No significant difference was observed between CDR3 characteristics between each sample.

2013 2017

//
Sy

Figure 63. Patient 004VN TCRB repertoire analysis of TCRBV/J gene combinations

Two circos plots from 2013 and one from 2017 tracking how TCRBV/J pairings changed overtime.

None of the samples had clonal TCRB populations and the two samples from 2013 did not share the
top TCRB. However, one sample’s top TCRB was at 0.88% which, as previously shown (Section 4.3.4.)
is most likely so small in abundance that even re-sequencing the same sample would result in
considerable variation and it may not be detected each time. The 2017 sample did not share a top
TCRB with either sample. When assessing the number of unique TCRB clonotypes in each repertoire,
the 2013 samples had considerably lower numbers than the 2017 sample with 714, 1391 and 2129
clonotypes respectively. All repertoires had total number of TCRB between 22000 and 26200
Therefore it is unlikely the difference in unique TCRB clonotypes was technical and most likely it was

biological.
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It could be, as the percentages are not clonal, an indicator of increased diversity in memory T-cell
populations. The 2013 sample with the lowest number of unique TCRB appeared to have a more
diverse repertoire when not taking CDR3 into account (Figure 63. first circos plot). Using CDR3 specific
calculations showed lower diversity. Inverse Simpson and d50 calculations had lower diversity at 293
and 113 respectively. It also differed in TCRBJ usage having J1-4 and 1-5 as highest usage. It shared 92
TCRB clonotypes with the other sample from 2013 and 116 with the 2017 sample.

The other 2013 sample had a higher inverse Simpson value at 666 than the 2017 sample at 570, but a
lower d50 at 284 to 290. These numbers were similar and would show consistency and stability of the
repertoire. Their TCRBJ usage was highest for J2-3 and J2-1 and they shared 197 TCRB clonotypes over
double the number observed between two healthy individuals (Section 4.5.7). All top ten TCRB
clonotypes for the 2017 sample were found in the 2013 sample that shared the same TCRBV/J usage
and similar diversity values again showing stability over time with clinical status. Only two of its top
10 TCRB clonotypes were not in the other sample from 2013 indicating similarity. Although no
additional metadata was available for the 2013 samples in order to explain the variances, it could be

that a treatment changed or there was an alternative infection leading to the differences.
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6.3.6. Patient 0053E

Patient 0053E was diagnosed as haemolytic PNH with a large stable clone (>90%) which remained the
same between the five years of the samples and had been stable for 11 years. Two samples were
sequenced from 2013 and one from 2018. When considering the V/J parings (Figure 64.) all samples
had V29-1 as the most common with J2-3 but there was some variance in J family usage between all
samples. One of the samples from 2013 was polyclonal with a low and moderate TCRB response at
3.14% and 4.75% respectively. Both clones shared V29-1 and J2-3 as the TCRB gene families. The other
2013 sample and the 2018 sample had no clonal TCRB populations. The clonal 2013 sample was taken
only four months after the other sample. As this expansion, ‘CSVRASGRTDTQYF’ was not observed in
2018, it could be attributed to an infection at time of sampling. However, there were no known

pathologies at the time of the analysis.

When comparing TCRBs and unique clonotypes in the repertoires, the polyclonal repertoire had 555
unique TCRBs, lower, as expected, than the other 2013 sample at 839 and the 2018 sample which had
1395 clonotypes. Interestingly, this was not as a result of lower TCRB numbers in the repertoire as all
samples saw values in the range of 21000 to 26000. The diversity measures showed a similar trend
with the clonal 2013 sample having a lower inverse Simpson and d50 at 159 and 113.The other 2013
sample had values of 336 and 133 with the 2018 repertoire having the greatest diversity with 506 and
232. When tracking TCRB clonotypes, almost all of the top TCRBs in the 2018 sample were present in
both 2013 samples. The reverse trend was observed for the 2013 sample that had middle diversity of
all samples. The 2018 sample only had two of the top 10 TCRB clonotypes and the other 2013 sample
only 3 (Figure 64.).

For the polyclonal 2013 sample, 8 of its top 10 were found in the other 2013 sample and only two in
the 2018 sample. The clonal populations were present in the other 2013 sample but had non-clonal
and very low counts and were not present in the 2018 sample. The 2013 samples shared 72 TCRB
clonotypes in line with numbers shared between two healthy individuals which is seemingly low for
two samples taken in the same year from the same patient, indicative of immune dysfunction. The
clonal TCRB sample shared 76 TCRB clonotypes with the 2018 sample and the other 2013 sample
shared 127. There was no difference in CDR3 characteristics between samples. No matches were

found for the clonal TCRB sequences.
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Although the diagnosis did not change over time, results suggest repopulation, with a greater number
of non-clonal TCRBs entering the repertoire over time, generating a greater diversity in the repertoire
and inferring stability. The patient was 31 at the time of the first sample. Therefore, thymic involution
was not quite at its peak, so newer, potentially more “normal” TCRBs could be generated. Perhaps
this indicates attempts to restore more “normal” immune responses This might explain why TCRB

clones present at higher frequencies in the older samples were not found at all in the newer sample’s

TCRB repertoire.
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Figure 64. Patient 0053E TCRB repertoire analysis.

Circos plots depicting TCRBV/J pairings in two samples from 2013 and one in 2018 (top). The top ten
most abundant clones from the polyclonal 2013 repertoire were tracked in the other 2013 sample and

the 2018 sample (bottom).
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6.3.7. Patient 004VH

Patient 004VH was diagnosed with a large stable PNH clone at above 90% and had been stable for
over ten years. In 2013 the sample showed non-clonal TCRB populations. In 2017, both samples
showed an monoclonal TCRB response. The two samples were taken two weeks apart. This was
because the patient was on the Eculizumab stage of a clinical trial. The monoclonal response was on

the border between low and moderate at 4.4%, increasing to 6.24% two weeks later.

Strangely, the CDR3 was not the same for these repertoires with the TCRB clones being V15/J2-3 and
V5-3/J1-4 respectively. All samples had similar TCRB numbers between 19888 and 21697. Unique
TCRBs varied between the 2013 and first 2017 sample having values of 1034 and 1130, with the second
2017 sample having 868. Over time, the inverse Simpson index decreased from 513, to 223, to 180.
The 2013 sample had a d50 of 221. The first sample had a value of 163 and two weeks later 192. The
2013 sample shared only 37 TCRB clonotypes with the first 2017 sample followed by 74 with the next
which was considerably lower than expected. The two 2017 samples only shared 47 TCRB clonotypes,
which is lower than expected. The 2013 and first 2017 sample share V 29-1 as the most common V
family gene and J 2-3. Two weeks later, V 19 seemed to be equal with 29-1 with the J 1 gene families
highly represented (Figure 65.). No significant differences were observed between CDR3

characteristics for each sample.

2013 2017

Figure 65. Patient 004VH TCRB repertoire circos plots showing TCRBV/J parings from 2013 to two
samples in 2017.
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When tracking the clonal populations observed in 2017 to see whether they were present backin 2013
just at low frequencies, the top clone in the first 2017 sample, ‘CATSTLAGEAQYF was not found in the
other samples. The sample two weeks later had a top clonotype, ‘CARSHEGGLDEKLFF’, which was the
third top clone in 2013 but at only 0.8% and not found in the sample two weeks before. If it was
present in the sample two weeks before but at a low frequency, it may not have been picked up in
that specific sequencing run. In order to assess whether these TCRB clones were linked to infection
rather than PNH, their origin was queried in specialised databases, but no matches were found. The
new clonal populations could be attributed to infections which may not have been present or had
cleared two weeks later. The patient was also entering a new clinical trial, perhaps inferring a change
in stability which was not noted in the metadata as the generation of an monoclonal response may or
may not be directly linked with PNH status. Low sharing of TCRBs could indicate immune dysfunction
and it would be interesting to assess if there was a specific reason for the patient being selected for

the clinical trial. These theories will be discussed further in Chapter 7.

6.3.8. Patient 004VG

Patient 004VG was 59 in 2017, female, and had haemolytic PNH with a PNH clone above 90% and had
been stable for 9 years. From 2013, the V/J pairings of V29-1/J2-1, J2/3 increased over the four years.
TCRBV/J pairings in 2013 appeared more diverse than in 2017, despite the 2013 sample having an
monoclonal low responding TCRB population of V18, J1-3 with a CDR3 ‘CASSPPGAAGNTIYF’. The 2017
sample was not clonal. Therefore, this monoclonal TCRB contracted over the four years. Both samples
had good numbers of TCRBs, above 21500. The 2013 sample had a significantly lower number of
unique TCRBs at 465 to the 2017 sample’s 1340 along with a lower inverse Simpson of 189 to 330. D50
was also lower in 2013 at 85 compared to 174 in 2017. The 2013 repertoire was less diverse, more
clonal but used a wider range of V/J parings (Figure 66.). Only 13 TCRB clonotypes were shared which
was very low and only one of the 2017 sample top ten clonotypes was present back in 2013. None of
the top ten samples from 2013 were present in the 2017 sample, including the clonal TCRB, suggesting
it had contracted over time to undetectable levels. No significant differences were observed in CDR3
characteristics between samples. Over the 9 years since diagnosis, the repertoire may have become
more stable with a more ‘normal’ TCRB repertoire being sustained. Most patients do not recover, they
remain stable. Although these TCRB changes are not indicated with the PNH patient entering recovery,
monitoring this patient over time perhaps would see an eventual recovery in line with the shiftin TCRB

response.
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Figure 66. Patient 004VG TCRB repertoire circos plots showing changes in TCRBV/J parings from 2013
to 2017.

6.3.9. Patient 00551 - long-term samples

The patient 00551 had haemolytic PNH with a large stable clone at 100% and had had stable disease
for over 15 years. The V/J pairings between 2013 and 2018 remained the same supporting this with
V29-1 being the most common V family and J1-4,2-1 and 2-3 being the common J families (Figure 67.).
Both samples saw high numbers of unique TCRBs at 2289 and 2608 increasing with time. TCRBs
decreased slightly over time from 27,986 to 25,952. Inverse Simpson values were low, attributed to
the clonal expansions with values of 28.5 increasing to 81 over time. D50 also increased from 162 to

260, which was to be expected as the clonal population decreased over time.

The two samples shared 657 TCRB clonotypes which was one of the largest numbers of shared TCRB
clonotypes seen in this study. Both were monoclonal and the top clone in both samples was V29-1,
J1-4 with a CDR3 ‘CSVGSGGTNEKLFF’. In 2013 it was close almost considered a hyperexpanded TCRB
clone at 18.4%, which decreased over the years to 10.4%, which was a moderate response. This was
a persistent TCRB clone. On searching for data on this CDR3 it became apparent that it was linked with
EBV, CD8 T cells, HLA-A*02 and MHC1. One hit also returned Influenza A [254-255]. The persistent

TCRB clone could be indicative of chronic stable disease in the PNH patient and chronic EBV infection.
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As the TCRB clone is falling it would be interesting to see if it continues to contract over-time and
whether this has an effect on TCRB clinical status. If the EBV specific clone decreases, and the PNH
patient recovers, it could provide a strong basis for EBV infection as a factor in PNH, similar to AA and
other immune disease [318]. This was the same CDR3 found in patient 00563. All of the top 10 TCRBs
for the 2013 sample were present in 2018 and vice versa showing considerable stability in the
repertoire irrespective of clonality. The immune response had not changed drastically over the five

years in line with the stable PNH diagnosis. There were no differences in CDR3 characteristics between

samples.
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Figure 67. Patient 00551 TCRB repertoire circos plots showing changes in TCRBV/J parings from 2013

to 2018.
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6.4. Case studies

A number of patients were annotated as interesting cases by Dr S. Richards. Therefore, these samples
were analysed on an individual basis in the context of their diagnosis. Statistical analysis included padj

values using the Holm method having compared means pairwise using the Wilcoxon method.

6.4.1. Patient 004YD, PNH with LOH

Patient 004YD was in the PNH new or increasing clone category, male and aged 61. In 2010 they were
diagnosed as AA but now PNH with an 85% clone. They had a LOH from 6p25.3 to p21.32 which could
lead to partial or full loss of MHC [319]. Therefore, analysis of this patient’s repertoire could indicate
alternative immune evasion in PNH. HLA genes are essential for producing MHCs which are needed
for MHC mediated presentation of peptides [320]. Partial or complete loss could mean that immune
responses are generated via T-cell subsets such as the CD1d restricted groups (Section 1.2.2.) that do

not rely on MHC. The repertoire response was monoclonal with a low responsive TCRB.

The clone was present at 3.9% and was TCRBV19/J2-1 with the CDR3 amino acid sequence
‘CATQPGGGGNEQFF'. The CDR3s were significantly shorter than normals (p<0.05) but not the PNH
new or increasing group as a whole. CDR3s had significantly fewer basic residues than PNH new or
increasing clone (p<0.05) but not fewer than normals. No significant differences were found between
004YD CDR3 properties and normals or the PNH new or increasing clone group when looking at acidic
residue percentages, aliphatic residue percentages, degree of polarity, bulkiness and percentages of
aromatic residues. However, 004YD had more negatively charged CDR3s than the other groups
(p<0.05). TCRBV gene usage saw over 40% of the repertoire using V29-1, over 15% was V19 followed
by V6-5 at just under 10%. J2-3 followed by J2-1 both over 20% were the most highly used J genes
followed by J1-4 at around 11% and J1-5, 9%. Irrespective of CDR3, TCRBV29-1/J2-3 or J2-1 were the
most common parings. In order to draw conclusions about the mutation and the TCRB response more
patients would be needed, as there may be other factors in this individual’s TCRB repertoire causing
variations. Extracting the clonal populations and identifying cell markers on the T-cells as a whole
would allow identification of CD1d restricted T-cells and a comparison could be made between this
patient and other PNH patients as to whether more CD1d restricted T-cells were present in this patient

as a result of the mutation.
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6.4.2. Patient 005A5, AA with new PNH clone

Patient 005A5 was an AA patient with a new PNH clone at less than 10%. It was selected because of
its recent diagnosis of PNH which could indicate differences in TCRBs attributed to being at the
beginning of disease progression. V29-1, J2-3 was the most common pairing similar to normals. TCRBV
gene usage analysis showed V29-1 accounting for over 40% of the repertoire followed by V19, which

was above 10% and V6-5 at 9%. J usage saw 2-3 at over 30% followed by J2-1 at over 25%.

The immune response was not clonal which was surprising. CDR3 characteristics were compared
between normals and the AA increasing PNH group for reference. There were no significant
differences observed for GRAVY, percentage of aromatic residues, polarity or aliphatic index. Both
005AS5 and the AA increasing PNH clone group had significantly shorter CDR3s than normals (p<0.001)
but not than one another. Both 005A5 and normals had significantly more basic residues than the
category group, significantly fewer acidic residues and overall less negative charge (but still negative)
(p<0.001). 005A5 had CDR3s overall that were less bulky than the other groups (p<0.05). It would be
interesting to have multiple samples as the patient progresses through the stages of PNH to see if

there are variances in the TCRB response linked with PNH clone size and PNH progression.

6.4.3. Patient 005A9, AA with falling PNH clone

Patient 005A9 was an AA patient who had a large PNH clone originally, but it was falling, counts were
improving, and it was now regarded as a small clone. Although multiple time points were not available
to track TCRB clone sizes with falling PNH clones, it was interesting to assess the falling PNH clone in
the context of PNH. The repertoire showed an monoclonal TCRB response at low levels (3.5%), V5-

5/12-3, ‘CASPGTTTDTQYF'. The second clone was non clonal at 1.5%, V6-5/J2-2.

Despite this, the most common pairings were still V29-1/J2-3 and J2-1. The repertoire was compared
to normals and AA with small PNH clones for CDR3 characteristics. 005A9 had no significant
differences with the groups in regard to lengths, number of acidic residues, polarity, charge, bulk or
aromatic residues, GRAVY or aliphatic index. It had significantly fewer basic residues than the AA small
clone group more in line with normal repertoire values (p<0.05). This supports Chapter 5 findings that
PNH patient TCRBs have more acidic residues even in an AA context when analysed on an individual
basis. Multiple time-points would allow inferences to be made as to whether the TCRB clone is falling

with the PNH clone.
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6.4.4. Patient 005D7, PNH, sample did not haemolyse as expected

Patient 005D7 was a PNH patient with a large stable clone. Interestingly, the sample did not haemolyse
despite more than 50% type Il red cells. It was analysed to assess whether these clinical observations
were perhaps also shown in the TCRB repertoire in reference to PIG-A mutations (Section 7.3.3.4.).
The repertoire showed an monoclonal response, low responding at 4.1%. The TCRB clone was V29-1,

J1-4 and ‘CSVGSGGTNEKLFF” which was the same as patients 00551 and 00563 linked to EBV.

TCRBV gene usage was highest in V29-1 at 40% of the repertoire followed by V19 and V6-5 at 10%
each. J2-3 accounted for about 30% of the repertoire, followed by 2-1 at 20%, J1-4 at 12% and J1-5 at
10%. The most common pairings were V29-1, J2-3, J2-1 followed by J1-4. The second most common
grouped pairings were the same J genes but with V6-5. When comparing the sample with the PNH
large stable clone group and normals the sample had no significant differences for CDR3s properties
GRAVY or bulk. It had significantly more basic residues than normals and the PNH group (p<0.0001)
and fewer acidic residues, which is the reverse trend found in Chapter 5 but most likely caused by the
EBV specific TCRB clone. It also exhibited a higher aliphatic index (p<0.0001), lower negative charge
(but overall still negative) (p<0.0001) than both groups but only a lower polarity than normals
(p<0.05). Finally, the sample had lower percentages of aromatic residues than both groups (p<0.01).
Identifying the numbers of TCRBs in the repertoire that were GPI+ or GPI- would be important to
assess any links between the different PNH type cells and TCRs as the similarities would likely be

attributed to the PIG-A mutations in this case.

