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Summary

Background — Rheumatoid arthritis (RA) is one of the most common forms of
autoimmune disease, affecting about 1% of the population and causing chronic
inflammation that primarily affects the joints. Cytokines that signal via the Janus kinase
(JAK)/signal transducer and activator of transcription (STAT) signalling pathway are major
drivers of synovitis in patients with RA and contribute to the rapid progression of the
disease. Biological agents targeting the cytokine interleukin (IL)-6, its receptor system or
downstream pathway have revolutionised the treatment of immune-mediated diseases
and can induce drug-free remission. However, RA is a highly heterogeneous and complex
disease and consequently, around 40% of patients do not respond to current frontline
biologics. This has raised the need for alternative therapeutic strategies or precision
medicine approaches that improve treatment decisions for RA patients. My thesis aimed
to investigate the action of novel therapeutic modalities that target the IL-6 receptor
system or downstream signalling cassette to improve understanding of the underlying
inflammatory processes that drive synovitis.

Results — Exploiting three novel classes of IL-6/STAT3 inhibitors, | have interrogated their
mode of action in in vitro model systems and animal models of synovitis. (1) Using
histopathology and RNA-sequencing of the inflamed synovium, | demonstrated that an
anti-cancer therapy (CpG-Stat3siRNA) improved arthritis outcome, altered the balance of
STAT1/STATS3 signalling and reduced the incidence of ectopic lymphoid-like structures in
synovitis. (2) | also used a virus-derived SOCS3 modulator peptide that suppresses STAT3
activity through the induction of SOCS3. This agent was shown to block pathogenic T-
helper (Th)17 cell differentiation in vitro and reduced disease pathology in mice with
antigen-induced arthritis. (3) Blocking of IL-6 trans-signalling pathway with engineered
inhibitors (cs-130Fc) based on regulatory domains of the sgp130 receptor proved efficacy
over other related therapy variants (e.g., olamkicept) in inhibiting STAT3-driven Th17 cell
expansion in vitro. In a final approach, | also examined the biology of genes that are
suppressed by IL-6 and IL-27 in CD4* T-cells. These factors might have immune-protective
function in synovitis, and initial studies are presented on the identification of CRTAM as
one such factor and its inflammatory regulation in mouse synovitis.

Conclusions — These studies showcase how JAK/STAT signalling through the IL-6 receptor
cassette may be controlled at multiple levels and further demonstrate how investigations
into their mode of action help to unearth new understanding of IL-6 biology in RA.
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Chapter 1

1 Introduction

1.1 The immune system in health and disease

1.1.1 Overview of the inflammatory immune response

The body is protected from exogenous agents (e.g., infections by viruses, bacteria and
archaea, fungi or parasites) and endogenous threats (e.g., malignantly transformed cells) by
a variety of effector cells and molecules that together make up the immune system.
However, host defence and surveillance is only one component of the immune system’s
overall function, and its activities also contribute to physiological processes such as
development, metabolism, maintenance of tissue homeostasis and repair, and mental
wellbeing L. Immunity is not a simple circuit involving few types of immune cells but a multi-
layered, dynamic network of interlocking subsystems that form one of the most complex
and important frontiers of scientific enquiry we know 2. This remarkably sophisticated
biological system has evolved to sense and interpret changes in environmental cues and is
capable of dealing with a massively diverse collection of constantly evolving pathogens by
discriminating between foreign entities and the host’s own tissues. However, the delivery of
these activities are delicately controlled and if inappropriately regulated, can lead to chronic

pathologies and cancer 3

. The immune response is divided into two interconnected
subsystems termed innate and adaptive immunity. These systems determine the speed and
duration of the immune response, dictate the types of effector cells involved, and fine- tune
the specificity of the host defence. Recent research shows that the boundaries between
innate immune response and adaptive immunity are more blurred than initially believed,

and their actions are closely intertwined to ensure a highly coordinated response to

infection, trauma or injury * (Figure 1.1).
1.1.1.1 Innate Immunity

Innate immune responses represent the first barrier of fast-acting defence against infectious
organisms. Plants and some animals, such as insects, rely exclusively on innate defences, a
highly conserved ancestral system designed to contain and neutralise infections °.
Mechanical and chemical defences operate continuously as the body is exposed on a daily

basis to viruses and bacteria in the environment. For example, mucosal surfaces produce a
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variety of antimicrobial proteins that act as natural antibiotics to prevent microbes from
penetrating the body. At the same time, a diverse community of commensal bacteria
inhabits mucosal and epidermal surfaces in humans and are beneficial to the host °.
However, if the normal barrier function of the epithelia at these surfaces is compromised,

these microbes can become pathogenic.

