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Abstract

Granulomatosis with polyangiitis (GPA) is a systemic autoimmune disease. The
underlying pathology is primarily caused by the formation of anti-neutrophil cytoplasmic
antibodies (ANCA), leading to ANCA associated vasculitis (AAV). While ANCA produced by
B cells are a key mediator of the underlying pathogenic process, there is increasing
evidence from human and murine studies to strongly support a role for CD4+ T cells in
GPA pathogenesis. Previous studies using peripheral blood mononuclear cells (PBMCs)
and whole blood from GPA patients suggest that CD4+ T cell subsets, particularly
regulatory T cells (Treg) and circulating follicular helper T (cTfh), may be altered in

frequencies and/or function in GPA patients.

The aim of this thesis was to identify and compare Treg and cTfh frequencies in GPA
patients and healthy controls (HC) and to investigate potential cell intrinsic dysregulation
and/or extracellular factor(s) responsible for the functional imbalance in these CD4+ T cell

subsets in GPA.

Phenotypic profiling of CD4 T cells by FACS, revealed the aberrant presence of CD25
expression on GPA naive CD4+ T cells. The data reveal a significant increase in Tfh-like
phenotypes in GPA, with GPA CD4+ T cells exhibiting elevated expression of BCL6 (a key
transcription factor for Tth differentiation) and IL-21 (a Tth signature cytokine).

Microarray analysis was performed on naive CD4+ T cells, from GPA and HC donors, with
and without TCR stimulation. These data revealed that antimicrobial genes were the main
differentially expressed genes irrespective of stimulation, a finding consistent with the
previously accepted notion that chronic infection is an important underlying driver in GPA
pathogenesis. Additionally, TCR activation induced the expression of key genes associated
with Tth lineage, such as BCL6 and TRIMS8, consistent with the observation of increased

Tfh-like phenotypes in GPA.

Significantly, the microarray data suggested the down-regulation of the IL-2/STAT5
pathway in GPA naive CD4+ T cells. Furthermore, IL2-induced STATS5 activation was
confirmed to be decreased in GPA naive CD4 T cells, by western blot analysis. As the
IL2/STATS5 signalling module is a major negative regulator of Tfh differentiation, these
findings provide a molecular mechanism for the aberrant enhanced development of Tth

cells in GPA for the first time.



In contrast, frequencies of Tregs and their capacity to suppress effector T cell proliferation
were comparable between CD4+ T cells from GPA patients and HC. However, cytokine
analysis of supernatants from the suppression assays, reveal significantly that GPA Tregs
failed to specifically inhibit the expression of the pro-inflammatory cytokine GM-CSF,
which has previously been shown to be a critical mediator of neutrophil activation during

the development of GPA pathogenesis.

Finally, the contribution of extracellular factors in plasma to CD4+ T cell dysregulation
was assessed by co-culture assays and mass spectrometry. Factors present in plasma
could induce expression of CD25 on CD4 T cells from healthy donors. Pro-inflammatory
cytokine IL-18 was elevated in plasma from GPA patients. Intriguingly, a comparative
mass-spectrometry analysis of plasma samples suggested a potential dysregulation of lipid

metabolism in GPA.

In conclusion, this study presents key novel evidence for the involvement of both cell
intrinsic dysregulation and extracellular factors in the imbalance of CD4+ T cell

differentiation in GPA.
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1. Introduction

Our immune system has developed to protect the body from foreign pathogens. To
eliminate an invading pathogen, the immune system mounts a selective response
upon recognition of non-self antigen. Distinguishing between self and non-self
antigen is crucial for an effective immune system - immune self tolerance ensures
that there is no reactivity to self-antigen. A failure in the mechanism of immune
self-tolerance leads to immune responses being raised against self-antigen
(autoimmunity) and inflammatory disease. This inflammatory response can either
be confined to local tissues (organ specific autoimmune disease) or can affect
multiple organs /tissues (non-organ specific/systemic autoimmune disease).
Approximately 3-5% of the general population is affected by autoimmune diseases,
and cases of autoimmune diseases have increased over the past few decades (Bach,
2018). Despite significant increase advances in scientific and improved treatments,

autoimmune diseases remain incurable and morbidity and mortality remain high.

Granulomatosis with polyangiitis (GPA, formerly known as Wegener's
granulomatosis) is one of the systemic autoimmune small vessel vasculitis
syndromes that are associated with anti-neutrophil cytoplasmic antibodies (ANCA)
(Cartin-Ceba et al, 2012; Mckinney et al, 2014). As is the case for many
autoimmune diseases, GPA is a polygenic disease. It is believed that the initial
source of inflammation may be from activated neutrophils but the mechanism is
unclear and may involve complement, proinflammatory cytokines, infection, or
combination of all three factors. Although ANCA is a laboratory marker of GPA, it is

not directly involved in the disease pathogenesis. Increasing evidence suggests
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that a functional imbalance between Treg and Tfh cells in GPA patients may be one

of the underlying causes of disease progression.

This introduction will begin by providing a basic overview of the immune system,
and then progress to reviewing the current literature regarding the role of CD4+ T

cells in GPA pathogenesis.

1.1. The immune system

The body is protected from infection, physical damage and other harmful foreign
agents by having an immune system. To protect from pathogens, the immune
system must first be able to distinguish between foreign (non-self) antigens, and
self-antigens, so that the immune system can specifically target foreign antigen
only. Upon antigen recognition, the, immune system generates immunological
memory which allows the body to respond quicker when it is re-challenged by the
same antigen. However, redundant immune responses or self-reactive immune
responses can cause unwanted damage in tissue. To prevent this, the immune
system is exquisitely controlled by immune regulatory mechanisms (Murphy et al,

2008).

The immune system can be divided into two parts; innate immunity and adaptive
immunity. Innate immunity is a rapid, first line of defence mechanism, while
adaptive immunity is a more delayed response but has extremely high specificity
against non-self antigens, and provides immunological memory and immune

regulation (Murphy et al.,, 2008).
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1.1.1. Innate immunity

Innate immunity is activated immediately upon sensing of foreign antigens.
Foreign antigens are recognized by a family of pattern recognition receptors (PRRs)
on innate immune cells. PRRs include Toll like receptors (TLR), Retinoid acid-
inducible gene 1 (RIG-I)-like receptors (RLR) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLR), mannose receptors,
scavenger receptors and CD14. The ligands of PRRs are pathogen-associated
molecular patterns (PAMPs). PAMPs include distinct evolutionarily conserved
molecular structures on pathogens that are not present in mammalian cells. Each
different type of PRR recognises its own specific PAMP, for example TLR4
specifically recognises lipopolysaccharides (LPS). PAMP recognition by PRRs
activates specific signalling pathways in innate immune cells. As a result, innate
immune cells can upregulate and/or secrete specific signalling molecules such as
cytokines and chemokines, and antimicrobial proteins depending upon the nature
of the antigen recognised (Medzhitov, 2007; Murphy et al., 2008; Mogensen, 2009).
Activation of the innate immune system leads to inflammation - a signal that the
body is alerted to the presence of an invading of pathogen. Blood flow to the
infected site is increased to allow rapid recruitment of other immune cells and the

subsequent initiation of adaptive immunity.

1.1.1.1. Innate immune cells

Innate immune cells include epithelial cells, Innate lymphoid cells (ILCs),
phagocytes (Neutrophils, macrophages and dendritic cells, (DC)) and leukocytes
(Basophils, eosinophils, mast cells and natural killer (NK) cells). Basophils,
eosinophils and mast cells are involved in protection from parasites. While mast

cells are mucosal tissue resident, basophils and eosinophils are recruited by blood
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circulation to the infected site. NK cells defend the host from viral infections and
kill infected cells. DCs are professional antigen presenting cells (APCs), and play an
important role in bridging between innate immunity and adaptive immunity. DCs
process antigen after phagocytosis, and present antigenic peptides on major
histocompatibility (MHC) class Il molecules. Presented antigen on MHC class II is
recognised by cognate T cell receptors (TCR) on naive CD4+ T cells, initiating CD4+
T cell differentiation. Neutrophils and macrophages are important phagocytes in
host defence from many pathogens. Activated macrophages release
proinflammatory cytokines such as interleukin1f (IL-1), IL-6 and tumor necrosis
factor (TNF) to recruit other effector cells such as NK and CD4+ T cells (Medzhitov,

2007; Murphy et al., 2008).

1.1.1.2. Defence mechanisms in innate immunity

1.1.1.2.1. Neutrophil extracellular traps

Neutrophils are the first cells to migrate through blood vessels and be recruited to
the inflammatory site. Functions of neutrophils in host defense include
phagocytosis, degranulation (release of an assortment of antimicrobial agents) and
production of neutrophil extracellular traps (NETs). NET is a host defense
mechanism particular to neutrophils. It is a web-like DNA structure decorated with
a variety of proteins including several cytosolic and granule proteins with
bactericidal activity such as myeloperoxidase (MPO), cathepsin G, proteinase 3
(PR3), elastase, cathelicidin (LL37) and defensins(Delgado-Rizo et al, 2017;
Papayannopoulos, 2018). Pertinent to this thesis, auto-reactive antibodies against
MPO and / or PR3 are believed to be the primary cause of the autoimmune
disorder Granulomatosis with Polyangiitis (GPA).(Mckinney et al., 2014; Jorch and

Kubes, 2017).
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There are two NET formation pathways; lytic NETosis (a lytic pathway involving

neutrophil death) and non-lytic NETosis ( Figure 1.1). Lytic NETosis can be
inducedby phorbol-12-myristate-13-acetate (PMA), auto-reactive antibodies and
cholesterol crystals. Upon induction of NETosis, reactive oxygen species (ROS) are
generated by activated NADPH oxidase. ROS generation activates MPO and
neutrophil elastases (NE), promoting their translocation to the nucleus. In the
nucleus, NE and MPO promote chromatin decondensation and disruption of the
nuclear membrane. Granular and cytosolic proteins associate with released
chromatin in cytosol, then the NET structure is released upon neutrophil death.
This NETosis method occurs over several hours after neutrophil activation(Jorch
and Kubes, 2017; Papayannopoulos, 2018). In contrast, non-lytic NETosis does not
result cell death, and can occur within minutes after neutrophil activation. Non-
lytic NETosis is initiated with stimuli such as Staphylococcus aureus, LPS, fungi and
Esherichia coli through TLR2, TLR4 and CR3 (a complement receptor, consisting of
CD11b (integrin aum) and CD18 (integrin [ :)(Delgado-Rizo et al, 2017;
Papayannopoulos, 2018). Upon activation, neutrophils immediately undergo NET
formation as in lytic NETosis, but proteins and the associated NET is released in a
vesicle. The plasma membrane therefore remains intact after NET release, allowing
the neutrophil to survive and continue to perform anti-microbial functions. This
rapid, non-lytic NETosis mechanism commonly occurs in neutrophils that first

arrive at the site of infection (Papayannopoulos, 2018).

The formation of NETs is induced not only by foreign antigens but also by products
of inflammation such as complement C5a, granulocyte-macrophage colony-

stimulating factor (GM-CSF), activated platelets and adhesion molecules on
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epithelial cells. (Delgado-Rizo et al., 2017; Jorch and Kubes, 2017; Grover and

Mackman, 2018; Papayannopoulos, 2018).

a Autoreactive b LPS
Ab S.Aureus
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Neutrophil survive.
Carrying on
Cell death phagocytosis and chemotaxis.

Figure 1.1. Overview of NETosis. (a) lytic NETosis.( b) non-lytic NETosis.

Adapted from (Jorch and Kubes, 2017).

1.1.1.2.2. Coagulation system

An additional function of NETosis is to enhance coagulation in blood vessels. The
coagulation system is activated during infection to prevent the spread of infection
by making thrombin. Released NETs from neutrophils lead to an increase in the
size of thrombi by capturing more platelets. In addition, inflammation upregulates
adhesion molecules such as P-selectin on vascular epithelial cells to recruit
neutrophils to the site of infection. Engagement between adhesion molecules and
receptors on neutrophils activates neutrophils, which leads to NETosis. (Grover

and Mackman, 2018; De Bont et al., 2019).
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1.1.1.2.3. Anti-microbial peptides and Type I interferons

Defensins, a class of antimicrobial peptides, are also produced by innate immune
cells particularly by neutrophils and almost all epithelial cells. These small
peptides are generally stored in granules and they are released during
phagocytosis. Defensins are amphipathic peptides so they are thought to kill

bacteria by interrupting the bacterial cell membrane (Ganz, 2003).

Although innate immune cells are more specialized and focused towards the
immune response to pathogens, other host cells also have defence mechanisms
upon infection. Type I interferons (IFNs) are produced by almost cells in the body
in response to viral infection and induce expression of antiviral response genes. It
also has been shown that bacterial infection can induce type I IFNs through TLR

engagement (Gonzalez-Navajas et al., 2012).

1.1.1.2.4. Complement

Another innate host defence mechanism is complement activation. Activated
innate immune cells produce pro-inflammatory cytokines such as IL-1f3 and IL-6.
Consequently, these proinflammatory cytokines leads to release of acute-phase
proteins such as C-reactive protein (CRP), serum amyloid protein A (SAA) and
mannose-binding protein (MBP) from the liver. These acute-phase proteins result

in activation of complement system (Medzhitov, 2007; Murphy et al., 2008).

The complement system includes a large range of plasma proteins and cell-surface
proteins which are predominantly protease enzymes. These proteins circulate in
body fluid and tissues as inactive proteases until they become activated.

Complement activation is initiated at the site of infection and inflammation. It
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occurs on the pathogen surface via three different pathways; classical, lectin and
alternative. The classical pathway is initiated through engagement between Clq
(C1 serine protease complex) and the Fc region of an antibody attached to the
pathogen surface. The lectin pathway is initiated through the recognition of arrays
of mannose residues on the surface of a pathogen by mannose binding lectin (MBL).
In contrast to the classical and lectin pathways, the alternative pathway does not
require pathogen binding proteins for its initiation. It is initiated through the
spontaneous hydrolysis of C3 (which is abundant in plasma). Activated
complement initiates a proteolytic enzyme cascade, resulting in the generation of
proinflammatory mediators (anaphylatoxins: C3a, C4a and C5a), formation of a
membrane attack complex to lyse infected cells (MAC: C5b to C9) and opsonisation
by coating the surface of the pathogen (C3b). (Murphy et al., 2008; Dunkelberger

and Song, 2010).

1.1.2. Adaptive immunity

Adaptive immune cells consist of two major lymphocyte types: B cells and T cells. B
cells secrete glycoprotein molecules termed immunoglobulins (also known as
antibodies). T cells display membrane anchored immunoglobulins on their surface
(T cell receptors, TCR) which recognise antigens displayed in complex with MHC

molecules on the surface of APCs.

An adaptive immune response takes longer to develop compared to innate
immunity, but adaptive immunity has two key advantages; a vast diversity of
highly specific antigen receptors acquired during lymphocyte development, and
the generation of immunological memory. While the diversity of PRRs in innate

immunity is limited to the recognition of certain PAMPs, B cell receptors (BCR) and
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T cell receptors (TCR) are far more varied and customized for specific epitopes
located within a pathogen derived antigen. A series of gene recombination events
leads to a huge diversity of BCRs and TCRs during B cell and T cell development in
the bone marrow and thymus respectively. Antigen engagement with these
receptors, together with additional signals (including from cytokines and co-
stimulatory receptors) results in the activation and differentiation of these cells
into effector populations. A subpopulation of ‘antigen-experienced’ cells gains
immunological memory to prepare for a future challenge with the same pathogen.
These ‘memory’ cells remain after elimination of the pathogen and respond more

rapidly when the antigen stimulus is reintroduced (Murphy et al., 2008).

1.1.2.1. B cells

1.1.2.1.1. B cell development and maturation

In adaptive immunity, the key role of B cells is to provide a humoral response by
generating antibodies. B cell development occurs in adult human bone marrow.
Hematopoietic stem cells undergo V(D)] DNA segment rearrangement to generate
functional BCRs (IgM form) on immature B cells(Murphy et al, 2008). These
immature B cells leave from the bone marrow and migrate to the spleen for
maturation. The immature B cells go through transitional stages, called T1 and T2.
After transitional stages, they develop into two types of naive B cell; follicular (FO)
B cells and marginal zone (MZ) B cells. During B cell development, random V(D)]
rearrangement also generates a subset of BCRs that are less specific for particular
antigens and instead recognise multiple microbial patterns. Most of these ‘innate-
like’ BCRs are expressed on MZ B cells. Both FO B cells and MZ B cells circulate in
the periphery and migrate to secondary lymphoid organs (SLO) such as the spleen

and lymph nodes where B cells typically encounter antigen. FO B cells migrate into
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B cell follicles and MZ B cells migrate to the marginal zone in spleen or marginal

zone like sites in SLOs (Mcheyzer-Williams et al., 2011; Heesters et al., 2016).

During infection, antigens drain into SLOs as small soluble molecules or as
membrane associated antigen presented on the surface of APCs including
macrophages and DCs and follicular dendritic cells (FDC) (Figure 1.2). In naive B
cell priming, these APCs in SLOs use receptors instead of MHC molecules for
presentation of unprocessed antigens including complement receptors (CR1, CR2
and CR3), DC-Specific ICAM3-Grabbing Non-integrin (DC-SIGN) and low-affinity F¢
receptor for IgG (FCyRIIB). Antigen engagement with BCRs leads to naive B cell

priming for further activation (Batista and Harwood, 2009).
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Figure 1.2. B cell maturation in the spleen. Antigens are presented to B cells in
the spleen by subcapsular sinus (SCS) macrophages and follicular dendritic cells.
Unprocessed antigens are recognised by B cells as small soluble antigens or in the

form of immune complexs. Adapted from (Batista and Harwood, 2009).

1.1.2.1.2. B cell activation

There are two mechanisms of B cell activation, T- Dependent (TD) activation and
T-Independent (TI) activation. This classification is based on the degree of T cell
involvement in B cell activation(Batista and Harwood, 2009; Schmitt and Williams,

2013; Heesters et al., 2016).

1.1.2.1.2.1. T- Dependent (TD) B cell activation

FO B cell activation in germinal centres is the best representative mechanism of TD
activation (Figure 1.3). Presented antigens to FO B cells are internalised by BCRs
and processed for presentation on MHC class II molecule on the B cell surface.
These antigen presenting B cells move to the B cell-T cell border within SLOs
(Batista and Harwood, 2009). Peptide-MHC class I complexes on B cells engage
with cognate TCRs on CD4+ T cells. In addition to TCR engagement, secondary
signals from interactions between CD40, CD80 and CD86, and cytokine receptors
on B cells, and their cognate ligands on CD4+ T cells and cytokines released from
CD4+ T cells initiate B cell proliferation and differentiation into effector cells.
These proliferative B cells either differentiate into short lived plasma cells which
produce low affinity antibody (IgM) or continue proliferation in the follicle leading
to the formation of a germinal centre (GC) (Batista and Harwood, 2009; Mcheyzer-

Williams et al., 2011; Schmitt and Williams, 2013; Heesters et al., 2016).
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GC resident B cells undergo the process of Ig class switch recombination (CSR) and
somatic hypermuation (SHM) to generate high affinity antibody producing plasma
cells and memory cells (Mcheyzer-Williams et al,, 2011). In this GC reaction, the
role of follicular helper T cells (Tfh) and FDCs are important (see Figure 1.3). FO B
cells that have recently entered GCs undergo clonal expansion in the dark zone of
the GC. During clonal expansion, SHM and CSR occur to generate BCR diversity.
Following clonal expansion, GC B cells move to the light zone of the GC and BCRs
are scanned by FDCs to check their ability to bind presented antigen. While a
failure of antigen recognition by the BCR leads to cell apoptosis, positive antigen
recognition by BCRs generates a signal allowing GC B cells to encounter cognate
Tth cells. Engagement with cognate Tfh cells results in further CSR and survival of
GC B cells with high affinity BCRs. After interaction with Tth cells, GC B cells either
exit the GC as effector cells (long-lived plasma cells or plasma cells) or re-enter the
GC cycle for further BCR re-diversification (Batista and Harwood, 2009; Mcheyzer-
Williams et al., 2011; Schmitt and Williams, 2013; Heesters et al., 2016; Wing et al.,

2019).
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Figure 1.3. T-dependent B cell activation and differentiatio. (a) Overview of B
cell differentiation and germinal centre (GC) reaction. (b) GC Tfh and B cell

engagement during GC reaction. Adapted from (Mcheyzer-Williams et al., 2011).
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1.1.2.1.2.2. T-Independent (TI) B cell activation

In contrast to FO B cells, MZ B cells do not necessarily require T cell help to become
activated. Therefore, MZ B cells migrate to marginal zones in the spleen or
marginal zone like sites in other SLOs which contain an abundance of antigen and
very large macrophage and DC populations. Polyreactive BCRs on MZ B cells
engage highly repetitive epitopes on bacteria such as capsular polysaccharide
molecules via clustering of BCRs. In addition to BCRs, TLRs on MZ B cells are
involved in dual engagement of conserved microbial antigen such as LPS. As a
result of strong BCR signalling alone, MZ B cells are activated and become low
affinity antibody producing plasma cells (Batista and Harwood, 2009; Mcheyzer-
Williams et al., 2011; Cerutti et al, 2013; Schmitt and Williams, 2013; Heesters et

al,, 2016).

1.1.2.1.3. Antibodies and the B Cell Receptor

Antibodies play a major role in three humoral immune mechanisms; neutralization,
opsonisation and complement activation. Neutralisation may involve antibodies
binding to pathogen surfaces to prevent pathogen adhering to and/or infecting
host cells. This antibody mediated neutralisation can also defend host cells from
bacterial toxins. Antibody coating of antigens promotes targeting by phagocytes
since the Fc region of antibodies are recognised by receptors on the surface of
phagocytes - a process termed opsonisation. Antigen-antibody complexes may

also initiate the classical complement activation pathway (Murphy et al., 2008).

Antibodies are essentially secreted forms of the membrane anchored B cell

receptor immunoglobulin. The basic structure of an antibody is shown in Figure
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1.4. Antibodies consist of a complex of four polypeptide chains (two identical
heavy chains and two identical light chains) attached via disulfide bonds. The
complex is functionally divided into variable regions (highly variable between
antibodies - the sites of antigen-binding) and constant regions (the organisation of

which determines the immunoglobulin isotype) (Murphy et al., 2008).