6.4.5. Patient 005CY, newly diagnosed with AA

Patient 005CY was diagnosed with AA less than a year before the sample was taken and sequenced.
Originally the patient had a tiny PNH clone, but no clone at sampling. The patient was a good example
of active AA disease. The repertoire showed a moderate TCRB monoclonal response (11.4%), V6-5, J1-
5, ‘CASSYQGAQPQHF’. V29-1/J2-3 was the most common pairing followed by V6-5/1-5, which was the
clonal population. V usage saw V29-1 accounting for over 40% of the repertoire, followed by V6-5 and
V19 at 20% and <10% respectively. J 2-3 accounted for 25% of the repertoire followed by J1-5 at over
20%. When analysing CDR3 characteristics, the patient was compared to normals, AA no PNH and AA
small PNH clone (as at one stage the patient had PNH). No differences were seen for GRAVY values,

bulkiness, aromatic residues, polarity or percentage of acidic residues.
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005CY saw shorter CDR3s than in normals (p<0.05) like the other groups and more basic residues than
all the other groups (p<0.05) in line with AA TCRBs having more basic residues from Chapter 5. The
patient also had a higher aliphatic index and significantly less negative CDR3s (although still negative
overall) than normals (p<0.01). It would be interesting to see the diagnosis of the patient at present,
whether PNH came back or not and monitor the changing TCRB repertoires over-time. As the patient
seemed to have PNH then not, they may be likely to present with PNH again than another AA no PNH
clone patient, therefore would be the first sample to be assessed for longitudinal sampling out of the
AA no PNH patients when investigating if TCRB repertoire changes over-time could be linked with PNH

presentation.
6.4.6. Complex cases
6.4.6.1 Patient 004WF, AA complex case, decreasing PNH clones

Patient 004WF was the complex AA case mentioned previously. The PNH clones were decreasing but
it was annotated as a complex case. Common pairings were V29-1 with J2-3 and J2-1. V29-1 usage
accounted for over 50% of the repertoire, V19, 10% and V6-5 5%. J2-3 accounted for 35% of J gene
usage followed by J2-1 at 33%, all other J genes were below 10%. No clonal TCRBs were found. CDR3
characteristics differed from the norm as detailed in Figure 54. The normal repertoire V/J usage and
no TCRB clonal populations would be indicative of a recovering patient. Multiple time-points would
be necessary to evaluate whether TCRBs are linked with the recovery. As there are no clonal TCRBs it
would be difficult to track contracting PNH clones with TCRB clones, unless the top clonotype was

persistent even at non-clonal abundances.
6.4.6.2. Patient 004XV, PNH complex case, large PNH clone

Patient 004XV was the PNH complex case mentioned previously with large PNH clones. The most
common pairings were V29-1, J2-3 and J2-1. Similarly, to the AA complex case, common pairings were
V29-1 with J2-3 and J2-1. V29-1 usage accounted for over 50% of the repertoire, V19, 10% and V6-5
5%. J2-3 accounted for 35% of J gene usage followed by J2-1 at 33%, all other J genes were below 10%.
No clonal TCRBs were found. CDR3 characteristics differed from the norm as detailed in Figure 54.
Multiple time points would be necessary to assess as to whether the repertoire was stable over time,

or TCRB PNH dynamics as there are no clonal TCRBs to track.
6.4.6.3. 004XX, PNH patient with LGL

Patient 004XX was a PNH patient that was annotated as a complex case with an 85% PNH clone. The
patient was thrombotic and also suffering from LGL as mentioned in Chapter 5. The response was

monoclonal, with a low response TCRB clone at 2.5%.
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Although perhaps not as clonal as expected. The TCRB was V29-1/J2-6 and CDR3 amino acid sequence
‘CSAAIGTDSSGANVLTF’. A number of TCRBs were almost above the clonal threshold and were
appearing at very similar abundances, which was not usually seen in repertoires perhaps suggesting
the potential for a polyclonal response also suggested in the literature [321]. These could all be similar

and responding to super-antigen.

Over 80% of TCRB V gene usage was 29-1 with the next highest usage, V15 and V19 being under 10%.
J2-3 occupied over 40% of the repertoire, followed by J2-1 at 30% and J2-6 at below 10%. The majority
of the repertoire was occupied by V29-1/J2-3 and J2-1 pairings (Figure 68.). This was the highest usage
of V29-1 so although indicative of normal responses the abundance was abnormal and likely
pathological. CDR3 characteristics differed from the norm as detailed in Figure 54 and Section 5.4.5.
In particular, the repertoire was unusual in that the majority of the CDR3s had no basic residues. This
was only seen in three other patients in the primary dataset. Identifying the subsets of T-cells would
be interesting to assess whether the higher V29-1 usage was linked to a particular subset of T-cells
such as Tregs trying to restore immune function as the clonal response was not large considering the

skew in TCRBV usage.
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Figure 68. Circos plot indicating TCRBV/J pairings in the TCRB repertoire of a patient, 004XX with
PNH and LGL.
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6.4.6.4. Recently diagnosed PNH patient TCRB repertoires

Three patient samples, 005BO, 005BY, and 005DY were all new PNH patients. TCRB repertoires were
sequenced from samples one month, seven months and three months after diagnosis respectively. It
was assumed that they were in active states of PNH. However, this may depend on the time taken to
receive a diagnosis. As no obvious TCRB clones were identified in all PNH patients in Chapter 5, it was
important to analyse these newly diagnosed patients to assess whether perhaps the TCRB clones
decrease with time from diagnosis. All samples had median CDR3 acidic residue percentages in line
with other PNH patients. However, the box plot for 005BO, the most recently diagnosed patient,
showed an opposite distribution to all but one of the other PNH patients. 005BO also had a slightly
higher median value than the general PNH CDR3 length at 15 (Figure 56.). For percentage of basic
residues, 005BO showed equal distributions around the median along with three other PNH patients.
The rest of the PNH patients, including 005BY and 005DY had positively skewed data above the median
(Figure 56.). For overall net charge of CDR3s, 005BO was one of five PNH patients that did not have a
median value of around negative one. 005BO had an overall net charge of zero (Figure 56.) whereas
005BY and 005DY had a charge around negative 1. Overall, this highlighted that the patient just
diagnosed had abnormal distributions of characteristics in the CDR3 compared to other PNH patients.
005B0O and 005BY were non-clonal. However, 005DY was polyclonal, with two moderately responsive

TCRB, V6-5, J1-3 at 4.41% and V6-4, J1-6 at 3.72% (Table 25.).

When comparing the samples to the normals for changes in CDR3 characteristics, 005BO had
significantly more hydrophobic residues in the CDR3s (less negative GRAVY value) than the normals
(p<0.01), 005BY (p<0.05), 005DY(p<0.05), and the entire PNH new or increasing clone group (p<0.01),
suggestive of potential autoimmune related CDR3s. The other categories had no significant difference
to normals. 005BY, 005BO and normals had longer CDR3s than the whole PNH new or increasing
category and 005DY (p<0.05). Number of basic residues was significantly higher in 005BO than both
005BY and normals (p<0.0001). 005BY had significantly higher basic residues than normals (p<0.01).
005DY had the highest number of basic residues and significantly higher than all but 005BO
(p<0.0001). PNH new or increasing were the only category to not differ significantly from the normals
but was significantly lower in basic residues than all other of the PNH patients. 005BO saw significantly
lower acidic residues than 005BY and normals (p<0.0001), PNH new or increasing (p<0.0001) but no
significant difference with 005DY. 005BY and normals did not show a difference but 005BY had

significantly more than 005DY but fewer than PNH new or increasing (p<0.05).
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005DY had significantly lower values than all values apart from 005BO (p<0.05). PNH new or increasing
had significantly higher values than all other categories (p<0.05). This was an interesting find. All the
newly diagnosed patients had more basic residues in their CDR3s and fewer acidic residues than in
PNH patients. This is the reverse trend to PNH patients as a whole which saw more acidic CDR3s. This
might suggest that there are different subsets of T-cells involved in the pathogenesis and then
progression of PNH. To investigate this theory, sorting the T-cells in GPI+ and — before sequencing for
all PNH patients would allow variances in these populations to be assessed over-time. Perhaps either

GPI+/- are biased towards acidic or basic. These percentages will vary with progression of PNH.

The order of aliphatic index from lowest to highest was normals, PNH new or increasing, then samples
from 7 months to 1 month after diagnosis. All level saw significant differences (p<0.05) apart from
between 005BY and PNH new or increasing, and 005BY and 005DY. 005BO had the highest aliphatic
index. Polarity was not previously identified as a CDR3 characteristic with variances in PNH from
Chapter 5. However, 005B0O, had CDR3s with polarity significantly lower than all the other groups
(p<0.05) indicative of more non-polar residues. The other groups showed no significant difference.
Again, when investigating overall net charge, 005BO had a significantly less negative charge, nearing
neutral compared to all categories except 005DY, (005BY and normals(p<0.0001)). 005BY and 005DY
had a significantly less negative charge than normals and PNH new or increasing (p<0.05). There was

no significant difference between normals and the PNH new or increasing category.

There was no difference in bulk of amino acids between the groups. When observing aromatic residue
percentages, again 005BO was found to have significantly fewer of these residues than all the other
groups (p<0.05). No other categories had significant differences. When comparing TCRBV gene usage,
005BO and 005BY had over a third of the repertoire using V29-1, with just over 10% being V19,
followed by V6-5 and V11-3, then V18. This was a different trend to normals which usually have a third
of the repertoire as V29-1 too, but then around 15-20% V19, 10% V18, 5-8%

V6-5. When comparing TCRBJ gene usage, 005BY and 005BO had high J1-4, J1-5 and J2-3 in the
repertoire, compared to normals which were J2-1 and J2-3. 005DY 3 months after diagnosis, had J1-
4, 1-5 at around 20% followed by 1-6, then 1-3 at above 10%. then J2-3 at around 10%, V29-1 around
20%, V19 and V6-5 at around 15%, V18 at 7.5%. This trend was not observed when grouping all PNH

new or increasing clones together, “newly diagnosed” could be a sample up to 2 years from diagnosis.

Ideally, more newly diagnosed patients would have their TCRB repertoires sequenced to strengthen

the trends.
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Tracking these patients as they progressed through PNH would firstly allow TCRB sizes to be linked
with PNH clone sizes, persistent or chronic response TCRBs to be identified and assess whether more

basic CDR3s are present at the start of the disease, becoming more acidic over-time.

6.4.6.5. AA patient with progressive disease

Patient 0059M was a patient with AA annotated as progressive, with a less than 1% PNH clone. As it
was one of the only patients annotated as progressive and active AA, the repertoire was investigated
at an individual level to assess the expected T-cell involvement in AA. This patient had an monoclonal
TCRB response, with a moderate responsive clone at 14.4%, V29-1, J1-4, ‘CSVGSGGTNEKLFF' which
was the EBV specific clone identified previously in this analysis. The CDR3 had no hits for origin.
TRCBV29-1 usage was very high with most other V family genes not accounting for much of the
repertoire. Both J2-3 and J1-4 accounted for over 20% each of the repertoire. Interestingly, this again
associated EBV with AA, and this time progressive AA. EBV did appear in normals too, so inferences
need to account for this. Tracking this patient over-time would allow for dynamics of the TCRB to be
assessed, whether the EBV specific TCRB clone increases with AA progression and possibly PNH clone

size.

6.5. Assessing if peripheral blood TCRB repertoires relate to matched bone marrow

PNH is a bone marrow disorder and therefore ideally, bone marrow samples would be sequenced to
assess whether TCRB repertoires in the bone marrow change in context of PNH. However, bone
marrow samples were difficult to come by and therefore peripheral blood samples were used. For
three patients, two had AA with a small PNH clone and one had spontaneously remitted from PNH,
matched peripheral blood and bone marrow samples were analysed to see how the TCRB repertoire
varied and whether taking blood was a good proxy for conditions in the bone marrow. Tissue resident
T-cells in the BM may be responsible for PNH pathogenesis and disruption of the BM [322]. These will
not be found in peripheral blood, so it was important to see whether the top TCRBs in the BM were

also present in the PB, if PB is being used to evaluate PNH pathogenesis.
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6.5.1. Patient 0054M, AA with a variable PNH clone

The first AA patient was 0054M, female aged 55, annotated as having a variable PNH clone, possibly
falling and neutropenic. There was a peripheral blood and matched bone marrow sample and then
another blood sample taken 7 months later. The majority of T-cells in the BM are activated and
memory subtypes [323]. The bone marrow sample had a very low number of T-cells (14%) resulting in
arepertoire that looked very clonal regardless, with 18 out of the 34 TCRB being clonal. The BM sample
therefore had a polyclonal response with a top clone being moderate in response at 8.4%,

‘CSVPTGVSYNEQFF’, V29-1, J2-1. whereas the matched PB was non clonal.

The PB sample 7 months later was monoclonal with a clone TCRBV19/J1-5, ‘CASKGGNQPQHF’ present
as a moderate clone at 6.4%. This CDR3 was previously identified in a study in two individuals and it
was annotated as recurrent or public [254,256]. Both PB samples had good numbers of T-cells
between 78% and 85%. Both peripheral blood samples showed a good number of TCRBs with similar
values of around 25,000. However, the BM sample saw much lower values at only 824. Unique TCRBs
were very low as stated for BM at 34, the matched peripheral blood had 2266 but 7 months later this
had almost halved to 1365. Inverse Simpson generated a similar trend with low diversity in the BM at
28, the highest diversity observed in the matched peripheral blood sample at 511 and medium in 7
months later at 114. D50 values were 12, 254 and 204 respectively, again highlighting the stark

difference in diversity between BM and PB potentially linked with the differences in cell numbers.

BM and the matched PB sample showed the same trend in J family usage with J2-1 and J2-3 being the
most used. The PB 7 months later showed J1-5 followed by J1-4 as the most common. In the BM V29-
1 was the most used gene family followed by V19 at almost ten times less. The matched PB showed a
similar trend to the BM but at lower frequencies, about 2-fold lower, most likely attributed to higher
TCRB numbers. For the non-time matched PB, V19 was the most common, closely followed by V29-1
at much lower levels, almost 5 times lower than in the BM (Figure 69.). BM shared all 34 unique TCRB
clonotypes with its time matched PB sample and 25 with the PB sample 7 months later. The two PB
samples shared 168 clonotypes. This indicated excellent consistency between the matched samples

despite low T-cell numbers and then between the PB samples.

The top ten TCRB in the BM were all present in the time matched PB sample and only one was not
present in peripheral blood 7 months later (Figure 69.) again showing good consistency. All the top
ten TCRBs in the non-time matched PB were present 7 months before in the PB, however, only one

TCRB was present in the BM sample.
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This TCRB was the top clone in the PB matched sample, present at a similar percentage in the BM as
the second top clone and present at 1.1% in the PB 7 months before, highlighting an expansion in the
peripheral blood and then contraction 7 months later. This emphasised that PB samples could be used

as a proxy for BM taken at the same time.

When tracking the top 10 clonotypes in the time matched PB sample, only 3 were not present in the
other PB sample and only one not present in BM. There were no significant differences in CDR3
characteristics between the samples. Although the trends in TCRBs e.g. V/J usage were shared
between PB and BM, the TCRB clonotypes were not necessarily present in the samples at the same
time, for instance if they were memory T-cells undetected using the methods. In the BM there will be

a proportion of tissue resident memory T-cells present that will not be in the PB. However, in this

sample all TCRBs in the BM were identified in the PB.
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Figure 69. TCRB repertoire analysis of BM and PB blood matched patient 0054M.

TCRBV usage (top left), TCRBJ usage (bottom left) red is the PB and blue time matched BM, turquoise
was PB sample taken 7 months later. Clonotype tracking of the top TCRB clone in the PB 7 months
later, in the bone marrow and then in the BM time-matched PB (top right) tracked the CDR3 of
interest, present in all 3 samples, expanding in the PB over 7 months. Clonal homeostasis in samples
(bottom right) PB time matched, PB 7 months later, BM time matched highlights clonal expansion of
the moderately responsive TCRB CDR3 of interest in the PB over 7 months. Red is non clonal TCRBs,
yellow is low response and blue moderate response based on the parameters outlined in Chapter 2

and shown on the plot.
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6.5.2. Patient 0052F, AA with 10% PNH clone

Patient 0052F was an AA patient with a 10% PNH clone. The patient was 22 and female. The BM had
1045 unique TCRB while the matched PB, 1365 and the PB sample 11 months later had 966. When
looking at overall numbers of TCRBs, the BM had considerably lower numbers at 13763 compared to
the PB samples that had levels above 22000 as to be expected. Both the BM and PB matched samples
were non-clonal with a shared top clone of V15/J2-1, ‘CATSRESGGTDEQFF’.

One reason for the BM appearing surprisingly non-clonal was the higher number of T-cells observed
in the sample at 42% than in patient 0054M. At the V/J paring level (Figure 70.) the time matched BM
and PB sample showed similarities with V29-1 being the most common with J2-3 and J2-1. All these
findings are good indicators for use of PB representing the BM repertoire. The BM sample had a d50
of 204, the matched PB, 243 and the PB 11 months later had the lowest at 186 indicating that clonality
was increasing over time. This trend was true for inverse Simpson with values of 461, 601 and 155
respectively which showed that diversity was decreasing over time. Eleven months later, diversity in
the PB was under a third of what it was previously. The BM shared 426 clonotypes with its matched
PB sample, and only 91 with PB 11 months later. The reason for the increase in clonality 11 months
later in the PB was an monoclonal TCRB response, a moderate responder at 6.8%, V18, J1-4 and a
CDR3 amino acid sequence of ‘CASSPPLGQGNEKLFF’. V18 and V19 were most commonly paired with
J1-4 and J1-5 in the repertoire in this sample. The clonal expansion was present at low frequency in
the BM at 0.05% and not at all in the matched PB, suggesting the clone was present in the bone
marrow but not in the PB blood previously, but over the 11 months circulated in the blood and became
clonally expanded (Figure 70.). Another possibility is that it was present in the earlier PB but at non-
clonal undetectable levels, either way still expanding over time. It would be interesting to monitor the

AA patient and assess whether this TCRB clone persists over time and increases with PNH clone size.

The two PB samples shared 98. All of the top 10 clonotypes in the BM were present in the matched
PB and 8 in the later PB sample (Figure 70.). This would suggest good concordance between peripheral
blood and bone marrow samples. The matched PB had all top 10 clonotypes in the BMs repertoire and
all but two in the PB sample 11 months later. The top ten for the PB sample 11 months later were only
present twice in both the BM and earlier PB sample. There were no significant differences in CDR3
characteristics. Overall this patient supported the use of matched PB as a proxy for BM TCRBs and

identified a potential clone linked to AA or PNH.
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Figure 70. TCRB repertoire analysis over 11 months in patient 0052F

Circos plots of TCRBV/J pairings between BM, PB time matched and PB 11 months later for patient
0052F (top). Bottom graph - tracking of the CDR3 ‘CASSPPLGQGNEKLFF’ overtime in patient 0052F.
The patient had AA with a 10% PNH clone. The first sample was the BM, the second the time matched

PB and finally a PB sample taken 11 months later.
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6.5.3. Spontaneous remission from PNH

PNH is a rare disease and therefore patients that have spontaneously remitted are extremely rare
[394], with two patients being included in this study. Due to the small numbers of patients at this
clinical stage it is often hard to assess whether the mechanisms are individual based on factors such
as genetics or a general feature of these patients. Theories have suggested that PNH clones arise in
order to re-populate a toxic bone marrow environment, as a “natural gene-therapy” [230]. However,
whether remission occurs in terms of a healthy, normalising response, recovering from PNH, or
whether remission is a transition to other malignancies is not fully understood. One study
investigating 6 spontaneous remission patients, found that 4 fully recovered but 2 went on to develop
other malignancies [395]. This highlights that even in recovery, overall responses of an individual can
vary. The diversity of the immune response along with other factors that affect TCR repertoires could
be a cause. In order to investigate this further two spontaneous remission patients, one with PB and
BM matched TCRB repertoires were analysed. The final PB BM matched sample progressed the TCRB
analysis on to patients who had spontaneously recovered from PNH. There were two patients in this
category. The first, 004SO, was 39 and female. The patient was thrombotic, had had PNH for over 23
years and at the time of the sample, a 7.34% clone. The metadata for the patient showed that they
were taken off Eculizumab 2 months before the sample was taken and had a 10% PNH clone in
peripheral blood at the time the bone marrow was taken. The patient also had had a viral infection a
month before the sample was taken. The bone marrow was made up of 15% T-cells, 60% were CD4+
and 35% CD8+T cells. CD34+, the marker for HSCs, made up only 0.29% of total cells. The morphology

of the BM was regarded as normocellular.