Innate Immunity Adaptive Immunity
Pathogens
/‘% * on Lymphoid organ

Mechanical
defenses
Antibodies

Macrophage Chemical
defenses

O,
%;% NK cell * ﬁ _* O
*R Activated B-cells

DC Naive (effectors/memory)

. Naive
Mast cell Neutrophils ﬁ ( 8-cell
<= Activated T-cells
e e (effectors/memory)
& =

’// Blood vessel sf /

| Minutes to hours /S / Days |

Figure 1.1 Interplay between innate and adaptive immunity.

The first level of defence is the anatomic barrier provided by the body’s epithelial surfaces. Second,
various chemical and enzymatic systems, including complement, act as an immediate antimicrobial
barrier near these epithelia. If epithelia are breached, nearby innate lymphoid cells (e.g.,
macrophages, NK cells, neutrophils) can coordinate a rapid cell-mediated defence. If the pathogen
overcomes these barriers, the slower-acting defences of the adaptive immune system are brought to
bear. In the lymph nodes, dendritic cells present pathogen-derived antigens to naive and central
memory T-cells, leading to stimulation of pathogen-specific cells. T-cells provide help to B-cells,
inducing the production of antibodies that directly neutralise pathogens and lead to additional
targeting of innate responses. NK, natural killer; DC, dendritic cell.
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Consequently, the innate immune system responds immediately by recognition of
conserved motifs found in the pathogens as well as a number of other indicators of cell stress
or death ’. The cells responsible for detecting these pathogens or the damage induced by
them are phagocytic myeloid cells such as tissue-resident macrophages, neutrophils and
other polymorphonuclear leukocytes, Langerhans cells and dendritic cells (DCs). These
sensor cells are equipped with a limited number of pathogen recognition receptors (PRRs) &°
that recognise simple molecules and regular patterns of molecular structure known as (i)
danger-associated molecular patterns (DAMPs), induced in response to endogenous stress
(e.g., K%, ions, uric acid or ATP), and (ii) pathogen-associated molecular patterns (PAMPs),
which are molecular components unique to bacteria, viruses, fungi and parasites °. Such
PAMPs include mannose-rich oligosaccharides, peptidoglycans, and lipopolysaccharides of
the bacterial cell-wall (LPS), as well as unmethylated CpG or double-stranded RNA !, Each
of these microbial components has become highly conserved during microbial evolution,
making them excellent targets for recognition by the immune system. Some PRRs are
transmembrane proteins, such as the Toll-like receptors (TLRs) that detect PAMPs (and
certain DAMPs) derived from extracellular bacteria or bacteria taken into vesicular pathways
by phagocytosis 2. Other PRRs are cytoplasmatic proteins, such as the NOD
(nucleotide- binding oligomerisation-domain protein)-like receptors (NLRs), and the
leucine- rich repeat-containing receptors, among others 3. Some NLRs detect intracellular
bacterial invasion, viral infections and biological allergens and induce the inflammasome
complex, which leads to caspase-1-dependent processing and secretion of members of the
interleukin 1 (IL-1) family of cytokines, IL-1B and IL-18 *%°, The inflammasome is also
involved in recognition of non-pathogen stimuli such as self-generated DAMPs (e.g.,

cholesterol crystals in cardiovascular disease, uric acid crystals in gout) .

Local inflammation and the phagocytosis of invading bacteria can also be triggered by the
activation of the complement system, designed to instruct leukocyte recruitment and
activation, flag pathogens for immune attack, and promote pathogen killing '’. Bacterial
surfaces can activate the complement system, inducing a cascade of proteolytic reactions
that coat the microbes with fragments of specific serum proteins of the complement system.
Microbes coated in this way (termed opsonisation) are recognised by specific complement
receptors on macrophages and neutrophils, taken up by phagocytosis, and destroyed.
Neutrophils also attempt to kill the invading agents by releasing the toxic contents of their

granules, which include reactive oxygen species (ROS) and reactive nitrogen species,
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proteinase 3, cathepsin G and elastase, having possible unavoidable collateral damage to
host tissues 8. Additionally, natural killer (NK) cells play an important role in the early innate

response to viral infections, before the adaptive immune response has developed *°.