Antigen binding sites

Variable
\ region

Fab

Constant
region

Fc

Figure 1.4. Basic structure of antibody.

The initial form of the B cell immunoglobulin is generated by V(D)] gene
recombination. There are three gene segments: variable (V), diversity (D) and
joining (J) in genetic loci for each polypeptide heavy chain (the D segment is absent
in light chain loci). Each segment has number of different copies - therefore gene
recombination generates immunoglobulin diversity in adaptive immunity. A
similar process occurs during T cell development to generate T cell receptor

diversity.

33



During B cell maturation, immunoglobulins undergo somatic hypermutation
(SHM) and class switch recombination (CSR). These processes result in the
generation of high affinity antibodies, secreted by plasma B cells. SHM occurs
during B cell clonal expansion through high rates of point mutation within variable
gene regions. CSR occurs within constant gene regions - this process generates
different isotypes of antibodies within B cell populations. In humans there are five
different Ig isotypes: IgM, IgD, IgA, IgG (subclasses are IgG1, IgGz, [gGz and 1gG4)and
IgE. Each antibody isotype is structurally and functionally distinctive (see Table

1.1).

Type of Ab Function

lgM Neutralization, opsonization, active complement system

Neutralization, opsonization, active complement system
lgG Mediate antibody dependent cellular cytotoxicity mediated by NK cells
Four subclasses (1gG1, 1gG2, 1gG3 and 1gG4)

IgA Neutralization, opsonization, active complement system

IgE Sensitization of mast cells

Table 1.1. Antibody isotypes and their function.

Naive B cells express IgM and IgD isotypes initially. However, during B cell
activation, exposure of certain cytokines in SLOs, particularly those produced by
CD4+ T cells, can trigger CSR and direct switching to a different antibody isotype

class. (Murphy et al.,, 2008)
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1.1.2.2. T cells

1.1.2.2.1. T cell development

While BCRs and antibodies interact with native antigen directly, and their affinity
is variable depending on B cell activation, aff T cell receptors (TCR) recognise
antigen presented as peptides by MHC molecules. The specificity and affinity of
TCRs are determined after T cell development in thymus. TCRs consist of two
polypeptide chains, and their structure is similar to the Fab region of an antibody
(Figure 1.4). TCRs on conventional T cells are composed of an a chain and 3 chain
(Vroom et al., 1991; Murphy et al, 2008). However, about 5% of T cells express
TCRs consisting of a y chain and & chain (y6 TCR). y& T cellsrecognise a range of
antigens through non-classical MHC molecules. These cells exhibit cytotoxic
activity and also play a role in activation of other immune cells. Their roles in
oncology and autoimmunue disease have become increasingly appreciated in
recent years but are not yet understood to the same extent as conventional T cells
(Lawand et al.,, 2017; Melandri et al.,, 2018). Therefore, in this thesis use of the term

‘TCR’ will refer to conventional of3 T cell receptors.

T cells have two major lineages, CD4+ T cells and CD8+ T cells. Cluster of
differentiation (CD)4 and CD8 are cell surface glycoproteins. They are associated
with TCRs and act as co-receptors for antigen presenting MHC molecules during
antigen recognition. CD4 and CD8 co-receptors recognise different types of MHC
molecules; CD4 recognises MHC class II and CD8 recognises MHC class I

molecules(Murphy et al., 2008)

These lineages are determined in thymus after migration of T cell committed

lymphoid progenitors from bone marrow (Figure 1.5). In the thymus, progenitors
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first undergo V(D)] gene recombination to generate TCR specificities. Prior to this
stage, T cells are termed double negative (DN) thymocytes as they express neither
CD4 nor CD8 on their surface. Co-receptor molecules are first expressed during the
pre-TCR development phase, during which T cells express a premature form of the
TCR consisting of a non-rearranged o chain and mature rearranged 3 chain. Double
positive (DP) thymocytes which express both CD4 and CD8 then complete TCR
maturation and undergo positive selection by interacting with epithelial cells in
the cortex. Cortical thymic epithelial cells (cTEC) express self-peptides on MHC
class I and class Il molecules and an engagement between DP thymocytes and self-
peptides generates a survival signal to DP thymocytes. This engagement also
promotes differentiation of DP thymocytes into CD4 or CD8 single positive (SP) T
cells, determined by the TCRs preference for interaction with MHC class Il or MHC
class I, respectively. The failure of a thymocyte to interact with self- peptide:MHC

complexes will lead to apoptosis (Germain, 2002; Murphy et al., 2008) .

Positively selected CD4 or CD8 SP T cells then migrate into the medulla for
negative selection. Negative selection is an important process, required for
elimination of auto reactive T cells. In the medulla, almost all self-antigen
recognising T cells are eliminated by apoptosis. In general, interactions between
high affinity TCRs and self-peptides:MHC molecules by APCs such as medullary
thymic epithelial cells (mTEC), DCs and macrophages induce clonal deletion.
However, some of these high affinity auto-reactive T cells survive and become
differentiated into tTreg cells. Although the exact mechanism of how TCR
signalling directs clonal deletion, tTreg generation or conventional T cell
generation remains unclear, studies in mice show that ubiquitous auto-antigen

binding induces clonal deletion but binding to tissue restricted antigen (TRA) may
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induce tTreg generation (Legoux et al., 2015; Malhotra et al.,, 2016). Peptides from
TRAs are processed and presented under the control of transcription factors such
as autoimmune regulator (AIRE) and FEZ family zink finger 2 (Fezf2) in mTEC.
Still, most T cells auto-reactive to TRAs are deleted - the mechanisms involved in
tTreg differentiation and release to the periphery are unknown. In addition,
negatively selected T cells, which have low affinity TCRs to self-antigens can also
be released to periphery as naive CD4+ or CD8+ T cells after effective maturation.

(Kieback et al., 2016; Takaba and Takayanagi, 2017; Lee and Lee, 2018)
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Figure 1.5. T cell development in the thymus. Double negative (DN)

- —

thymocytes become double positive (DP) thymocytes that express both CD4 and
CD8 on their surface. By engaging with self peptide presented by MHC on thymic
epithelial cells (positive selection), they become single positive (SP) T cells in the
cortex. In the medulla, most SP T cells possessing high affinity TCR undergo

apoptosis after interaction with tissue restricted antigen (TRA) (negative
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selection), but a few survive to become thymic Tregs and are released into the

periphery.

1.1.2.2.2. T cell activation

Newly formed naive T cells are released from the thymus into peripheral blood.
They circulate between SLOs (such as spleen and tonsils), and the blood. Until they
experience antigen presented within SLOs, naive T cells are homogeneous and
quiescent. In humans, naive T cells express CD45RA (ligand as yet unknown), and
lymphoid homing receptors such as CC- chemokine receptor7 (CCR7) and CD62
ligand (CD62L). However, once they become activated by cognate antigen
presented by APCs, CD45RA expression is down-regulated and CD45RO, (a

memory associated marker), becomes up regulated (Van Den Broek et al., 2018).

Upon infection, naive T cells become activated by interacting with APCs presenting
cognate non-self antigens (Figure 1.6). Activated T cells undergo differentiation
into effector T cells., T cells recognising peptide:MHC complexes on the surface of
APCs also require a second co-stimulatory signal for full T cell activation to occur.
The primary co-stimulatory signalling molecule on naive T cells is CD28. CD28
binds to CD80 (also known as B7-1) or CD86 (also known as B7-2) on APCs.
CD80/CD86 molecules are up-regulated on APCs that have detected the presence
of non-self antigens via pattern recognition receptor stimulation. Therefore, the
requirement for a ‘second’ co-stimulatory signal acts an additional mechanism to
prevent auto-reactive T cell activation. T cells that engage antigen:MHC complexes
without a simultaneous co-stimulatory signal become functionally inactivated - a

process termed T cell anergy (Murphy et al., 2008; Chen and Flies, 2013).
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T cell activation (from simultaneous antigen recognition and co-stimulation)
triggers three main signal transduction pathways; the nuclear factor kB (NFkB)
pathway, the mitogen activated protein kinase (MAPK) pathway, and the calcium-
calcineurin pathway. Together these signals induce the rapid and potent
expression of the key immune cytokine, IL-2. CD25 (IL-2 receptor « chain) is also
upregulated, which promotes autocrine IL-2 signalling, leading to T cell clonal
proliferation and subsequent effector T cell differentiation. For activated CD4+ T
cells, a ‘third signal’ from environmental cytokines is required to direct

differentiation into specific effector helper T cell subtypes. (Murphy et al., 2008)
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Figure 1.6. T cell activation by signal 1, 2 and 3. Adapted from (Snanoudj et al,
2007)

1.1.2.2.3. Effector T cells

1.1.2.2.3.1. Effector CD8+ T cells

Naive CD8+ T cells are activated through recognition of presented antigen in the
form of peptide:MHC class I complexes on the surface of infected cells or APCs in

SLOs. Effector CD8+ T cells are important for mediating immune defence against
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intracellular pathogens including viruses and intracellular bacteria. CD8+ T cells
are also known as cytotoxic T lymphocyte (CTL) due to their ability to selectively
kill infected cells. Effector CD8+ T cells induce cell death by releasing cytotoxic
granules such as perforin and granzymes. Perforin interrupts cell membranes to
create a pore that results in target cell lysis. Granzymes are serine proteases and
induce target cell apoptosis. They trigger activation of a caspase cascade, which
eventually leads to nuclease activation and degradation of DNA in target cells.
Activated CD8+ T cells also upregulate FAS ligand (known as apoptosis antigen 1)
(FASL). The interaction between FASL on CD8+ T cells and FAS on infected cells
also results in activation of the caspase cascade and induction of apoptosis.
Activated CD8+ T cells also secrete proinflammatory cytokines including IFNy and
TNFa that contribute to elimination of pathogens (Murphy et al,, 2008; Cox and

Zajac, 2010).

1.1.2.2.3.2. Effector CD4+ T cell differentiation

In SLOs, naive CD4+ T cells are activated by engaging with antigen presented on
MHC class II complexes by APCs. Activated naive CD4+ T cells become
differentiated into effector CD4+ T helper (Th) cells. Th cells primarily act to
augment the function of other cells types instead of killing infected cells directly.
They help to activate CTLs and macrophages to target infected cells and stimulate

B cells to generate high affinity antibodies by inducing SHM and CSR.

Activated CD4+ T cells can become differentiated into a variety of CD4+ T helper
subsets. Each Th cell subset has different phenotypic and functional characteristics.
The lineage differentiation is determined by the strength of TCR signalling and

nature of cytokine stimulation. The combination of signals from TCR and cytokines
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up and/or down- regulates specific transcription factors. In particular, cytokine
stimulation of cognate receptors activates the canonical JAK-STAT signalling
pathway. Latent cytoplasmic tyrosine kinases JAKs, which are loosely associated
with cytoplasmic domains of cytokine receptors get activated upon ligand binding
to receptors. Activated JAKs phosphorylate the cytokine receptor to create specific
docking sites for latent signalling/transcription factors, Signal transducers and
activators of transcription (STATs) (Figure 1.7). Phosphorylated and activated
STATs directly bind DNA and induce gene expression of lineage specific master
regulators. There have been seven mammalian STAT family members identified;
STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, STAT6. Different cytokines induce
specific STAT(s) activation that results in specific Th cell subset differentiation.
(Christie and Zhu, 2014; Tripathi and Lahesmaa, 2014; O'shea et al., 2015; Zhu,

2018).
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Figure 1.7 Schematic of JAK/STAT activation via cytokine receptors.

Interaction between cytokines and cytokine receptors leads to phosphorylation of
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JAK proteins. Intracellular cytokine receptors are utilised as docking sites for STAT
protein phosphorylation. Phosphorylated STATs dimerise, and translocate to the

nucleus to initiate target gene expression.

Although cytokine induced STAT activation is critical for regulation of CD4+ T cell
differentiation, there are several additional transcription factors that also become
up and/or down-regulated during CD4+ T cell activation. Moreover, these master
regulators and transcription factors cross regulate each other. Therefore, this fine-
tuned network of factors contributes towards generating a variety of Th cell

subsets.

During Th cell differentiation, cytokines are key mediators in determining Th cell
lineage fates. In turn, the different Th cell lineages are also the major sources of
specific cytokine production in the immune system. Functional characteristics of
Th cell subset can be distinguished by their specific cytokine secretion profiles.
Although IL-2, IL-6, IL-10, tumor necrosis factor a (TNFa), and granulocyte
macrophage colony stimulating factor (GM-CSF) are produced by all Th cells, there
are additional signature effector cytokines produced by each Th cell subset.

(Christie and Zhu, 2014; Tripathi and Lahesmaa, 2014; Zhu, 2018).

Since the concept of distinct functional Th cell subsets, T helper 1 (Thl) and T
helper 2 (Th2), was introduced in the 1980s, the range of Th cell subsets has
expanded considerably. This has been achieved through advances in immune
phenotyping techniques including flow cytometry, fluorescence-activated cell
sorting (FACS), genetic tools, and proteomics. Currently, five major Th cell subsets

have been defined; Th1, Th2, Th17, T follicular helper (Tfh) and regulatory T (Treg)
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cells including thymus derived Treg (tTreg) and peripherally induced Treg (pTreg).

(Christie and Zhu, 2014; Tripathi and Lahesmaa, 2014; Zhu, 2018).

1.1.2.2.3.2.1. T helper 1 cells

Differentiation towards a Th1l cell phenotype is generally induced by IL-12
stimulation, predominantly produced by activated APCs such as macrophages and
DCs (Figure 1.8). IL-12 signalling activates STAT4, which in turn induces
upregulation of Th1 specific genes including ILZRS, IFNy and Tbx21 (encoding Th1
master transcription factor, Tbet). STAT4 induced Tbet regulates Th1 related gene
expression including IFNy upregulation. As a result, the collaboration of STAT4
and Tbet induces IFNy production from Th1 cells. Moreover, a positive feedback
mechanism is initiated, since IFNy signalling further upregulates Tbet expression
via STAT1 activation. (Christie and Zhu, 2014; Tripathi and Lahesmaa, 2014; Zhu,

2018).

Tbet not only upregulates Th1 specific genes but also inhibits expression of genes
that would direct CD4+ T cells towards differentiation into other subtypes. It
inhibits Th2 cell differentiation by down-regulating IL-4 and GATA Binding Protein
3 (GATA3; the Th2 master transcription factor) expression. Additionally, Tbet
binds to Runx1 and Runx3 to block induction of the Rorc gene (encoding Th17
master transcription factor, RORyt), and inhibits expression of B-cell lymphoma 6
protein (BCL6; Tth master transcription regulator), resulting in inhibition of Th17
and Tth cell differentiation, respectively.

Th1 cells are critical for host defence mechanisms against intracellular pathogens
such as viruses, protozoa and bacteria. One of the major functions of Th1 cells is

production of IFNy, that activates macrophages and induces B cells to generate
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complement fixing and opsonising IgG antibodies. (Christie and Zhu, 2014;

Tripathi and Lahesmaa, 2014; Zhu, 2018).

1.1.2.2.3.2.2. T helper 2 cells

Th2 cell differentiation is directed by IL-4 stimulation. IL-4 signalling activates
STAT6, which in turn induces Th2 master transcription factor, GATA3. GATA3
induces IL-4 production and additionally production of IL-5 and IL-13 (Figure 1.8).
Moreover, IL-2 also indirectly promotes Th2 cell differentiation by activating
STATS5 and STAT3 (Stritesky et al, 2011)Activated STATS5 binds to IL-4 gene
regulatory elements leading to IL-4 upregulation, and also induces IL-4Ra
expression (Liao et al, 2008).Similar to the role of Tbet in Th1 differentiation,
GATA3 is also involved in inhibition of other Th subsets such as Th1l and Th17
through down-regulation of their main transcriptional regulators. Th2 cells are
important in immune responses against extracellular parasites (e.g. helminths)
Through secretion of IL-4, IL-5 and IL13, Th2 cells also induce IgG1l and IgE
production from B cells. These cytokines can also activate eosinophils and

macrophages (Christie and Zhu, 2014; Tripathi and Lahesmaa, 2014; Zhu, 2018).

1.1.2.2.3.2.3. T helper 17 cells

Th17 cell differentiation is induced by signals from a combination of cytokines
(including IL-6, IL-21, and IL-23) that activate STAT3. Activated STAT3 increases
expression of the Th17 master transcription factor, RORyt (Zhou et al, 2007).
RORyt is also induced by TGFB and IL-1f signaling via activation of NF-kB
members RelA (p65) and c-Rel (Figure 1.8)(Chen et al., 2011). In addition to RORyt,
several transcription factors including RUNX1 (which upregulates RORyt)(Zhang

et al, 2008),Interferon regulatory factor 4 (IRF4)(Brustle et al, 2007), Basic
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leucine zipper transcription factor, ATF-like (BATF) (Miao et al, 2013) and
Hypoxia-inducible factor 1-alpha (HIFla)(Dang et al, 2011) also promote Th17

cell differentiation.

Th17 cells have been shown to be important in immune defence against
extracellular bacteria and fungi such as Candida albicans. However, an overactive
Th17 response can be responsible for inflammatory tissue damage and
autoimmune disease by over-production of pro-inflammatory cytokines such as IL-
17A and IL-17F, and a dual functional (can be protective or inflammatory) cytokine

IL-22 (Sanjabi et al., 2009; Khan and Ansar Ahmed, 2015).

1.1.2.2.3.2.4. Follicular helper T cells

Human Tfh cell differentiation is initiated by activation of STAT3 via signalling
from a combination of IL-12, IL-6, IL-21 and TGF (Figure 1.8). However, these
cytokine signals, under different conditions can also promote Thl and Th17
differentiation. Therefore, strong TCR signalling and co-stimulatory signalling
(especially signalling through ICOS) is also critical to direct cells towards Tfh
differentiation (Schmitt et al., 2014; Qi, 2016). Attenuation of STAT5 activation is
also important to enable upregulation of BCL6, the master transcription factor for
Tfh differentiation. IL-2, IL-7 and IL-15 induced STAT5 activation leads to high
Blimp-1 expression that inhibits BCL6 expression (Johnston et al., 2009; Crotty et
al, 2010; Ballesteros-Tato et al, 2012) Like other master regulators, BCL6
upregulation simultaneously inhibits differentiation into other Th subsets. BCL6
directly binds to Thet and Roryc promoters, negatively regulating their expression,
and GATA3 is also downregulated by BCL6 . In sum, Tfh lineage specific genes

including Tfh signature cytokine IL-21 are induced through a combination of
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signals from transcription factors including BCL6, BATF, IRF4, c-Maf and Ascl2, and
attenuation of STAT5 (Qi, 2016; Vinuesa et al., 2016; Webb and Linterman, 2017;

Wu et al, 2018).

While other effector Th cell subsets migrate to sites of infection and mediate
antigen clearance, Tth cells remain resident within SLOs and migrate into GCs.
Within GCs, Tfh cells help B cells to generate high affinity antibody (see section
1.1.2.1.1 and Figure 1.3) (Wu et al, 2018). To promote migration into B-cell
follicles, Tth cells express the key follicle homing marker CXCRS5, a chemokine
receptor for CXCL13. CXCR13 is abundantly expressed within follicles so Tfh cells
migrate via chemotaxis, following a CXCL13 gradient. The interaction between Tfh
and B cells leads to B cell maturation. These activated B cells further differentiate
into plasma B cells (that can produce antibodies) or memory B cells. Therefore, Tth
cells are regarded as specialised T cell subsets for B cell maturation and antibody
production in the immune system (Ma et al, 2012; Shekhar and Yang, 2012).
Other distinctive Tfh cell surface markers include PD1 and ICOS. Although the role
of PD1 on Tth cells is unclear, it is thought that PD1 expression may be the result of
strong TCR activation (inhibiting hyper proliferation of Tth cells)(Vinuesa and
Cyster, 2011) .ICOS is believed to be critical for inducing IL-21 expression through

the PI3K signaling pathway (Qi, 2016; Webb and Linterman, 2017; Wu et al,, 2018).

CD4+ T cells expressing CXCR5 have also been reported in peripheral blood and
are termed peripheral Tfth (pTfh) cells (He et al, 2013). This subset is highly
heterogeneous, and although additional markers including CXCR3, CCR7, ICOS and
PD1 have been associated with peripheral Tth cells, a definitive phenotype remains

unclear (He et al, 2013; Pissani and Streeck, 2014). Interestingly, a recent study
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has indicated that circulating IL-21* CD4* T cells may be more functionally similar
to the bona fide Tfh cells found in germinal centres than previously reported pTth

cell phenotypes (Schultz et al., 2016).

1.1.2.2.3.2.5. Regulatory T cells

For an effective immune system, maintaining immunological self-tolerance and
control of excessive and potentially damaging responses is as important as
elimination of antigen. Treg cells are a specific T cell subset that acts as the key
mediator in immune suppression. The majority of Treg cells develop in the thymus
(thymus driven Treg, tTreg) during positive and negative selection (see section
1.1.2.2.1 and Figure 1.5). During T cell thymic development, some immature CD4
single positive T cells express CD25 (IL-2 receptor a chain) on their surface. These
CD25+ CD4 single positive cells (tTreg precursor cells) express transcription factor
Forkhead Box P3 (Foxp3) which is the Treg master regulator and become fully
committed tTregs upon stimulation from IL-2 and IL-15 and subsequent activation
of STATS (Lio and Hsieh, 2008; Wing et al.,, 2019). Although Foxp3 is the master
Treg transcription factor and principal marker of the Treg subset, the commitment
of a T cell towards the Treg lineage is determined prior to Foxp3 expression by
high affinity TCR engagement. Therefore, strong TCR signalling is the main
determinant of tTreg fate (Sakaguchi et al., 2007; Hsieh et al., 2012; Kitagawa and

Sakaguchi, 2017; Lee and Lee, 2018).

Treg cells also can be generated in the periphery from naive CD4+ T cells. These
‘induced’ Treg cells are called iTreg when they generated in vitro, or ‘peripherally
induced’ Treg (pTreg) when they generated in vivo. Upon stimulation from TGFf3

and IL-2, naive CD4+ T cells can become induced Tregs (Figure 1.8). TGF[ leads to
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activation of transcription factors Smad2 and Smad3 that induce Foxp3 expression.
IL-2 induced STATS5 also directly binds to the Foxp3 promoter to enhance Foxp3

expression (Christie and Zhu, 2014; Kanamori et al,, 2016).