The PB sample had no clonal populations with over 23,000 TCRBs of which 1358 were unique. Likely
by the time of sampling, the viral infection had cleared and any clonal TCRBs had contracted to non-
clonal levels. The BM sample was polyclonal with 11 TCRBs clonal, one moderate (6%) and the rest
low responders. This was expected due to the lower number of T-cells present which resulted in 945
TCRBs of which 44 were unique, suggesting a more technical produced clonality than biological.
However, even though it may bias clonality measures, the order of the TCRBs should be as present in
the bone marrow. As expected, diversity measures showed the PB sample to be over 100 times greater
in diversity compared to the BM with d50 and inverse Simpson values of 455 and 223, to 38 and 16

respectively. Forty-three out of the 44 TCRB clonotypes in the BM were shared between the samples.

Both samples shared V29-1 as their most common usage, in agreement with more ‘normal’
repertoires, followed by V19 at more than four times less. J2-3 then J2-1 were the J family genes most

common for both samples, again indicative of more “normal” repertoires (Figure 71.).
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Only two of the top ten TCRBs in the PB sample were not present in the BM and all but one of the top
10 were present in PB showing good alighnment. PB and BM shared the same CDR3 as top,
‘CSVPRGTDTQYF’, despite it only being present at 1.5% in the PB. All these findings showed good

concordance of PB and BM matched samples and support the use of PB in place of BM.

The patient 004QR had also spontaneously recovered from PNH and was 40 at the time of sampling
and female. The patient was diagnosed with both AA and PNH 19 years before the time of this sample.
The patient had stopped Eculizumab a month before the sample was taken. Although there were no
bone marrow samples available for this patient, diagnostic notes about the bone marrow mentioned
that the trephine was ‘traumatised’ and appeared ‘markedly hypocellular’ in keeping with the original

AA diagnosis. However, there was normal production of blood cells in the BM.

There was no evidence of myelodysplasia and therefore it was thought that the biopsy might not be
representative of the entire BM as it appeared to have normal counts. Forty nine percent of the T-
cells in the BM were CD4+ and 47% were CD8+ with only 0.38% being CD34+ HSCs. No clonal
expansions were observed in the PB, with a lower number of TCRBs than most samples at 5979, with
421 unique TCRBs. An inverse Simpson value of 221 along with a d50 of 82 suggested lower diversity
than perhaps expected for a non-clonal TCRB but some stability in the TCRB generated by the diversity.
Again, high usage of V29-1 and J2-3/2-1 suggest a more ‘normal’ TCRB representation. When
comparing the two spontaneous remission TCRB repertoires, each shared 190 TCRB clonotypes, which
was higher than values of overlap observed between two normals in the Chapter 4. Interestingly, all
of the 004S0’s top 10 TCRB were in 004QR’s repertoire and all but one vice versa, unusual for two

individuals. This perhaps is indicative of a commonality in response resulting in ultimate remission.

Both patients were female and therefore more prone to autoimmune diseases. Molecular mimicry
could be a factor at play. Molecular mimicry is where antigens structurally resemble self-peptides
[324]. TCRs bind with the antigen and are activated subsequently generating memory T-cells. These T-
cells may then go on to recognise self-antigens, thinking that it is the antigen, leading to auto immune
responses. Tregs have been identified to raise the threshold needed to trigger autoreactive T-cell
responses reducing the risk of autoimmune disease resultant from molecular mimicry [325].
Spontaneous remission occurred after many years, and generally PNH patients who had large stable
PNH clones had the disease for years too. The non-clonal populations in both suggest recovery but it
was important to observe CDR3 properties to try and establish perhaps shared properties of their non-

clonal TCRBs. As these could be memory T-cells it may elude to previous immune dysfunction.
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These large stable repertoires had higher aliphatic index values than normals potentially linked with
Tregs [300]. TCRB repertoire findings suggesting re-populations observed in a number of PNH
recovering/decreasing PNH clone populations in this project combined with the findings of these
spontaneous remission populations, may suggest the re-population is in the Treg subset and that after
a time, the Tregs may reduce the effect of the autoimmune TCRB responses resulting in eventual
remission. Perhaps the high number of shared TCRB at non-clonal percentages between remission
patients are memory T-cells from previous infections that could be an indicator of autoimmune
responses attributing to PNH. The expansion of Tregs may have dampened this process down to aid
remission. However, this is only two samples and it would be interesting to explore this theory if more
samples become available. Longitudinal studies for PNH patients, tracking TCRB changes in time,
possibly with fluctuations in PNH clone sizes and diagnosis will help support these claims. Sorting T-
cells into subsets such as Tregs and memory T-cells would be important further steps and tracking the
patients after recovery to assess whether they develop other malignancies or recover would be

essential in deciphering these mechanisms.

BM Matched PB

Figure 71. Differences in TCRB repertoires of BM and matched PB samples in a spontaneous
remission patient, patient 004SO, who had PNH previously. Circos plots indicating TCRBV/J pairings,

width of band indicates abundance in repertoire.

6.6. Experimental bone marrow versus human bone marrow samples

The following data was sequenced from experimental bone marrow samples generated using methods
for the experiments that led to the hypothesis of T-cells being involved in PNH. These were carried out
by R.Kelly et al. [234] in the Section of Experimental Haematology. These methods involved culturing
normal and PNH bone marrows with a supporting stromal cell line and removing the T-cells and then

re-introducing them into the experiments in order to determine the effect on the function of HSCs.
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It was unusual for the PNH bone marrow culture system to still have functional T-cells alive in culture
after 45 days. The first test was to see whether there were enough T-cells to be able to generate TCRB
amplicons and successfully sequence the samples. This was achieved and will allow for future analysis
of the T-cells in this culture to be carried out. One PNH BM culture system and one normal were
sequenced. These TCRB repertoires were compared with a BM sample from a patient who had
undergone spontaneous remission from PNH at the time of sampling to investigate whether there
were any similarities or differences observed between the different samples. If similarities were
observed between the patient PNH repertoire and the experimental, it could help support future
findings using the experimental bone marrow system. Another reason for performing the analysis was
to evaluate as to whether there were similarities in the PNH and normal bone marrow cultures. As it
was unusual for T-cells to last so long in the culture, it was interesting to investigate whether, over
time, the PNH and normal TCRB repertoires from the experimental bone marrows shared similarities.
The analysis was also used to assess whether TCRB repertoires could be recreated from these T-cells

and if there were any obvious differences being experimental rather than natural.

When comparing the experimental and the spontaneous remission bone marrow sample, it should be
noted that the patient sample saw a lower number of TCRB clonotypes than the experimental samples.
This was because T-cell percentage data was available for this sample and T-cells were present at only
15%. The experimental samples were unable to be adjusted for T-cell count numbers due to lack of
data. Consequently, their samples may have an element of “TCRB noise” attributed to sequencing
errors, but this should still only be present at low levels. This may lead to differences in mean values
in some of the analysis, due to fewer cells than the experimental numbers. However, using p adj values
for measuring significant differences, reduced false positive rates and allowed for distribution around

the mean to be taken into account.

The spontaneous remission sample had only 44 unique TCRB clonotypes with 945 clones present in
the repertoire. The experimental samples saw much higher numbers of unique TCRB clonotypes at
1643 and 4712 for normal and PNH respectively, and overall TCRB clone numbers of 379188 and
366692. These high numbers were as a result of no T-cell calculation thresholds. The normal
experimental BM and the PNH experimental BM shared 371 clonotypes which was much higher than
levels of TCRB clonotypes shared between normal peripheral blood samples from Chapter 4. Much
lower levels of overlap were observed between the PNH spontaneous remission blood sample and the
normal and PNH bone marrow experimental samples with 23 and 26 shared TCRB clonotypes

respectively.
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When assessing TCRBV/J usage and TCRB clonal level responses, there were no significant differences
between the three samples. Similar patterns were observed in TCRBV/J gene usage with PNH PB
samples, with V29-1 being the most common. However, a slight difference was observed with the
second most common TCRBV being present at lower levels than in PNH PB samples, with V6-4, 6-5,
11-3, 12-3, 15,18,19 and 27 having similar levels (Figure 72. D). TCRBJ usage showed a similar trend to
PNH PB samples with TCRBJ 2-3 being most common followed by 2-1 (Figure 72. C).

CDR3 amino acids trends were also shared with peaks at around 15 amino acids, However, when
assessing the mean values, the CDR3 length means were statistically significantly different between
all groups (padj<0.05, Holm, Wilcoxon). Mean values were 14.4, 14.75 and 13.5 for the PNH
experimental BM, normal experimental bone marrow and spontaneous remission bone marrow
respectively. The spontaneous remission TCRB repertoire, therefore, had shorter CDR3s than the
experimental bone marrows. When assessing other CDR3 characteristics for each repertoire,
significantly statistical differences were observed. Lower GRAVY values were observed in the
experimental normal TCRB repertoire compared to the PNH (padj<0.05, Holm, Wilcoxon). The PNH
experimental BM repertoire was significantly more basic than the spontaneous remission, but less
basic than the normal TCRB repertoire padj<0.05, Holm, Wilcoxon). Consequently, all groups showed
significant differences for acidic residues, with spontaneous remission having the most and the normal
BM the least (padj<0.05, Holm, Wilcoxon). Again, all categories showed differences in charge, with
spontaneous remission being the most negatively charged and the normal the least (padj<0.05, Holm,
Wilcoxon). PNH experimental had significantly more aromatic residues than the normal (padj<0.05,
Holm, Wilcoxon). No differences were observed between samples for bulk, aliphatic index or polarity
(Figure 72.). The experimental bone marrows saw very few TCRB clonal expansions. If they were
clonal, they were at low response levels (Figure 72. A.) The circos plots showed diverse V J pairings
with the more common between V29-1 and J2-3, followed by 2-1. However, the spontaneous
remission circos plot, indicated a more clonal TCRB repertoire (irrespective of CDR3 with the majority
of V/J pairings as V29-1/J2) (Figure 72.). This could be differences between patient samples and those
generated in a laboratory. Overall there was no obvious changes in the experimentally generated
TCRBs to the ones from patient samples. Enough T-cells were present at the end of the LTBMC to be
sequenced and recreated into repertoires. This means that future experiments can be designed to
sample T-cells from multiple time points during the BM culture experiments before 45 days to add

more depth to TCRB analysis in PNH and the changes in TCRB repertoires over these time-points.



254

A B C
. ! ! 250 -===========er i T
2 90%
s
|3 e 1000 el
L 60% PN spontaneous remssion patient BM PNH Experimental BM :
@ > g Normal Experimental BM
8 30%. g 750 g E PNH Experimental BM
= g g PNH spontaneous remission patient
= H & 500 * 02
o pa— s &
SISt 250 i adin.
“ =3 o 0.0{~~0
.o““h e oo - R R EEREER TR
o g 0 -~ - - Sooooodgggaad
3 ) S grepeeeeeeRe®
TCRB response level - N © FEFEFFEFFRFFRFFFRFFRFFRFRFRRKR
'CDR3 length / amino acids TCRB J gene family
D
0.8 !
06
3
§04 g Normal Experimental BM
g PNH Experimental BM
el PNH spontaneous remission patient
02 |I
00--_m-ﬂ]m..~....tm|ﬂ[[h..ma_.-|ﬂﬂ.. .......-_-n_.n.-a..ﬂﬂm....-.a..---‘-..
TSI Y 2l e e e 2 s T NRE I IIReRTNILLR2NRIENRR o
SN I N N N R R R
g e PEEEEroc e PR EEEEEEproroerroeroeeoeeeeeEeRe
TCRB V gene family
E F G
y f \E . i
e g —
&
’49«, ‘ \\
I | \A &
e e LR
T —\ i S
.“M: — \ ‘\\\E %
,%,‘s \i\ A ey
s
. <
£ /
§ g
H é %g,
BM sample Acidic /%  Aliphatic ~ Aromatic /% Basic /%  Bulk Charge  Gravy Length /aa Polarity
PNH_BM 8.5 0.387 172 59 136 0.597 0.208 144 8.34
Normal_BM 8 0.389 169 6.4 136 0.46 0.258 14.75 8.36
Spontaneous remission_BM 11 0.378 159 38 136 -1.05 0.262 135 843

Figure 72. TCRB repertoire statistics between two experimentally cultured bone marrows, one PNH
(yellow and blue) and one normal (orange and red), and a bone marrow sample from a patient who
had entered spontaneous remission (green). A) TCRB response levels in TCRB repertoire, B) CDR3
length between the two experimentally cultured bone marrows , C) TCRB J gene usage D) TCBV gene
usage, E) TCRBV/J pairings in experimentally generated PNH bone marrow F) TCRBV/J pairings in
spontaneous remission sample G) TCRBV/J pairings in experimentally cultured normal bone marrow
sample. H) Mean values for CDR3 characteristics for each of the BM sample TCRB repertoires. P adjust

values in A and B calculated using Holm method with Wilcoxon paired testing of means.
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6.7. Use of UMIs in TCRB repertoire sequencing

Detailed below are the results from extensive development of UMI adapted TCRB methods to assess
their use in this study to help counteract amplification biases in the TCRB sequencing data. Low PCR
cycle numbers of one to three cycles were used to reduce PCR bias when developing the UMI TCRB
sequencing methods in Chapter 2. Genomic DNA was lost in the cleaning steps necessary to remove
primer dimers before sequencing. The majority of the UMI samples did not have enough TCRB
amplicon left to pass the final cleaning stage. Consequently, no or low concentrations of TCRB
amplicon were left at the end of the experimental process for inclusion in the sequencing library.
During the project, over 100 UMI:TCRB samples were created using both the BIOMED-2 and Robins et
al. primer methods using variances in first and second round PCR cycle numbers. UMlIs did not alleviate
the biases observed in the Robins et al. primer method. Five samples using the BIOMED-2 method
were successfully sequenced (Table 27.) These were samples of normals previously successfully

sequenced in Chapter 4 to serve as a comparison.

Table 27. UMI sequencing results using the BIOMED-2 primer method.

Details of the number of PCR runs, sequencing reads produced and % GC content.

Sequencing UMI sample by Number of TCRB  GC % content
sample number cycle number for sequencing each read

TCRB amplifying  reads

PCR
1 1 cycle 722 50 R1 49 R2
2 1 cycle 56388 50 R1 and R2
3 2 cycles 81 51 R150R2
4 3 cycles 84 51R152R2
5 3 cycles 38 52 R151R2

Table 27. details the number of cycles used in the first TCRB amplifying round and how many reads
were generated from the sequencing reads. The lack of reads in samples 1,3,4 and 5 were due to low
concentration of TCRB amplicons in the final sequencing library. The samples that had only one PCR
TCRB amplifying cycle surprisingly performed the best with 722 sequencing reads and 56,388
respectively. GC content percentages were in normal ranges. However, only sample number 2 (Table

27.) passed quality control.
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Only 600 sequences passed all the quality control stages and of those, 396 were collapsed into unique
reads. 392 of these were used for analysis. Eighty sequences were productive. The top clone was
TCRBV29-1/J1-4 which had 7 biological clones and a frequency of 1.9% which was extremely low and
could not be used for further analysis. Sample runs 3-5 which had 2 PCR TCRB amplifying cycles or
more were poor quality and did not pass quality control. Extensive work was carried out to get UMIs

working on both of the TCRB sequencing methods discussed in Chapter 4.

A large number of Ns were found in the sequences which did not happen with non-UMI sequences
suggesting issues with the sequencing of the UMI TCRB amplicon. UMlIs will be fully discussed in
Chapter 7. As of yet, no methods successfully use UMlIs in TCRB repertoire studies using a double
ended gDNA approach. A recent paper has suggested that UMIs can actually introduce more bias than
the non-UMI techniques [327]. This is why methods are moving towards more single cell techniques
and why some studies choose to use cDNA, however, as discussed in Chapter 2, this was not applicable

to this project work.

6.8. Chapter summary

The analysis in this chapter was successful in achieving the chapter aims. By analysing in depth, a
selection of PNH and AA patients on an individual basis, it allowed for subtleties of TCRB changes in
the repertoire to be identified including in TCRBV and J gene usage which were not as statistically
significant when grouping patients by category. Short and long-term patient samples, especially those
whose diagnosis changed over time, strengthened links between TCRBs and clone sizes. Cases
annotated as “interesting” mostly showed differences in the repertoire to their category group
counterparts and normals with unusual TCRB characteristics. BM and PB matched samples proved the
reliability of using PB in PNH repertoire studies despite it being a bone marrow disorder and as PB had
many benefits over using BM, such as ease of sample taking, this will enable more studies to be carried
out in future. LTBMC culture sequencing showed that there were T-cells left in the culture after 45
days and that the profiles were similar in TCRBV/J usage to a patient bone marrow of someone who
had recovered from PNH. However, differences were observed at CDR3 property level particular for
percentage of basic/acidic residues and net charge. Therefore, this approach will be invaluable in

assessing changes in the TCRB repertoire as the LTBMC experiments progress over time.
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Finally, although managing to obtain UMI TCRB products at a high enough concentration to be
sequenced was a success in itself, despite best efforts to develop a working method, the data after
quality control did not provide enough information to continue the use of this method. UMIs will be

discussed in Chapter 7 and how methods for their use could be improved.

6.8.1. Important findings

Some of the main findings in this chapter will now be summarised. Others will be discussed in more

detail in Chapter 7 in the context of multiple chapter findings and wider research in the field.

6.8.1.1 TCRB repertoires as identifiers of clinical status

If TCRB repertoire data could be used as a biomarker for disease, or a predictor for the severity of PNH
or potential progression/remission of a patient, it could aid treatment processes. To evaluate this,
TCRB repertoires on an individual level were analysed in the context of diagnosis. Changes in TCRB

repertoires were markedly different between some patients with different diagnosis.