Pathogens are not the only causative agents of tissue and cell damage. During cellular stress,
trauma and its associated tissue damage, inflammation and necrotic cell death, self-derived
host molecules (DAMPs) are produced in large quantities in order to activate repair
mechanisms and restore homeostasis '°. Acidosis, hypoxia, extracellular matrix (ECM)
reorganisation, and tissue remodelling follow in order to combat the stressors. Thus, DAMPs
play a role in correcting the altered physiological state, but in excess, the resultant
intracellular signalling can induce the elaboration of inflammatory mediators which are also

DAMP generators, forming a vicious loop and creating a pro-inflammatory state .

Activation of PRRs on sensor cells serves to amplify the immune response by the production
of inflammatory mediators, including chemokines, cytokines, vasoactive amines,
eicosanoids and products of proteolytic cascades, which recruit cells from the blood into
infected tissues, a process known as inflammation, that helps destroy the pathogen .
Inflammation increases the flow of lymph, which carries microbes or innate cells, such as

DCs, bearing their antigens, from the infected tissue to nearby lymphoid tissues, such as the

spleen and lymph node, where the adaptive immune response is initiated.

1.1.1.2 Adaptive Immunity

Innate immune responses occur rapidly on exposure to an infectious organism while
adaptive immunity is learned or acquired more slowly, in days to weeks ’. However, the
adaptive immune system is capable of eliminating infections more efficiently because of
exquisite specificity of antigen recognition by its lymphocytes and generating immunological
memory. In contrast to a limited repertoire of receptors expressed by innate immune cells,
lymphocytes express highly specialised antigen receptors that collectively possess a vast
repertoire of specificity. This enables the adaptive immune system to respond to virtually
any pathogen and effectively focus resources to eliminate pathogens that have evaded or
overwhelmed innate immunity. But the adaptive immune system interacts with, and relies

on cells of the innate immune system for many of its functions 2.

The adaptive arm of immunity consists of antigen-specific lymphocytes: B-cells and T-cells.

This basic principle of lymphocyte differentiation is observed in all jawed vertebrates (e.g.,
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mammals), but it was already present in jawless vertebrates (e.g., lampreys) 2. Both B-cells
and T-cells derive from common lymphoid progenitors of haematopoietic stem cells in the
bone marrow, and B-cell and T-cell differentiation occurs in primary lymphatic organs: the
bone marrow and thymus for B-cells and T-cells respectively. B-cells and T-cells are
distinguished by the structure of the antigen receptor that they express, the B-cell receptor
(BCR) and its soluble form (immunoglobulins), and the T-cell receptor (TCR) (Figure 1.2).
Antibodies and T-cell receptors are composed of constant and variable regions that provide

distinct functions.

The antibody molecule consists of two identical heavy chains and two identical light chains
with variable and constant regions. Proteolytic cleavage by papain cuts the antibody
molecule on the amino-terminal side of the disulphide bonds that link the two heavy chains,
releasing the two arms of the antibody molecule as two identical fragments that contain the
antigen-binding activity or Fab fragments, and one Fc fragment (fragment crystallisable),
which is the part of the antibody molecule that interacts with effector molecules and
cells 2. The T-cell receptor is composed of two chains: the TCR o and B chains in the case of
of} T-cells, which are the most abundant and best characterised human T-cell subset; and
the TCR y and & chains, expressed by yd T-cells, which are considered ‘unconventional’ and
represent 1-10% of circulating T-cells. These chains are expressed as part of a complex with
the invariant CD3 chain molecules. The large repertoire of both T-cell and B-cell receptors is
acquired by rearrangement of the variable (V), diversity (D), and joining (J) gene segments
by a multistep process called V(D)J recombination. The enzyme pair RAG1 and RAG2 at the

end of V(D)) genes, selectively targets recombination signal sequences 272

. In fact,
RAG- deficient mice completely lack mature B-cells and T-cells, highlighting the importance
of these enzymes in adaptive immunity 2°. The V(D)) recombination is a random mechanism
unique to antigen-specific receptors on B-cells and T-cells that allows adaptive immune
responses against a virtually limitless array of antigens, including molecules encoded by the
host. Thus, cells that recognise self-antigens must be removed by negative selection before

they enter circulation to avoid unwanted self-reactive receptors (autoimmunity) that can

result in chronic inflammation.