The phenotypic markers of Treg cells are similar to activated CD4+ T cells in
humans. The key surface marker CD25 and transcription factor Foxp3 can be
expressed by CD4+ T cells upon activation. Moreover, CTLA4, GITR and CD95 (also
known as FAS) may also be expressed on activated CD4+ T cells. Treg cells are
commonly identified by the phenotype CD25high CD127!ow (CD127 is IL-7 receptor
a-chain) - cells displaying this phenotype typically suppress effector T cell function
in in vitro suppression assays. However, activated CD4+ T cells also tend to express
low levels of CD127 (Sakaguchi et al., 2007; Sakaguchi et al., 2008; Sakaguchi et al,

2010).

The suppressive ability of Treg cells is mediated through a variety of mechanisms;
cell to cell contact (CTLA4 on Treg to CD80/CD86 on APCs, LAG3 on Treg to MHC
molecules on APCs), secretion of anti-inflammatory cytokines (such as IL-10, TGFf
and IL-35) and metabolic disruption (Tregs express CD39/CD73 which degrades
ATP to cAMP, an important second messenger signaling molecule in many
biological processes, which is subsequently taken up by effector T cells. In
addition, effector T cells are competitively deprived of IL-2 through expression of a
high affinity IL-2 receptor on Tregs) (Sakaguchi et al., 2010; Schmitt and Williams,

2013).

Tregs can be also divided into three sub-populations based on expression of

CD45RA and intensity of CD25 expression; population I (CD25+CD45RA+ Tregs:
49



resting Tregs), population II (CD25++CD45RA- Treg: activated Tregs) and
population III (CD25+CD45RA- Tregs: memory Tregs)(Miyara et al, 2009).
Population I and population II have shown suppressive function in-vitro. However,
the function of population III has been controversial. Although it has been showed
that the suppressive function of this subset was reduced in vitro (Miyara et al.,
2009), other studies suggested that the population may in fact be a mixture of
Tregs and non-Tregs (Cuadrado et al., 2018; Wing et al., 2019).

Treg cells exhibit significant functional plasticity; an ability to switch between
different functional subsets, influenced by the specific pathological
microenvironment (Kleinewietfeld and Hafler, 2013; Pandiyan and Zhu, 2015). A
well-documented example of plasticity is between Treg and Th17 cell subsets. In
the presence of IL-13, Treg population III, (CD4+CD25hiCD12710CD45RA-) cells
can express the natural Killer cell marker, CD161, and produce IL-17 (Tr17), while
still retaining their suppressive function, despite a decrease in FoxP3 expression
(Afzali et al., 2013). Tr17 cells are regarded as potentially “dangerous” rather than
immunoregulatory under pathological conditions, as they secrete proinflammatory
cytokine IL-17 in an already inflammatory microenvironment. Treg cells can also
be found in B cell follicles and they display phenotypic characteristics of both Treg
cells and Tth cells. These cells are called follicular regulatory T (Tfr) cells. Tfr cells
have the ability to suppress both B cell and Tfh cell immune responses (Fonseca et

al,2017; Lee and Lee, 2018).

1.1.2.2.3.2.6. Newly identified CD4+ T cell subsets: Th9, Th22 and Thgm cells
Th9 and Th22 cells have recently been identified as functionally distinct Th subsets

(Figure 1.8). Th9 T cells are closely related to Th2 cells. Th9 cell differentiation is
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initiated by IL-4 and TGF-B stimulation, leading to STAT6 activation and
subsequent upregulation of master transcription factors PU.1 and IRF4. Th9 cells
produce the signature cytokine IL-9 and are involved in host defence against
extracellular parasites and may also be involved in the progression of
autoimmnunity. Th22 cell differentiation is induced by cytokines IL-6 and TNF-
alpha, and upregulation of master transcription factor AhR via activation of STAT3.
However, the molecular mechanism involved in Th22 differentiation is still unclear.
Th22 cells are the main source of [L-22, and their primary function is protection of

epithelial barriers including skin and the lungs.

GM-CSF secreting Th cells (Them cells) were first observed in mouse models of
autoimmune neuroinflammation. Differentiation appears to be triggered through
STATS5 activation via IL-7 (and probably IL-2) stimulation (Figure 1.9b). (Sheng et
al, 2014; Tripathi and Lahesmaa, 2014; Eyerich and Eyerich, 2015; Neurath and

Kaplan, 2017; Owen and Farrar, 2017).
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Figure 1.8 Th differentiation and subsets. Exposure of activated naive CD4+ T
cells to different cytokines leads to activation of different STAT proteins. STAT
activation determines Th cell lineage commitment, leading to expression of key
transcription factors for each Th subset. Adapted from (Tripathi and Lahesmaa,

2014).

1.1.2.2.4. IL-2/STATS5 in CD4+ T cell differentiation
In additional to TCR engagement and co-stimulation, a ‘third signal’ from the
cytokine environment (typically transduced via STAT transcription factors) is

critical to determine Th cell lineage. STATS5 is one of the essential transcription
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factors in many aspects of T cell biology. It is activated by multiple cytokines

including IL-2, IL-4, IL-7, IL-9, , IL-15 and GM-CSF(Owen and Farrar, 2017)

There are two STAT5 family members, STAT5A and STAT5B that share 90% amino
acid sequence identity (Lin et al., 1996). Both play essential roles in the immune
system, particularly during lymphocyte development, but the full spectrum of
functional differences between the family members are not fully understood yet.
However, a few studies have suggested that STAT5B is more important for the
function of immune cells. In mice, STAT5B expression is more abundant than
STAT5A in both T effectors and Tregs (Villarino et al, 2016), and STAT5B
deficiency is linked to failure of Treg development in humans through
dysregulation of Foxp3 gene expression, despite normal STAT5A expression in

these patients (Jenks et al., 2013; Kanai et al., 2014; Villarino et al., 2016).

IL-2 is a critical cytokine in CD4+ T cell development, proliferation and
differentiation, and signals initiated through IL-2 receptor activation are
transduced through STATS. IL-2 is among the earliest cytokines secreted by CD4+
T cells upon TCR activation. Upon TCR activation, several transcription factors
such as activator protein 1 (AP1), NFkB, nuclear factor of activated T cells (NFAT)
and Foxp3, upregulate IL-2 expression. IL-2 is primarily produced by activated
CD4+ T cells, though it is also secreted by other cell types such as CD8+ T cells,

DC’s and NK cells (Granucci et al., 2003; Kim et al., 2006; Spolski et al., 2018).

There are two functional IL-2 receptor forms; a high affinity form and an
intermediate affinity form. The high affinity IL-2 receptor consists of three IL-2

receptor subunits - IL-2R alpha chain (IL-2Ra, CD25), IL-2R[3 chain (IL-2Rf3, CD122)
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and common gamma chain (yc, CD132). The intermediate affinity IL-2 receptor
form consists of IL-2R and yc chains. Upon IL-2 binding and receptor activation,
signal transduction occurs via the cytoplasmic domains of IL-2R and yc chains
(Liao et al., 2011). CD25 expression increases the affinity of the IL-2 receptor for
IL-2 but is not involved in signal transduction directly. IL-2R and yc chains are
constitutively expressed on the surface of immune cells such as resting T cells and
NK cells, while CD25 is expressed on DCs, Tregs oractivated T cells upon TCR
stimulation or IL-2 signalling (Figure 1.9a) (Granucci et al., 2003; Spolski et al,

2017; Spolski et al., 2018).

Blockade of IL-2 stimulation inhibits both Th1l and Th2 differentiation(Mcdyer et
al, 2002). STATS, activated via IL-2 signalling, promotes upregulation of IL-12Rf3
and IL-4Ra in Th1l and Th2 cells, respectively. In contrast, Th17 and Tfh cell
differentiation is inhibited by activated STAT5 via IL-2. Both Th17 and Tfh
differentiation require STAT3 activation. During Th17 cell differentiation, STAT5
and STAT3 compete for binding to the same DNA binding site at the IL-17 gene
locus. Furthermore, STATS supresses IL-6R expression - IL-6 signalling promotes
STAT3 activation in Th17 cells. In Tfth cell differentiation, STAT5 suppresses BCL6
expression directly and indirectly via BLIMP1 mediated repression of BCL6. STAT5
activation via IL-2 signalling is essential for Treg cell development, maintenance
and function. Deletion of STAT5B decreases Treg cell populations in both humans
and mice. In tTreg development, tTreg precursor (CD25+CD4 single positive) cells
require IL-2/STAT5 activation to express Foxp3 and become mature tTregs. In
pTreg differentiation, IL-2 induced STAT5 contribute in upregulation of Foxp3
expression. Moreover, in mature Treg cells, IL-2/STAT5 signals stabilize Foxp3

expression to prevent conversion of Treg cells into effector Th cells under
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inflammatory conditions (Figure 1.9b) (Liao et al, 2011; Johnston et al., 2012;
Owen and Farrar, 2017; Spolski et al, 2017; Abbas et al, 2018; Mitra and Leonard,

2018; Spolski et al,, 2018).
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Figure 1.9. IL-2 signalling pathways and STAT5 activation in CD4+ T cell
differentiation. (a) IL-2 signalling. Along with JAK- STATS5 activation, PI3K and
MAPK pathways are also upregulated upon IL-2 stimulation in CD4+ T cell. PI3K
pathway induces mTOR activation that leads to metabolic state change (will
discuss section 1.1.2.2.7). MAPK activation enhances cell proliferation. Adapted
from (Mitra and Leonard, 2018). (b)CD4+ Th cell lineage differentiation regulated

by STATS5. Adapted from (Owen and Farrar, 2017).

1.1.2.2.5. Memory T cell subsets

After pathogen elimination, most effector T cells undergo apoptosis; this is termed
the contraction phase of the response. However, some effector T cells persist after
the contraction phase as memory T cells. They require signals from cytokines IL-7

and IL-15 to maintain homeostatic proliferation, independent of antigen
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stimulation. Memory T cells have been classified into two main subsets; effector
memory T cells (Tem) and central memory T cells (Tem). Tcm cells express
secondary lymphoid homing receptor, CCR7 and CD62L, so rapidly proliferate
upon antigenic re-encounter and are less dependent on co-stimulatory signals
compared to naive T cells. Tewm cells reactivate effector functions more rapidly
compared to Tcm cells. Tem cells express lower levels of secondary lymphoid
homing receptors compared to Tcm but they display chemokine receptors that
promote migration to inflamed tissues. Although CD45RA is mainly associated with
the naive T cell phenotype, some Tem cells re-express CD45RA on their surface, are
so are termed Temra (table 1.2) (De Rosa et al, 2001; Lee et al., 2004; Sallusto et al.,

2004; Tian et al, 2017; Jameson and Masopust, 2018).

Naive T | Tcm Tem Temra
CD45RA + - - +
CD45R0O - + + -
CCR7 + + - -
CD62L + + +/- +/-

Table 1.2. Naive and Memory T cell surface markers.

1.1.2.2.6. T cell exhaustion

Persistent antigen stimulation such as in the case of chronic infection or cancer
may lead to T cell exhaustion. Exhausted T cells exhibit some effector T cell
phenotypes but lose their effector functions. These cells exhibit a decrease in
cytokine secretion and a resistance to reactivation and differentiation into memory
cells (Wherry, 2011; Mckinney et al., 2015; Wherry and Kurachi, 2015). Originally,

T cell exhaustion was described in CD8+ T cells after chronic viral infection. Itis
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thought that CD8+ T cell exhaustion occurred not only due to continuous antigen
exposure, but also lack of CD4+ T cell help (Matloubian et al., 1994). Although
CD4+ T cell exhaustion is not well understood, a few studies have suggested that
the mechanism may involve skewing towards a Tfh-like phenotype. In mice,
chronic infection increases Tfh-like cell phenotypes, characterized by upregulation
of markers such as BCL6, CXCR5 and IL-21 in CD4+ T cells (Fahey et al., 2011;

Crawford et al.,, 2014; Greczmiel et al., 2017; Vella et al,, 2017).

1.1.2.2.7. Co-inhibitory receptors and exhaustion

In addition, multiple inhibitory receptors such as programmed cell death protein 1
(PD1), cytotoxic T lymphocyte antigen 4 (CTLA4), lymphocyte activation gene 3
(LAG3) and T cell immunoglobulin domain and mucin domain-containing protein 3
(TIM3; also known as HAVCR2) are highly expressed on exhausted T cell surfaces.
During T cell activation to generate functional effector T cells, inhibitory receptors
are upregulated to create a negative feedback system for the T cell activation
pathway. Signalling through inhibitory receptors generates regulatory signals
within the T cell that act to oppose co-stimulatory activation and limit effector
functions, with the ultimate aim to limit the immune response. The balance
between co-stimulatory and co-inhibitory signals determines the magnitude and
duration of the immune response. Co-signalling (co-stimulatory and co-inhibitory)
receptors and counter ligands are expressed on almost all cell types. In adaptive
immunity, co-signalling is critical to fine control immune responses (Chen and

Flies, 2013; Wherry and Kurachi, 2015).

1.1.2.2.8. Metabolic changes upon activation of Th subsets

Metabolic flux through pathways involved in biosynthesis and ATP generation
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switches upon T cell activation. In the quiescent state, CD4+ T cells focus on
mitochondrial oxidative phosphorylation to generate ATP, the energy currency in
the cell, by utilising fatty acids or amino acids as the key metabolites. Upon TCR
activation, CD4+ T cells become proliferative and require more energy to generate
new cellular structures and biological macromolecules such as nucleotides, amino
acids and fatty acids for daughter cells. Therefore, focus of metabolism within
CD4+ T shifts from oxidative metabolism to biosynthetic metabolism by increasing
flux through glycolysis in the cytoplasm and the tricarboxylic acid cycle (TCA cycle)
in mitochondria. Glucose is either metabolised into pyruvate or enters into the
pentose phosphate pathway or serine biosynthesis pathway in the cytosol.
Pyruvate, amino acids and fatty acids enter into mitochondria and are metabolised

in the TCA cycle.

This shift in metabolic state is initiated by signals from TCR activation and
transcription factor activation. Activated TCR and co-stimulatory signals activate
the phosphoinositide 3 kinse (PI3K) -AKT pathway resulting in mechanistic target
of rapamycin (mTOR) signalling (Figure 1.10). Acitvated mTOR leads to activation
of transcription factors such as HIFla, MYC and SREBP that upregulate
biosynthetic metabolism such as glycolysis, fatty acid synthesis and amino acid
synthesis. Each Th subset has a distinct metabolic program, and changes in
metabolic flux can also direct lineage differentiation. Th1, Th2 and Th17 cells rely
heavily on glycolysis via mTOR signalling, while the Tfh master regulator, BCL6,

suppresses glycolysis.

Treg cells are characterised by low levels of active mTOR signalling. In Treg cells,

high expression of PTEN regulates the PI3K-AKT- mTOR pathway that promotes
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Treg cell homeostasis and survival. Moreover, rapamycin treatment which
suppresses mTOR activation can induce Treg differentiation in vitro. (Buck et al.,

2015; Bantug et al., 2018; Dumitru et al., 2018)
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Figure 1.10. Metabolic changes in effector T cell maturation. PI3K-AKT-mTOR
activation upon TCR signalling upregulates glycolysis leading to effector Th subset
differentiation. BCL6 negatively regulates glycolysis in Tth cells. Inhibiting mTOR
activation by through inhibiting of PI3K-AKT-mTOR signalling results in Treg

development.

1.2. Autoimmunity

Autoimmune diseases arise when the immune system loses the ability to
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distinguish self from non-self. This leads to the generation and activation of
autoreactive T cells, B cells, the production of auto-antibodies, and a general
decrease in immune regulation. This functional imbalance between effector and
regulatory immune responses results in the development of a chronic
inflammatory condition, which is potentially life threatening without treatment

(Rosenblum et al,, 2015; Wang et al,, 2015).

Although most autoreactive lymphocytes are eliminated before they are released
into the periphery during T cell and B cell development, a very small number of
potentially autoreactive lymphocytes escape deletion. These released autoreactive
lymphocytes are predominantly eliminated upon recognition of self-antigen.
However, an extremely low number of autoreactive lymphocytes and auto-
antibodies are still detected in the healthy condition. In particular, auto-antibodies
with low affinity and poly-reactivity are believed to be important in the clearance
of degraded self-antigen and maintenance of cellular homeostasis in healthy

individuals (Avrameas, 2016; Avrameas et al., 2018).

However, when the finely tuned immunological balance between effector and
regulatory responses is broken, these autoreactive lymphocytes and auto-
antibodies can become involved in the development of autoimmune disease. The
factor(s) that trigger disease are still unclear but it is believed that autoimmune
diseases are caused by a combination of genetic and environmental factors. A
number of genetic studies including genome wide association studies (GWAS) have
revealed that mutation within MHC gene loci may contribute to autoimmune
disease development (Matzaraki et al, 2017). Many other genetic mutations in

genes such at CD25, AIRE and Foxp3 may also contribute, as well as epigenetic
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mechanisms. There have also been a variety of environmental factors associated
with autoimmune diseases. Pathogenic infection, host microbiota, chemical
substances, deficiencies in nutrition, and tissue damage (leading to development of
a proinflammatory environment) can all trigger activation of autoreactive
lymphocytes (Rosenblum et al, 2015; Wang et al., 2015).

These autoimmune disease triggers, both genetic and environmental factors, not
only induce activation of autoreactive lymphocytes but also hinder regulatory
functions. Therefore, a simultaneous reduction of Treg function and increase in
frequency and function of effector T cells such as Th17 and Tth cells is commonly

observed in autoimmune disease (Rosenblum et al., 2015; Wang et al., 2015).

1.3. Granulomatosis with polyangiitis (GPA)

Vasculitis is an inflammation of the blood vessels. When the inflammatory
condition affects several organs and tissues, it is called ‘systemic vasculitis’. The
primary cause of systemic vasculitis is still unclear but a combination of factors
such as drug use, autoimmune disease and infections can lead to inflammation of
blood vessels (Mansi et al, 2002; Di Martino et al., 2013). Since the association
between anti-neutrophil cytoplasmic antibodies (ANCA) and vasculitis was firstly
reported in 1982, ANCA have been used as a key laboratory marker for the
diagnosis of a subtype of small vessel vasculitis, ANCA associated vasculitis (AAV).
AAV is considered as the most common cause of small vessel vasculitis (Mansi et al.,
2002; Broeders et al, 2018). Granulomatosis with polyangiitis (GPA, formerly
known as Wegener’s granulomatosis) is one of the AAV subtypes, along with
microscopic polyangiitis (MPA) and eosinophilic granulomatosis with polyangiitis
(EGPA; formerly known as Churg Strauss syndrome) (Jennette et al, 2013). The

classification of AAV subtypes is based on the type of ANCA, presence of granuloma,
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and other clinical features. However, AAV, especially GPA, is a markedly
heterogeneous disease and a certified diagnostic system is not available yet.
Therefore, diagnosis of GPA is still challenging (Houben et al.,, 2016). In addition to
the difficulty of diagnosis of GPA, measurement of disease activity in GPA is also
challenging due to the heterogeneous symptoms. Although the Birmingham
Vasculitis Activity Score (BVAS) is widely used in GPA disease assessment, without
specific training, BVAS cannot be performed even by experienced doctors

(Flossmann et al., 2008).

Dominant
Criteria Name of diease
frert : ANCA type
. Giant cell arteritis,
Large-vessel vasculitis fantce Jar.erl '° N/A
Takayasu’s disease
) i Polyarteritis nodosa,
Medium-vessel vasculitis olyar erl.,ls n.o osa N/A
Kawasaki’s disease
Inflammatory bowel
. di liti
Vasculitis Non-ANCA small-vessel vasculitis Isease vascubl. 5, N/A
Lupus vasculitis,
Small-vessel Rheumatoid arthritis
vasculitis ANCA ited Non-granuloma MPA p-ANCA
associate . Asthma and eosinophilia EGPA p-ANCA
small-vessel vasculitis Granuloma Nom-Asth d
(AAV) on-Asthma an GPA c-ANCA
Non-eosinophilia

Table 1.3. Classification of vasculitis.

The common clinical phenotype of GPA is granulomatous inflammation of the
upper airway and lungs. It also has been reported that 75% of GPA patients
develop into renal necrotising vasculitis or glomerulonephritis. Although almost
any organ can be involved, 5% of patients display only limited regional
inflammation which primarily affects the upper respiratory tract (Tarzi and Pusey,
2014). Without proper medical treatment, GPA can develop rapidly into a life
threatening inflammatory condition and result in a high rate of mortality within

one year (Mckinney et al.,, 2014).
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1.3.1. Antineutrophil cytoplasmic antibody (ANCA)

The laboratory marker of GPA is the generation of ANCA, either against proteinase
3 (PR3) (in approximately 80% of patients) or against myeloperoxidase (MPO) or
both (Iannella et al., 2016). There are two major types of ANCA, cytoplasmic ANCA
(c-ANCA) and perinuclear ANCA (p-ANCA) based on their immunofluorescence
staining localisation pattern in neutrophils. c-ANCA is mainly against PR3 and p-
ANCA is against myeloperoxidase MPO. PR3 and MPO are present in neutrophil
granules or presented on the cell surface and/or secreted by activated neutrophils
and ANCA recognise these auto antigens.(Mansi et al, 2002; Lepse et al., 2011)
Among the three AAV diseases, GPA is the most associated with generation of c-
ANCA. Although a high circulating level of ANCA is common in active AAV, ANCA
may not be the key driver of disease progression (Cartin-Ceba et al, 2012). In
approximately 20% of AAV cases including GPA, ANCA is reported as negative and
clinical benefit is observed prior to ANCA level reduction following B cell depletion
therapy with Rituximab, a chimeric monoclonal anti-CD20 antibody (Mckinney et
al., 2014). Moreover, as in other AAV diseases, since immune complexes are not
observed in GPA it is called a ‘pauci-immune’ vasculitis. As immunoglobulin
deposition is not detected in AAV, it is thought that binding of ANCA to these
antigens triggers an autoinflammatory response rather than causing direct toxicity
and/or tissue damage (Cartin-Ceba et al., 2012; Lutalo and D'cruz, 2014; Mckinney

et al, 2014; Tarzi and Pusey, 2014).