Differences were observed in overall TCRB repertoire properties in newly diagnosed PNH

patients

Analysing TCRB repertoires when patients were in active PNH states can provide insight into T-cell
dynamics when pathological PNH processes are occurring. A PNH sample taken a month after
diagnosis, when the pathological inducing responses would still be expected to be present and getting
progressively worse, had a TCRB repertoire that was more hydrophobic, had more basic residues than
PNH patients in the new or increasing group, had the highest aliphatic index, were longer, had a
neutral net charge which was unusual, showed differences in polarity and had high J1-4 and J1-5
usage. It was, however, not clonal which would have been expected based on the project hypothesis.
It would be interesting to see if these changes were still apparent a year to 2 years after diagnosis,
especially once treatment had begun. A few months delay in diagnosis could have changed this
response. As PNH is rare, there can be a delay getting to the PNH diagnosis, it is hard to assess when
the disease began, and therefore accurately linking TCRB changes at the start of the disease is
challenging. The PNH new or increasing clone group contained patients who had been diagnosed or
were progressing up to 2 years since diagnosis when TCRB clonal responses may no longer be

prevalent.
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This could mean that subtleties found on an individual level could be missed when grouping the
patients by diagnosis. Three patients who were diagnosed within 7 months of sampling showed a
variety of TCRB repertoire responses, which indicates how challenging it is to decipher PNH specific
responses, as like immune responses in general the patterns vary considerably from patient to patient.
Interestingly in contrast to the main findings in Section 5.7.2.1. that PNH patients had more acidic
TCRB CDR3s, all of the newly diagnosed patients had more basic CDR3s. With an increase in newly
diagnosed PNH patients’ repertoires being sequenced and longitudinal studies it would be interesting
to assess whether these are anomalies or if in fact different TCRBs are involved with the initial
pathogenesis and then subsequent progression of PNH moving from more basic to more acidic over

time. Relating the TCRBs to GPI+/- would help study this theory further.

Spontaneous remission repertoires had high sharing of TCRB clonotypes and were non-

clonal

The two spontaneous remission from PNH patients both showed non-clonal and relatively stable
repertoires. Their profiles appeared to share attributes with the “normal datasets”, with V29-1/J2-3
or 2-1 usage. The high diversity and low clonality measures indicated stability in their repertoires. A
high number of shared TCRBs, higher than the average between two individuals, was extremely
interesting. It could be an indicator of shared responses in the non-clonal memory T-cell subsets from
previous infection or perhaps in Tregs involved with autoimmune responses [327] either prior, during
or post recovery. Tracking PNH patient repertoires from diagnosis would help improve these findings.
However, as many of the recovering/decreasing PNH clone patients have had PNH 15+ years, sampling
all PNH patients and performing longitudinal analysis in response to PNH diagnosis, will help identify

changes in TCRB responses before diagnosis changes.
Recovering patients saw increases in TCRB stability over time

Patients who were recovering from PNH or had decreasing PNH clones also showed stability in their
repertoires with more normal repertoire features increasing with time. The majority were non-clonal.
Those that had clonal populations, had TCRB responses that decreased over time with diagnosis. For
example, patient 004V3 had a PNH clone falling over 6 years from 70 to 50%. Both responses were
monoclonal for V15/J1-4 which decreased from 18.3% to 4.15% in line with the shrinking PNH clone
which was a major finding for linking TCRBs with PNH clones. Interestingly, the patient’s repertoire
went from having V15/J1-4 as most highly used to V29/J2-3, which was the most common

combination in the normals.
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The number of unique TCRBs doubled and diversity increased almost by ten times. There were no
significant differences in CDR3 characteristics between the samples indicating stability in recovery.
The increase in non-clonal population overtime and in recovery, supports the finding in Chapter 5 that
non-clonal TCRBs occurring 31-100 times in a repertoire were more frequent in PNH than normals.
This may mean re-population of the TCRB repertoire aided recovery. It would be interesting to isolate
the TCRB clonal population contracting with recovery to see if it was GPI+/-. It would also be
interesting to take a sample from this patient again, to see if the PNH clone and TCRB clone continues

to fall.

Patient 004UV was non-clonal but also a recovering/decreasing PNH clone patient. The long-term
points were both non-clonal with VJ gene usage similar to the normals and no significant differences
in CDR3 characteristics. Patient 004UV had diversity measures that remained similar over the time
points. Stability was also indicated with the sharing of all top 10 TCRBs between the two samples
which was not common for all samples from the same patients. This highlighted that recovering PNH

patients or those with falling PNH clones had highly diverse and stable repertoires.

PNH large clone stable TCRB responses varied but were similar to those recovering

By analysing some of the patient repertoires on an individual level, it highlighted how even those with
the same diagnosis, the TCRB repertoire could be different. It could also depend on the point that the
sample was taken from diagnosis. For example, PNH large clone stable patients tended to have had
PNH over 10 years and recovering PNH patients/decreasing PNH clones 15+ years. Depending on when
the long-term time points were taken, could depend on what point of change in diagnosis the PNH
patient could be seeing. For example, 004VN and 00567 both had PNH with a large stable clone. Both
had had PNH over 25+ years each but had slightly different TCRB responses. Patient 004VN was not
TCRB clonal, had V29/J2-3 as a common combination and no significant difference in CDR3
characteristics over time inferring stability similar in response to the patient with a decreasing PNH
clone, 004UV. Patient 00567 shared a response similar to that of the PNH patient with a falling PNH
clone, 004V3. Patient 00567 had an monoclonal response with each of the long-term points sharing
the top two clonotypes. The monoclonal response was V29-1/J1-5 at 20.7% decreasing with time to
11.5%. The second TCRB remained non-clonal but was an interesting V family not often observed of
V5-4. Patient 00551 shared a similar monoclonal response. This was to an EBV specific peptide that
decreased over the years from 18% to 10%, possibly linking EBV with PNH, in a similar way to AA. With
the TCRB shrinking over-time, it would be interesting to see if in another 5 years, it continued to shrink

and whether the patient started to recover from PNH.
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It could be that once the TCRB clone begins to fall, the PNH clone falls and the patient recovers. On

the other hand, the PNH clone could fall, leading to the fall in TCRB clones and recovery.

AA active and progressive disease exhibited moderate monoclonal TCRB responses

As AA is known to have clonal CD8+ TCRBs involved in its pathogenesis, and the fact that the majority
of AA patients in Chapter 5 were not clonal, it was important that monoclonality was observed in an
AA patient known to be in a progressive stage of the disease. This patient had a moderate TCRB clone
at 14.4% and again the TCRB clone was linked to EBV. The newly diagnosed AA patient, again who
would be expected to have a clonal TCRB as the disease is active, resulting in symptoms, had a
moderate clonal TCRB response at 11.4%. This time the TCRB clone was V6-5/11-5. In conclusion, this
showed that the point at which the patient sample was taken in diagnosis was important when
observing TCRB repertoire changes. Newly diagnosed patients were most likely not on treatments
such as immunosuppressants which could be as to why expected clonal TCRBs were identified. This is

discussed in greater detail in Chapter 7.

6.8.1.2. Differences in the LGL patient and EBV infected patient TCRB repertoires may help

identify immunological factors involved in PNH progression or pathogenesis

LGL is a condition linked with autoimmunity whereas EBV is an infection [328-329]. With men being
prone to infections and women more to autoimmunity, it was interesting to assess whether TCRB
repertoires in AA or PNH were more in line with LGL or EBV infected repertoires which tended to

polarise at opposite ends of the spectrum when investigating CDR3 property characteristics.

In reality the EBV infected repertoire and LGL patient were only one patient each, so statistical tests
would not be reliable but still provides valuable insight. LGL is large granular lymphocytic leukaemia,
a chronic lymphoproliferative disease. Twenty percent of LGL patients have autoimmune diseases
prior to the LGL [330]. The PNH patient with LGL in this project would be on immunosuppressants as
treatment, so clonal populations of TCRB may be suppressed. A study investigating a PNH patient with
LGL who had their TCRB repertoire analysed using a method “Immunoscope” [331], found V7-2/ J1-5
to be a dominant clone. This paper is almost 20 years old and methodologies have improved since
then. The PNH, LGL repertoire in this thesis was monoclonal with a very low responding TCRB clone,
around 2.5%, V29-1. TCRBV7-2 was not prevalent in the repertoire. However, the repertoire had a

few almost clonal populations at similar levels.
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Findings of polyclonal TCRB responses have been reported in other studies too [321]. Supporting the
suggestion that the LGL patient may have an autoimmune disease, along with PNH, the TCRB
repertoire clearly showed differences from normals and other PNH patient categories when looking
at CDR3 characteristics. The LGL repertoire had the shortest CDR3s, the bulkiest, most negatively
charged at -1, fewer basic residues than normal and the highest percentage of acidic residues of all
the categories, indicating dysfunction in TCRBs irrespective of clonality. Interestingly, PNH patients
tended to have more acidic residues than normals and the AA with no PNH category, like the LGL
repertoire. The majority of the LGL repertoire CDR3s actually had no basic residues which was unusual.
Net negative charges of CDR3s have been associated with CD8+ biased TCRB repertoires [301]. It has
been hypothesised that the origin of LGL is transformed CD8+ T cells expressing a clonal TCRB [332].
Although the TCRB clone may have been altered by immunosuppressants, a CD8+ skewed repertoire
may be evident. It would be interesting to perform single cell, paired chain sequencing on this sample
to assess whether the top 5 TCRB clones at similar abundances were responding to a superantigen for
example. The repertoire saw the highest V29-1 usage in the study at over 80% of the entire repertoire.
Despite V29-1 being highly expressed in normals, it was never observed at such high levels highlighting

abnormalities.

There could also be a distinct difference in TCRB repertoires dependent on the mechanisms of immune
dysfunction. LGL in some patients may have autoimmune responses, chronic stimulation of T-cells.
The EBV specific T-cell clone found in the patient sample below, could highlight mechanisms involved
in chronic infection events. The patient with a persistent EBV specific T-cell clone was found to have
the longest CDR3 of all patients, it was midrange for CDR3 bulkiness values and had more basic and
lower acidic than normals, in contrast to LGL. The EBV repertoire was almost neutral in net charge
unlike all other repertoires which were much more negative for overall net charge. Potentially, CDR3
analysis can identify changes in TCRB repertoires that are associated with immune responses
dependent on whether the response is auto immune or is responding to an infection such as EBV.
Machine learning approaches that can analyse and identify trends in these datasets would be
beneficial in deciphering differences between more autoimmune led responses and infections. Testing
data sets that the models could learn from could be patients with identified T-cell exhaustion, chronic
infection and then compared with T-cell mediated autoimmune disease patient TCRB repertoires such

as Rheumatoid Arthritis [333].
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6.8.1.3. Multiple time points highlighted sensitivity of the TCRB sequencing method

In a number of ways, using multiple time points helped strengthen the reliability of the TCRB data and
highlighted changes that occur over time. The findings that many patients had the same top CDR3
clonotype 6 years later, highlighted that the TCRB primers were correctly amplifying blood samples. It
showed that the method is capable of detecting changes in TCRB repertoires. Many patients had clonal
populations detected in recent samples that were non-clonal previously in the repertoire indicative of
re-infection and vice versa. For example, in patient 004WZ repertoires, both samples shared the top
TCRB clonotype. However, it had expanded from non-clonal at 1.7% to clonal at 9.65%. Most likely,
the expansion was a memory T-cell subset in response to reinfection and less likely attributed to PNH

as the diagnosis did not change overtime.

However, it shows that with multiple time points, more meaningful analysis can be performed, and
inferences made about TCRB clonal populations. TCRB repertoires potentially could detect changes in
response to treatment. An example of this was patient 004VH who was PNH with a large, stable clone.
Two samples were taken 2 weeks apart as the patient moved to the Eculizumab stage of a clinical trial.
Both samples were monoclonal but for different TCRB clonotypes. Such a rapid change in response
perhaps was not expected over two weeks. Interestingly, the new TCRB clone was traced back to non-
clonal percentages in a 2013 sample at 0.8%, suggesting re-infection. This could be also be linked to a
change in treatment. It also highlights the capacity of the method to detect progressive immune

responses over time.

6.8.1.4. Long term studies identified persistent TCRBs and fluctuations in line with PNH

clone size

The problem with using one sample point, is that it gives no indication as to whether clonal
populations are shrinking, stable or expanding, which can provide important information about the
repertoire. The longer term TCRB studies showed insight into the dynamics of TCRBs in PNH and AA
over time and provided great insight. Two patients had changes in diagnosis between 2013 and when
the most recent samples were taken. 004V3 was a PNH patient with a falling PNH clone over the four
years. In line with this, the same persistent TCRB clone, V15/J1-4, in the monoclonal repertoire

remained the only clonal TCRB years later and was falling from 18% to around 4% with the PNH clone.
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This was an important find for TCRB repertoires in the context of PNH. It clearly indicates correlations
between TCRB and PNH clone sizes. Isolating this TCRB clone, deciphering its T-cell surface markers,
tracking its further changes over-time and potentially isolating it for single cell sequencing, can provide
invaluable input into T-cells and PNH, especially potential antigens. Patient 00563 was AA with a slow
rising PNH clone over 6 years. The patient was male and 64 years old at time of the first sample. Again,
a persistent TCRB clone was identified, V29-1, J1-4 and at a hyperexpanded level of above 40%
remaining stable across the time points. This TCRB was EBV specific. AA has been linked with EBV
infection, so this was an interesting finding [334]. The repertoire was responding to a chronic EBV
infection and was susceptible to T-cell exhaustion. Phenotyping the clonal TCRB population would help
prove this. Markers such as CD44, LY6C and KLRG1 are highly expressed on CD8+ effector T-cells but
at low levels in exhausted T-cells [335]. These markers could discriminate as to whether this EBV
specific TCRB has deteriorated in T-cell function leading to “exhaustion”. Multiple time points also
helped to identify stable TCRB repertoires that shared a high number of TCRBs and shared top TCRB
clones, whether clonal or not and had consistent diversity and clonality values over time. Identifying
stable repertoires and comparing with diagnosis served as much as an indicator of TCRBs in PNH as
seeing TCRBs shrink with PNH clone sizes. If TCRBs vary with time, but diagnosis does not change, it
could be an indicator of infection not related to PNH or AA, further emphasising the importance of

longitudinal studies. It could also predict future changes in diagnosis.

6.8.2 Chapter conclusions

Overall, the findings in this chapter helped to strengthen the hypothesis of T-cells in PNH along with
strengthening the inferences that could be made from previous chapter results by producing reliable
results over multiple time points. This chapter highlighted the need for multiple time points in TCRB
repertoire studies to be able to assess the overall stability of the repertoire, and whether any TCRB
clones vary with diagnosis, which was found to be true. To improve upon this work it would be useful
to analyse multiple time points in the normals data in Chapter 4. This would allow for natural
variations in TCRB repertoires over-time to be assessed and to investigate clonal expansions and
contractions in TCRBs that fluctuate with time. Analysing older normals over time too, would help
identify whether EBV specific T-cell clones are clonally expanded and common amongst the normals
as well as the AA and PNH patients. In turn, this would help to strengthen findings that are exclusive
to PNH and/or AA repertoires. Tracking patient TCRB repertoires over-time, especially those with
changes in diagnosis, will improve the comparisons that can be made about TCRB repertoires and PNH

in future.
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Chapter 7 — Discussion
7.1. Project achievements

In this project a number of areas were developed that allowed main findings to be identified, this

section will highlight these before moving on to the main findings of the project.

7.1.1. Collating a PNH/AA cohort based on important clinical parameters

One of the main achievements of this project that allowed for clinical inferences to be made about
the patients, was the clear identification of PNH and AA cohorts characterised by clinical parameters
and being able to break these down into factors such as sex and age to assess these factors on TCRB
repertories. This was achieved by the work and expertise of Dr. S. Richards. By breaking the larger
than average cohort of PNH and AA into diagnosis and category groups, it allowed changes in TCRB
repertoires to be made in reference to PNH clone size. The large cohort of PNH/AA patients samples

allowed for a comprehensive analysis of TCRBs in PNH/AA.

7.1.2. Evaluating and developing successful TCRB sequencing methods

In order to generate the data in these results chapters, a major challenge was developing a TCRB
sequencing method from gDNA that produces as accurate as possible recreation of an individual’s
TCRB repertoire. In order to do this, all steps in the methods were optimised. Experiments were
designed to test what concentration of genetic input worked best, to evaluating changes in repertoires
attributed to sequencing errors. By evaluating a number of TCRB sequencing methods, with varying
reliability in results and investing a considerable amount of time in developing methods, it allowed for
reliable TCRB data to be generated. When differences that were not expected in TCRB repertoire
results were observed, it also meant that it was unlikely that the discrepancies were attributed to
technicalities between samples. By developing a method that could be used on both cDNA and gDNA,
it allowed for the historical gDNA samples to be analysed in the context of more recent patient
samples. These samples were invaluable in assessing TCRB repertoire changes with PNH and
identifying two patients, whose changes in clinical status were linked with changes in TCRB clones

(patient 004V3 and patient 00563).
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7.1.3. Developing a large panel of normal TCRB repertoires

A key achievement that allowed for PNH and AA specific inferences of TCRB repertoire changes to be
made was the decision to collect normal control repertoire samples. Having a cohort of 30, allowed
for sufficient trends and variations in normals to be identified in the context of age and sex. For
example, the majority of the normals had non-clonal TCRBs but some had clonal populations
attributed to infections such as flu. By having a large cohort, it allowed anomalies for example the
normal with a large hyperexpanded TCRB to be identified as so. It also highlighted the fact that TCRB
repertoires are dynamic and that although differences could be linked to disease, the repertoire
contains the immunological history of the patient before the disease as well. By generating a healthy
background dataset using the same method as the disease repertoires, it meant that there would be
no differences between cohorts linked to biases in sequencing techniques. Comparing clonal TCRBs in
PNH and AA with the normal datasets also allowed for inferences to be made about whether the TCRBs

could be disease specific or also present in normals.

7.1.4. Developing a robust pipeline capable of processing HTS reads

Another main aim for this project, was developing from scratch, a bioinformatics workflow that was
capable of processing large volumes of HTS data whilst at the same time generating accurate, reliable
TCRB repertoire data. Each stage was optimised, from deciding which Phred score was optimal for
high quality sequencing data, to using algorithms to remove PCR attributed errors. Another
considerable issue was deciding which analysis methods to choose that would allow insight into TCRB
repertoires in PNH. As not much is known about T-cells and PNH, it was important to not bias the
results in terms of looking for clonality for example. Diversity measures were selected to answer
different biological questions, from Chaol looking at unidentified rare clones, to d50 assessing
clonality. The pipeline successfully processed over 150 million reads in this project and produced

reliable TCRB repertoire data.