Adaptive immune responses are initiated when B-cells or T-cells encounter antigens in the
secondary lymphoid organs (SLOs) —the lymph nodes, spleen, and mucosal lymphoid tissues.

Mature naive lymphocytes are continually recirculating through these tissues, to which
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pathogen-derived antigens are carried from sites of infection, primarily by DCs. DCs are
crucial for the initiation of adaptive immune responses as they process the captured antigens
and convert proteins to peptides that are presented on major histocompatibility complex
(MHC) molecules and recognised by T-cells through a TCR ?’. In humans, MHC molecules are
encoded within the Human leukocyte antigen (HLA) locus. When a T-cell first encounters an
antigen that its receptor can bind, it proliferates and differentiates into one of several

different functional types of effector T lymphocytes.

Antigen-binding
site

]

Antibody

—Antigen

Antigen-binding

site
—
Va VB
Ca cg T-cell
receptor
T-cell

Figure 1.2 Schematic structure of an antibody molecule and the T-cell receptor.

The Fab fragment of an antibody molecule is a disulphide-linked heterodimer, each chain of which
contains one immunoglobulin C domain and one V domain. The T-cell receptor is also a disulphide-
linked heterodimer, with each chain containing an immunoglobulin C-like domain and an
immunoglobulin V-like domain. The juxtaposition of the V domains forms the site for antigen
recognition. Most antigens are larger than the sites on the antibody or antigen receptor to which they
bind, being the epitope the small portion of the antigen’s molecule structure that is recognised. Fab,
fragment antigen-binding; Fc, fragment crystallisable, C, constant; V, variable.
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When effector T-cells subsequently detect antigen, they can manifest three broad classes of
activity: (i) Cytotoxic T-cells (CD8*), that kill other cells that are infected with viruses or other
intracellular pathogens bearing the antigen; (ii) Helper T-cells (CD4"), that provide signals,
often in the form of specific cytokines that activate the functions of other cells, such as B- cell
production of antibodies and macrophage killing of engulfed pathogens; (iii) Regulatory
T- cells, that suppress the activity of other lymphocytes and help to limit excessive or
sustained immune activation 2. The MHC genes encode two homologous types of proteins,
MHC molecules of class-I (MHC-I), which present peptide antigens to CD8" cytotoxic T-cells,
and class-Il (MHC-II), which present peptides to CD4* helper T-cells. To become activated,
T- cells require both initial TCR activation (termed ‘signal 1’') and interaction of co-
stimulatory molecules CD80 (B7-1), CD86 (B7-2) and CD40, expressed on antigen-presenting
cells (APCs) that bind CD28 and CD40 ligand (CD40L) on T-cell respectively that will initiate
T-cell proliferation (termed ‘signal 2’). Finally, the presence of soluble cytokine signal may

determine the differentiation state of the T-cell (termed ‘signal 3’, see Figure 1.6) %.

Activation of B-cells usually requires not only antigen, which binds to the B-cell receptor
(comprising a membrane-bound immunoglobulin — typically monomeric IgM or IgD) but also
the cooperation of activated T-follicular helper (Tfh) cells. When they recognise a
peptide:MHC class || complex on the B-cell surface, Tfh cells deliver additional signals that
include the expression of CD40 ligand and the production of various important cytokines
(e.g., IL-21, IL-6 TGF-B, IFN-y and IL-4). This results in the expression of activation-induced
cytidine deaminase (AID) which promotes class-switching and somatic hypermutation within
the antigen-binding site in order to increase the affinity and diversity of antibodies %. In the
germinal centres, B-cells proliferate and differentiate into plasma cells that promote
antigen-specific responses. These are the effector form of B-cells, and they secrete
antibodies that have the same antigen specificity as the plasma cell’s BCR. Whilst early
antibody production comprises pentameric IgM, the cytokine network established as part of
the inflammatory processes promotes antibody class-switching to tailor the immune
response to a specific antigenic challenge. Here, class-switching involves a genetic
rearrangement of the antibody constant region of the immunoglobulin heavy chain in order
to generate antibodies with different effector functions. There are five immunoglobulin (Ig)

isotypes — IgM, IgG, IgD, IgA and IgE. Thus, lymphocytes activated by antigen give rise to
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clones of antigen-specific effector cells that mediate the adaptive response in a process

known as clonal selection 3.