1.3.2. PR3 and GPA
PR3 is the autoantigen recognised by c-ANCA which is associated with disease in
the majority of GPA patients. PR3 is a serine proteinase in neutrophils. It has been

shown that PR3 can trigger the differentiation of neutrophils (Bories et al., 1989)
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and activate cytokine IL-8 (Padrines et al., 1994). Unlike MPO (autoantigen for p-
ANCA), PR3 can be expressed on neutrophils without activation and patients
possessing a high proportion of PR3 expressing neutrophils have a high chance of
developing vasculitis (Witko-Sarsat and Thieblemont, 2018). PR3 is also found in
neutrophil extracellular traps but more interestingly, studies have shown that PR3
is preferentially expressed on apoptotic neutrophils (Durant et al., 2004; Kantari et
al, 2007). PR3 expressing apoptotic neutrophils are removed by macrophages,
resulting in the production of pro-inflammatory cytokines such as IL-1{, IL-6 and
TNFa by macrophages. Moreover, a study in a murine model suggests that
induction of PR3 positive apoptotic neutrophils leads to an increase in pro-
inflammatory macrophages and plasmacytoid DCs that induce Th2/Th9/Th17 cells

but reduce the Treg response (Millet et al., 2015).

1.3.3. Factors trigger GPA

The GPA incidence rate varies between countries. The annual incidence of GPA is
approximately 4.9 - 10.6 cases per million people, but it is more prevalent within
Northern European Caucasian individuals. Studies in the U.S.A and New Zealand
suggest that individuals that have Northern European ancestry have a higher GPA
incidence rate compared to other ethnicities (Cartin-Ceba et al., 2012; Mckinney et

al,, 2014).

1.3.3.1. Genetic factor

A Swedish familial aggregation study of GPA report a relative risk of 1.56 for
developing the disease if one has first degree relatives with GPA (Knight et al,
2008). Like other autoimmune diseases, multiple genetic predispositions were

reported in MHC and non- MHC genes in GPA patients. Several gene association
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studies confirmed that GPA is associated with gene variation in HLA-DPB1 that
encodes MHC class II molecule DPBI. A GWAS study also confirmed single
nucleotide polymorphism (SNP) in this gene. Furthermore, GWAS study analysis
revealed genetic segregation between c-ANCA and p-ANCA AAV patients. c-ANCA
patients were strongly associated with HLA-DP polymorphisms while p-ANCA
patients were associated with HLA-DQ polymorphisms (Cartin-Ceba et al., 2012;

Lyons et al, 2012).

Polymorphisms in other, non-HLA genes, have also been associated with GPA
susceptibility including PRTN3 and SERPINA1, especially in c-ANCA patients.
PRTN3 encodes PR3 and SERPINA1 encodes the major PR3 inhibitor, alpha 1 anti-
trypsin (a-1-AT). Polymorphisms in CTLA4 have also been reported to be

associated with GPA (Cartin-Ceba et al., 2012; Mckinney et al., 2014).

1.3.3.2. Environmental factor

Environmental factors including cigarette smoke, pollution, and heavy metal
exposure may induce GPA development. In addition, infection with microorganism
is believed to be one of the main triggers of disease progression. Lysosome-
associated membrane protein 2 (LAMP2) was identified as a possible auto-antigen
for ANCA. The sequence of LAMP2 has significantly similarity to a bacterial protein
FimH. It is plausible that infection may trigger GPA development through
molecular mimicry. (Cartin-Ceba et al, 2012; Mckinney et al., 2014). In another
example, Staphylococcous auresus (S. aureus) possesses a protein with a high
degree of homology to complementary PRTN3 (cPR3). Furthermore, GPA patients
classified as S. aureus nasal carriers are at higher risk of relapse than non-carriers

(Popaetal, 2007).
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1.3.4. Pathogenesis of GPA

A combination of genetic and environmental factors can trigger GPA pathogenesis,
leading to production of pro-inflammatory cytokines and/or complement
activation (particularly activation of the alternative complement pathway) (Figure
1.11). Primed neutrophils express ANCA- specific autoantigen PR3 and MPO on
their surface. ANCA bind to their auto-antigens and Fc receptors simultaneously.
ANCA bound neutrophils become further activated, leading to release of ROS and
lytic enzymes. Highly activated neutrophils ultimately undergo NETosis. NET
formation causes direct damage to epithelial tissue on vessels, and also leads to
release of more autoantigens. These autoantigens are taken up by APCs and
presented to naive T cells, which become activated and differentiate into effector
Th cells. Effector Th cells directly contribute to tissue damage through release of
pro-inflammatory cytokines (which also activates neutrophils). A proportion of
CD4+ T cells differentiate into Tfh cells and help B cell activation and
differentiation into plasma cells, and consequently generating more ANCA. Hence a
positive feedback loop becomes established, which enhances the progression and
severity of GPA pathogenesis (Morgan et al, 2006; Cartin-Ceba et al, 2012;

Mckinney et al., 2014; Nakazawa et al., 2019).
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Figure 1.11. Factors contributing to progression of GPA pathogenesis.

Currently, a combination of immune suppressive drugs, steroids and antibiotics
are given to GPA patients to induce remission of disease (Geetha et al,
2015).However the relapse risk for GPA and PR-3-ANCA positive patients is
significantly higher than for other AAV patients. However, the increase in ANCA
titre during remission is not strongly associated with relapse, and no clear
biomarkers for predicting relapse have as yet been identified. Due to the absence
of specific biomarkers, many physicians rely on clinical monitoring of symptoms

and inflammatory markers to detect relapse at an early stage. As a result, the
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duration of immunosuppression treatment is often longer than required (Tarzi and

Pusey, 2014; Geetha et al., 2015).

Although ANCA produced by B cells are the key diagnostic markers of GPA, there is
increasing evidence from both human and murine studies to support an important
role for CD4 T cells in the development GPA pathogenesis (Komocsi et al., 2002;
Ruth et al, 2006; Abdulahad et al, 2007; Abdulahad et al, 2009). Necrotizing
granulomatous inflammation involving T cells, B cells and neutrophils is a clinical
feature of GPA (Cartin-Ceba et al, 2012). In a murine model, transfer of MPO
specific T cells into Rag1-/- mice induced necrotizing glomerulonephritis (Ooi et al,
2012). Moreover, observation of germinal centre like structures where T cells and
B cells aggregated without follicular DCs in GPA and evidence of high-affinity class-
switched antibodies in ANCA indicate T-cell involvement in ANCA production and
AAV pathogenesis (Mueller et al., 2008; Cartin-Ceba et al, 2012; Mckinney et al,
2014). Despite the achievement of effective remission in many patients, a high risk

of relapse still exists after Rituximab treatment (Geetha et al.,, 2015).

1.3.5. T cells in GPA

1.3.5.1. CD8+ T cells in GPA

Patients with ANCA associated vasculitis including GPA exhibit lower ratios of
CD4+ to CD8* T cells. However, it is not clear whether this phenotype is due to an
expansion of the CD8* T cell population or a contraction of the CD4* T cell
population. Though little is known about the role of CD8* T cells in GPA, a
reduction in the frequency of CD8* T cells displaying an ‘exhausted’ phenotype is
typically observed in active autoimmune disease. A recent transcriptomics study

by McKinney et al. suggested that a signature of high CD8+ T cell exhaustion and
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low expression of CD4+ T cell co-stimulatory molecules may be used to predict
better long-term disease outcomes in AAV (Mckinney et al, 2015). These data

suggest a strong T cell component in the etiology of GPA.

1.3.5.2. CD4+ T cells in GPA

Several studies have reported abnormal expression of CD4* T cell surface markers
in GPA. T cell activation markers such as IL-2 receptor alpha (CD25), HLA-DR and
CD137 have been reported to have higher expression on CD4+ T cells from GPA
patients. In particular, elevated expression of CD25 was reported predominantly
on naive CD4+ T cells. Paradoxically, other signal transduction receptors
associated with T cell activation, such as CD28 and IL-2Rp (CD122), have been
reported to have lower expression levels on CD4+T cells in GPA (Marinaki et al,

2005; Berden et al., 2009; Mckinney et al., 2014; Nakazawa et al., 2019).

1.3.5.2.1. Th1 and Th2 cells in GPA

Elevated concentrations of Type 1 helper CD4+ T cell (Th1) cytokines such as IFN-
gamma and IL-2 have been reported in localised disease, but this cytokine profile
shifts towards a Type 2 helper CD4+ T cell (Th2) profile upon development of
generalised disease, with elevated levels of cytokines such as IL-4 reported
(Lamprecht et al., 2003; Berden et al.,, 2009; Tarzi and Pusey, 2014). In addition to
the classical Th1 and Th2 CD4+* T cell subsets, the importance of follicular helper T
cells (Tth), T helper 17 cells (Th17) and regulatory T cells (Treg) in autoimmune

disease has been increasingly recognised in recent years.
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1.3.5.2.2. Th17 cells in GPA

Interleukin 17 (IL-17) is mainly produced by Th17 cells and has a protective role

against certain fungal and bacterial pathogens such as extracellular bacteria

including Staphylococcus aureus and Candida albicans, promoting recruitment of
innate immune cells to sites of infection at epithelial and mucosal barriers (Jin and

Dong, 2013; Levy et al,, 2016). However, deregulation of IL-17 production results

in chronic inflammation and tissue damage (Park et al., 2005; Rovedatti et al, 2009)
Many autoimmune diseases exhibit high levels of IL-17 production and an increase

in the frequency of Th17 cells (Nistala and Wedderburn, 2009; Jin and Dong, 2013).

GPA patients also have high serum IL-17 levels, and ex vivo PR3 stimulation of
PBMCs from GPA patients induces IL-17 expression (Abdulahad et al., 2008; Rani
etal, 2015). However, the expansion of the Th17 population in GPA appears to be
independent of disease activity, as the expanded Th17 population is sustained in

GPA patients in remission (Wilde, Thewissen, et al., 2012).

1.3.5.2.3. Tth cells in GPA

Tfh cells are predominantly located in germinal centres but they are also detected
in the periphery. It is believed that the surface marker expression of peripheral Tth
cells is similar to GC Tth cells; namely high expression of CXCR5 and PD1. The key
transcription factor of the Tth cell lineage is BCL6, and the signature cytokine
produced by Tth cells is IL-21. The main function of Tfh cells is to help B cells to
generate high affinity antibodies. IL-21 stimulates B cells to differentiate into
plasma cells and also alleviates CD8+ T cell exhaustion during lymphocytic
choriomeningitis virus (LCMV) infection (Tian and Zajac, 2016; Long et al., 2019).

Though the function and origin of pTfh cells is still unclear, high frequencies of
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circulating CXCR5+CD4+ T (pTfh) cells have been found in autoimmune diseases
such as systemic lupus erythematous (SLE) and rheumatoid arthritis (RA)
(Shekhar and Yang, 2012). Similarly, a study by Zhao et al found an increase in the
CXCR5+PD1+CD4+ T cell (pTfh) population in peripheral blood from both active
and inactive GPA patients (Zhao et al., 2014). The frequency of IL-21 expressing
CD4+ T cells in blood is also significantly higher in both ANCA+ and ANCA- GPA
patients. Interestingly, significantly higher BCL6 expression in peripheral CD4+ T
cells is only observed in ANCA+ GPA patients (Abdulahad et al., 2013). Even though
these studies indicate an increase in pTfh cell frequencies in GPA patients, the
relationship between these observed phenotypes and Tfh cell function remains
unclear. However, it may be hypothesized that elevated Tth cell frequencies could

exacerbate the accumulation of auto-reactive antibodies in GPA.

1.3.5.2.4. Treg cells in GPA

Treg cells are critical regulators of immune responses in health that function by
suppressing immune responses other than those actively involved in fighting
infection. The two well characterized types of Tregsare tTreg (also called natural
Treg ;nTreg), generated from the thymus, and induced Treg (iTreg), converted
from naive CD4+ T cells in the periphery. (Sakaguchi et al., 2008; Adalid-Peralta et
al, 2011). Both nTreg and iTreg cells display the signature Treg markers; high
expression of IL-2 receptor alpha chain (CD25) and most express the transcription
factor FoxP3. They also exhibit low expression of the IL-7 receptor (CD127), and
both express immunosuppressive cytokine IL-10 (Kleinewietfeld and Hafler, 2013;

Pandiyan and Zhu, 2015).
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While there is a positive correlation between autoimmune disease progression and
the frequency of Th17 and Tfh cells, in contrast, Treg cells often exhibit an
impaired immune-suppressive function or are present in lower numbers (Nistala
and Wedderburn, 2009). Observations regarding the relative frequencies and
function of Treg cells in GPA patients have been inconsistent. Some studies have
reported no difference in the numbers of Treg cells, defined by FoxP3 expression,
in circulating CD4+ T cells from GPA patients compared to healthy controls
(Marinaki et al.,, 2005; Abdulahad et al., 2006). In contrast, one study reported an
increase in the CD4+CD25highFoxP3+* Treg population in GPA patients, but also
showed that these cells were defective in their immune suppressive function in an
in vitro co-culture assay (Abdulahad et al., 2007). Interpretation of these studies is
complicated, since the principal Treg marker, FoxP3, is also transiently up-
regulated following T cell activation in effector T cells (Sakaguchi et al, 2008).
Interestingly, a recent study showed that Treg cells as defined by the phenotype
CD4+CD25highCD127!w have lower frequencies in GPA compared to healthy donors,
but exhibited no defect in immune-suppressive function in a co-culture assay(Zhao
et al, 2014). Thus, there is currently no clear consensus on the status of Tregs in

GPA, and further studies are required to identify the nature of the Treg deficiency.

While further investigations regarding the frequencies and functions of Tregs in
GPA are required, based on current findings so far it could be hypothesised that the
pathogenesis of GPA may be due, in part, to a decline in Treg mediated immune
regulation. This may be the consequence of lower Treg frequencies or an intrinsic
defect in the immune-suppressive function of Treg cells in GPA patients. The result,

is a functional imbalance between immune-suppressive Tregs and pro-
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inflammatory Th17 and/or Tth populations (Wilde, Thewissen, et al., 2012; Zhao et

al, 2014; Rani et al., 2015).

1.4. Aims of thesis

The overarching goal of this study is to understand the contribution of CD4+ T cells
to GPA pathology, with the hope of identifying potential avenues for therapeutic
intervention and/or biomarkers for disease stratification.

GPA pathology is characterized by severe chronic inflammation, driven by auto-
antibody production. Given the important role of CD4 T cells in both these immune
processes, few previous studies have varyingly described dysregulation in
numbers and/or function of Treg and Tfh cell subsets in GPA. However, the
underlying factors contributing to the observed reduction in Treg function and
increase in Tth-like phenotypes in GPA remain poorly understood.

Thus, the hypothesis of this study is that CD4+ T cells in GPA patients have a
predisposition to adopt abnormal differentiation profiles due to dysregulation of
intrinsic molecular signaling pathways and / or changes in the levels of

extracellular factors within patient plasma.

The specific aims of this thesis are:

Chapter three aims to determine the frequency of Treg and Tfh cells in peripheral
blood from GPA patients and compare to healthy individuals. Phenotypic
characteristics of CD4+ T cells including cytokine production and expression of key
transcription factors will also be compared between GPA patients and healthy

donors.
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Chapter four aims to investigate the molecular mechanisms responsible for the
pre-disposition of naive CD4+ T cells in GPA to differentiate towards a Tfh-like
phenotype. This chapter will address the hypothesis that intrinsic dysregulation of
specific molecular signalling pathways in naive CD4 T cells may contribute to the

functional imbalance of CD4 T cell subsets in GPA.

Chapter five aims to investigate the functional capacity of conventional Tregs and a
dysregulated population of naive CD25+CD4+ T cells from GPA patients to

suppress proliferation and cytokine production of T effector cells.

Chapter six aims to investigate the contribution of extracellular factor(s) present in
GPA plasma to the dysregulation of CD4+ T cell subset differentiation, and to
establish the identity of proteins present in GPA plasma to provide a preliminary

understanding of factors/pathways that may contribute to cellular pathology.
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2. Materials and Methods

2.1. Methods: Sample preparation

2.1.1. Blood sample collection from individuals

Ethics approval for this study has been granted by the UK Research Ethics
Committee (REC no. 11/L0/1433). Blood samples from GPA patients were
routinely collected in the systemic vasculitis clinic in the Louise Coote Lupus Unit
at Guy’s hospital. Up to 50ml of blood was collected from 50 GPA patients and 20
healthy donors in total over 3 years (Table 2.1). All patients in this study were
given combinations of steroids, immunosuppressive drugs and antibiotics (but
they had either not received RTX or had received RTX but relapsed). In each of the
studies in this thesis, samples were selected and their age, gender and ANCA types
are described in appendix (sTable 9.1-4). Samples were collected in sodium
heparin coated blood collection tubes (BD), and banked separately as plasma and
PBMCs. Note: samples for microarray assay were immediately processed, isolating
naive CD4 T cells from freshly prepared PBMCs. Plasma and PBMCs were prepared

as described in the following section.

ANCA type
Total number Mean age (range) F/M
(c-ANCA/p-ANCA/negative)
HC 20 48.55 (26-73) 14/6 N/A
GPA 50 49.6 (25-73) 21/29 30/15/5

Table 2.1 Patients and healthy control information.
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2.1.2. Plasma and PBMC isolation

For plasma isolation, 10ml of blood was centrifuged at 1000 x g for 10 minutes.
The top clear plasma layer was harvested and transferred into microcentrifuge
tubes (500ul per tube). Aliquoted plasma samples were immediately stored at -
80°C. The cellular fraction was added to the remaining blood for PBMC isolation

(see below).

2.1.3. PBMC isolation

Blood was diluted in an equal volume of Mg2+and Ca?* free phosphate-buffered
saline (PBS) and layered onto Lymphoprep (Axis Shield, UK). Layered blood was
spun at 450 x g for 30 minutes at room temperature. Peripheral blood
mononuclear cells (PBMCs) were carefully collected and transferred into 50ml
falcon tubes, then spun at 300 x g for 10 minutes at 4 °C. PBMC pellets were re-
suspended in 10ml of Mg?* and Ca2* free PBS and cells were counted using a

haemocytometer.

2.1.4. Cryopreservation

Isolated PBMCs in PBS were centrifuged at 300 x g for 10 minutes, then re-
suspended at a concentration of 10¢ PBMCs per 1ml of freezing media (90% heat
inactivated foetal bovine serum (FBS) and 10% DMSO). The re-suspended PBMCs
were frozen slowly by cooling the cells at a rate of -1°C per minute in a -80°C

freezer. Frozen PBMCs were transferred to liquid nitrogen for long term storage.

2.1.5. Thawing out PBMCs
Frozen PBMCs were thawed rapidly at 37°C, and added drop-wise to pre-warmed

RPMI media containing 50% FBS. Thawed PBMCs were centrifuged at 300 x g for
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10 minutes at room temperature and the cell pellet was re-suspended in RPMI

supplemented with 10% FBS.

2.2. Method: Cell isolation
2.2.1. CD4 isolation by Dynabead isolation
CD4+ T cells were isolated by using Dynabeads untouched human CD4+ T cells kit

(Invitrogen) by following manufacturer’s protocol.

2.2.2. Naive CD4 isolation by Dynabead isolation

Naive CD4+ T cells were isolated by using MagniSort™ Human CD4 Naive T cell
Enrichment Kit (Invitrogen) by following manufacturer’s protocol. Purity of naive
CD4+ T cells were assessed by flow cytometry and the mean of purity in GPA and

HC was 74.36% and 70.36% respectively (Figure 2.1).
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Figure 2.1 Naive CD4+ T cell purity check after isolation.

(a) CD45RA+CD4+ T cell gating from isolated naive CD4+ T cells from GPA (upper

row) and HC (bottom row). The gating strategy was based on unstained control. (b)
The frequencies of naive CD4+ T cells after isolation were compared between GPA

patients and HC to assess purity (GPA n=18, HC n=12).

2.2.3. Cell sorting by flow cytometry

2.2.3.1. Antibody staining for bulk sorting

Thawed PBMCs were stained with panel of fluorochrome-conjugated antibodies

(Figure 2.2h) following described method for antibody staining for flow cytometry
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(Method 2.3.1.2). After staining, cells were resuspended in 500 ul of flow

cytometry staining buffer (1% EDTA, 1% FBS in Mg2*and Ca?2* free PBS) for sorting.

2.2.3.2. Antibody staining for sorting cells for micro-suppression assay

Thawed PBMCs were stained with a panel of antibodies (Figure 2.2h) by following
method described in section methods 2.3.1.2. Note: Antibody staining was
performed with flow cytometry buffer containing heat inactivated human serum
instead of FBS. After staining, cells were resuspended at 500 pl of flow cytometry
buffer (2mM EDTA and 1% heat inactivated human serum (HS) in Mg?*and Ca%*

free PBS) for sorting.

2.2.3.3. Flow cytometry cell sorting

Antibody stained cells were sorted using the BD FACSAria III (BD) at PII flow
cytometry facility in KCL. Each indicated population from Figure 5.2 was sorted
and collected into 15ml falcon tubes. Each indicated population from Figure 5.3

and Figure 5.4 was sorted directly into 96 well V-bottom plates (Greiner Bio-one).

2.3. Method: Antibody staining for flow cytometry analysis and antibody
panels

2.3.1. Flow cytometry staining

2.3.1.1. Cell Trace Violet (CTV) staining for proliferation assay

Pelleted cells were resuspended at a concentration of 106 cells per ml in PBS
containing 1uM of Cell Trace Violet (CTV) dye (Life Technologies) warmed to 37°C.
Cells were incubated at 37°C for 20 minutes in the dark, then the reaction was

quenched by adding three times the volume of cold FBS. Cells were pelleted at 300
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x g for 5 minutes, then resuspended in pre-warmed culture medium prior to

incubation for 10 minutes at 37°C.