7.1.5. Generating an in-house method for determining TCRB clonality

The TCRB clone definition was established in this project having looked at both the options of using
nucleotide or amino acid sequence of the CDR3. As large differences were not observed for basic
statistics such as unique TCRBs between normals, CDR3 amino acid sequence was used in the
definition. This meant that a TCRB clone was defined as TCRB reads that had the same TCRBV/J genes

and CDR3 amino acid sequence.
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Amino acid sequences were used to reduce biases attributed to convergent recombination events.
When reading published studies on TCRB repertoires, it became evident arbitrary values often of 1%
and above were used to define a clonal TCRB, however, non-clonal TCRBs could be present above 1%
due to factors such as PCR amplification creating artificial clonality. In this study it was decided to use
the panel of normal TCRB repertoire data to calculate this value based on the assumption that most
normals should not have clonal TCRBs. When comparing the top clones in the normals, distinct groups
in response levels were formed. This led to the definition of a clonal TCRB being a TCRB read with the
same V/J gene usage, CDR3 amino acid sequence and present at more than 2.42% of an individual’s
repertoire once the reads were filtered by T-cell counts. This allowed for a stringent approach to
clonality to try and assess truly whether PNH had clonal TCRBs or not. Using arbitrary values such as
1% in previous studies could have led to TCRB sequences identified as clonal perhaps wrongly. This is

something that wanted to be avoided in this project.

7.2. Main project findings

The main findings from this project will be discussed in the context of current research in the field and
any future work that would help improve and further the findings. This project revealed many
significant findings related to the development of TCRB sequencing methods, the bioinformatics
workflow and generating a background of “normal TCRB repertoire data”, but for clarity the main
findings will be discussed in more detail in the context of the AA and PNH repertoires, with the main

focus on PNH.

7.2.1. Are PNH patients’ TCRBs responding to a superantigen?

The main hypothesis of this project work was that there was a single TCRB clone or a series of TCRB
clones present in the TCRB repertoire of PNH patients at clonal levels responding to an antigen,
potentially a superantigen involved in the pathogenesis of PNH. The main aim of the work in this
project was to provide evidence for T-cells in PNH by identification of changes in TCRB repertoires in
PNH patients when compared to normals and/or AA. Following on from this the question of clonal
TCRBs shared between PNH patients was considered. In conclusion, the hypothesis was rejected.
There was no single, or series of shared TCRB, appearing at clonal levels, shared across PNH patients
irrespective of disease stage or diagnosis. However, multiple other findings of T-cell involvement in

PNH were made.
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It is not just a clonal CDR3 that could indicate a shared antigen or superantigen that is responsible for
PNH. Disruption of TCRB repertoires were found in PNH patients, and, by analysing TCRB repertoire
dynamics in the context of disease stage, allowed some degree of T-cell involvement to be assessed.

A summary of the project findings supporting the overall conclusions are detailed below.

7.2.1.1. No specific TCRB was persistently clonal and also associated with all PNH or AA

patients

The hypothesis of this work was that a large TCRB clone or series of TCRB clones would be associated
with PNH in line with the hypothesis that the presence of T-cells from PNH patients allowed for the
expansion of PNH HSCs in a LTBMC by limiting the effectiveness of the normal GPI+ HSCs. When
assessing the TCRB repertoires across PNH and AA patients the level of mono and polyclonal TCRB
repertoires was also observed in the normals. Research has suggested that in healthy adults, CD8+
clonal expansions are present from youth, can be persistent and expand with age [336] despite not
causing immediate disease. A recent study by Shi et al. (2020) [337] discovered that T-cell clones of
“uncertain significance” (TCUS)(term first introduced in this paper) showing phenotypic similarities to
those in T-LGL were present in other disease repertoires (diagnosed T-cell malignancies) and a number
of normal samples. The finding in this project of non-clonal TCRB clones that occur 31-100 times in the
repertoire were higher in PNH than normals also highlighted the difficulty of assessing specific TCRB
clones in this study, highlighting the necessity for longitudinal studies. The finding of clonal
populations in normals and, combined with the lack of disease associated, publicly available, TCRB

data, highlights the difficulty in deciphering TCRB clones specific to disease.

No persistent TCRB clones were found amongst all patients who had a PNH clone. Given the dynamic
nature of TCRB repertoires, “public” versus “private” TCRB responses and genetic recombination
events, such as insertions and deletions, that go on during T-cell development (Chapter 1) it would
perhaps be naive to think a TCRB clone associated with PNH pathogenesis or progression would be
identical in all patients or at a persistent clonal level throughout the disease. However, 26 novel TCRB
clonal expansions were found in AA or PNH patients when compared with the normals and publicly
available datasets. A number of persistent TCRB clones were found to fluctuate in the same direction

as PNH clones strengthening the project hypothesis.
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Further sorting the TCRB clones into T-cells subtypes would allow more understanding about their
importance in the patient TCRB repertoires and whether they are linked to pathogenesis/progression
or an infection directly or indirectly linked to the disease. Supporting the reliability of the findings,
progressive AA patients, where T-cells are known to be clonal and mediate autoimmune response
[338], were found to have clonal TCRBs acting as a positive control. However, this could prove
challenging for memory T-cells as they tend to be a rare sub-set of T-cells and therefore small in

number.

TCR plasticity studies have also shown, building on the previous “Lock and Key theory” that one TCR
binds to one specific antigen, that TCRs have levels of plasticity meaning that they can interact with a
range of peptides, allowing detection of a wider range of pathogens [339]. This all supports the theory,
that even though PNH patients did not have a or a series of defined TCRB clone(s), similar TCRs in
patients could be present reacting to a superantigen. It was the reason for designing a sophisticated
approach in this thesis to look at the total TCRB repertoire at multiple time points to establish at times

when the disease is changing, if TCR clones were expanding or contracting.

Karadimitris et al. found an invariant, autoreactive, CD1d restricted, TCRValpha21 sequence thought
to be involved in PNH pathology [236]. The paper suggested it was paired with VB19. Interestingly,
this invariant alpha chain was also present in the majority of normals in the study. The method used
454 sequencing and was based on 11 patients. The project work in this thesis also detected a number
of TCRB clones in normals and PNH patients. A direct comparison could not be made with Karadimitris
et al.’s findings as TCR alpha was not tested. VB19 did appear as TCRB clones in some PNH patients,
but across normals as well, V19 had the second highest V family gene usage in the repertoire, so the
findings are most likely, not significant. This work can add to the initial findings from these studies as
considerably more PNH patient TCRB repertoires have been analysed. The TCRB method has been
adapted to more high throughput methods which allows greater sequencing depth of the repertoire

and estimations of TCRB clonality to be made.

As stated, when considering the hypothesis, fewer clonal TCRBs appeared in PNH repertoires than
perhaps expected. This does not necessarily mean that TCRB clonal expansions and PNH HSCs
expansions are not correlated. A number of reasons could attribute fewer clonal TCRBs being
identified. At a given time-point it is impossible to assess whether a TCRB clone is expanding or
shrinking based on these methods. If a T-cell responsible for PNH pathogenesis is in memory phase,
with the changes in disease stage, it will be present at levels difficult to detect in one patient sample

especially in the periphery.
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This is why, when possible, BM matched samples were sequenced, as if the sample was taken when
in an active state of disease, especially early in progression, it would be expected to have clonality in
the BM. The project findings found that PB was a good proxy for capturing the diversity of the BM
repertoire. Clonality was harder to compare, due to BMs having much fewer T-cells in samples which

can artificially inflate clonality of TCRBs.

If a PNH clone is falling, the TCR response could have dampened down a couple of months prior to
sampling or prior to detection of the falling PNH clone. In support of this idea, Kelly et al. reported this
theory in 2009 [340], on the observation that two patients on Eculizumab treatment for longer than
12 months saw a dramatic decrease in their PNH clone. They thought the decrease was not linked to
Eculizumab but more likely, the immune response selecting PNH HSCs, “expired” over time allowing
for more normal HSCs to re-populate the BM and resulting in the PNH patient beginning recovery. A
cause could also be that T-cells are involved in either pathology or progression rather than both
processes, so may not be present in recovering PNH patients/patients with decreasing PNH clones or
only present at clonal levels in active PNH cases which is why this was investigated in Chapter 6.
Perhaps there is an initial TCR response, some form of dysfunction in regulation perhaps, leading to
activation of other TCRs. It could be that TCRs that occur in the later response phase of the disease
are those common to other autoimmune diseases and have features of autoimmune TCRs such as
more hydrophobic residues, due to disruption of the immune response earlier in the disease. This is
why, annotating the TCR subsets, combined with longitudinal samples would be beneficial to future
studies, deciphering whether there are fluctuations in immune response. In active AA patients, clonal
TCRBs were observed. However, clonality varied in response for the newly diagnosed PNH patients.
As discussed in Chapter 6, delays in initial diagnosis and difficulties in tracking when PNH began could
be the limitations for finding clonality in the newly diagnosed patients. If a patient is responding to
another infection at a given time this will have a considerable effect on the representation of the TCRB
repertoire in the sample. Measures based on the “normal” TCRB repertoires allowed estimates to be
put in place for response levels of clonally expanded TCRBs in this project but assessing the trajectory

of a TCRB clone is only possible with multiple time points.

7.2.1.2. TCRB clonal expansions were not exclusively linked to diagnosis

Studies into TCR repertoires in PNH are limited and tend to be in animal models [341]. A study
analysing GPI+ and -ve populations of T-cells focused on CD40 -dependent pathways that are thought

to be important in the control of autoreactive T-cell clones [342].
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However, in this thesis, 34 unique TCRB clonal expansions were identified in 77 AA and PNH patient
repertoires. Twenty-six of these were novel and unique to AA or PNH patients at the time of analysis.
Only two of the TCRB clonal expansions were found when literature searching or searching TCR
databases. ‘CASKGGNQPQHF was found in three other patients in a study so not unique to AA.
‘CSVGSGGTNEKLFF" was found with multiple hits linking to EBV and Influenza A. This CDR3 was also
one of four TCRB clonal expansions found to be persistent (clonal at multiple time-points for one
patient). It appeared in five PNH/AA patients along with 5 normals spanning a range of the patient

categories.

Two clonal clonotypes ‘CSVETPGTSGRYEQYF' and ‘CSVDKAGAGELFF’, whose origin is currently
unidentified by research, were found in 23 and 24 of the 30 normals respectively. They were however,
only found in one AA patient with an increasing PNH clone (n=6) and one AA no PNH patient (n=6)
respectively. Monoclonal and polyclonal repertoires spanned the different diagnosis categories and
were not restricted to a specific group. However, in the AA increasing PNH clone group, all patients
with clonal repertories were male and aged above 65 years old. This most likely means that clonality
was attributed to age rather than the disease. Interestingly, the majority of the clonal repertoire
patients who had large stable PNH clones had had PNH for longer periods of time (10+ years) than
some of the non-clonal (2+ years). Increasing multiple time-point studies in future combined with the
advancing technologies and disease associated TCRB specific data available, will mean that more of

these TCRB clones will be able to be identified to show whether they are truly AA or PNH specific.

7.2.1.3. Is the definition of TCRB clonality diluting TCRB clonality identification?

Defining the TCRB clonotype in this project

Another possible reason for the lack of TCRB clonality that needs to be considered is how TCRB
clonality was defined. This is not exclusive to this project but TCR repertoire research as a whole. It is
an extremely fine balance defining TCRB clonality so as not to overrepresent clonality or
underrepresent it. However, this project went above the arbitrary values adopted by many TCRB
studies of 1%, and defined TCRB clonality based on the proportion of top TCRB clones that were clonal
in a normal population. On the assumption that the majority of normals would be non-clonal, but at
time of sampling, current infection or other health conditions not noted in metadata, could lead to

some TCRB clonality.
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The definition of a TCRB clone being above 2.42% of the TCRB repertoire in this study, accounted for
clonal variation observed naturally in TCRBs, artificial clones due to amplification TCRB PCRs and
detected clonal populations related to factors such as EBV which are known to account for clonal

populations in many people’s TCRB repertoires [343].

It could be a case of some of the TCRB clonality being missed by the calculation, or due to the definition
including a CDR3 amino acid sequence, defining clonality in an antigen specific manner. This is why
analysis was also carried out irrespective of CDR3 (circos plots) and similarities in CDR3 amino acid
properties were assessed rather than simply searching for an identical CDR3 amino acid sequence.
The calculation makes the best of current methodologies and approaches to clonality currently

available.

Does IMGT® have an exclusive list of TCR genes?

Another possibility for the lack of clonality could be successfully annotating the TCRB reads using
IMGT®. Notably, a number of reads were discarded as they had no TCRBJ gene in IMGT®. One reason
for this could be due to sequencing errors, this was a consistent percentage irrespective of normals,
disease or sequencing run. Another possibility is that in a similar way to B cells, not all TCR genes or
genetic variations in the sequences are detailed in IMGT®. Unlike B cells, TCRs do not undergo somatic
mutation and variation is limited. However, genetic variation in the genes could lead to non-alignment
of the TCR reads to IMGT®. Diversity sections in this study were also not included in the definition of

TCRB clonality which is in line with many TCRB studies and should not have a great effect on results.

Another reason for not using diversity, was that in many clones, it was not annotated from IMGT® and
the reads might be discarded unnecessarily if used in the definition. Again, this highlights that not all
data for TCRs perhaps is in IMGT®, the gold standard for TCR repertoire analysis. This point was also
highlighted during discussions at the AIRR 2019 conference [344] amongst experts in the field.
Therefore, annotating the TCR genes when assembling TCRB clones could be a limitation for detecting

some degree of TCRB clonality, the majority were identified using these methods.
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7.2.1.4 TCRB CDR3 amino acid properties in PNH patients differed from normals

As the project progressed it became apparent a single, identical TCRB clone or series of shared TCRB
were not present in and exclusive to all PNH patients. The finding that actually, TCRB clones present
at non-clonal levels, but more prevalent in the repertoire (occurring 31-100 times) in PNH than
normals, suggests there could be TCR specific responses, but dependent on clinical stage, may be
memory T-cells rather than activated T-cells. PNH patients could be responding to a superantigen or
similar form of an antigen to one another. However, the TCR responses have evolved to be different
between individuals, attributed to genetics such as HLA [345]. These mechanisms also help prevent

one pathogen killing an entire population.

Diversity in TCRB responses are advantageous in populations [346]. This process in some respect could
be supported with PNH. It is an extremely rare disease, and if it is linked to an antigen, most likely the
antigen infects healthy controls too, but the immune responses do not go on to result in PNH
progression. To aid the hypothesis that PNH patients’ TCRs could still be responding to a similar
antigen but with varied TCRB responses, CDR3 properties were looked at. Irrespective of whether the
repertoire was clonal PNH patients had significant differences to normals and the AA and AA no PNH

groups.

As discussed in more detail in Chapter 5, PNH repertoires had CDR3s with more acidic residues, more
negative residues and higher aliphatic indexes than normals and were shorter than normals and AA
patients. Potentially indicative of self-reactive T-cells and increases in CD8+ populations. Interestingly,
AA and AA no PNH could be distinguished from PNH based on some CDR3 characteristics. CDR3
populations linked to PNH in the AA patients could be attributed to the higher acidic, more negative
CDR3s identified than in AA no PNH patients. These were characteristics that significantly differed
from AA with no PNH patients, indicative of PNH specific responses. Interestingly the converse was
found in the newly diagnosed PNH patients who had more basic residues than the PNH group as a
whole, in line with CDR3s in AA. This suggested that different TCRBs could be involved or present at
the start of PNH and during the progression or as the disease stabilisers or recovers. CDR3 properties
were found to change with PNH activity, and response to disease. For example, recovering
patients/patients with falling PNH clones had the shortest CDR3s and more negative CDR3s all

indicative of antigen skewing, autoimmunity mechanisms and CD8+ populations.
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Perhaps suggesting a PNH patient’s recovery involves other autoimmune mechanisms, it would be
interesting to see if these patients had other comorbidities, some could be age related as recovering
PNH/falling PNH clones were older than average. Active PNH CDR3s tended to have fewer
hydrophobic residues, which highlights how CDR3 property characteristics could in future, indicate
PNH stage and severity. These results were discussed in more depth in Chapter 6. Machine learning

techniques to analyse these trends would be beneficial in designing biomarkers.

7.2.1.5. CDR3s with more acidic and more negative residues in PNH could provide insight

into antigen response

With limitations in this study for identifying a possible antigen due to factors such as only analysing
TCRB chains and a lack of publicly available disease associated TCRBs, CDR3 characteristics could be
used provide insight. TCRB CDR3s account for the majority of variation observed in a TCRB repertoire
and are the portion that interact with the antigen. Therefore, any similarities in CDR3 properties in
PNH patients not found in normals and AAs could indicate properties of the antigen they bind. The
CDR3s in PNH tended to have more acidic and more negative residues. Acidic residues are aspartic
acid and glutamic acids. CDR3s and peptides bind through forces such as hydrogen bonding,
electrostatic interactions and Van der Waal forces [296]. Acidic, negative residues will tend to interact
with more basic, positive peptides. Studies into the TCR CDR3s in relation to amino acid properties at
present, are not extensive. However, one study provided some insight into potential immune
responses. TCRs interact with APCs to either become activated in the case of CD8+ or to activate B
cells for antibody production in the case of follicular helper T-cells (Tfh) by contributing to co-
stimulatory signals [347]. Increase in Tfh have been noted in some autoimmune disease. This subset
was not mentioned as they are relatively newly discovered, and studies are limited. But perhaps, the
T-cell populations in PNH are less pathogenic and more regulatory, trying to re-balance the immune

response.

The study found that antibodies produced by activated B cells with CDRs that were net positively
charged, had a higher risk of low specificity for antigens, meaning that rather than binding to a specific
antigen, it could bind to many off-targets, potentially reacting to self-peptides. The presence of
arginine in the CDRs were implicated as a risk factor in non-specific interaction as it is larger and can
form electrostatic interactions and H bonding with the peptides. The B-cell receptor tends to be almost

identical in structure to the secreted antibodies to combat the antigen that activated the B-cell [348].
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In PNH the TCRs, appear to have more negative residues, which would mean the antigen could have
more positive residues. In turn the antibody produced in response to the antigen, would be more
negative like the TCRs and more specific in relation to this study. There could be an autoimmune
element related to the B-cells. In multiple sclerosis one event that can lead to pathogenesis is the
escape of pathogenic B-cells from T-cell mediated control. If T-cells are altered by lack of GPI-AP, this

could affect B-cell:T-cell interactions which could lead to immune dysfunction via B-cells [349].