Some of the B-cells and T-cells activated by antigen will differentiate into memory cells, the
lymphocytes that are responsible for the long-lasting immunity that can follow exposure to
disease or vaccination 3. Memory cells will readily differentiate into effector cells on a
second exposure to their specific antigen 2%. | discuss the role of each of the T-cell subsets in

the context of rheumatoid arthritis in Section 1.2.4.1.

1.1.2 Autoimmunity

There are three major areas in which the immune system can cause pathology: genetic
immune deficiency syndromes in which there is inability of one or more components of the
immune system to respond in a protective fashion to immune challenge, auto-inflammatory
conditions driven by DAMPs, and autoimmunity arising from aberrant antibody targeting of
host tissues and cells *2. The failure to discriminate self from nonself is commonly called ‘a
breach of tolerance’ and is the starting point for autoimmune disease. Human autoimmune
diseases arise out of intricate interactions between genetic and environmental factors that
accumulate over time until the appearance of clinical symptoms. While underlying adaptive
immunity alterations have been considered for decades, the pathogenic role of innate
immunity in many of these diseases is also becoming evident *. Traditionally, autoimmune
diseases were considered to be rare, but following meticulous epidemiological studies, have
now been demonstrated to affect 3-5% of the global population. There are almost 100
different autoimmune diseases, some of which are organ-specific, as in type 1 diabetes
(T1D), or widely expressed, as in systemic lupus erythematosus (SLE) or rheumatoid arthritis
(RA), leading to the appearance of autoantibodies and/or autoreactive T-cells 32,
Importantly, while organ-specific, systemic immune responses mean that organ-specific
autoimmunity is also linked to multi-morbidities. As my work addresses the modulation of
the JAK/STAT signalling pathway for the treatment of inflammatory arthritis, the rest of my

thesis will focus on this autoimmune disease in particular.

1.2 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a clinically heterogeneous autoimmune disease that results in

chronic inflammation of the synovial membrane and causes pain, swelling and stiffness in
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the joints 34 However, it should be considered a syndrome that includes extra-articular
manifestations such as systemic comorbidities — e.g., cardiovascular complications, anaemia,
fatigue, alterations in sleep, mood and often psychological conditions, including depression.
A hallmark of RA is the presence of autoantibodies such as rheumatoid factor (RF) and
autoantibodies against citrullinated peptides (ACPAs), which are associated with more
severe joint damage and increased mortality *. It is the most frequent inflammatory arthritis
worldwide, affecting 0.5 - 1% of the adult global population, predominantly women, and it
can cause severe joint damage, loss of function and disability 3. Although RA may present
at any age, it occurs most commonly in individuals between the age of 45 and 65 years, and
the peak incidence for women occurs earlier than for men 3¢. RA prevalence also varies
between ethnicities, with the highest reported in Native American population 3. Moreover,
geographical differences such as a lower prevalence in southern Europe have been reported,
although studies are limited 2. While not fatal, there is evidence of a gap in mortality
between individuals with RA and the general population. This mortality gap is mainly
attributed to high prevalence of cardiovascular risk factors associated with the disease 3°. A
prospective analysis of the Nurse’s Health Study reported that women with RA had an
increased risk of total mortality compared with those without RA *°. With current treatment
strategies, premature mortality is no longer observed %!, yet RA still associates with higher
mortality rates, as shown in recent cohorts studies *2. The disease is complex and involves
environmental factors that trigger disease in genetically susceptible individuals. In later
sections, | discuss the main genetic risk factors believed to influence the development and

course of RA.