2.3.1.2. Surface marker staining in 12 x 75 mm tubes

Thawed PBMCs were washed with PBS 300 x g for 5 minutes and incubated in
100ul of flow cytometry staining buffer (1% EDTA and 1% FBS in Mg?*and Ca?*
free PBS) containing each of the surface marker antibodies for 30 minutes at 4°C.
Note: Chemokine receptor CCR7 staining was performed prior to addition of other
surface markers. Briefly, CCR7 antibody was added to the PBS wash, and incubated
with PBMCs at 37°C for 15 minutes. After incubation, a mixture of antibodies
against other surface marker proteins was immediately added. Stained cells were
washed twice with flow cytometry buffer by pelleting cells at 300 x g for 5 minutes
after each wash. After the final wash, cells were re-suspended in 200ul flow
cytometry buffer for analysis on a BD FACSCanto II flow cytometer. Intracellular
staining (ICS), if required, was performed after surface staining as described

below.

2.3.1.3. Transcription factor intracellular staining (ICS) in 12 x 75 mm tubes

™

ICS was performed with eBioscience™ Foxp3 / Transcription Factor Staining

Buffer Set (Invitrogen), according to manufacturer’s protocol.

2.3.1.4. Surface marker staining in 96 well plates
96 well plates containing cultured cells were centrifuged at 2000rpm for 1 minute.
Culture supernatants were collected and transferred into new 96 well plates prior

to storage at -80°C if required for cytokine profiling (otherwise supernatants were
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discarded). 200ul PBS (Mg%*and Ca2*free) was added to each well, and cells were
pelleted again. If a LIVE/DEAD marker was required, as for Figure 4.1 and Figure
4.2, cells were re-suspended with 50ul of PBS ( Mg2*and Ca?*free) plus 1:1000
diluted LIVE/DEAD™ Fixable aqua dead cell dye (Invitrogen) and
incubated for 30 minutes at room temperature prior to a further wash
with Mg?* and Ca?* free PBS. A cocktail of antibodies against surface marker
proteins were added in a total volume 50ul of PBS (Mg?*and Ca?*free) per well,
and incubated with cells for 10 minutes at 4°C. Stained cells were washed three
times with flow cytometry buffer prior to re-suspension in 200ul flow cytometry
buffer for analysis on a BD FACSCanto II flow cytometer. If required, intracellular
staining was performed after surface staining according to protocols described

below.

2.3.1.5. Transcription factor intracellular staining (ICS) in 96 well plates
ICS was performed with eBioscience™ Foxp3 / Transcription Factor Staining

Buffer Set (Invitrogen) according to manufacturer’s protocol.

2.3.1.6. Cytokine intracellular staining (ICS) in 96 well plates

Cells were stimulated for 5 h at 37 °C with 25ng/ml of phorbol 12-myristate 13-
acetate (PMA) (Sigma) and 1pg/ml ionomycin (Sigma) in the presence of 1X
Brefeldin A (Invitrogen) and a 1:1000 dilution of Monensin, a protein transport
inhibitor (BD). Cells were pelleted at 300 x g before being re-suspended in 200pl
of Fixation buffer (BD) and incubated for 30 minutes at room temperature in the
dark. Following fixation, cells were pelleted by centrifugation at 600 x g for 5
minutes, and the fixation buffer discarded. Cells were washed in 200ul of Perm

buffer III (BD), prior to addition of antibodies. Cells were resuspended in a cocktail
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of antibodies against intracellular cytokines in Perm buffer III (BD) (50 pul per well)

and incubated for 30 minutes at room temperature in the dark. Cells were washed

twice with Perm buffer III (BD) and resuspended in a final volume of 200ul PBS for

analysis on a BD FACSCanto II flow cytometer.

2.3.2. Flow cytometry antibody panels
a Treg/Tfh panel
Cell marker Fluorochrome Company Volume (ul/100pl)
CD4 APC-eFluor780 ebioscience 2
CD25 (Clone 2A3) PE BD 3
CD25 (Clone M-A251) PE BD 3
CD127 Brilliant Violet 711 BioLegend 3
CD45RA Brilliant Violet 605 Biolegend 2
CXCR5 PerCP-Cy 5.5 Biolegend 2
PD1 PE-Cy7 BioLegend 2
Foxp3 Alexa Fluor 488 Biolegend 3
b CD25+ on naive CD4+ T cell panel 1
Cell marker Fluorochrome Company Volume (ul/100pl)
CDh4 APC-eFluor780 ebioscience 2
CD45RA Brilliant Violet 605 Biolegend 2
CD25 (Clone 2A3) PE BD 3
CD25 (Clone M-A251) PE BD 3
CD62L Pacific blue Biolegend 5
CD1la APC BioLegend 3
CD57 FITC BiolLegend 3
CD28 PE-Cy7 Biolegend 2
C CD25+ on naive CD4+ T cell panel 2
Cell marker Fluorochrome Company Volume (pl/100pl)
CD4 APC-eFluor780 ebioscience 2
CD25 (Clone 2A3) PE BD 3
CD25 (Clone M-A251) PE BD 3
CCR7 APC Biolegend 5
CD45RA Brilliant Violet 605 BiolLegend 2
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Naive and Memory proliferation sorting panel

Cell marker Fluorochrome Company Volume (ul/100pl)
CD4 APC-eFluor780 ebioscience 2
CD25 (Clone 2A3) PE BD 3
CD25 (Clone M-A251) PE BD 3
CD45RA Brilliant Violet 605 BioLegend 2
CD45R0O FITC Dako 1
Naive purity panel
Cell marker Fluorochrome Company Volume (ul/100pul)
CD4 APC-eFluor780 ebioscience 2
CD45RA Brilliant Violet 605 Biolegend 2
BCL6 after in vitro differentiation panel
Cell marker Fluorochrome Company Volume (ul/50pul)
CDh4 PE BD 5
CXCR5 PerCP-Cy 5.5 Biolegend 2
PD1 PE-Cy7 BiolLegend 2
BCL6 Alex Flour 647 BD 1
IL-21 after in vitro differentiation panel
Cell marker Fluorochrome Company Volume (pul/50ul)
CD4 APC-eFluor780 ebioscience 2
CXCR5 PerCP-Cy 5.5 Biolegend 2
PD1 PE-Cy7 BiolLegend 2
IL-21 PE Biolegend 3
Treg sorting panel
Cell marker Fluorochrome Company Volume (pl/100pl)
CD4 APC-eFluor780 ebioscience 5
CD25 (Clone 2A3) PE BD 10
CD25 (Clone M-A251) PE BD 10
CD127 Brilliant Violet 711 Biolegend 5
CD45RA Brilliant Violet 605 BioLegend 5
Treg/Tfh after plasma co-culture panel
Cell marker Fluorochrome Company Volume (ul/50ul)
CD4 APC-eFluor780 ebioscience 2
CD25 (Clone 2A3) PE BD 3
CD25 (Clone M-A251) PE BD 3
CD127 Brilliant Violet 711 BiolLegend 3
CXCR5 PerCP-Cy 5.5 BioLegend 2
PD1 PE-Cy7 BioLegend 2

Figure 2.2 Flow cytometery antibody panels.
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2.4. Method: Cell culture

2.4.1. CD4+ T cell culture for cytokine profile

For TCR stimulation, 96-well tissue culture plates were pre-coated with 10pg/ml
of anti-CD3 (BD Bioscience) and 2ug/ml of anti-CD28 (BD Bioscience) antibodies
in 150 pl per well of PBS at 4 °C overnight. Prior to adding cells, PBS/antibody
mixture was carefully discarded from plates. Isolated CD4+ T cells were re-
suspended in RPMI media containing 10% FBS and 1X Penicillin/Streptomycin
(Sigma) antibiotic. Cells were plated at 100,000 cells/well in a total volume of
200pl then incubated at 37°C in 5% CO.. After five days culture, plates were spun
at 1200rpm for 3 minutes to pellet cells and supernatants (for cytokine

measurement) were transferred into a new plate and stored at -80°C.

2.4.2. Memory and naive CD4+ T cell culture for cell proliferation assay

PBMCs were stained with CTV (Method 2.3.1.1.) prior to surface marker staining
(Method 2.3.1.2, Figure 2.2d) for naive and memory CD4+ T cell sorting by FACS.
For TCR stimulation, 96-well tissue culture plates were pre-coated with 10ug/ml
anti-CD3 (BD Bioscience) and 2pg/ml anti-CD28 (BD Bioscience) antibodies in PBS
prior to addition of 100,000 cells/well. 40 IU of IL-2 (Biolegend) was added to

stimulate cell proliferation. Cells were incubated for five days at 37°C in 5% COx.

2.4.3. Invitro Tfh differentiation

Isolated naive CD4+ T cells (Method 2.2.2) were resuspended in serum free X-VIVO
(Lonza) culture media then plated at 75,000 cells per well of a 96 well cell culture
plate in a total volume of 250pl. For TCR activation, 2 pl of Dynabeads Human T-
Activator anti-CD3/anti-CD28 beads (Life Technologies) were added per well plus

addition of 4ng/ml of recombinant human IL-7(Biolegend). For Tth differentiation,
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in addition to TCR activation, 5ng/ml of recombinant human IL-12 (PeproTech)
and 1ng/ml of recombinant human TGF-$ (Biolegend) were added in culture.
Plates were prepared in duplicate, one plate to perform transcription factor ICS
and the other to perform cytokine ICS. Cells were cultured for five days at 37°C in
5% COz2. Supernatants were harvested after 5 days of in vitro culture and cells

were stained with panel of antibodies listed in either Figure 2.2f or Figure 2.2g.

2.4.4. Treg suppression assay by flow cytometry

Activated Tregs, Responder T cells (Tresp) and naive CD25+CD4+ T cells
(population shown in Figure 5.2) were FACS sorted in bulk into 15ml falcon tubes.
Sorted activated Tregs and naive CD25+CD4+ T cells were resuspended in warm
RPMI culture media containing 10% FBS (Gibco) and 1X penicillin streptomycin.
Sorted Tresp cells were stained with CTV (Method 2.3.1.1) and plated at 2000
cells/well in U bottom 96 well plates. Tresp were cultured with autologous or
allergenic Tregs/naive CD25+CD4+ T cells at a Tresp : Tregs/naive CD25+CD4+ T
cell ratio of 1:0, 1:1, 2:1 or 4:1 with TCR stimulation provided by addition of 2000
beads of Dynabeads Human T-Activator anti-CD3/anti-CD28 beads per well. Cells
were co-cultured for 6 days at 37°C in 5% CO2 prior to measurement of dilution of

CTV by flow cytometry analysis on a BD FACSCanto II flow cytometer.

2.4.5. Micro-Treg suppression assay by H3 thymidine incorporation

Tregs, Tresp and naive CD25+CD4+ T cells (population shown in Figure 5.3 and
Figure 5.4) were directly sorted into V bottom 96 well plates containing 150ul ice
cold X-VIVO (Lonza) culture media including 10% human serum (Sigma) and 1X
penicillin streptomycin (Sigma). 500 Tresp cells per well were sorted with

autologous or allergenic Tregs/naive CD25+CD4+ T cells at a Tresp : Tregs/naive
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CD25+CD4+ T cell ratio of 1:0, 1:1, 2:1 or 4:1 (an additional 0.5:1 ratio was
included for Tresp : naive CD25+CD4+ T cells). After cell sorting, 500 Dynabeads
(Human T-Activator anti-CD3/anti-CD28 beads) per well were added by FACS for
TCR stimulation. Immediately afterwards, plates were centrifuged at 400 x g for 4
minutes then incubated for 5 days at 37°C in 5% CO2. After 5 days in vitro co-
culture, 75ul of supernatant was harvested and kept at -80°C to assess cytokine
profile, then 75ul of warm culture media containing 0.5 mCi/well [3H] thymidine
(Perkin Elmer) was added prior to another 18 hours in vitro co-culture to enable
tritiated thymidine incorporation into newly synthesized DNA of dividing cells.
Cells were harvested on a glass filterer (Perkin Elmer) with automated harvester
(Packard Filtermat Cell Harvester) then filters were dried by microwaving for 1
minute. Dried filters were sealed in a plastic sample bag (Perkin Elmer) with 5 mL
of liquid scintillation (Perkin Elmer) so the filter was covered with liquid
scintillation evenly. 3H thymidine incorporation was measured using a liquid
scintillation counter (Wallac Trilux 1450 Microbeta) and the level of proliferation
was determined by measuring counts per minute (cpm). The percentage of
suppression was calculated by using the formula (for example, to calculate Treg

suppression):

% suppression = 100 - (cpm with Tregs / cpm without Tregs x 100).

Cell harvesting and 3H thymidine incorporation were performed with assistance

from Dr. Jennie Yang (KCL).
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2.4.6. CD4+ T cell culture for measuring STAT activation

I[solated CD4+ T cells were resuspended in RPMI culture supernatant containing 10%
FBS and 1X penicillin streptomycin (Sigma). Cells were plated in 6-well plates at
1,000,000 cells per well and incubated overnight. Rested cells were washed and
resuspended in fresh culture media. In a new micro-centrifuge tube, 200,000 cells
in a total volume of 200ul were transferred and stimulated with 1001U/ml of IL-2
(R&D) for 20 minutes at 37°C in 5% CO.. After stimulation, cells were immediately
cooled on ice and centrifuged at 300 x g for 5 minutes at 4°C. Then cells were lysed
in 50pl of Laemmli buffer for western blot analysis. For a negative control, rested

cells without stimulation were also prepared for western blotting.

2.4.7. Naive CD4+ T cell culture for measuring STAT activation

Isolated naive CD4+ T cells (100,000 cells/well) were cultured in 200ul of RPMI
culture media containing 10% FBS and 1X penicillin streptomycin (Sigma) for 48
hours at 37°C in 5% CO2 in 96 well plates that were pre-coated with anti-CD3 and
anti-CD28 antibodies, as described previously (Method 2.4.1). After the 48 hr, pre-
activation, naive CD4+ T cells were transferred into micro-centrifuge tubes and
washed with fresh culture media by centrifuging at 300 x g for 5 minutes. Pelleted
cells were resuspended in fresh culture media and plated in 6 well plates at
1,000,000 cells per well prior to resting overnight at 37°C in 5% COz. Rested cells
were washed and resuspended in fresh culture media. In a new micro-centrifuge
tube, 100,000 cells in a total volume of 200ul were transferred and stimulated with
indicated cytokines (501U/ml of IL-2, 75ng/ml IL-15 or 10ng/ml of IL-6) for
indicated times at 37°C in 5% CO». After stimulation, cells were immediately cooled

on ice and centrifuged at 300 x g for 5 minutes at 4°C. Supernatant was discarded
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and cells lysed in 50pl of Laemmli buffer for western blot analysis. For a negative

control, rested cells without stimulation were also prepared for western blotting.

2.4.8. Plasma co-culture with HC PBMCs

PBMCs from healthy donors were plated at 200,000 cells per well in RPMI culture
media containing 10% FBS, 1X penicillin streptomycin (Sigma) and 10% plasma
from GPA patients or healthy donors in a 96 well plate. Cells were incubated for 5
days at 37°C in 5% COz2, and after 5 days culture, supernatant were stored at -80°C
for cytokine measurement, and cells were stained with a panel of antibodies

(Figure 2.2i) for flow cytometry analysis.

2.5. Cytokine measurement

2.5.1. Cytometric bead array (CBA)

Cytokines in supernatant from TCR stimulated CD4+ T cells (Method 2.4.1) and
plasma samples were measured by using Cytometric bead array (CBA) human
Th1/Th2/Th17 cytokine kit (BD) according to manufacturer’s protocol. Culture
supernatant samples and plasma samples were diluted at 1 in 5 during the sample
incubation step. Cytokines measured were IL-2, IL-4, IL-6, IL-10, TNFqa, IFNy and
IL-17A. Assay was performed on a BD LSR II flow cytometer (BD) to acquire data

and cytokine concentrations were calculated using BD FACS DIVA software (BD).

2.5.2. Luminex assay

Cytokines in plasma and culture supernatants from in vitro differentiation (Method
2.4.3), micro-suppression assay (Method 2.4.5) and plasma co-culture assays
(Method 2.4.7) were measured wusing the ProcartaPlex human

Th1/Th2/Th9/Th17/Th22/Treg 18plex kit according to manufacturer’s protocol.
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Culture supernatants from plasma co-culture assays were diluted at 1 in 5 and
plasma samples were diluted at 1 in 7.145. These samples were incubated for 2
hours at room temperature during the sample incubation step. Culture
supernatants from in vitro differentiation assays were diluted 1 in 2 and
supernatants from micro-suppression assays were tested neat. Samples from these
assays were incubated overnight at 4°C during the sample incubation step.
Cytokines tested were GM-CSF, IFNy, TNFq, IL-10, [L-12p70, IL-13, IL-17A, IL-18,
IL-1B, IL-2, IL-21, IL-22, IL-23, IL-27, IL-4, IL-5, IL-6, IL-9. Assay was performed on
a FlexMap3D machine, which operates on Xponent 4.0 software for data

acquisition.

2.5.3.1L-21 ELISA assay

IL-21 in supernatants from TCR stimulated CD4+ T cells (Method 2.4.1) was
measured by using a LEGEND MAX™ Human IL-21 ELISA Kit (Biolegend) with pre-
coated plates according to manufacturer’s protocol. Culture supernatant samples
were diluted 1 in 5 during the sample incubation step. Standard curve is shown in
appendix sFigure 9.1. Assay was performed on Benchmark plus micropalte

spectrophoto meter (Bio-Rad) and microplate manager software version 5.2.1.

2.6. Gene expression analysis

2.6.1. Quantitative reverse-transcription PCR (qRT-PCR)

2.6.1.1. Sample preparation - analysis from rested CD4+ T cells

I[solated CD4+ T cells were resuspended in RPMI culture supernatant containing 10%
FBS and 1X penicillin streptomycin (Sigma). Cells were plated in 6-well plates at
1,000,000 cells per well and incubated overnight prior to harvest (200,000 cells

were lysed in 200ul of Trizol).
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2.6.1.2. RNA isolation by Trizol extraction.

RNA samples in Figure 3.6 and Figure 4.4 were prepared by Trizol extraction. Cell
pellets were lysed in 200ul of TRIzol reagent (Life Technologies). After mixing
gently, lysate was incubated at room temperature for 5 minutes and then
centrifuged at 12000 x g for 15 minutes at 4°C. The upper layer containing RNA
was transferred to new tubes and 10pg of glycogen (Ambion) was added per tube.
An equal volume of isopropyl alcohol (VWR) was then added prior to
centrifugation at 12000 x g, at 4°C for 10 minutes. The resulting supernatants were
discarded and the RNA pellets washed with 75% ethanol, followed by
centrifugation for 5 minutes at 7500 x g, 4°C. The ethanol was removed and the
pellets were air dried at room temperature before adding 50ul of sterile TE buffer
(1 M Tris-ClI (pH 8.0) and 0.2 mL 0.5M EDTA (pH 8.0) to dissolve the pellets. The

RNA concentration was measured on a Nanodrop spectrophotometer (Invitrogen).

2.6.1.3. RNA isolation by using Allprep DNA/RNA micro kit
RNA samples for microarray analysis and for the experiment shown in Figure 4.8
were prepared by using Allprep DNA/RNA micro kit (Qiagen) according to

manufacturer’s protocol.

2.6.1.4. cDNA synthesis

To prepare cDNA for all relevant experiments except Figure 3.6, up to 250ng of
RNA was incubated at 70°C for 5 min in the presence of 200ng of random hexamer
primer (MWQG) in sterile nuclease free water in a total volume of 20ul. Denatured
RNA was promptly cooled on ice then added to a mixture of 8 pul of 5X reaction
buffer (Thermofisher Scientific), 20mM of dNTP (Biogene), 40 IU of RNase-out

(Invitrogen) and sterile nuclease free water to a total volume of 39 pl. After 5
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minutes incubation, at 25°C, 1 pl of RevertAid M-MuLV Reverse Transcriptase
enzyme (Thermofisher Scientific) was added per sample and samples incubated at
25°C for 10 minutes, 40°C for 1 hr, to perform reverse transcription then 70°C for

10 minutes to inactivate reverse transcriptase enzyme and terminate the reaction.

2.6.1.5. cDNA synthesis by using qPCRBIO cDNA Synthesis kit
To prepare cDNA samples for Figure 3.6 only, 100ng of RNA was converted into
cDNA with the qPCRBIO cDNA Synthesis kit (PCR Biosystems) according to

manufacturer’s instructions.

2.6.1.6. Real time quantitative polymerase chain reaction (qRT-PCR)

Reactions were performed in 384 well plates, in a total volume of 20ul per well.
Each well contained 10pl of SYBR mastermix (Primer Design Ltd and Thermofisher
Scientific), 1ul of primer mix (each primer at a final concentration of 10pmol)
(Table 2.3), 4ul sterile nuclease free water and 5ul cDNA (diluted four-fold in
sterile nuclease free water). qQRT-PCR was performed using a 4-stage protocol

(Table 2.2) with stage 4 generating a dissociation curve:

Stage 1 Stage 2 Stage 3 (40 cycles) Stage 4
50°C for 2’ 95°C for 10° | 95°Cfor 15s 95°Cfor 15s
60°C for 1’ 60°C for 15 s

Table 2.2. qRT-PCR thermal cycler program.

Real time PCR data was analysed by using the comparative Ct method (delta Ct
(ACt)). The peptidylprolyl isomerase A (PPIA) gene was used as reference for all
gRT-PCR experiments. Relative target gene expression was calculated as described

below;
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1) ACt = Ct (target gene) - Ct (reference gene)
2) Relative gene expression = 2*-ACt.
3) Triplicates of relative gene expression (2”-ACt) were averaged to calculate

mean.

2.6.2. Microarray analysis

2.6.2.1. Sample preparation

Naive CD4+ T cells were isolated from freshly prepared PBMCs. Isolated naive
CD4+ T cells were incubated in RPMI culture media containing 10% FBS and 1X
penicillin streptomycin (Sigma) in 6 well plates (1,000,000 cells per well)
overnight at 37°C in 5% CO». After overnight incubation, 200,000 cells were
pelleted and lysed in 300pul of RLT buffer (Qiagen) containing 10pl of 2-
Mercaptoethanol. Alternatively, cells were stimulated on anti-CD3 and anti-CD28

pre-coated 96 well plates for 2 hrs prior to lysis.