Arginine would still act the same way in a TCR CDR3. Therefore, perhaps PNH having TCRB CDR3s with
more negatively charged residues relates to increased specificity. It could be, combined with findings
of re-population and increased diversity in recovering PNH patients/patients with falling PNH clones,
that this is a mechanism in PNH designed to try and re-balance the immune system. It would be
interesting to isolate clonal populations into T-cell subsets such as Tregs to assess the mechanisms

and whether these populations change with recovery, to more balancing immune responses.

In conclusion, although no specific TCRBs were found exclusively in all PNH patients at clonal levels,
the project provided sufficient evidence that there were changes in the TCRB repertoire occurring in
response to PNH and its clinical status. Further work described in the next section will help improve

the research findings.

7.3. Factors and immune mechanisms potentially linked to TCRB changes in PNH

In this section, multiple important findings from the previous chapter will be discussed assessing

potential factors and links with immune mechanisms that could be involved in PNH.

7.3.1. PNH showed no sex bias

PNH as discussed in Chapter 1 is partly caused by the somatic PIG-A mutation in HSCs, which is X-
linked. PIG-A undergoes X inactivation in female somatic cells, which means both males and females

only need one mutation in PIG-A to deplete its function [350].

Therefore, any variances in sex ratios between patient categories is most likely down to smaller
subsets of PNH patients attributed to the rarity of the disease. However, in terms of autoimmune
responses and the potential links with PNH, it was important to take into account sex when looking at
TCRB responses and TCRB clonality. Research has suggested that females are more prone to
autoimmune attack than males, due to evolutionary advantages for women having strong immune
systems especially when pregnant [351]. Delving deeper into the differences, some papers have

suggested that females have more CD8+ dominant repertoires.
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AA involves an autoimmune mediated destruction of the bone marrow, however, if anything, male:
female ratios were relatively balanced in the cohort. In contrast, one group, AA patients with no PNH
clone, albeit a small dataset (n=6) had a ratio skewed towards males at 1:5. Like in the AA cohort, PNH
does not see a skew towards females in its datasets. However, this does not rule out that the immune

system is involved in the pathogenesis or progression of PNH.

7.3.2. A case for immune-ageing in PNH

Although no significant differences were observed between factors of TCRBs such as clonality,

diversity, TCR numbers in regard to age, differences in age were still a point of interest in PNH patients.

7.3.2.1. Recovering PNH patients were older than the average PNH patient

Patients recovering from PNH/decreasing PNH clones were on average almost ten years older than
the average PNH patient. This was linked with the fact that the average length the PNH patients had
had PNH before recovering/seeing a decrease in PNH clone levels was 13.5 years so was not surprising.
Immuno-ageing is associated with numerous negative processes, such as inflammation as cells enter
immunosenescence. It is not just a response that affects TCRs. On the whole the immune system

response deteriorates, becomes non-specific and activated by mediators such as stress [352-353].

CD4+CD25++FoxP3+ Treg cells are essential for mediating immune responses that occur between self
and non-self-peptides [354]. With immune-ageing, if these subsets become “exhausted” over time
and are less specific in response, they may not be able to keep the immune system homeostasis in
balance. This could lead to autoimmunity and pathology. This could be helping PNH progress, or
perhaps the disruption lessens the molecular mechanisms in PNH leading to recovery from PNH, but
development of Treg dysfunctional, autoimmune disease. Sorting the T-cells according to their subsets
by cell markers would be interesting. Assessing how many comorbidities the recovering PNH
patients/those with falling PNH clones had, such as type Il diabetes, that are linked to the immune
ageing process, or whether in the case of PNH patients, immune ageing benefits recovery could also
be beneficial. For example, changes in the immune system due to ageing may help reduce negative

immune responses associated with PNH.
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7.3.2.2. Recovering PNH patients’ ages correspond with ages where thymic involution rates

increase

All of the recovering PNH patients/those with falling PNH clones were 39 years old or above including
both spontaneous remission patients who had had the disease for over 18 years each. As discussed
previously, studies have shown that with age the human thymus, responsible for developing new
TCRBs and for educating naive T-cells, involutes. This process increases significantly beyond the age of
40 [355], the naive T-cell pool shrinks considerably, diversity decreases and clonality in general

increases with ongoing infections of CMV and EBV for example.

Another contributor to the shrinking of the TCRB repertoire is HSCs. They deviate from the lymphoid
to the myeloid lineage with the ageing process, leading to a decrease in B and T-cells. Interestingly,
CD4+ cells are maintained at a stable level with homeostatic proliferation (Section 1.4.5) whereas
CD8+ T-cells shrink with age. Larger increases of homeostatic proliferation are required to maintain
the CD8+ repertoire. This may relate to their differences in functions with CD8+ T-cells fighting
infection and killing infected cells, whereas CD4+ T-cells elicit helper functions (Section 1.2). Both
however, have been implicated in autoimmune diseases. Many autoimmune diseases have an MHC
class Il restriction such as in Rheumatoid Arthritis which would implicate CD4+ T-cells [356].
Potentially, the shrinking of the CD8+ pool may have been linked to the increased age of the recovering

PNH patients.

7.3.3. TCRB repertoires likely to be affected by medical treatments, diagnosis, stage of

disease, HLA and PIG-A mutations (PNH patients)
7.3.3.1. AA TCRB clonal responses differed according to treatment and stage of disease

To reiterate, in this work AA was used as a positive control in this study as it was known to be T-cell

mediated. Autoreactive, cytotoxic, CD8+ T cell clonal populations have been identified in AA [357].

One study found that effector memory CD8+CD57+T-cell, TCRBV oligo clonal expansions in AA were a
frequent occurrence in peripheral blood [358]. Oligoclonality in this paper was defined differently to
the project based on spectratyping and deep sequencing. Samples were oligoclonal with 1-3
immunodominant TCRBs, whereas in this project, if there was only one clonal TCRB (greater than
2.42% of repertoire) it was defined as monoclonal if there was more than one clonal TCRB it was

described as polyclonal.
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To note, in that study, at the time of sampling, none of the patients had received treatment, therefore,
these clonal populations may have been present due to this. This agrees with this project’s findings

detailed below. Treatment could reduce the appearance of TCRB clonal expansions in AA.

AA patients would be on a number of immunosuppressant treatments, such as cyclosporin, lowering
immune responses, unless the sample was taken when newly diagnosed, before treatment.
Depending on the dosage level, high levels inhibit T-cell activation, whereas low can lead to the
production of pro-inflammatory cytokines, autoimmunity and hyperreactive immune responses [359].
It would be interesting to analyse the AA repertoires in the context of dosage to assess whether there
are differences in TCR dynamics. Higher dosages could mean T-cell populations would be supressed
to much lower levels or prevent T-cell activation and further TCR clonal expansions, which could
change TCR dynamics observed in a repertoire when looking for clonality. Low levels could lead to
unbalanced immune responses, heightened T-cell activation and perhaps the decrease of Tregs that

would help re-balance the immune system.

T-cell clonal expansions attribute to AA progression, but effective treatments would seek to minimise
this and therefore, some treated patients may not have the clonal TCRBs anymore. An example in this
project was an AA patient who had had a bone marrow transplant prior to sampling and now had no
clonal TCRBs in the PB on sampling. A lack of AA pathogenic clonal TCRBs associated with AA
progression would be expected in the bone marrow, as the autoimmune TCRs, for the time being,
would be eradicated or at very low levels due to the bone marrow treatment, but it was interesting
to see this effect in the PB too.It would be interesting to perform a longitudinal study on this patient,
with PB and BM matched samples, to assess whether pathogenic TCRBs re-populate the BM and
whether these are observed in the periphery. However, an AA patient with progressive, active disease
at time of sampling, where T-cells would be expected to be attacking the bone marrow, had a TCRB
repertoire that was monoclonal with a moderate 14% TCRB clone specific to EBV, V29-1/J1-4,
‘CSVGSGGTNEKLFF’. The PNH granulocyte was less than 1%.

7.3.3.2. Changes in treatment could affect PNH patient TCRB repertoires

Acute infection and vaccination can affect TCRB repertoire clonality both in the short term in initial
response and long term. Naive T-cells are activated by an antigen, for instance in the vaccine, which

leads to the differentiation of these naive T-cells to effector T-cells over the course of 1-2 weeks [359].
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The majority of these cells will die off once the infection has cleared apart from a small subset that

will become memory T-cells.

A suspected example of this was patient 004VH whose repertoire significantly differed over a sampling
period of just two weeks. The patient had a large stable PNH clone. The first sample was non-clonal
for TCRBs but two weeks later there was a clonal population of V15/]2-3. PNH patients are not thought
to be more prone to infection. Metadata showed that the patient was transitioning on to the

Eculizumab stage of a clinical trial.

However, patients about to be given Eculizumab, are sometimes given a meningococcal vaccine,
dependent on risk factors, prior to this as they are more susceptible to meningitis once taking
Eculizumab. This is because Eculizumab prevents the formation of terminal complement. Terminal
complement is needed to prevent Neisserial infection, but not most other infections [360]. Potentially
the rapid change in TCRB repertoire is as a result of this. It could also be that the patient was more
prone to infection in general since starting Eculizumab as an anomaly finding rather than the normal
response in PNH patients. It would be interesting to see if this TCRB clone has subsequently contracted
again in line with predicted T-cell dynamics. The TCRB clone could be in response to the flu, a flu
vaccine or the common cold. It highlights the dynamic nature of TCRB repertoires and how quickly
they can change. Interestingly, the clonal TCRB found in the 2017 sample was not present two weeks
before but was present in the patient sample in 2013 but at very low levels. In reality, the TCRB would
be present in the repertoire two weeks before if present in 2013, but at memory T-cell levels (below

1.2% which would mean it was not always represented in the sequenced sample).

However, the rapid increase does suggest infection or reaction to a vaccine. For future work, the
samples could be sorted prior to sequencing into effector/memory/naive T-cell subsets to help
decipher the types of mechanisms occurring. For instance, if the TCR clone is a Treg it may highlight
trying to re-balance immune responses. CD8+ responses would be indicative of infection. It would be
interesting to take samples before and after the vaccine had been administered, to assess the effect
on the TCR repertoire as B-cells responding to the vaccine become activated. Changes could be
analysed in the context of being above or below 40 years old, relating to the thymic involution process.

It could be interesting to assess whether the changes are in the GPI+ or GPI- fraction of T-cells.
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Although Eculizumab is not involved in the TCRB process and currently not thought to affect the
adaptive immune response, for future reference, the majority of patients were on Eculizumab at time
of sampling apart from the two spontaneous remission from PNH patients who had been taken off
prior to sampling. Their repertoires were not clonal for TCRBs (all TCRBs <2.42%), supporting the
hypothesis of T-cell involvement in the pathogenesis and/or progression of PNH as PNH is now absent
in these patients. However, interestingly, they shared a higher than average number of TCRB
clonotypes between individuals in this study. The number was actually the highest comparison in the
study, whether the immune system was responding in similar way to recover from PNH would need
further investigation. Perhaps remission occurred in this sub-set of patients as they could be defined
by TCRs and potentially a specific antigen because of the high number of shared TCRs. Tracking these
patients after recovery would help assess the effect of coming off Eculizumab, if any, on TCRB
repertoires. Hopefully, more patients in future will recover from PNH, allowing larger numbers of them

to be assessed and trends in the repertoires identified.

7.3.3.3. Delayed diagnosis could attribute to lack of clonal TCRBs detected

PNH itself is easily diagnosed by GPI- neutrophils by flow cytometry. However, one of the challenges
with PNH is realising the symptoms are as a result of the disease. PNH is rare and often not the first
thought when a patient presents symptoms such as fatigue. By the time the patient has been
diagnosed and samples taken, the initial pathogenesis will have set in which could be another reason

for large clonal T-cell populations not being observed in all PNH new or increasing patients.

Tissue resident T-cell subsets and PNH

BM matched PB samples showed that TCRB clones present in the BM may not be present in the blood
at the same time or below the limits of detection by this method. PB samples were taken 7 months
later than these matched samples detecting TCRB clones previously found in the BM but not the
matched PB. This does not mean that the TCRB clones are not present until 7 months later, but
multiple short-term time points are essential to ensure that changes in TCRBs in the BM are captured
in the PB blood. This could also be a case of tissue resident T-cells in the BM attributing to PNH
pathogenesis or progression and not those TCRBs circulating in the PB as PB are only thought to
account for 1-2% of the T-cells in the human body, the majority are found in the gut which is not
relevant to this study. As PNH affects the bone marrow, isolating tissue resident T-cells found in the

BM could be interesting for future work.
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Matched BM and PB did show degrees of similarity increasing with more time points (Section 6.5) so
even if responses are mainly in tissue resident subsets, some degree of TCR repertoire change would

be expected to be picked up in the PB.

A study suggested that tissue resident T-cells needed GPI anchored proteins in order to home to
tissues. The example studied was a peptidase inhibitor 16 protein that was preferentially expressed
by skin homing CD8+ T-cells specifically [361]. Some T-cell subsets in PNH would not have these GPI
anchored homing molecules, therefore, would be in the blood, rather than homing to tissues. This
would mean GPI- T-cells would be sequenced from blood samples as an assessment of PNH
progression. GPI +ve T-cells involved in PNH pathogenesis would still express the molecules and could
home to tissues and so may not be present in peripheral blood. In relation to the BM, it would be

interesting to investigate as to whether tissue resident memory T-cells had the GPI- or + phenotype.

Perhaps the ratios of GPI+/- are different between the periphery and the bone marrow. Equally
assessing how these GPI+/- subsets in PB and BM changed in response to vaccine, for instance, would
help understand how new immune responses are affected in the context of PNH and whether PNH

affects the differentiation of naive T-cells to memory cells.

7.3.3.4. Different mutations in PIG-A genes could result in different TCR responses
Investigations into variations in PIG mutations could explain differences in TCR responses

In PNH, different types of PIG mutation can have an effect on PNH pathogenesis. For instance, the
degree of sensitivity that PNH red blood cells have to complement mediated lysis causing PNH
depends on the mutation. Type Il cells have complete GPI-AP deficiency and are extremely sensitive
to complement mediated attack whereas type Il cells only have partial deficiency and are less sensitive
to attack [362]. Partial deficiency causing some TCRs to attack GPl is a current hypothesis in the field.
However, it is not known whether it is against GPI itself or a differentially expressed surface protein
or a configuration change that is enforced by the absence of GPI. This could aid understanding as to
why some T-cells responses differ between patients. Clonal expansions of HSCs may be polyclonal due
to multiple types of acquired mutations in the HSCs, for example frameshift. PNH granulocyte clones
and TCRB clones were correlated in patient 004V3 in this project. Perhaps if there are multiple PNH
clones, there are multiple clonal TCRBs in the repertoire. This was one reason for looking at any shared
characteristics within the individual’s TCRB repertoire regarding CDR3 for example, irrespective of

clonality and comparing these to “normal” TCRB repertories.
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It would be interesting to assess differences in GPl anchored proteins in different T-cell subsets in PNH

repertoires to see whether differences in TCR repertoires follow this trend.

Differences in PIG mutations affect pathogenesis of PNH

Other rarer GPI biosynthetic pathway mutations have been found in PNH patients; however, PIG-A
remains the most common and others are extremely rare. Pathological germline mutations have never
been detected in PIG-A mutated PNH patients as they are thought to be lethal [363]. The mutation is
acquired. Whereas mutations in PIG-M, PIG-V and PIG-N have been detected in germline. One patient
has had PIG-T mutations identified [364]. PIG-A mutations affect the beginning of GPI anchor
biosynthesis and mutations are therefore extremely disruptive, whereas PIG-T is involved at the end

of the pathway, therefore biosynthesis is not disrupted entirely [365].

Mutations occurring in other PIG genes rather than PIG-A generate different phenotypes in patients,
for instance, a PIG-T mutated patient developed other immune related disorders such as irritable
bowel syndrome at a similar time, which is not unique. PIG-M mutations have been linked to
symptoms such as thrombosis but not haemolytic anaemia [366]. This suggests different PIG
mutations affect PNH symptoms and PNH severity, attributed to the stage at which the mutation
affects the GPI synthesis pathway. In future, PNH patients’ PIG mutations could be included in the
metadata although extremely rare. This would allow inferences to be made between differences in
TCRB responses potentially in response to differences in PNH severity caused by differences in PIG
mutations and how this could vary TCRB repertoire responses. In reality, there are fewer mutations in

the other PIG genes, but it may be worth investigating the heterogeneity.

7.3.4. A case for autoimmunity in PNH

7.3.4.1. Shorter CDR3s associated with autoimmune disease found in PNH and AA TCRB
repertoires
Shorter TCRB CDR3s contain fewer insertions and have been found to be highly enriched in thymic

selection. Skewed TCRB repertoires towards shorter lengths have shown to be linked with

autoimmune disease (self-reactive) and can also be involved in antigen driven selection [91].

AA is known to have an autoimmune mechanism whereas in PNH it is hypothesised. By analysing the

CDR3 lengths it allowed for comparisons between other autoimmune TCRB repertoires to be made.
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Interestingly, AA and PNH patients had significantly shorter CDR3s in their repertoires than normals.
PNH CDR3s were even shorter than in AA. Firstly, this indicates that different T-cells could be involved
in PNH than AA, responding to a different antigen. Secondly, this characteristic indicates that the
CDR3s could be self-reactive despite clonal populations to a specific antigen not being identified or

shared between PNH patients.

7.3.4.2. Inverse CD4:CDS8 ratios in GPI- T-cell subsets

The other finding from this work that might support a case for autoimmunity was the flow cytometry
data. Two of the patients who were younger than average at 26 and 35 showed interesting flow
profiles with inverse CD4:CD8 ratios in the GPI- T-cell subsets. Both had more CD8+ T-cells than
expected and were selected for either having had PNH a long time or a large PNH clone. These PNH
patients were not recovering and were younger than the average age of recovery, potentially when
their immune systems were stronger and more potent. In general, most PNH patients will not fully

recover [194].

7.3.4.3. EBV specific TCRB clones in AA and PNH patients could link with autoimmunity

In the progressive AA patient, the monoclonal TCRB response was EBV specific. Other EBV specific
TCRBs may have been present but were not currently in any publicly available datasets. In the long-
term AA patient with a rising PNH clone, the monoclonal response was EBV, persistently above 40%
over 6 years. This TCRB clone has previously been identified as CD8+ specific to the antigen BMLF-1
which has been linked to multiple sclerosis [292]. EBV has previously been shown to be linked with AA
[334]. Patient 00551 and 005D7 were both PNH large clone stable with EBV specific clonal expansions.
005D7 was highlighted as an interesting case because the cells did not haemolyse like expected. This
EBV specific TCRB clone was only found in five of the normals, which was surprising as 90% of the
population are thought to have been infected by EBV. It could be that the TCRB clone is in a memory
state and not detectable by the current methods. As a person ages, the repertoire will become more
clonal and potentially dominated by the likes of EBV responding TCRBs. As these clones are detected
in normals too, it is hard to assess whether the EBV infection is linked to pathogenesis or progression

of AA or PNH.