1.2.1 Assessment of disease activity

The pathogenesis of RA is complex, and while soluble markers including RF, ACPA and
C- reactive protein (CRP) predict disease onset, current biomarkers are unable to reliably
predict the rate and severity of disease, and the response to biological drug intervention.
Assessment of clinical disease activity is currently the best method to identify the stage of
disease and response to therapy in patients with RA *3. Disease activity is assessed using the
Disease Activity Scores (DAS28) as an observational clinical measure of joint pathology **. As
its name indicates, DAS28 considers the number of swollen and tender joints out of 28
examined and is combined with measures of systemic markers of inflammation such as the

erythrocyte sedimentation rate (ESR) and serum CRP levels, and personal assessment of
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health, in order to calculate an overall disease activity score. For example, a patient with a
DAS28 score of less than 2.6 is in remission; a score greater than or equal to 2.6 and less
than 3.2 indicates low activity, and a score greater than 5.1 indicates high disease activity *°.
In clinical trials, the clinical response is usually measured using the American College of
Rheumatology (ACR) score, which helps determine response to treatment by judging of
disease improvement as opposed to measuring disease activity. An improvement of 20%
(ACR20) is the minimal required response and means that there is a 20% improvement in
tender or swollen joint counts, a reduction in overall assessment of RA and reduction in
serum markers of inflammation. Similarly, an ACR50 and ACR70 response indicate a 50% and
70% improvement respectively “¢. Boolean Scores, simplified and clinical disease activity
indexes (SDAI, CDAI) avoid CRP measures in determining disease remission and can be useful
in cases where, due to drugs like tocilizumab, disease scores are heavily skewed by the

impact on CRP %,

1.2.2 Genetic, environmental and epigenetic risk factors

Family history has long been recognised as one of the strongest risk factors for developing
RA *8, Although twin studies have estimated a relatively high heritability (40-60 %) in patients
who are positive for ACPAs, they also demonstrated that non-coding factors play an

4849 Genome-wide association studies (GWAS) have

important role in susceptibility
characterised more than hundred loci significantly associated with risk and progression of
RA, the most common being the human leukocyte antigen (HLA)-DRB1, which encodes a
specific amino acid motif in the peptide-binding groove (QKRAA), called ‘the shared
epitope’ *°. Other genetic loci that predict susceptible to RA are linked to genes involved in
cytokine signalling and sensitivity (e.g., STAT4, IL12RA, TYK2, IRF5, IRF8), lymphocyte
receptor activation threshold (e.g., PTPN22) !, altered stimulatory pathways (e.g. CD28,
CD40), immune checkpoint receptor expressed on activated T-cells (e.g., CTLA4, PRDM1),
and innate immune activation (e.g., TNFAIP3 ) *2. Interestingly, genetic variations in IL6ST
(encoding gp130) and IL6R are common in patients with RA *3. In addition to susceptibility,
IL2RA, DKK1, GRZB, MMP9 and SPAG16 have also been associated with RA severity ** and a

single nucleotide polymorphism in IL27 (encoding IL-27p28) was linked to more advanced

disease >°.

As mentioned before, studies have shown that women are twofold to threefold more likely

to develop RA than men °¢. The higher frequency of RA among women than among men is
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poorly understood, but it is partly attributed to the stimulatory effects of oestrogen on the
immune system. Furthermore, women have an earlier disease onset and are more likely to
have been negative for RF and have lower titres of ACPAs compared to men®’. Interestingly,
while RA risk increases in nulliparous women, pregnancy is often associated with disease
remission. Nevertheless, the role of hormonal factors in the pathogenesis and development
of RA remains controversial *8. In addition to mature effector T-cell function, the generation
and maintenance of central tolerance (involving appropriate selection of T-cells in the
thymus and B-cells in the bone marrow) and of peripheral tolerance (dependant on

appropriate regulatory T-cell function) can contribute to an over-reactive immune system *°.

The outcome of RA is also influenced by environmental factors such as tobacco smoking,
which promotes the citrullination of proteins and doubles the risk of disease in smokers
compared with non-smokers. Other environmental risk factor includes silica exposure,
infectious agents, vitamin D deficiency, obesity and changes in the microbiota, although
studies for some of these factors are not very robust 8. Finally, one of the ways in which
individuals may respond to environmental exposure is through changes in epigenetics . The
term epigenetics is often used to described regulatory mechanisms that do not involve
changes in the nucleotide sequence, regardless of whether such imprinting is strictly
heritable . Methylated positions, altered histone acetylation, DNA methylation and

microRNAs represent epigenetic aspects that could promote genetic risk in RA 34,

1.2.3 Mechanisms of disease initiation and progression

The disease process may be characterised as having a predisposing genotype upon which
environmental and genetic factors operate to promote ‘preclinical RA’. During this period,
there is no clinical evidence of disease activity, but some patients may have markers in the
blood that denote autoimmunity (e.g., ACPA, RF); an early inflammatory phase that includes
clinical manifestations that may or may not be accompanied by a confirmed diagnosis of RA
(early RA); a destructive phase that includes erosions and disease progression; and an
ongoing phase accompanied by hyperplasia and irreversible joint destruction (established

RA) ©? (Figure 1.3).