2.6.2.2. RNA isolation and cDNA synthesis

RNA was isolated as described in Method 1.6.1.3 and the quality and quantity of
RNA was measured by using a Bio-analyser (Agilent) following manufacturer’s
protocol. Double stranded cDNA was amplified using Ovation PicoSL WTA System
V2 (Nugen) and purified by using Agencourt RNAClean XP beads (Beckman). After
cDNA purification, cDNA bound to beads was amplified by using Single primer
isothermal amplification (SPIA) and cleaned with Qiagen MinElute reaction
cleanup kit (Qiagen). The quality of dsDNA was measured by using a Bio-analyser
(Agilent) and the quantity of cDNA was determined by using a Nano-drop

(Invitrogen) following manufacturer’s instructions.
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2.6.2.3. Microarray assay

Prepared cDNA was labelled with biotin using Ovation PicoSL WTA System V2
(Nugen), purified using Qiagen MinElute PCR purification kit (Qiagen), and
quantified using a Nano-drop (Invitrogen). Biotin labelled cDNA was hybridised on
Human HT-12 v4 Expression Bead Chips (Illumina) and microarray scanning was
performed in the BRC Genomics facility (KCL). Hybridisation and microarray

scanning was performed by Dr. Paul Lavender (KCL).

2.6.2.4. Microarray data analysis

Raw data containing fluorescent hybridization signal intensities (above
background levels) was exported and analysed by Partek genomics suite analysis
software (Partek) to identify differentially expressed genes between GPA patients
and healthy individuals. To assess whether global gene expression is different
between GPA patients and healthy individuals, a principle component analysis
(PCA) was performed using Partek software. To detect differently expressed genes
between groups of patients, Partek software was used to calculate fold-change
values and to perform analysis of variance (ANOVA). Since this study had an
unbalanced data set due to differing numbers of samples between GPA and HC
groups (Table 2.3), multi-way ANOVA was performed using Least squares mean

(LSmean) to generate an unbiased estimate of the mean of each experiment group.

a b
Time/Donor | GPA | HC .DO”OF/ GPA | GPA | HC
Time/Group |Groupl |Group2| HC
Oh 7 4 o - . .
2h 7 4
2h 5 2 4

Table 2.3. Microarray samples experiment factor annotation and number. (a)

Samples used to generate a differently expressed gene list between GPA vs HC in
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each time point and (b) between GPA group1 vs HC, GPA group2 vs HC in each time

point.

To analyse lists of genes differentially expressed between GPA vs HC using Partek
software, the following factors were applied to ANOVA analysis; ‘donor’ and ‘time’
were specified as fixed factors, ‘batch type’ was specified as a random factor, and
interaction of ‘donor*time’ was added. To calculate fold change in gene expression
between GPA vs HC at each time point, contrast between ‘GPA*0h’ and ‘HC*0h’, and
contrast between ‘GPA*2h’ and ‘HC*2h’ were included in the analysis. To identify
differently expressed genes between GPA group1 vs HC, and GPA group?2 vs HC, the
following factors were applied to ANOVA analysis; ‘donor’, ‘time’ and ‘group’ were
specified as fixed factors, batch type was specified as a random factor, and
interaction of ‘donor*time*group’ was added. To calculate fold change between
GPA groupl vs HC, and GPA group2 vs HC at each time point, contrast
‘GPA*Oh*groupl’ and ‘HC*Oh*HC,’ ‘GPA*Oh*group2’ and ‘HC*Oh*HC’,
‘GPA*2h*groupl’ and ‘HC*2h*HC’, and ‘GPA*2h*group2’ and ‘HC*2h*HC’ were
included in the analysis. The data from ANOVA analysis was exported, and lists of
differentially expressed genes were generated by using fold change greater than
1.5 and P-value lower than 0.05. False discovery rate (FDR) analysis was not
applied in generating these gene lists. To increase confidence in the genes
identified as differentially expressed by microarray, qRT-PCR was also employed
to assess the expression of selected genes (Figure 4.8). Further bioinformatic
analysis was applied to these gene lists using Ingenuity Pathway Analysis (IPA)
(Qiagen). ‘Core analysis’ in IPA was performed with gene lists including P-value
and fold change data to predict putative functional changes in biological processes,

pathways and molecular networks.
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2.7. Quantification of protein levels

2.7.1. Mass spectrometry

Samples were prepared, and mass spectrometry assay and data extraction
performed by Steve Lynham at the Centre of excellence for mass spectrometry
proteomics facility at KCL. Briefly, total protein levels of plasma samples were
measured by the Bradford reagent method (Biorad). The total protein content was
comparable between samples (ranging from 71.4 pg/ul to 84.2 pg/ul). A reference
sample was generated by pooling an equal volume of each of the individual
samples. Each individual sample together with the reference sample was then
lyophilized prior to enzymatic digestion. Each individual sample was labelled with
a unique TMT10plex label (ThermoFisherScientific) and fractionated using
isoelectric focussing (IEF, Agilent Technologies, UK). Fractionated TMT labelled
peptide samples were analysed by using Liquid chromatography (LC) with mass
spectrometry (MS)/MS analysis. Raw data from LC-MS/MS analysis was uploaded
into Scaffold 4 (v4.8.4) software for qualitative protein/peptide measurement (150
proteins were detected following database searching and 95% ClI filtering and the
same number of proteins were detected in the TMT labelled fraction after TMT
label filter was applied; therefore there was a 100% labelling efficiency at the
protein level (95% CI)). Proteome Discoverer (v1.4) software was used for
quantitative protein/peptide analysis. Data from Proteome Discoverer was
exported into Microsoft Excel for further analysis. Experiment details in appendix-

see appendix 9.1 Method: mass spectrometry.

2.7.1.1. Mass spectrometry data analysis
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TMT reporter ions values for each protein were calculated using Proteome
Discoverer. The median values per group were calculated in Microsoft Excel. Fold
change in protein levels in each group was calculated by dividing median of
patients sample group by median of healthy control group. P-value was calculated
by performing a two-tailed student t test in Microsoft Excel. Lists of differentially
abundant proteins between groups (fold change greater than 1.3) were used for

bioinformatics analysis by Ingenuity Pathway Analysis (IPA) (Qiagen).

2.7.2. Western blotting

Cell lysates in Laemmli buffer were resolved on a 10% acrylamide SDS-PAGE gel in
1X Tris-Glycine-SDS PAGE Buffer (National Diagnostics), run at 125 V for 2 hours.
Separated proteins on the gel were electro-transferred to Immobilon
Polyvinylidene difluoride (PVDF) membrane (Thermofisher Scientific) with 1X
Tris-Glycine Electroblotting Buffer (National diagnostics) at 35 V for 90 minutes,
using an XCell II blot module (ThermoFisher Scientific). Following transfer,
membranes were incubated in 20ml blocking buffer (5% skimmed milk (Marvel)
in PBS including 0.1% Tween 20 solution (MP) for 1 hr at room temperature.
Following blocking, membranes were incubated with primary antibodies directed
against proteins of interest in 10ml of blocking buffer at 4°C overnight. After three
washes with PBS containing 0.1% tween for 10 minutes each, membranes were
incubated with appropriate species secondary HRP-conjugated antibodies in 10ml
of blocking buffer for 1 hour at room temperature. After secondary antibody
incubation, membranes were washed three times and developed using Clarity
MAX™ Western ECL substrate (Bio-RAD) and visualized on an Imagequant LAS
4000 instrument (GE). For phosphoprotein blots, phosphoproteins were detected

first then blots were re-hybridized to detect total target protein by repeating the
96



primary antibody incubation using an antibody (raised in a different species)
(Table 2.4) recognising both phosphorylated and non-phosphorylated protein (i.e
pSTAT5/STAT5A or pan-STAT5/STAT5B, pSTAT3/STAT3). Western blot
quantifications were performed using ImageQuant software (GE).

2.8. Data analysis

2.8.1. Flow cytometry data analysis

All data from flow cytometry experiments were analysed by using Flow]o version

10 (TreeStar).

2.8.2. Bioinformatic analysis by Ingenuity Pathway Analysis (IPA) software

Ingenuity Pathway Analysis (IPA) (Qiagen) was used for bioinformatic functional
analysis. Lists of differentially expressed or abundant genes or proteins from
microarray and mass spectrometry analyses respectively were uploaded into IPA
software. IPA, a web-based functional analysis software, identified the most
relevant signalling and metabolic pathways, canonical pathways, disease
indications, and predicted upstream regulators involved in GPA by clustering
differentially expressed genes and comparing to an IPA database that has been
formulated from previous literature. IPA also computed a statistical quantity,
activation Z- score, to assess the predicted relevance of each biological function /
pathway. A positive z-score indicates a predicted activation/increase of biological
function in a pathway, while a negative z-score indicates inhibition/decrease of

biological function in a pathway.

2.8.3. Statistical analysis
In this study, all statistical analyses between groups were performed with non-

parametric tests as indicated using GraphPad Prism software (Graph Pad). Mann-
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Whitney tests were performed to analyse un-paired data, while paired data were

analysed by Wilcoxon matched-pairs signed rank test. Correlations were analysed

by Spearman correlation. A p-value of <0.05 was considered statistically significant

throughout.

2.9. Materials

Genename | Primer direction Sequence 5'-3'
Foward TGGGCAACATAGTGAGACG
PPIA Reverse TGTACAGTGGCATGATAATAGC
Foward CTGCAGCTGGAGCAATGTTGT
BCLG Reverse TCTTCACGAGGAGGCTTGAT
Foward GACCTGGCCTGAAGACATTT
RNF144A
Reverse TGTGGTCATCGCAGAACAGT
BATF Foward ACACAGAAGGCCGACACC
Reverse CTTGATCTCCTTGCGTAGAGC
Foward GCCAAGATTCCAGGTGACTC
IRF4 Reverse CTGGCTAGCAGAGGTTCTACG
Foward AGCGGCTTCCGAGAAAAC
CMAF Reverse TGCGAGTGGGCTCAGTTA
IL-2RB Foward GCCCCCATCTCCCTCGAAGT
Reverse AGGGGAAGGGCGAAGACAGC
. Foward ACACCCAGCAACACATCACTGC
Cathepsin G
Reverse GGTTCACGTTTCGATTCCGTCTG
Peli 2 Foward CGCGCGCGGATTTGACTCTT
Reverse CTGGGTGAAGCCCCCTCGTG
Foward TGAGTTCCCTCAGCCGTTACCT
PTEN Reverse GAGGTTTCCTCTGGTCCTGGTA
Foward CCAAGGTCAAGATCGCCACATG
L-21 Reverse TGGAGCTGGCAGAAATTCAGGG
Foward CCGTGACAGAGGAGAAGTTC
STATSA Reverse AGAGTCTTCACCTGGAACAC
Foward TCAGACTTGATACACTTTCAGGTT
STATSB Reverse CTCAGGGAAGCCACACTCAT

Table 2.3 List of qRT-PCR primers.
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Primary antibody
Antigen Company Catalogue number Host Dilution
phospho STATS Cell Signal Technology 9351L Rabbit 1:1000
phospho STAT3 Cell Signal Technology 9145S Rabbit 1:1000
STATSA SantaCruz SC-74442 Mouse 1:1000
STATSB SantaCruz SC-1656X Mouse 1:1000
Pan STATS BD 611819 Rabbit 1:1000
Bactin SantaCruz SC-1615 Goat 1:2000
Secondary antibody
Antigen Company Catalogue number Host Dilution
anti-mouse IgG-HRP GE NA931V Sheep 1:5000
anti-rabbit IgG-HRP GE NA934V Donkey 1:5000
anti-goat IgG-HRP SantaCruz SC-2020 Donkey 1:5000
Table 2.4 List of antibodies for western blot.
Cell marker Fluorochrome Company Cat number
CDh4 APC-eFluor780 ebioscience 47-0048-42

CD25 (Clone 2A3) PE BD 341011

CD25 (Clone M-A251) PE BD 555432

CD127 Brilliant Violet 711 Biolegend 351328

CD45RA Brilliant Violet 605 Biolegend 304134

CXCR5 PerCP-Cy 5.5 Biolegend 356910

PD1 PE-Cy7 BiolLegend 329918

Foxp3 Alexa Fluor 488 BioLegend 320012

CCR7 APC Biolegend 353214

CD62L Pacific blue Biolegend 304826

CD11a APC Biolegend 301212

CD57 FITC Biolegend 322306

CD28 PE-Cy7 BioLegend 302926

IL-21 PE Biolegend 513004

BCL6 Alex Flour 647 BD 561525

CD45R0O FITC Dako FO800

Alexa Fluor® 488 Mouse IgG1, « Isotype Ctrl )
L Alexa Fluor 488 Biolegend 400133
(ICFC) Antibody xaru oleg
Alexa Fluor® 647 Mouse IgG1 « Isotype Control|  Alex Flour 647 BD 557714

Table 2.5 List of antibodies for Flow cytometry.
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Reagent/ Consumable Supplier Catalogue Number
dNTPs Biogene 300-114
[3H] thymidine Perkin-Elmer NET027X001MC
12 x 75mm FACS tubes Falcon 352058
15mL centrifuge tubes Corning 430791
2-Mercaptoethanol Sigma M3148
384 well gRT-PCR plate Applied Biosystems 4309849
50mL centrifuge tubes Corning 430829
6-well tissue culture plates Costar 3516
Allprep DNA/RNA micro Kit QIAGEN 80284
anti-CD28 BD bioscience 555725
anti-CD3 BD bioscience 555329
Betaplate scint for betaplate Perkin Elmer 6013621
Blood collection tubes, heparin coated BD 5125277
Brefeldin A Invitrogen 450651
Cell Trace Violet dye Life Technologies (34571
Clarity MAX™ Western ECL substrate BioRad 1705062
Cytometric bead array (CBA) human Th1/Th2/Th17 cytokine Kit BD 560484
Dimethyl suloxide (DMSQ) Sigma D8418
DNAase / RNAse free water Ambion AM9937
Dynabeads Human T-Activator anti-CD3/anti-CD28 beads Life Technologies 11131D
Dynabeads untouched human CD4+T cells Kit Invitrogen 793131
eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set Invitrogen 00-5523-00
Ethanol VWR 20821.33
Ethylenediaminetetraacetic acid (EDTA) Fluka 3690
Fixation Buffer BD 554655
Feetal Bovine Serum (FBS) Gibco 16140071
Glass filter Perkin-Elmer 1450-421
Glycogen Ambion 7510
Human AB serum Sigma SLBT0322V
Immobilon polyvinylidene difluoride (PVDF) membrane Thermofisher Scientific 88518
lonomycin Sigma 10634
Isopropanol VWR 437423R
LEGEND MAX™ Human IL-21 ELISA Kit BioLegend 433808
LIVE/DEAD® Aqua dye Invitrogen 134965
Lymphoprep Axis Shield, UK NYC-1114544
MagniSort™ Human CD4 Naive T cell Enrichment Kit Invitrogen 8804-6214-74
Micro-centrifuge tubes Costar 3621
Penicillin / Streptomycin solution Sigma P4333
Perm Buffer Il BD 558050
Phorbol 12-myristate 13-acetate (PMA) Sigma P8139
Phosphate Buffered Saline (PBS), Mg2+ and Ca2+ free Gibco 14190-094
ProcartaPlex human Th1/Th2/Th9/Th17/Th22/Treg 18plex Kit Invitrogen EPX180-12165-901
Protein transport inhibitor (containing Monesin) BD 51-2092KZ
qPCRBIO cDNA Synthesis kit PCR Biosystems PB30.11-10
Random hexamer primer Invitrogen 100026484
Recombiant human IL-2 R&D 202-1L.-010
Recombinant human IL-10 BiolLegend 571002
Recombinant human IL-12 PeproTech 200-12
Recombinant human IL-15 BiolLegend 570302
Recombinant human IL-6 BiolLegend 570802
Recombinant human IL-7 BioLegend 581902
Recombinant human TGF-B BioLegend 580702
RevertAid H Minus Reverse Transcriptase Thermofisher Scientific EP0452
RNAse out Invitrogen 100000840
RPMI-1640 Gibco 21875-034
SYBR Mastermix Primer Design Ltd PPLUS-machine type
SYBR Mastermix Thermofisher Scientific A25743
Tris-Glycine Electroblotting Buffer National Diagnostics EC830
Tris-Glycine-SDS PAGE Buffer National Diagnostics EC870
TRIzol reagent Life Technologies 15596018
Tween-20 MP TWEEN201
U bottom plates, 96-well Costar 3799
V bottom plates, 96-well Greiner Bio-one 651161
X-VIVO media, serum free Lonza BE02-060F

Table 2.6 List of reagents and consumables.
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3. Chapter 3. CD4+ T cells from GPA patients

may become polarized toward a Tfh-like

phenotype.

3.1. Introduction

A number of previous studies have suggested that a functional imbalance between
effector CD4+ T cells and Treg cells in GPA may contribute significantly to disease
pathogenesis. Furthermore, it is believed that Tfh/cTfth cells may play a
particularly important role in GPA, a disease associated with auto-reactive
antibodies, given the ability of Tth cells to provide help to B cells for generation of
high affinity antibodies. Studies have suggested an increase in cTfh cell populations
(characterised by a high frequency of CXCR5+PD1+CD4+ T cells, high expression of
BCL6 in these cells and, high production of IL-21) in GPA blood compared to HC
(Abdulahad et al,, 2013; Zhao et al., 2014) In other studies, PMA with ionomycin or
PR3 peptide stimulation of isolated PBMCs or whole blood from GPA patients
showed an expansion of Th17 subsets (Abdulahad et al, 2008; Wilde, Thewissen,
et al, 2012; Rani et al, 2015).. However, since the majority of studies have
involved PMA/ionomycin stimulation of whole blood or PBMC (rather than
isolated CD4+ T cells) it has been difficult to understand whether expansion of the
Th17/cTth population is intrinsically programmed in GPA, or whether these cells
are responding to changes in the cytokine and antigenic environment during GPA
pathogenesis. Moreover, signalling through PMA /ionomycin stimulation bypasses

membrane receptor complexes and activates internal signalling pathways, many of
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which are not naturally induced by TCR engagement (Ai et al, 2013; Olsen and
Sollid, 2013). It has been shown that the effects of altered membrane receptor
expression on AAV/GPA CD4+ T cell activation (CD25, CD28 and IL-2 receptor f3
(CD122)) may be masked by using PMA/ionomycin stimulation (Marinaki et al,

2005; Morgan et al., 2011; Wilde et al., 2014a).

While an increase in Th17 and cTfth population has been reported in GPA, the
frequency of Treg cells and the ability of these cells to suppress effector T cell
function in GPA patients remain controversial. Some studies show higher
frequencies of Tregs in GPA compared to HC (Treg defined as CD25highFoxp3+).
Other studies show no change in Treg numbers (Treg defined as CD25+Foxp3+)
although GPA Tregs exhibited a defect in their immune suppression function. A
further study showed lower frequencies of Treg cells in GPA (Treg defined as
CD25highCD127ow) but no difference in their ability to suppress Teff function
compared to HC (Marinaki et al, 2005; Abdulahad et al, 2007; Mckinney et al.,

2014; Zhao et al., 2014).

Although the phenotypic definition of Treg cells in terms of expression of surface
markers varies between studies, Treg cells are typically defined as CD25 positive..
Interestingly, higher frequencies of naive (CD45RBhigh) CD4+ T cells from AAV
patients (not exclusively GPA patients) expressed CD25 compared to HC (Marinaki
et al, 2005). This study suggested that the increased frequency of naive
CD25+CD4+ T cells from AAV patients may not reflect a global expansion of the
Treg population (since no difference in Foxp3 mRNA expression in total CD4+ T
cells was observed) but may instead represent increased persistence of T cell

activation.. It would seem that CD25 expression, specifically on naive CD4+ T cells,
102



may be related to AAV pathogenesis. Investigation of the immunology underlying
this phenotype, may be important in understanding the role of CD4+ T cells in

progression of AAV/GPA.

Additionally, the majority of previous studies in this area have focused on cellular
immunology (e.g. T cell surface expression markers / cytokine production) rather
than molecular immunology (e.g. expression of transcription regulatory factors).
Therefore our understanding of the underlying molecular mechanisms responsible
for the phenotype of GPA CD4+ T cells remains limited. It is unclear whether the
functional imbalance between cTfh/Th17 and Treg cells in GPA is due to intrinsic
changes in expression of transcription regulatory factors in GPA CD4+ T cells, or
whether these phenotypes are predominantly caused by factors within the

extracellular environment.

This chapter aims to characterise the frequencies of Treg cells and Tfh cells and
analyze the expression of CD25 on CD4+ T cells by flow cytometry. Differences in
cytokine production, and expression of key transcription factors in CD4+ T cells

from GPA an HC will also be investigated.
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3.2.Results

3.2.1. The frequencies of circulating Treg and Tfh populations between active
GPA patients and healthy donors.

To assess the frequencies of CD4+ T cell subsets by flow cytometry, cryopreserved
peripheral blood mononuclear cells (PBMCs) from eight active GPA patients and
seven age matched healthy controls were stained with a panel of fluorochrome-
conjugated antibodies described in Figure 2.2a. The gating strategy and data from
this experiment is shown in Figure 3.1. Identification of CD4+ T cells from PBMC is
shown in Figure 3.1a .Tregs were defined in two ways based on previous studies;
either CD25highCD127'w Tregs (Zhao et al, 2014) or CD25highFoxp3+ Tregs
(Abdulahad et al, 2007). The mean frequency of circulating Tregs in active GPA
patients (5.5% for CD25highCD127!w and 3.8% for CD25highFoxp3+) was not
statistically significantly different from that of healthy controls (5.7% and 4.1%,
respectively) (Figure 3.1b). Also, no differences were found in the frequencies of
circulating Tth cells (CD4+CXCR5highPD1high) (Figure 3.1c) between GPA patients
and healthy controls. CXCR5 and PD1 expression on CD4+ T cells were also
analysed and there was a significant reduction in the frequencies of PD1+CD4+ T
cells in GPA compared to HC (Figure 3.1e) while there was no differences in

frequencies of CXCR5+CD4+ T cells between GPA and HC (Figre 3.1d).