Many studies have looked into EBV and T-cell responses, which could also be why databases contain
EBV specific/linked TCRBs and a limitation of these databases would sometimes be a lack of

comparison with normal datasets.
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However, in this case the EBV specific TCRB seemed sufficiently characterised by experimental data.
The other clonal TCRBs identified in this study had no known origins, they may all be linked to a specific

comorbidity, but until more research is performed it cannot be assessed.

Chronic, persistent infection with EBV could also lead to a process known as “T-cell exhaustion” which
leads to loss of effector functions [335]. It would be interesting to assess changes in transcriptional
and epigenetic activity in the patients with and without EBV infection to assess factors such as “T-cell
exhaustion” on the TCR repertoires. RNA-seq and flow cytometry carried out by Hosokowa et al. has
looked into T-cell transcriptomes in PNH patients [367]. Interestingly, they found that expression of
CD69, TNFSF8 and PD-1 were higher than in normals. PD-1 was particularly highly expressed on
effector T-cells indicative of persistent chronic infection. There were two caveats to the study. The
first being the expression levels were not defined in activated T-cells so not indicative of TCRB clones
and no GPI- T-cells subsets were sequenced due to low frequencies. Considerably more research has
gone into the role of T-cells in AA than in PNH. A recent study using single cell and transcriptomic
analysis suggested Hsp70 proteins, were important in AA pathogenesis [368]. Future work into T-cell
Transcriptomes in PNH patients could reveal novel immune pathways that cannot be determined by
TCR repertoire analysis. GPI+ versus GPI- T-cells may differentially express molecules compared to
each other. Antibodies could be used to surface label cells prior to sequencing. This could highlight
whether PNH or AA patients may be suffering from processes such as “T-cell exhaustion” either

causing or as a product of AA and PNH.

Another potential link was the finding of the EBV responsive CD8+ TCRBs at clonal response levels in
AA patients with no PNH, AA patients with small PNH clones and PNH patients with large stable clones.

It was also found in 5 of the normals but not necessarily at clonal levels.

A strong, sometimes persistent, chronic response to EBV (one of the AA patients had the substantial
clone at 46% being persistent over 6-year time samples) could suggest a hyperactive CD8+ population
leading to an increase PNH clone and delayed recovery in some PNH patients. However, as EBV
infection is common with age and appeared in patients without PNH and normals, the process in not

specific to PNH.
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7.3.5. GPI and T-cell signalling

GPI negative HSCs allow for the progression of PNH. Subsets of T-cells in PNH patients will also be GPI
negative as PNH progresses highlighted in the flow cytometry data. These GPI- populations amongst
the 8 patients ranged from 1.44 -26.7%. Understanding how GPI and GPI linked proteins interact or
are involved with T-cell processes and combining this with the project results may aid understanding
of the role of T-cells in PNH. T-cells that are not present at the start of the disease may be involved in
its progression. The mechanisms as to whether T-cells are directly, indirectly involved or are clonal as
aresult of PNH pathogenesis or progression are unknown. Some ideas of mechanisms will be discussed

here in the context of future project work.

GPI anchored proteins have been found to activate T-cells [369]. When GPI anchored proteins cross
link, it promotes kinase activity. GPI anchored proteins such as Thy-1 [370] are associated with
tyrosine kinases in the src family mentioned in Section 1.1. essential for T-cell activity. Potentially, loss
of some of these proteins on the surface of some of the T-cells in a patient can lead to variances of T-
cell activation. This results in a lack of new clonal TCRBs. Newly generated T-cells may not be able to

activate to the same degree as the older GPI+ T-cells.

As GPI- T -cells only made up around a quarter of the T-cell population in the 8 patients identified by
Dr S. Richards, the immune system would still have some older, GPI+ activated T-cells. However, if
subsets of naive T-cells that are GPI- are unable to be activated once PNH pathogenesis sets in, this
could mean that PNH patients have lower capabilities of generating activated and consequently
differentiated memory T-cells. These processes could affect the balance of subsets such as Tregs and
Th17 which have been linked to AA as mentioned in Chapter 1. Decreased Tregs and increases in Th17
could indicate autoimmune responses. Phenotyping the subsets would help identify if there are Tregs

or Th1l7s present and their ratios, potentially indicative of immune stability [228-229].

GPI associated proteins such as CD59 located in cell membranes, have a number of other important
roles in membrane trafficking, endocytosis, immune signalling and T-cell activation [371]. GPl-anchor
protein cross linking of GPI associated proteins is important for formation of actin patches where
proteins that are phosphorylated by tyrosine kinases are located. Formation of these actin patches

aids the formation of immunological synapse.
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In order for T-cells to become activated by a peptide via an MHC molecule, the APC and T-cell need to
have a stable contact in which signalling can occur, this is the role of the immunological synapse.
Potentially, if some vital GPl associated proteins are missing, some T-cells may fail to form
immunological synapses and thus fail to be activated [372]. Alternatively, populations of acidic TCRBs
identified in PNH patient repertoires, could interact with part of an antigen abundant in basic residues.
If parts of the GPl anchor structure on the surface of normal HSCs are abundant in basic residues, they
may be targeted by these acidic TCRB subsets. Taking parts of the GPl anchor structures and assessing
whether they complement the CDR3s of the acidic TCR structures could help investigate this using 3D
modelling techniques. Further work could also involve investigating these mechanisms in LTBMC and
implementing TCR phenotyping in the GPI +/- subsets and in the clonal TCRBs identified in this project

to understand more about GPI associated proteins and the lack of them in TCR interactions with HSCs.

7.4. Limitations of TCRB repertoire studies

Many of the limitations of this project are also limitations in the TCR research field as a whole and are
detailed in Table 28. In this section, the project limitations and measures taken to address them will

be discussed with references to improve future project work.

Table 28. Comparison of topics that need developing to further research in this project along with

areas that need expansion in the TCR repertoire research field as a whole.

) Future work
Toplc Project work TCR repertoire research field

BM studies Single cell sequence populations in bone marrow. Studies carrying out single cell BM
CD4/CD8 responses  Use FACS to split T-cell subsets or algorithms Algorithms available for this
Disease vsnormals  Develop machine leaming techniques to find trends in TCRB repertoires  Machine learning techniques under development
HLA HLA modelling to help epitope studies Algorithms and modelling developed
Infection detection Be able to identify TCRB related to infections versus PNH or AA Standardised databases for TCRB identified in infections and disease, e.g McPAS-TCR, VDJdb
Long term studies Multiple time point studies for RTB, assess spontaneous remission patients Increase in long term studies with ageing, same patients, clonal dynamic data
Metadata Generate basic metadata for normals Linking medical records with TCRB repertoire samples

Link TCRB changes with changes in treatment for patients
Modelling TCRBS Collaborate on modelling clonal TCRBs to understand antigen specificity  Topic is developing e.g TCRex
Normal repertoires  RTB collection of normals above 57 years old Central database for data generated from studies using normals

RTB collection of more normals who are male Standardised and normalised normals data
Paired TCRA/TCRB Move towards paired TCRB sequencing Provide standard for paired TCR
Single cell Single cell sequence clonal populations idnetified Provide standard for single cell sequence
UMIs Develop TCRB working with UMIs Acquire UMI gold standard e.g Euroclonality

7.4.1. Capturing TCR diversity and clonality representative of the entire TCRB repertoire

TCRB studies usually prioritise searching for clonality or diversity in the TCRB repertoire.
Computational modelling and mathematical algorithms [106] are gaining pace in the immune
repertoire research field to estimate diversity as it is not possible to detect an individual’s TCRB

repertoire from a single blood sample, even when carrying out exhaustive TCRB sequencing.
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Clonality was the priority when designing the methods as it was hypothesised that a single TCRB clone
or series of TCRB clones would be involved in PNH. However, it was important to be able to reliably
and accurately detect clonal TCRBs and to some extent overall diversity in the blood sample itself, as
a representation of a portion of the patient’s TCRB repertoire. Factors that had the potential to skew
the diversity of the sample repertoire were biases attributed to PCR amplification, sequence errors,

sample types and concentration of genetic material in samples.

7.4.1.1. TCRB clones present at percentages below 1.2% varied between biological

replicates

An interesting finding from using replicate samples used to test PCR and sequencing biases was that
when TCRB clonotypes were present at percentages below 1.2%, they could vary from replicate to
replicate, with variations in diversity. They were not always picked up in replicate samples. As the
rarefaction plots in normals showed, in general the TCRB sequencing methods identified the majority
of the TCRBs in that particular sample. In a repertoire, the majority of TCRBs would be non-clonal as
shown in the normal dataset in Chapter 4 and would, perhaps, compete for available TCRB amplifying
primers in PCR reactions. Clonal TCRBs were always detected at similar levels in replicates and,
generally, samples split at the index stage to investigate sequencing bias shared the top non-clonal
TCRB clonotype too and had similar values for diversity and unique TCRB number. Again, this
supported the hypothesis that it is at the PCR amplification stage, rather than sequencing methods,

that biases in diversity could occur.

7.4.1.2. Genetic input of 200ng per TCRB PCR provided enough material to accurately

sequence TCRB repertoires

Using 200ng, approximately 30,000 T-cells, of genetic input into the TCRB amplifying PCR based on the
results from Chapter 4, showed that 200ng was enough gDNA to be able to pick up clonality in a TCRB

repertoire, but also a realistic amount to be extracted from patient samples that have very little DNA.

It was important to keep all sample inputs as close to 200ng as possible across normals and patients
to reduce biases associated with genetic material concentration. Genomic DNA was chosen over
common cDNA methods as only one TCRB per cell would be productive and would therefore capture
accurate TCRB diversity. TCRBs from complementary DNA made from mRNA would vary per cell,
depending on the expression of the TCRB at the given time and would therefore vary according to

activation state, potentially skewing the repertoire representation.
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7.4.1.3. Buffy coat samples did not capture diversity as well as Lymphoprep®

Buffy coat samples were only used when no other sample type was available. This was because
comparisons from the same blood sample, buffy coat versus Lymphoprep ® preparation, highlighted
discrepancies in diversity attributed to the sample preparation method used. Buffy coat samples

contained around half the number of T-cells than the standard method.

This was because in the Lymphoprep® method, granulocytes are removed with density centrifugation
allowing more T-cells to be inputted into the PCR. This was taken into account when calculating T-cell
inputs. It would be expected that due to fewer TCRBs being present in the sample before amplification,
repertoires might appear more clonal than expected. However, this was the opposite. In matched
samples, buffy coat clonal TCRBs were generally lower in percentage than in standard preparations.
This could be because fewer TCRBs are captured at the sampling stage prior to PCR. The TCRB pool is
much smaller and, therefore, diversity and clonality captured is less than in the standard method. In
future, buffy coat samples should perhaps be avoided completely. Ideally T-cells would have been
purified for maximum counts but unfortunately this is not a standard process in clinical laboratories.
Another factor for not capturing as high diversity in a sample is unproductive TCRB reads that were
amplified by the PCR primers. Around 75% of the reads were productive, with 25% of the reads being
unproductive and removed during the bioinformatics analysis. Currently, there is no way to reduce

this.

7.4.1.4. Clonal TCRB repertoires are the best indicators for assessing potential sequencing

biases between sequence runs

The final aspect of the project that was used to ensure accurate diversity and clonality measures, was
having a sample that was sequenced in every sequencing library acting as a comparison and an
indicator if something was wrong in the TCRB sequencing library reaction. Both a mixed donor gDNA

sample and a clonal patient TCRB repertoire were used.

Interestingly, the clonal patient TCRB repertoire was the best marker for variation, due to the stability
of amplifying clonal TCRBs. The Promega® commercial mixed donor gDNA sample was not clonal and
all TCRBs were present at levels below 1.2%, therefore, TCRBs that came up as top clonotype would
differ each time regardless of sequencing run. Fortunately, no stark contrasts were found in the
replicates of samples run across the sequencing runs used in this project to serve as controls in

Chapter 4.
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In future, where applicable, as this is difficult and potentially wasteful with rare patient samples,
running technical and biological replicates alongside each sample would allow accurate conclusions to

be drawn about capturing the diversity and clonality of a sample.

7.4.1.5. Problems associated with developing a UMI TCRB sequencing method

Extensive work throughout this project went into developing a better TCRB sequencing method. The
idea of UMIs is that each biological TCRB amplicon has the addition of a unique UMI by, ideally, a single
round of PCR. These sequences undergo subsequent PCR amplification rounds to generate large
enough concentrations for sequencing. After sequencing, these reads can in theory be collapsed
according to their UMI. Reads with the same UMI, V/J genes and CDR3 amino acid sequences are
annotated as technical replicates as they are duplicated and collapsed to give the true biological
representation of the repertoire rather than one amplified by PCR. Even though diversity was not the
primary question here, developing a method using UMIs would have been the ultimate aim to ensure
sequencing and other PCR associated biases were kept to a minimum. Other methods put in place in
this project have helped reduce this as much as possible and hopefully, PCR amplifies all the reads at
similar rates, resulting in proportional amplification, so a top clone would still appear at the highest
frequency. However, in future, a UMI method should be incorporated. In this section problems that
may have contributed to the failure of the UMI sequencing reads passing quality control filtering will

be discussed.

UMI TCRB library samples were unstable compared to non-UMI counterparts

The main areas of concern discovered whilst working with UMIs was their stability, tag swapping, their
properties, such as GC content and potential secondary structure formation. The UMI sample (Section
6.7.) that reached the TCRB sequencing stage had a significant number of reads produced by the
sample, but the majority did not pass quality control checks. A number of observations were made
that may have contributed to this happening. When working with UMIs the final TCRB library was
much more unstable than non-UMI libraries. Within a day in the fridge the library would degrade
substantially. This created a problem. Adding a 6 random base pair sequence into each TCRBV/J
primer — adapter sequence changed the overall stability drastically. Tape station images of the TCRB
sequencing product were taken before putting in the fridge and then a day later, and the

concentrations had dropped by about 10-fold (data not shown in results).
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Biases in the UMI tags incorporated into the TCRB amplified reads

As discussed in Section 6.7., the GC contents of the overall TCRB sequencing reads saw similar ranges
to those without UMIs. However, this is averaged across the read as a whole and 12bp is small enough
not to skew the result for a 250bp read. It would be interesting in future to analyse the UMI tags from
successful TCRB sequencing runs and those from TCRB populations that are clonal to assess that there
are no biases or differences in GC content that could have an effect on the result. Although the
methods were developed to reduce GC bias in the samples, for example no heat was applied when
extracting TCRB amplicons from the agarose gel as this can create GC bias, biases in the UMIs were
likely to occur. Interestingly, sequences such as the UMIs that are not neutral, are much harder to
incorporate into TCRB amplicons. The UMIs are randomly generated in order to create enough
combinations to cover sample diversity. In each TCRBV or J primer aliquot, all random iterations of
6bp were present. Until the reads were sequenced, UMI combinations could not be identified. It would
be interesting to assess the overall charge of these tags and identify whether other UMIs were not
incorporated due to charge. Although all TCRBV/J primer aliquots should have contained the same
number of the random UMI tags, properties such as charge could affect incorporation into the
commercially produced primer aliquot. In turn this could introduce biases into the PCR unintentionally

and without knowing. A targeted UMI approach may be more successful.

Using randomly generated tags although having benefits made the bioinformatic analysis challenging.
Parameters had to be decided such as the ‘hamming distance’ [373] which was decided as 1, meaning
across the 12 bp UMI for each TCRB read, only 1 base was allowed to be different per UMI group. In
reality it is extremely difficult to assess whether the original UMI sequence incorporated pre-
sequencing was sequenced correctly. lllumina® error rates are a serious consideration for this work.
TCRB clones with the same UMI (technical replicate) allowing for one mismatch were collapsed to
form an accurate TCRB repertoire not artificially amplified by PCR. Mathematical and computational
methods would have to be applied to assess likelihood of sequencing errors occurring, especially as
the UMIs are at the start of a sequence read. lllumina® sequencing tends to encounter sequence
errors towards the start of the sequencing read [374]. The hamming distance could have been
increased to allow for more groupings between UMIs that were the same but differed due to
sequencing errors, but again, it would be difficult to assess between sequence errors causing variation,
PCR variation and actual biological variation. The general diversity and TCRB numbers for the TCR

repertoires was on average 18,514 for the patient samples in this study.
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A number capable of capturing sample diversity, for example, thirty thousand, known UMI tags (to
account for sequences that did not pass the strict quality control filters) could be generated and used
in the experiments, rather than completely random ones. Perhaps knowing the input beforehand

could help with analysis and calculations although would encounter other caveats.

The final issue attributed to UMI biases was the phenomenon known as ‘tag swapping’. The
phenomenon has been mainly studied in lllumina® technology that uses patterned flow cells, such as
the HiSeq ®. However, the mechanisms potentially still apply when using MiSeq®. Research is in its
infancy and not much is known about the consequences of this to sequencing libraries. In general, tag
swapping occurs when reads are mislabelled during sequencing and appear in different multiplexed
sequencing samples. For instance, one TCRB clone may occur in patient 1 but due to tag swapping,
the clone appears in patient 2 in the same sequence library. This could be a problem for multiplexed
libraries as in this study where many samples are collected together for sequencing. MiSeq® can
sequence up to 96 different samples at time. Recent estimates suggest that TCRB read swapping could
occur in around 2.5% of reads [375]. This phenomenon could occur in non-UMI libraries as it is
generally associated with the lllumina® adapters. However, it adds additional complexity to UMI
analysis trying to differentiate between biological and technical TCRBs along with discriminating
between different patients. UMI analysis makes assumptions for UMI occurrences and groupings
based on an individual’s repertoire. If samples between patients could overlap due to sequencing

methods, this would cause inaccuracies.
Potential formation of secondary structures in UMI sequences

Although when testing the UMI libraries, sequence lengths were as expected, potentially changes in
TCRB sequence structure, such as secondary loops, formed because of the UMI tags added. The
majority of the reads in the UMI samples that did not generate successful TCRB reads contained mainly
Ns. This did not occur at noticeable levels in non-UMI TCRB reads. Ns are produced when the
sequencer is unable to call the nucleotide base as the signal is ambiguous. It can also be caused if the
expected spacing between nucleotides is not as expected for example if one nucleotide is inserted too
close to the next and could be indicative of odd structures forming. Differences in TCRB structures
could alter interactions with adapters, enzymes and potentially binding to flow cells reducing
sequencing potential. To combat this, in future, spacer regions could be incorporated and tested in
the UMI -primer — adapter TCRB sequences to prevent secondary structure formations. As the UMlIs
are random, until the TCRB is sequenced, it is not known which of the possible combinations is present.

Each UMI, potentially can form 2 amino acids.
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Certain UMI combinations may, therefore, have certain properties that decrease their likelihood of
being incorporated into the sequence, for instance if they are not neutral as discussed. This can also
relate back to secondary structure formation. Creating a method to assess this in future would be

beneficial.

UMis on both ends of TCRB reads are challenging to analyse

One of the issues developing the method were that UMIs needed to be on the ends of each TCRBV
and J gene, one at each end of the sequence in order to assess biases in both primer sets. The majority
of current methodologies use RNA-seq which only needs the UMI on one end [376]. Many methods
also use a smaller pool of known UMIs for barcoding. Since performing the experiments in this project,
a number of companies and research collaborations are developing methods for UMIs for use with
gDNA and double ended primers, therefore, the field is moving in the right direction to combat issues

outlined above.

UMI technologies being developed in the TCRB sequencing field

The majority of UMI technologies are tailored for RNA-seq type data. As discovered through working
on a collaborative project looking at T-cell rearrangements in RNA-seq (data not shown) the T-cell
output is not large enough to be able to perform an accurate TCR repertoire analysis due to low
abundance of TCR mRNA. The use of RNA and cDNA adds to the complexity of expression levels of
certain TCRs linked to activation status rather than clonal expansions. This is why the need for UMls is
much greater for RNA-seq data than gDNA. However, it would be worth developing an effective UMI
method for use with gDNA building on the work in this project, to help reduce bias introduced through
PCR and sequencing, especially if the project wanted to focus on diversity rather than clonality in

future.

Whilst carrying out the research for this project, the number of technologies using UMIs and the
capabilities of these technologies have rapidly expanded. Using the technologies in future work would

enable a number of the fundamental questions discussed above to be researched further.

A number of commercial kits have recently come into production which could be incorporated. The
first is the NEBNext Direct® kit [377] which uses hairpin loops to incorporate a 12bp UMI to the 5’ end

of the target gene. However, this method has a couple of caveats.
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It incorporates the UMI into only one end of the TCRB gene which would not infer PCR bias for one set
of either TCRBV or J primers in the TCRB amplification reactions and another possible issue is the
processes used to incorporate the UMI. Various temperatures and buffers need to be used which
could interfere with the TCR structures, cause degradation of some samples, or incorporate GC biases
associated with heating steps. However, it does highlight how technology is improving in regard to
UMI usage. Chung et al. (2019) [378] constructed an evaluation of a number of commercial UMI kits
which showed variability between products and set out interesting benchmark data to be considered
when using UMls in research. Euroclonality [379] the consortium behind the development of BIOMED-
2, as of 2020, have developed a UMI method which they recommend using. This project would look

to build on this work in future.

7.5. Ideas for further work

Some ideas for future work have already been discussed in the context of project results. In this

section a number of additional ideas will be introduced.

7.5.1. Improved methods for assessing trends between TCRB repertoires in PNH

One of the difficulties with this project was being able to display the analysed data clearly. There is
such a breadth of analysis that can be performed on TCR repertoires that sometimes it can be difficult
to decide what methods to use. Additional analysis methods in this project could investigate diversity
regions of the CDR3. This project mainly focussed on CDR3 amino acid sequences to reduce
convergent recombination biases but perhaps this approach was too antigen specific when assessing
clonality. Consequently, it was important to look at TCRBV/J pairings irrespective of the CDR3. This
allowed findings of extremely high usages of particular V and J genes in non-clonal repertoires for
instance the PNH patient with LGL and showed the need for variations in analysis in order to assess
trends in the TCRB repertoires. Running alongside this, the more samples available, the better the
gathering of accurate information, but the more challenging and complex comparison analysis can
become. Averaging repertoires results per category, for instance, although helpful with making
comparisons and inferring conclusions about PNH repertoires compared to normals, could nullify
significant findings on a more individual basis. As stated previously, TCRB repertoires are diverse,
dynamic and even if two people are exposed to the same antigens, their responses and TCRB profiles
can be very different. The ideal would be to analyse all repertoires on an individual basis. Potentially,

this is where machine learning developments could be implemented.
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Models could be trained to look for subtler differences and agreements between a large volume of
repertoires, taking into account ages, sex and potentially previous treatments, where current
bioinformatics analysis may fall short. There has also been an increase in mathematical studies and
modelling on TCRB data. Collaboration with these research groups could provide interesting insight

into PNH progression.

7.5.2. Extracting cell populations, new technologies and algorithms
7.5.2.1. Paired chain and single cell sequencing to assess potential antigen targets

In future, it would be interesting to select the clonal TCRBs identified in this study from their cell
populations and use advancing technologies such as the paired TCR sequencing (alpha and beta paired
chains) or single — cell sequencing [380,381], to gain knowledge of the alpha chain that pairs with
these clonal populations. Paired TCRB sequencing would generate data that would allow 3D protein
modelling to be used to assess possible antigens that these clonal expansions are responding to.
Prediction tools such as TCRex [382] could also be used to predict sequence epitope specificity. These
antigens may have similarities between PNH patients, or it would help identify clonal expansions in

response to infections such as CMV or the common cold rather than a chronic disease like PNH.

7.5.2.2. HLA typing, identifying CD4+ or CD8+ specific TCRB responses, T-cell subset sorting

and single cell sequencing
Identifying CD4+ or CD8+ specific TCRB responses

Although some TCRB repertoire measurements, for instance net charge can provide some insight into
whether TCRB responses are CD4+ or CD8+ dominant, splitting the original samples into CD4+ and
CD8+ T-cells before sequencing would decipher whether responses in PNH are CD8+ dominated.
Splitting into subgroups and identifying any CD1d restricted T-cells would be further project work. One
benefit to splitting and phenotyping cells into T-cells subsets is that it allows changes in these
populations to be identified over time and in response to disease state. This is something that TCRB
sequencing results in this project cannot identify. For example, Kordasti et al. [229] found that
regulatory T-cells (Tregs) were reduced in function and number in AA. PNH could have similar
mechanisms and this provides a stronger case for phenotyping T-cells in the PNH samples where
possible. A possible technicality with this process would be that for some samples such as the BM
samples, there are very few T-cells present. Splitting them further, could lead to a loss of gDNA and

inaccurate results for diversity representation.
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As the use of algorithms and machine learning increases perhaps they could be used in combination
with experimental data. Different HLAs present peptides in different manners which could also be

interesting to investigate in the context of TCR repertoires[383].

HLA-typing to better understand TCRB repertoires of PNH patients with LOH

HLA typing of patients in the RTB tissue bank would also help to aid this level of research as discussed.
The interesting patient with a loss of heterozygosity on the short arm of chromosome 6 from 6p25.3
to p21.32 is a good example as to why HLA typing would be beneficial. Recent studies have identified
acquired copy number neutral loss of heterozygosity on the short arm of chromosome 6 (6p CN-LOH).
Previously, LOH in chromosome 6 was only linked with AA . This LOH results in a loss of allele from one
of the parent HLA haplotypes and was thought to help HSC clones escape auto immune responses and
toxic conditions caused by AA progression. The PNH patient with LOH in this study, in 2010, was
diagnosed with AA but at the time of sampling it was just PNH. The TCRB response was monoclonal,
low responding and V19-1/J2-1. The overall CDR3 repertoire was shorter than normals. It had CDR3s
with fewer basic residues than PNH new or increasing clones which was its diagnosis category, but
values were in line with normals. The repertoire had generally more negative CDR3s indicative of CD8+
responses. The repertoire appeared quite normal in terms of TCRBV and J gene usage. To see whether
the TCRB clonal expansion was affected by the LOH, it would be interesting to see whether it was GPI+
or —ve and which HLA type. 6pCN-LOH clones have been found at lower levels in peripheral blood than
bone marrow which may be true if a BM matched sample was available. This case highlights why HLA
typing would be interesting to test in PNH patients especially those with similar responses to see

whether HLA may be causing variance in responses [384-385].
T-cell subset sorting

T-cell subsets can be distinguished from one another based on the expression of cell surface markers.
For example, central memory T-cells express CD45R0, CCR7 and CD62L. Whereas effector memory T-
cells express CD45R0, but not CCR7. Sorting T-cells into subsets prior to sequencing using biomarkers
could provide insight into whether populations such as Tregs, or tissue resident memory T-cells are
particular involved in PNH. It could also highlight as to whether these populations change over time.
The caveat is a decrease in T-cell numbers being inputted into each PCR after separation. Some
patients may have very low populations of a particular T-cell subset that may not amplify but could be

important in PNH.
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Single cell TCR sequencing

Issues with single cell sequencing currently, involve resolution and depth. The technology can only
sequence around 6,000 cells at a time when using a technology such as 10x genomics [386] amounting
to around 1000 reads per sample. When assessing TCRB repertoire diversity, this technology does not
sequence deeply enough to be able to capture diversity in the system, this also makes the technology
expensive. However, selecting out interesting populations of cells, such as V6-5/11-4 identified in
Chapter 5 or a specific TCRB clonal expansion in patients, such as for patient 004V3 where it is
potentially linked to PNH diagnosis, and then performing single cell or paired sequencing, would
alleviate the issue of depth and could help improve the study. Once TCRB clones linked to PNH
pathogenesis are identified, these could be included in future mouse models. Recreating PNH
pathogenesis in mouse models has so far failed due to PIG-A knockdown in HSCs not being enough to
create PNH in a mouse model (Chapter 1.). TCRB clones that cause a destructive bone marrow
environment can be identified and used in these mouse models, it could significantly improve
research. The specific T-cells could also be used in the LTBMC experiments to assess whether those

populations are pathogenic and give PIG-A mutated HSCs a proliferative advantage over normal HSCs.

Further work for the LTBMC could involve sampling the T-cell populations at the start and then every
5 days or so for the length of the experiment, assessing the TCRB repertoires and seeing whether they

change as the PNH model progresses.

7.5.3. Unproductive TCRB analysis detecting thymic selection process in PNH

Another project that would be interesting to look at would be unproductive reads. These were ignored
in this project, but differences may occur between normal TCRB repertoires and those with PNH
and/or AA. Unproductive reads are sometimes used to look at thymic selection events as they did not
successfully rearrange and pass the selection process [387], and this may be linked with the immune-
ageing processes and perhaps with PNH progression. Linked to this, comorbidity studies of recovering

PNH patients would be interesting to give an indication of the current immune state of the patient.

It would be interesting to compare GPI+/- subsets here as well to see whether these populations

change with age, as it can be tricky to assess specifically when PNH starts.
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7.5.4. Data mining medical records to assess immunological history of TCRB repertoires

TCR repertoires contain in depth information about a person’s immune response over decades. No
doubt, the effect of the TCRB repertoire would change as a result of treatments that may or may not
be related to PNH or AA. As technologies progress it would be interesting to be able to track TCRB
repertoire changes with treatments for instance. Many of the AA patients would have been on
immunosuppressants. Antithymocyte globulin (ATG) and cyclosporine (CsA) are commonly used to
treat AA and are thought to suppress CD8+ T-cells [388] . AA was used as a “positive control”, as it is
known to be T-cell mediated and repertoires would expect to show T-cell clonal expansions. However,
this would be dependent on the patient’s treatment. Those who were clonal, may have paused
treatment allowing T-cells to expand again or may no longer be responsive to treatment. It would,
therefore, be interesting to retrospectively look back at the clinical data of these AA and PNH patients,

to discover any major factors that could be affecting TCRB repertoire profiles.

In parallel to this, many patients with PNH are treated with Eculizumab which targets the complement
system. Although not originally thought to have any effect on T-cells, a study found changes in
expression of molecules on T-cells with Eculizumab, for example CXCR4 expression [389]. This is most
likely because the complement system is involved in immunity and there may be some downstream
effects on the immune system that might be specific to an individual or common across treated
patients. Whether a PNH patient has just started treatment, has had treatment for a long time, or is
no longer responsive to treatment would be really interesting for comparison with T-cell receptor beta
responses. Patients’ samples taken before treatment and during would again aid this research.
Patients are often given meningococcal vaccine before taking Eculizumab, as the drug makes patients

more prone to bacterial infections.

Investigating TCRB repertoire changes would be interesting from the point of increased susceptibility
to infection by Eculizumab targeting the complement system, although currently, patients are not
thought to be more prone to infections. This could investigate whether T-cells may be responding the
increased rate of infection linked with taking Eculizumab rather than being linked to PNH progression,
for instance. Linking medical records would also be useful for assessing the “normal” repertoires. Only
the age and sex of the normals were noted by the RTB. Perhaps, within ethical grounds, asking some
additional questions about previous use of immunosuppressants, known diagnosis or viral infections
in the month prior to sampling would help provide insight into potential TCRB clonal expansions

observed in normals. As mentioned previously, vaccines can also cause clonal TCRB expansions.
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Potentially, if normals have had vaccinations for example, before travelling, a couple of weeks prior

to sampling this may be indicated in the TCRB repertoire results.

7.5.5. Tracking normal and patient TCRB repertoires over long periods of time

The most interesting and informative results were when long term points were used. This allowed for
the identification of persistent clones, such as the large EBV specific TCRB clone and would allow
tracking of diagnosis with TCRB repertoire over time to allow inferences. For instance, patient 004V3
saw a falling PNH clone over 6 years. The repertoire remained monoclonal with the clonal TCRB of
V15/1-4, with a CDR3 ‘CATSSQAGEKLFF’ falling from 18.3% to 4.15% over the six years, suggesting a
link between persistent TCRB clone size and PNH clone size. This data is more useful than one sample
at a given time point, which is static and does not capture the diversity and dynamic nature of TCRB
repertoires. Again, if TCRB clones are in the middle of contracting following infection, or expanding,

this is impossible to infer from a single time point but multiple would be easier.

Some RTB patients may come in multiple times a year, or before starting a trial or change in treatment.
If a blood sample is taken each time, patients could be tracked over the short and long term, for
changes in the repertoire. This would help assess changes that occur when PNH is progressing and
active, or stable in the long term. It will also mean that any patients who spontaneously remit will
have TCRB repertoire samples for when they had PNH as well to better understand roles of T-cells.
Some patients become resistant to Eculizumab over time, detecting changes in the repertoire could
aid further understanding of the mechanisms behind this happening. Assessing normals over time
periods would also help provide more informative and accurate background values for comparison

and alleviate the need for known TCRB clonal expansions, for instance linked to acute viral infections.

7.5.6. Expansion of normal TCRB repertoire datasets

IM

TCRB repertoire research does not currently have any curated TCRB databases specialising in “norma
TCRB repertoires, to be used as background when comparing repertoires with disease. One reason for

I”

this is how to define a “normal” repertoire. This is not an easy task. An individual may not have any

diagnosed illnesses but at point of sampling could be suffering from an infection such as a CMV.
Variation between individuals as discussed previously again, adds to the complexity of a “normal”
immune repertoire. Large research institutions like the “Allen Institute for Immunology” are devoted

to researching the diverse cell types and networks that make up healthy immune systems in humans.
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Another problem is that depending on the type of TCR sequencing method used or nomenclature for
TCRs, the results can differ. For example, the paper used originally in Section 2.5. [241] for testing
common TCRBs, identified V20-1 as the most common. However, this method used 5" RACE and cDNA
which could be why this differed from V29-1 in this project’s data. Consequently, it was important to
sequence “normals” in this project using the same methods as for the PNH and AA patients to allow
as accurate a comparison as possible. To further this work, the range of normals could be increased

III

and trends in “normal” repertoires could be identified further. More male normals and older normals
are needed for this study. PNH patients tend to be older and many are in their 70s and 80s whereas
the normals only went up to around the age of 60 years old. A selection of normals more
representative in age and sex to PNH are essential for comparing variations between groups. Tracking
normal TCRB repertoire variation over time would also be essential for comparisons with patient

samples over time enabling clear identification of changes due to PNH progression, for example, rather

than, those attributed with age.
7.5.7. Standardisation of methods and databases in the immune repertoire research field

Since the start of this project there have been advances in technologies and publicly available datasets.
However, comparisons between project datasets and these data-sets produced by these different
TCRB methods stored in publicly available databases can differ technically. To improve this issue, a
gold standard should be adopted in regard to nomenclature, methodologies and data curation and
storage. IMGT® has been adopted by most as the standard for TCR nomenclature. However, for
instance, the flow cytometry TCRBV beta antibodies results were originally based on Wei et al.
nomenclature and converted to IMGT® for comparisons. The Adaptive Immune Receptor Repertoire
(AIRR) Community of The Antibody Society [390] have made significant contribution and progress in
the standardisation of methods, data curation and comparison in the immune repertoire field.
Euroclonality/BIOMED-2 [379] are another consortium aiming to standardise the field. Generating a
‘minimum information protocol’ style approach to immune repertoire studies will really benefit the
field as a whole. Currently, curated databases such as McPAS-TCR and VDJdb used in this [254-255]
study are providing important insight into disease associated TCRs. With standardisation of methods
and an increase in TCR studies these databases will hopefully be expanded. More disease specific
TCRBs will be identified and able to be compared with TCRB clonal expansions discovered in this study.
In this project only two of the clonal AA/PNH TCRBs were linked to the data in databases. At present,
due to limited data in these databases, accurately assessing TCRB clonotypes involved in disease are

mainly determined by internally generated normals but the wider origin remains unknown.
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7.6. Final summary

In summary, this project has highlighted that there are differences in TCRB repertoires between
patients with PNH, AA and normals. However, identifying potential TCRBs linked with PNH will require
further study. Multiple time point samples for patients to assess TCRB dynamics over time and
comparison with their changes in diagnosis, for example PNH recovery, helped suggest links between
TCR dynamics with PNH clonal expansions. However, increasing these types of samples will benefit
this research further. Analysing TCR samples in the context of previous treatments such as
immunosuppressants and bone marrow transplants will also help identify changes linked specifically
to PNH versus previous infections or treatment history. As the findings potentially identified that in
PNH, the TCRB clonal space is in the more moderately expanded clones’ size, whereas the
hyperexpanded clones appear to be more in response to infections like EBV, it will be interesting, as

more disease specific TCRBs are identified to see if this still holds true.

Moving towards paired alpha beta chain and single cell methods on clonal populations identified in
this project will allow TCR receptor 3D protein modelling to help evaluate potential peptides that the
TCRs are responding to and whether these are linked to PNH. Deciphering whether these TCRBs are
GPI+ or —ve could help to identify TCRB clones that are linked with either the original PNH
pathogenesis or subsequent progression of the disease. Adoption of future machine learning
techniques will enable subtle trends between category groups and patients to be identified and
increase the number of patient repertoires analysed. Finally, the standardisation of TCRB methods,
and TCR nomenclature for instance through the use of ‘Minimum information protocols’, will allow
the expansion of public databases and effective comparison with experimental sequencing data to link

TCRBs to specific diseases.
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