Tfh cells were first described in germinal centres, and were shown to display
CXCR5high and PD1high markers on CD4+ T cell surfaces. The same gating strategy
has also been applied to identify circulating Tth cells (Zhao et al, 2014). In the
current study, circulating Tfh cells were gated as in previous studies
(CD4+CXCR5highPD1high) but since gating of this population could be subjective, the

broader CD4+CXCR5+PD1+ population was also analysed (Figure 3.1c). No
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differences were found in frequencies of circulating Tth cells between GPA patient
and HC groups using either definition of Tfh (CD4+CXCR5highPD1high or

CD4+CXCR5+PD1+) (Figure 3.1c).

Frequencies of CXCR5+ CD4+ T cells and PD1+CD4+ T cells were also analysed.
There was a significant reduction in the frequencies of PD1+CD4+ T cells in GPA
compared to HC (Figure 3.1e) while there was no difference in frequencies of

CXCR5+CD4+ T cells between GPA and HC groups (Figure 3.1d).
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Figure 3.1. Circulating Treg and Tfh populations in CD4+ cells. (a) CD4+ T cell
gating from stained, cryopreserved PBMCs was performed following doublet
exclusion from the lymphocyte population. (b) Treg cells were defined in two ways.
Top row: CD4+CD25hghFoxp3+ Treg cells identified by gating based on CD25 and
Foxp3 expression from CD4+ T cells gated from (a) with Foxp3+ cells determined
using Foxp3 fluorescence minus one (FMO) control. The frequency of Treg
(CD4+CD25highFoxp3+) cells was compared between GPA and HC. Bottom row:
Treg (CD4+CD25highCD127!ow) and T effector (Teff) (CD4+*CD127+CD25!w) cell
identification was performed by gating based on CD25 and CD127 expression.
Frequencies of these T cell subsets was compared between PBMC from GPA
patients and HC (bottom row). (c) Circulating Tfth cells (CD4+CXCRS5 high PD1high)
and CD4+CXCR5+PD1+ cells were identified by gating based on CXCR5 and PD1
expression using CXCR5 FMO and PD1 FMO controls. The frequencies of both cells
were compared between GPA patients and HC (d) Frequencies of CXCR5+CD4+ T
cells in PBMCs were compared between GPA patients and HC (e) Frequencies of
PD1+ CD4+ T cells in PBMC were compared between GPA patients and HC. Data
shows mean frequencies of cell subsets. No statistically significant differences

were observed between GPA and HC samples by Mann Whitney test.

3.2.2. Patients with active GPA have higher expression of CD25 expression on
naive (CD45RA+) CD4+ T cells than healthy individuals.

To investigate the level of CD25 expression on naive CD4+ T cells in GPA patients
versus healthy controls, CD4* T cells from PBMCs were gated on marker CD45RA
(which is highly expressed on naive but not memory CD4* T cells) and CD25. GPA
patients had significantly higher frequencies of CD4+*CD45RA*CD25* cells

compared to healthy controls (Figure 3.2a), in agreement with previously
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published observations (Marinaki et al, 2005). To address whether this
observation is due to an increase in the Treg population, Foxp3 levels was
measured in these cells by intra cellular staining. There was no observed
difference in Foxp3 expression in CD4+CD45RA+CD25+ cells between GPA

patients and healthy controls (Figure 3.2b).

To ensure that Tregs were excluded from the CD4+CD45RA+CD25+ cell population,
in further experiments CD4+ T cells from PBMCs were first gated on markers CD25
and CD127 (Figures 3.2c-h). The remainder of the CD4+ T cell population after
Treg (CD25highCD127'°w) exclusion were defined as T effector (Teff) cells. Teff cells
from GPA patients and HC were then analyzed for expression of markers CD45RA
(which is expressed on naive CD4+ T cells) and CD25, as shown in representative
plots in Figure 3.2c. To further confirm these data with more samples, further
analyses on eight GPA and seven healthy control samples using a similar gating
strategy to that shown in Figure 3.2c is shown in Figure 3.2d-h. These additional
samples were stained with a panel of fluorochrome-conjugated antibodies
described in Figure 2.2h. Even after excluding Tregs, frequencies of
CD4+CD45RA+CD25+ cells within the Teff population were higher in GPA patients
compared to healthy controls (Figure 3.2e). Moreover, the mean frequencies of
CD4+CD45RA+CD25+ cells within the total CD4+ T cell population in GPA patients
(9.3%) and healthy controls (3.4%) (Figure 3.2f) was comparable to that within
the Teff population alone (GPA patients 9.94%, HC 3.74% Figure 3.2¢). In contrast,
frequencies of CD4+CD45RA-CD25- cells were lower in GPA patients than in
healthy controls (Figure 3.2g). There were no statistically significant differences in
frequencies of CD4+CD45RA+CD25- cell populations or CD4+CD45RA-CD25+ cell

populations between GPA patients and healthy controls (Figure 3.2 d and h). This
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observation suggested that naive CD4+ T cells in GPA may express higher levels of

CD25. However, in this panel, only CD45RA was used as a naive/memory marker.

Therefore, it is possible that the CD45RA+ T cells identified here are in fact a

mixture of Temra and naive CD4+ T cells.
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Figure 3.2 CD25 expression on CD45RA+andCD45RA- CD4+T cells in GPA
patients and healthy controls. (a) PBMCs from GPA patients and healthy controls
were isolated, stained with a panel of fluorochrome-conjugated antibodies and
analysed by flow cytometry. CD4+ T cells were gated using the strategy shown in
Figure 3.1a. CD45RA- and CD45RA+CD25+CD4+ T cells were identified based on
CD45RA and CD25 expression. Representative data from a single GPA patient
blood sample (first from left) and from a single healthy control blood sample
(second from left) are shown. Frequencies ofCD45RA- and CD45RA+ CD25+CD4+ T
cells in GPA patient (GPA, n=8) and healthy control (HC, n=7) samples is shown
(third from left). (b) CD45RA+CD25+CD4+ T cells from Figure 3.2a were analyzed
for expression of Foxp3. Percentages of CD45RA+ CD25+CD4+ T cells expressing
Foxp3 are shown (c). In an alternative gating strategy, Treg (CD25highCD127!ow)
cells were identified and excluded from the remainder of the CD4+ T cell
population (defined as T effector (Teff) cells). prior to gating of CD45RA+CD25+
CD4+ T cells as shown previously in Figure 3.2a (GPA first and second from left, HC
third and fourth from left). Representative data from a single GPA patient and a
single HC sample are shown. The gating strategy for CD25 expression was
determined based on CD25 FMO control (fifth from left). (d-f) The gating strategy
from Figure 3.2c was used to assess the frequencies of four Teff cell populations
from GPA (n= 16) and HC (n=14) samples: (d) CD45RA-CD25+, (e)
CD45RA+CD25+, (g) CD45RA-CD25- and (h) CD45RA+CD25-. (f) For comparison,
the frequency of CD45RA+CD25+ cells within the total CD4+ T cell population
(including Tregs) was compared between GPA and HC. Data show mean
frequencies of cell subsets, and statistical analysis performed by Mann Whitney

test.
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3.2.3.The frequency of CD25 expression on comprehensively phenotyped
circulating naive CD4+T cells in GPA patients is higher than in healthy
controls.

The flow cytometry data presented above shows a significant increase in CD25
expression on naive (CD45RA+) CD4+ T cells from GPA patients compared to
healthy controls. CD45RA is among the principal markers of naive T cells but it is
also expressed on Temra cells. To confirm that these CD25+CD45RA+CD4+ T cells
are bona fide naive CD4+ T cells, two further panels of fluorochrome-conjugated
antibodies (Figure 2.2b and Figure 2.2c) suited to comprehensive identification of
naive CD4+ T cells were used to stain GPA and HC PBMCs (Figure 3.3). CD25
expression on comprehensively phenotyped naive CD4+ T cells as defined by De
Rosa et al (De Rosa et al., 2001) (CD4+CD28+CD45RA+CD62L+CD11adimCD57-)
was again significantly higher on cells from GPA patients compared to HC (Figure

3.3a).

Chemokine receptor, CCR7 is another important marker in distinguishing between
naive T cells and Tgmra cells. Therefore, a second fluorochrome-conjugated
antibody panel was developed following a study from Tian and colleagues (Tian et
al, 2017)(Figure 3.3c). There was a trend towards higher CD25 expression on

naive (CD4+CCR7+CD45RA+) cells in GPA compared to HC (Figure 3.3c).

It is noted that apparent frequencies of CD25+ naive CD4+ T cells tended to be
higher when naive CD4+ T cells were comprehensively phenotyped, particularly
within the GPA patient group (Figure 3.3a vs Figure 3.3c). We hypothesize that this
is likely to be due to the fact that the total comprehensively phenotyped naive

CD4+ T cell population, defined by the expression of six different markers (De Rosa
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etal., 2001), is smaller than the CD4+CCR7+CD45RA+ population (a comparison of

gating strategy is shown in Supplementary Figure 9.4). The frequencies of CD25+

comprehensively phenotyped naive CD4+ T cells and CD25+CCR7+CD45RA+CD4+

T cells as a percentage of total CD4+ T cells were compared (Figure 3.3b and 3.3d).

Frequencies of CD25+ naive CD4+ T cells as a percentage of total CD4+ T cells were

comparable using both gating strategies and frequencies of these cells were higher

in GPA patients compared to HC (Figure 3.3b and d). This observation supports our

hypothesis, and suggests that there was no significant discrepancy between the

experiments shown in Figure 3.3a-b and Figure 3.3c-d, despite the use of different

patient samples.
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Figure 3.3 CD25 expression on comprehensively phenotyped naive CD4+ T
cells. (a-b) Frequency of CD25 expression on naive
(CD4+CD28+CD45RA+CD62L+CD11adimCD57-) T cells from PBMC was assessed by
flow cytometry. (a) Frequencies of CD25+ cells within naive CD4+ T cells and (b)
frequencies of CD25+ naive CD4+ T cells within the total CD4+ T cell population
from GPA patients (n=8) and HC (n=5). (c-d) Frequency of CD25 expression on
naive (CD4+CCR7+CD45RA+) T cells from PBMC was assessed by flow cytometry
(c) Frequencies of CD25+ cells within naive (CD4+CCR7+CD45RA+) T cells and (d)
CD25+CCR7+CD45RA+CD4+ T cells within the total CD4+ T cell population was
compared between GPA (n=11) and HC (n=7). Data show mean frequencies of cell

subsets, and statistical analysis performed by Mann Whitney test.

3.2.4. Cytokine production from isolated CD4+ T cells upon TCR activation.

To investigate whether there are intrinsic differences in the capacity of CD4+ T
cells from GPA patients to produce cytokines upon TCR stimulation, in the absence
of additional T cell polarization signals (Dupage and Bluestone, 2016) CD4* T cells
were isolated from total PBMC from both GPA patients and healthy controls, and
cultured with anti-CD3 and anti-CD28 antibodies to simulate TCR stimulation.
Culture supernatants of TCR stimulated CD4* T cells were analyzed for cytokine
concentration by cytometric bead array (CBA) for a range of cytokines (IL-4, IL-
17A, TNF-alpha, IFN-gamma, IL-10, IL-6 and IL-2) and by ELISA for IL-21. Test

sample values were background subtracted (media only, n=3).

Production of a key Tfh cell cytokine, IL-21, was significantly higher from GPA
CD4+ T cells upon TCR activation compare to HC, albeit at low overall levels of

expression (Figure 3.4a). In contrast, significantly lower levels of IL-4 were
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secreted from GPA CD4+ T cells compare to HC (Figure 3.4b). While some previous
published studies have suggested an increase in IL-17 secretion in GPA CD4+ T
cells upon PMA and ionomycin activation, here there was no statistically significant
difference in IL-17 secretion from isolated CD4+ T cells upon TCR activation
between GPA and HC (Figure 3.4c). No difference in production of other cytokines
including TNF -alpha, IFN-gamma, IL-10, IL-6 and IL-2 from TCR activated CD4+ T

cells was observed between GPA and HC (see appendix sFigure 9.2).
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Figure 3.4 Cytokine production in TCR stimulated CD4+ T cell culture
supernatants. CD4* T cells from GPA patients or healthy controls were isolated
using Dynabeads from cryopreserved PBMCs and cultured for 4 days in the
presence of anti-CD3 and anti-CD28 to mimic TCR stimulation. (a) After 4 days, IL-
21 concentration within culture supernatants was measured by ELISA. (b) IL-4
and (c) IL-17A concentration in culture supernatant was measured by CBA assay.
GPA n=12, HC n=10. Data show mean concentration of cytokine in culture

supernatants, and statistical analysis performed by Mann Whitney test.

3.2.5. Naive and memory CD4+ T cells from GPA patients have comparable

TCR induced proliferative ability.
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The data presented above show that TCR activated CD4+ T cells from GPA patients
and HC differ in their profile of cytokine production. In vitro cytokine production is
also related to ability of a cell to proliferate. In a previous study, CD4+ T cells from
AAV patients, especially memory CD4+ T cell subsets, had a higher proliferative
ability after weak TCR activation but not strong TCR activation compared to HC

(Marinaki et al., 2005).

The observed differences in cytokine production in Figure 3.4 may be due to an
abnormal proliferative ability in memory and naive CD4+ T cells in GPA patients
compared to HC. To assess in vitro proliferative capacity in response to TCR
stimulation, CD4+ T cells labelled with Cell Trace Violet (CTV) dye were sorted into
naive and memory CD4+ T cell subsets by fluorescence activated cell sorting
(FACS). To avoid the suppressive function of Tregs confounding the analysis, Treg
cells were excluded prior to sorting (Figure 3.5a). Sorted cells were cultured with
anti-CD3, anti-CD28 and IL-2 to mimic TCR stimulation for 5 days before analysis
by flow cytometry (Figure 3.5b-c). As expected, the proliferative capacity of sorted
memory CD4+ T cells was significantly greater than naive CD4+ T cells (Figure
3.5c¢). However, there were no significant differences between the proliferative
capacity of cells isolated from GPA patients compared to those isolated from
healthy controls. (Figure 3.5c). To assess whether there were differences in the
rate of cell proliferation in this assay between GPA and HC, frequencies of cells in
each of the proliferative peaks shown in Figure 3.5b were calculated using Flow]o
software (sFigure 9.5). The frequency of non-divided cells (Division 0) was higher
in memory CD4+ T cells from HC compared to GPA, but there were no differences
in the frequencies of cells at Divisions 1-6 (sFigure 9.5b), hence the rate of

proliferation of GPA and HC memory CD4+ T cells was comparable. However, since
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the frequency of non-divided memory CD4+ T cells was higher in HC, it may be that
these memory cells in GPA have a higher propensity to proliferate. There were no
differences in frequencies of naive CD4+ T cells at Division 0-6 between GPA and

HC (sFigure 9.5¢).
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Figure 3.5 Proliferative capacity of naive and memory CD4+ T cells in GPA.
PBMCs from GPA patients or healthy controls were labelled with Cell Trace Violet
(CTV) dye to track cell division and stained with fluorochrome-conjugated
antibodies. CD4+ T cells were identified, and Teff subsets were sub-gated into
naive and memory cell subsets for cell sorting. . (a) Gating strategy of naive and
memory CD4+ T cells for cell sorting. Teff (CD4+CD25+/-) and Treg (CD4+CD25high)
cell populations were gated based on CD25 and CD4 expression. Teff cells sub-
gated into memory and naive CD4+ T cells based on CD45RA and CD45RO

expression. Naive (CD45RA+CD45R0-) and memory (CD45RAlow/-CD45R0+) CD4+
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T cells were sorted for in vitro proliferation assay. Note cell sorting was performed
and gating strategy plots were provided by Estefania Nova Lamperti (DTIMB, KCL)
(b) Sorted cells from Figure 3.5a were cultured for five days with anti-CD3, anti-
CD28 and IL-2 (40IU/ml). Cell proliferation was tracked by dilution of CTV dye,
measured by flow cytometry. Representative data from a single GPA patient’s
memory CD4+ T cell population (first from left) and a single HC memory CD4+ cell
population (second from left) is shown. (c) Percentage of naive and memory CD4+
T cells having undergone at least one cell cycle (GPA n=3, HC n=3, graph shows

mean and standard deviation).

3.2.6. Expression of Tfh associated/regulatory genes in active GPA CD4+ T
cells.

Further experiments were conducted to understand whether observed differences
in cytokine production between CD4+ T cells in GPA and HC may be due to
intrinsic changes in Tfh related regulators and/or transcription factor expression.
Levels of mRNA expression of Tfh master transcription factor, BCL6, and Tth/Th17
related regulatory factors such as RNF144A, BATF, IRF4 and c-MAF were
measured by quantitative RT-PCR (qRT-PCR). Although not a transcription factor,
IL-2R[ expression was also measured, as IL-2 signaling negatively regulates Tfth /
Th17 differentiation though STATS5 activation (Liao et al., 2011; Ballesteros-Tato et

al, 2012; Johnston et al, 2012; Owen and Farrar, 2017).

BCL6 and RNF144A expression was significantly higher in CD4+* T cells from GPA
patients compared to HC (Figure 3.6a-b). In contrast, BATF expression was
significantly lower in CD4+ T cells from GPA patients compared to HC (Figure 3.6

c). There were no statistically significant differences in IRF4, c-MAF and IL-2Rf3
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expression between GPA and HC, although there was a trend towards higher IRF4

and lower IL-2Rf expression in GPA CD4+ T cells (Figure 3.6 d-f).
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Figure 3.6 Levels of mRNA expression of factors relating to Tfth and Th17

differentiation in CD4+ T cells from GPA patients and healthy controls. CD4+

T cells from GPA patients (n=8) and healthy controls (n=8) were isolated from

PBMC using Dynal beads. RNA from CD4+* T cells was isolated by trizol extraction

for qRT-PCR analysis. Relative mRNA expression of (a) BCL6 (b) RNF144A (c)

BATF (d) IRF4 (e) c-MAF and (f) IL-2R3 compared to a housekeeping control gene

(PPIA) was measured by qRT-PCR. Data show mean relative gene expression (2-

ACt), and statistical analysis performed by Mann Whitney test.
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3.3. Discussion

The overall aim of this chapter was to characterise Treg and cTfth/Th17 CD4+ T cell
subsets by phenotype and function in GPA and HC blood. To investigate the
frequencies of Treg and cTth cell subsets, flow cytometry was performed. There
were no observed differences the frequency of Treg and cTfh cell populations
between GPA and HC CD4+ T cells in this study. Commonly used markers for
identifying Treg cells include CD25, CD127 and Foxp3 (Wing et al, 2019). In this
chapter, Treg cells were defined in two different ways following previous studies
(Abdulahad et al,, 2007; Zhao et al., 2014). However, both gating strategies showed
no differences in Treg frequencies between GPA and HC. Previous studies have
offered conflicting evidence regarding differences in the frequencies of Treg cell
populations between GPA and HC (Marinaki et al, 2005; Abdulahad et al.,, 2007;
Zhao et al, 2014). A challenge regarding the identification of Treg cells is that all
three of the commonly used Treg markers can also be present on activated CD4+ T
cells under certain conditions. To strengthen a further analysis, additional Treg cell
markers including Helios, ICOS, TIM3and TIGIT, could be included in a flow

cytometry antibody staining panel (Wing et al., 2019).

The frequency of circulating Tth (cTfh) cells was also similar between GPA and HC
in this study. Chemokine receptors such as Tth marker CXCR5 have a tendency to
show reduced expression upon cryopreservation of PBMCs; one possibility is that
using cryopreserved PBMCs reduced the signal intensity of CXCR5 labelling,
hindering identification of cTfh cells. However, in a pilot study comparing
cryopreserved versus fresh PBMCs, only a slight reduction in CXCR5 staining
intensity was observed (see appendix sFigure 9.3). It has previously been reported

that the population of bona fide Tth cells in blood is very low, making conclusions
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regarding cTfh cell frequencies difficult (He et al., 2013). Although a previous
study showed a higher frequency of cTfh cells in freshly isolated PBMCs from GPA
compare to HC, the mean frequencies of these cells in both GPA and HC were
barely at the level of detection (GPA ~0.4%, HC ~0.2% of total CD4+ T cells (Zhao

etal, 2014)).

Another reason that no difference in the frequencies of cTth between GPA and HC
were observed may be that PD1 expression was lower on GPA CD4+ T cells. This
observation was contrary to data from a previous study that reported an increase
in PD1 expression on CD4+ T cells from GPA patients compared to HC (Wilde, Hua,
et al, 2012) The authors also suggested that the high levels of PD1 expression
observed in GPA may imply continuous activation of GPA CD4+ T cells. However,
PD1 expression was also higher on CD25-CD4+ T cells in their study, which
actually suggests that these cells were not activated CD4+ T cells. Moreover,
although TCR activated CD4+ T cells upregulate PD1 expression, the role of PD1 is
typically believed to generate an inhibitory signal that leads to reduction of CD4 T
cell activation (Simon and Labarriere, 2017). For this reason, higher PD1
expression on T cells often represents T cell exhaustion (Wherry and Kurachi,
2015). Furthermore, it has been also reported in a different study that T cells from
active GPA patients displayed a less exhausted phenotype (Mckinney et al., 2015).
Therefore, the observed reduction in PD1 expression in GPA in our study may
indicate a reduction in frequencies of exhausted CD4+ T cells. However, this
hypothesis needs to be tested further in future studies using other T cell
exhaustion markers such as TIM3 and CTLA4 for phenotyping (Wherry and

Kurachi, 2015). In addition, it will also be important to use more cTfh cell markers
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for phenotyping this subset - including surface marker ICOS and transcription

factor BCL6.

In this study, higher frequencies of naive CD25+CD4+ T cells were observed in GPA
PBMCs compared to HC. Although a similar observation has been reported in AAV
(Marinaki et al., 2005), this is the first study, to our knowledge, describing this
phenotype in GPA. It was important to investigate whether increased CD25
expression on naive CD4+ T cells represented an expansion of the Tregs that
exhibit naive phenotype in GPA patients. Although most effector Treg cells (Treg
cells displaying an active immune suppressive function) exhibit memory
phenotypes, some Treg cells display a naive phenotype like Treg population I

(resting Tregs). (Dias etal, 2017; Wing et al., 2019).

Figure 3.2b indicates that the CD25 expressing naive CD4+ T cells from GPA
patients did not highly express Treg marker Foxp3, suggesting that these cells are
unlikely to be Tregs. However, to further investigate whether increased CD25+
expression was on bona fide naive CD4+ T cells, an alternative gating strategy was
developed to exclude Treg subsets (CD25highCD127!ow) prior to analysis of CD25+
naive T cell frequencies (Figure 3.2c-h). After exclusion of Treg subsets, CD25+
naive T cell frequencies remained statistically significantly higher in GPA patients
compared to HC (Figure 3.2 e). This observation was reaffirmed upon more
comprehensive phenotyping of naive CD4+ T cells with staining for additional

surface markers (Figure 3.3).

One other possible explanation for increased CD25 expression on naive CD25+ T

cells is a persistence of T cell activation in GPA patients. In the healthy condition,
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CD25 expression is rapidly upregulated upon TCR activation of naive CD4+ T cells,
but these newly activated CD4+ T cells also rapidly downregulate the expression of
markers associated with the naive phenotype (Murphy et al, 2008; Van Den Broek
et al, 2018). Therefore, if T cell activation is persistent in GPA, high frequencies of
naive CD25+CD4+ T cells may reflect this pathogenic condition. However, if this
were true, one would also expect to observe an increase in memory CD25+CD4+ T
cell populations. However, Figure 3.2d indicates that there was no difference in
CD45RA-CD25+ Teff cell frequencies between GPA and HC. Moreover, in AAV
studies, patients in remission still maintained higher frequencies of naive
CD25+CD4+ T cell population compared to HC. Therefore, further studies are
required to investigate the origins of the naive CD25+CD4+ T cell population in

GPA and their role in disease progression.

Profiles of cytokine production from isolated CD4+ T cells also differed between
GPA and HC. Although several studies have suggested expansion of Th17 cells in
GPA patients (Abdulahad et al., 2008; Rani et al.,, 2015), in the current study IL-17
production from isolated CD4+ T cells upon TCR activation did not differ between
GPA patients and HC (Figure 3.4c). In contrast, the production of IL-21 was higher
in GPA compared to HC, but IL-4 production was lower from GPA CD4+ T cells
(Figure 3.4 a and b). These data suggest that CD4+ T cells upon TCR activation may
favour production of Tfh cytokines upon TCR activation, but produce lower levels
of Th2 cytokines. Also, stimulation of IL-17 expression in CD4+ T cells from GPA
patients may require additional signals that may be provided through

PMA/Ionomycin activation.
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This chapter also focused on understanding whether changes in the levels of
transcription factors in CD4+ T cells in GPA contribute to the observed changes in
CD4+ T cell phenotypes in this, and previous studies. Interestingly, isolated CD4+ T
cells from GPA patients exhibited a Tfh-like phenotype by producing elevated IL-
21 levels upon TCR activation (Figure 3.4) and higher expression of BCL6 and
RNF144A mRNA (Figure 3.6) compared to HC. The cytokine IL-21 and
transcription factor BCL6 are key signatures of Tfh cells. Moreover, RNF144A is a
negative regulator of Th17 cell differentiation (Afzali et al, manuscript under
revision) and was described in a previous study as among the top five direct target
genes regulated by BCL6 in Tfh cells (Liu et al, 2016). In addition to RNF144A,
lower expression of BATF in CD4+ T cells from GPA (Figure 3.6) may be one of the
reasons why TCR stimulation did not induce high IL-17 expression. BATF
promotes Th17 cell differentiation by inducing IL-17 expression. On the other
hand, BATF also induces Tfh cell differentiation by regulating BCL6 (Ise et al,
2011). However, BCL6 expression was elevated in GPA CD4+ T cells, suggesting
expression of BCL6 may be regulated independently of BATF in these cells.
Observed reduction of IL-4 production (Figure 3.6) in GPA may be related to
increased expression of BCL6 and lower expression of BATF. BCL6 inhibits Th2
differentiation (Kusam et al., 2003), through post-transcriptional regulation of the
master regulatory Th2 factor GATA3, which induces IL4 transcription , while BATF
has been shown to be important in regulating IL-4 expression in Tfth and Th2 cells
through direct binding to the IL-4 promoter region (Martinez and Dong, 2009;
Sahoo et al, 2015; Wu et al, 2018). C-maf is a key Th2 transcription factor that
controls IL4 expression (Kim et al, 1999), and although the results did not reach
statistical significance, the expression of this gene tended to be lower in GPA

samples as compared to HC, consistent with the reduced IL4 expression noted here.
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Due to limitations in quantity of extracted RNA from GPA CD4+ T cells, other key
transcription factors, particularly Th17 transcription factor RORyt, were not
measured in this analysis. Further studies are required to assess whether

dysregulation of other CD4+ T cell differentiation pathways occurs in GPA.

In conclusion, an analysis of CD4+ T cell phenotypes revealed that GPA patients
have higher frequencies of naive CD25+CD4+ T cells compared to HCs but their
function and origin are still unclear. Genetic and functional characterization
revealed that CD4+ T cells in GPA expressed higher levels of BCL6 and RNF144A
mRNA, and TCR activation of these cells induced high production of IL-21
compared to HC. Although phenotypic analysis of peripheral blood by flow
cytometry did not detect changes in the frequency cTfh (CXCR5hishPD1high) cells in
GPA, data from functional studies indicated that CD4+ T cells in GPA may become

polarised towards a Tfh-like phenotype.
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4. Chapter 4. Molecular characterisation of

naive CD4+ T cells in GPA.

4.1. Introduction

The main observations from the previous chapter were i) an increase in circulating
Tth like CD4+ T cells in GPA compared to HC and ii) higher frequencies of naive
CD25+CD4+ T cells in GPA compare to HC. However, it is not clear whether the
naive CD25+CD4+ T cells observed are precursors of Tfh-like subsets in GPA

patients.

Tth cell subset development, requires strong TCR engagement and low IL-2
signalling (Ballesteros-Tato et al, 2012). Several studies have clearly
demonstrated the physiological importance of IL2 as a negative regulator of Tfh
differentiation (Johnston et al, 2012; Nurieva et al., 2012). Paradoxically, recent
studies in mice have shown that it is the IL-2-producing CD4 T cell that
differentiates into a Tfh cell, while the IL2-non-producers become non-Tfh cells
(Ditoro et al., 2018). Mechanistically this is achieved by strong TCR engagement,
resulting in a longer contact period between APC and naive CD4+ T cells, which
induces IL-2 production from naive CD4+ T cells. Furthermore, those cells also
express lower levels of CD25 thus, limiting IL-2 signalling and enabling subsequent

Tth differentiation (Ditoro et al., 2018).

The observation, that in GPA patients there is an increased frequency of naive

CD25+CD4+ T cells, with intermediate CD25 staining (Figure 3.2e), suggested the
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possibility that these were precursor Tth cells. A lower expression of the critical
signalling subunit, IL-2 receptor beta (CD122) has also been reported in GPA CD4+
T cells, (Wilde et al., 2014a), and together these observations are suggestive of a

decreased IL-2 signalling pathway in naive CD4+ T cells in GPA.

In addition to lower levels of IL-2 signalling, the expression of key transcriptional
regulatory factors are also important in Tth development. In the previous chapter,
it was shown that the expression of key Tfh transcription factor BCL6, was
significantly increased in GPA CD4+ T cells. However, expression of a direct
regulator of BCL6, BATF, was lower in GPA than healthy controls. This result
suggests that intrinsic dysregulation of gene expression may contribute to the

phenotypic changes observed in CD4+ T cells from GPA patients.

This chapter will investigate the hypothesis that intrinsic dysregulation of

molecular signalling pathways in naive CD4 T cells may contribute to the

functional imbalance of CD4 T cell subsets in GPA.
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4.2. Results

4.2.1. The frequency of CXCR5*PD1+*CD4+ T cells after in vitro Tfh
differentiation.

To understand whether there were differences in the capacity of naive CD4+ T
cells from GPA patients versus HC to differentiate towards Tth cells, an in vitro Tth
differentiation assay was performed. CD4+ T cells were isolated from PBMCs from
ten GPA patients and six healthy controls by Dynabead isolation. Isolated naive
CD4+ T cells were cultured with either TCR stimulation (anti-CD3, anti-CD28) plus
IL-7 alone (control ThO (TCR) condition), or with TCR stimulation/IL-7 plus
additional cytokines, TGFf and IL-12 (Tfh differentiation) as described in a study

from Locci et al (Locci et al., 2016).

After a five-day culture, naive CD4+ T cells were stained with panels of
fluorochrome-conjugated antibodies described in Figure 2.2f and Figure 2.2g. The
gating strategy from this experiment is shown in Figure 4.1a. To address whether
there is a change in frequency of cTfth (CXCR5+PD1+), CD4+ T cells were gated
based on CXCR5 and PD1 expression. Due to limited cell numbers in isolated naive
CD4+ T cell preparations, FMO controls for CXCR5 and PD1 were not included and

instead unstained controls were used (Figure 4.1b).

Overall, there was no difference in cTfh cells between GPA and HC under both
TCR/IL-7 alone and Tfh differentiation (TCR/IL-7+TGFp+IL-12) conditions.
However, Tfh differentiation (TCR+TGFB+IL-12) condition induced significantly
higher frequencies of CXCR5*PD1+*CD4+ T cells compared to the control (TCR/IL-7
alone) condition in naive CD4+ T cells from both GPA patients and HC (Figure 4.1c).

In particular, the frequency of CXCR5+PD1+CD4+ T cells strikingly increased in
127



GPA after Tth differentiation compared to TCR stimulation alone (Figure 4.1c). This
increase was driven by an increase in PD1 expression rather than CXCR5
expression on GPA CD4+ T cells (Figure 4.1d and e). In contrast, both PD1 and
CXCRS5 increased at the similar way in HC CD4+ T cells after Tfh differentiation.
However, there was no statistically significant difference in the frequency of these

subsets between GPA and HC after either condition.

Due to the absence of FMO controls, an additional gating strategy was tested to
confirm that the CXCR5+PD1+CD4+ T cell population was correctly gated and
whether an alternative gating strategy could reveal differences in CXCR5+PD1+
CD4+ T cell frequencies between GPA and HC under both in vitro skewing
conditions (sFigure 9.6). In this re-analysis, only the cells with the lowest signal in
the PE-Cy7 (PD1) and PerCP-Cy5.5 (CXCR5) channels in the unstained control
were excluded (sFigure 9.6a). Again, there was no difference in cTfth frequencies
between GPA and HC under both conditions (sFigure 9.6b), and the pattern of PD1
expression (sFigure 9.6¢) and CXCR5 (sFigure 9.6d) expression, when analysed
individually, was comparable to that observed in Figure 4.1d-e. However, there
were no differences in the frequencies of double positive CXCR5+PD1+ populations
in GPA between TCR alone and Tfh skewing conditions, while an increase in this
population was still observed in HC after Tfh skewing (sFigure 9.6b). This
discrepancy is likely to be due to the fact that the new gating strategy appears to
overestimate the frequencies of PD1+ populations (mean frequencies of PD1+ cells
were approximately 80% of total CD4+ T cells, Figure 9.6c). It would therefore
seem that the more stringent exclusion gate applied in the analysis in Figure 4.1 is

more appropriate.
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Figure 4.1 CXCR5+PD1+CD4+ T cells after ThO (TCR) and Tfh (TCR+ TGF@+IL-
12) in vitro differentiation. (a) CD4+ T cell gating from stained naive CD4+ T
cells stimulated for 5 days with anti-CD3, anti-CD28 and IL-7 (TCR) or TCR plus
TGFB and IL-12 (TCR+ TGFB+IL-12) following doublet exclusion from the live
population after lymphocytes gating. (b) CXCR5+PD1+CD4+ T cells were identified
from gated CD4+ T cells from (a) by gating based on CXCR5 and PD1 expression
using PD1 and CXCR5 unstained control. (c) The frequencies of CXCR5+PD1+CD4+
T cells were compared between GPA patients and HC naive CD4+ T cells cultured

with TCR alone (green dot) or TCR+TGFB+IL-21 (orange dot). Paired data points
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from each donor sample are connected by a line. Statistical analysis was performed

by Wilcoxon matched pairs signed rank test. n=9 (GPA) and (HC).

4.2.2. Intracellular expression of BCL6 and IL-21 in naive CD4+ T cells after in
vitro ThO and Tfh differentiation.

Thus far, data regarding the frequency of cTfh cells (Figure 3.1c and Figure 4.1b)
suggest that there was no difference in the frequency of cTfth (CXCR5+PD1+CD4+)
cells between GPA and HC. However, one potential issue may be that lower PD1
expression in GPA CD4+ T cells could confound identification of cTfh cells (Figure
3.1e). To investigate whether there were differences in the expression of other Tth
markers, BCL6 and IL-21 expression were measured by intracellular staining (ICS)
in the same experiment described in Figure 4.1. For gating BCL6+ and IL-21+
populations, isotype controls for each markers were employed and the gating
strategies for BCL6 and IL-21 detection are shown in Figure 4.2a and Figure 4.2d

respectively.

Overall, both BCL6 and IL-21 expression were increased in CD4+ T cells after Tfth
differentiation compared to TCR stimulation only (Figure 4.2b,c,e and f). Notably,
the frequency of BCL6+CD4+ T cells was statistically significantly higher in GPA
CD4+ T cells after only TCR stimulation compared to HC (Figure 4.2b). There was
also a trend towards higher frequencies of BCL6+CD4+ T cells in GPA compared to
HC after Tth differentiation (Figure 4.2c). However, there were no differences in
IL-21 expression between GPA and HC CD4+ T cells after either in vitro ThO or Tth

differentiation.
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It is noted that due to the method of gating based on histograms as described in
Figure 4.2a, the analysis of BCL6+ cell frequencies in Figure 4.2b-c may have
underrepresented the size of BCL6+ populations due to the tail on the isotype
control peak (Figure 4.2a). The data were therefore reanalysed by Overton
subtraction using Flowjo software (sFigure 9.7). While frequencies of BCL6+ cells
were higher using this method as expected, the relationship between population
frequencies in GPA patients compared to HC was comparable to data shown in

Figure 4.2b-c.
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Figure 4.2 The intracellular expression of BCL6 and IL-21 in CD4+ T cells
after ThO and Tfh in vitro differentiation. (a and d) Flow cytometry analysing
the intracellular expression of (a) BCL6 and (d) in naive CD4+ T cells 5 days

cultured with ThO (TCR) or Tfh (TCR+TGFB+IL-12). BCL6*CD4+ T cells were
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identified from gated CD4+ T cells from (Figure 4.1a) by gating based on BCL6 and
IL-21 expression using BCL6 and IL-21 isotope controls respectively. (b and c) The
frequency of BCL6*CD4+ T cells were compared between GPA patients and HC
naive CD4+ T cells cultured with (b) ThO (TCR) or (c) Tfth (TCR+TGFB+IL-12)
differentiation conditions. (e and f) The frequency of IL-21+CD4+ T cells were
compared between GPA patients and HC naive CD4+ T cells cultured with (e) ThO
(TCR) or (f) Tth (TCR+TGF@+IL-12) differentiation conditions. Data show mean
frequencies of cell subsets, and statistical analysis performed by Mann Whitney

test. GPA n=9 HC n=6.

4.2.3. Secreted IL-21 from naive CD4+ T cells after in vitro ThO and Tfh
differentiation.

To measure IL-21 expression from CD4+ T cells by ICS in Figure 4.2, cells were
cultured for 5 hours with PMA and ionomycin for boosting cytokine expression
and in the presence of brefeldin and Protein transport inhibitor to prevent
cytokine release prior ICS. Therefore, the IL-21 expression data described above
might be affected by PMA/ionomycin stimulation, which may upregulate cytokine
expression independently of receptor signalling. To exclude any additional non-
TCR driven signalling effects of PMA/ionomycin, secreted cytokine levels in cell
culture supernatant from PMA/ionomycin non-treated cells were measured by 18-

plex Luminex assay (Figure 4.3).

Overall, both GPA and HC naive CD4+ T cells secreted more IL-21 after in vitro Tth
(TCR+TGFB+IL-12) differentiation compared to ThO (TCR alone) differentiation

(Figure 4.3a, b). However, there were still no significant differences in secreted IL-
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21 between GPA and HC cell culture supernatant, despite a trend towards higher

IL-21 production in GPA samples.

Interestingly, there was a trend towards higher secreted IL-6 in GPA naive CD4+ T
cells compared to HC after five-day in vitro Tfh differentiation (Figure 4.3d).
Although statistically this trend was not significant by Mann Whitney test, the P
value was very close to significance at 0.0519. Moreover, for three out of nine GPA
samples and one out of six HC samples, IL-6 concentration data were unobtainable,
since the values for these samples were above the top range of the standard curve
measurements, and repeats at a higher dilution were not possible due to limited
remaining sample availability. No difference in production of other cytokines (IL-4,
IL-27,1L-10, IL-1B, IL-5, IL-12, IL-13, IL-17A, IL-9, IL-23, IL-18, IFNy, GM-CSF, TNFa

and IL-22) was observed between GPA and HC (see appendix sFigure 9.4).
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Figure 4.3. Secreted IL-21 and IL-6 levels from naive CD4+ T cells after in
vitro ThO and Tfh differentiation. [solated naive CD4+ T cells from GPA patients
or healthy controls were cultured for 5 days under ThO (TCR alone) or Tfh
(TCR+TGFB+IL-12) differentiation conditions. Concentration of cytokines in cell
culture supernatants was measured by Luminex assay. (a and b) IL-21
concentration within culture supernatants after (a) ThO (TCR) or (b) Ttfh
((TCR+TGFB+IL-12) differentiation. (¢ and d) IL-6 concentration within culture
supernatants after (c) ThO (TCR) or (d) Tfth (TCR+TGFB+IL-12) differentiation.
Data show mean concentration of cytokine in culture supernatants, and statistical

analysis performed by Mann Whitney test.
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4.2.4.1L-21 mRNA expression after Tfh differentiation.

Although IL-21, expression from naive CD4+ T cells was not different between GPA
and HC, there was a strong trend towards higher IL-6 expression in GPA naive
CD4+ T cells after Tth differentiation compared to HC (Figure 4.3d). IL-6 produced
by CD4+ T cells can act in an autocrine manner to direct Th cell lineage
differentiation (Naugler and Karin, 2008; Sofi et al., 2009). Moreover IL-6 has been
shown to induce Tfh differentiation and upregulate IL-21 production from CD4+ T
cells (Diehl et al., 2012; Chavele et al., 2015). IL-6 is important for the expansion of
Tfh cell differentiation by enabling differentiating cells to produce IL-2, while
counteracting the inhibitory effects of IL-2 on Tfh cells. (Papillion et al, 2018)
Therefore, it was hypothesized that the increasing levels of IL-6 during Tfh
differentiation may have the potential to enhance IL-21 expression in GPA naive CD4+ T
cells at a later time point. To investigate this, [L-21 mRNA levels were measured from
enriched naive CD4+ T cells stimulated for 6 days with Tth (TCR+TGFf+IL-12)
differentiation conditions. Interestingly, there was a trend towards higher IL-21 mRNA
expression in GPA naive CD4+ T cells after culture in Tfh differentiation conditions
compared to HC (Figure 4.4) though more samples would be required to ascertain

statistical significance.
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Figure 4.4 Level of mRNA expression in naive CD4+ T cells from GPA patients
and HC after 6 days in vitro ThO and Tfh differentiation. RNA from naive CD4+
T cells after 6 days culture with Tth (TCR+TGFB+IL-12) differentiation conditions
was isolated by Trizol extraction for qRT-PCR analysis. Messenger RNA expression
of IL-21 in GPA and HC naive CD4+ T cells was compared after culture with Tth
(TCR+TGFB+IL-12) differentiation conditions relative to expression of a
housekeeping control gene (PPIA) was measured by qRT-PCR in two independent
experiments (a and b). (a) Setl (n=3 (GPA) n=2 (HC)) (b) Set2 (n=3 (GPA) n=2
(HC)). Data show mean relative gene expression (2-ACt). Note, data from set 1 and
set 2 treated separately due to different relative gene expression values between

the two experiments.

4.2.5.Global gene expression in naive CD4+ T cells from GPA and HC.

The in vitro differentiation data described above, together wtih previous findings
(Figure 3.4 and Figure 3.6) suggests that naive CD4+ T cells from GPA patients may
favour differentiation towards a Tfh-like phenotype. To understand these
observations at a molecular level, differences in global gene expression in resting
and activated naive CD4+ T cells between GPA patients and healthy controls (HC),
an Illumina microarray was performed. Naive CD4+ T cells were isolated using
Dynal beads from blood samples from seven GPA patients and five HCs. GPA
patient samples were selected that had similar medication histories (See appendix
sTable 9.2). After resting overnight, RNA was isolated from rested naive CD4+ T
cells (non-activated) and two-hour TCR activated naive CD4+ T cells. The two-
hour time-point enabled investigation of early gene expression changes upon TCR

stimulation but prior to cytokine mediated gene induction.
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Strikingly, principle component analysis (PCA) showed that there are clear,
distinctive gene expression profiles that differ between naive CD4+ T cells from
GPA patients and healthy controls (Figure 4.5 a). Differentially expressed genes in
GPA CD4+ T cells were identified by analysis of variance (ANOVA) using Partek
software. Figure 4.5¢, d provides a list of genes, which exhibited greater than a 1.5-
fold difference between GPA and HC, for both rested and TCR activated cells. The
list includes a number of genes involved in antimicrobial function that are
expressed at higher levels in both rested and activated naive CD4+ T cells from
GPA patients compared to healthy controls (Figure 4.5 c and d). This result agrees
with a previously published study, in which microarray analysis was performed on
total CD4+ T cells (including naive, effector, memory and regulatory cells),
comparing gene expression between GPA and HC (Kerstein et al., 2017). In the
current study, it was noted in the PCA analysis that samples from two out of seven
GPA patients (GPA group 2) clustered differently to the other GPA samples (GPA
group 1) - notably expression levels of antimicrobial genes were similar to HC
(Figure 4.5b). To understand the differences in gene profiles between these two
GPA groups and how these differences affected the ‘all GPA’ group analysis,
differently expressed genes were identified by ANOVA. The majority of gene
expression differences observed in both GPA group1 and group2 compared to HC
were similar to the ‘all GPA’ group in both rested and activated states (Figure 4.5 c

and d).

In general, genes differ