The mechanisms that lead to a breach of tolerance in RA are poorly defined but probably
arise at a systemic immune regulatory level, in aberrant thymic selection or peripheral

tolerance. One of the fundamental elements in the initiation of the disease process is the
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presence of specific autoantibodies, such as RF and ACPAs °8. RF was the first autoantibody
identified for RA, and it was later found to be directed to the Fc portion of IgG. In addition,
RF and IgG join to form immune complexes that contribute to the disease process. Since
then, numerous additional autoantibodies have been characterised in sera of patients of RA
recognising autoantigens such as type 2 collagen (particularly in oxidised form),
glucose- 6- phosphate isomerase and proteoglycans, contributing to pathogenesis ©.
Moreover, the identification of these additional autoantibodies has been used to establish

mouse models to investigate disease mechanism in RA (e.g., CIA and K/BxN mouse

models) ®4.

Citrullination or deimination is the conversion of the amino acid arginine in a protein into
the amino acid citrulline, which is not one of the twenty standard amino acids encoded by
DNA in the genetic code. Instead, enzymes known as peptidyl arginine deiminases convert
arginine residues to citrulline residues ® (Figure 1.4). Up to 70% of patients with RA are
found to be anti-cyclic citrullinated peptides (CCP2) positive with high specificity . Stressors
like cigarette smoke, for example, can act on cells in mucosal sites and promote the
post- translational conversion of the amino acid arginine to citrulline in a range of proteins,
including intracellular proteins (such as histones) and matrix proteins (e.g., fibronectin,
collagen, fibrinogen, enolase and vimentin) ®’. The microbiota also plays a role in the
induction of citrullination. For example, P. gingivalis, linked with bacterial periodontal
disease, expresses a peptidyl arginine deiminase (PAD) that enzymatically controls
citrullination to promote ACPA generation . A similar citrullination reaction is also triggered
by a bacterial toxin derived from A. actinomycetemcomitans. This Gram-negative bacterium
is associated with localised aggressive periodontitis and secretes an acylated protein toxin
termed leukotoxin-A, which promotes membranolysis and cell death in host immune cells.
This process drives hypercitrullination of RA autoantigens in human neutrophils, and
exposure to A. actinomycetemcomitans is a significant risk factor for disease onset in

patients carrying HLA-DRB1 ©°.
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Figure 1.3 Initiation and progression of RA.

(A) Environmental stimuli and specific HLA haplotypes contribute to post-translational modifications,
such as citrullination, carbamylation, sialyation or acetylation, in the mucosa, and initiate the
production of neo-epitopes that can be recognized by the adaptive immune system. (B) These altered
peptides are presented by APCs and activate an adaptive immune response in lymphoid tissues and
elicit autoantibody formation. (C) Stromal cells (FLS), APCs and macrophages can be activated locally
and produce a range of inflammatory factors. Paracrine and autocrine actions of cytokines, along with
persistent, adaptive immune responses, can perpetuate the disease and ultimately lead to cartilage
and bone destruction. APC, antigen-presenting cell; FLS, fibroblast-like synoviocyte; TNF, tumour
necrosis factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-y, interferon-
gamma; MMPs, matrix metalloproteinases; RANKL, receptor activator for NkB ligand.
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Figure 1.4 Citrullination of peptidyl arginine by peptidyl arginine deiminase (PAD).

Other mechanisms of protein modification (post-translational modifications like acetylation,
sialyation or non-enzymatic carbamylation) are also likely to turn self-proteins into targets
for autoantibody generation 7°. These altered peptides bind to MHC protein heterodimers,
especially those containing the previously mentioned shared epitope (QKRAA), leading to
antigen presentation, which in turn stimulate B-cells to synthesise a range of antibodies that
recognise self-antigens, including RF (targeting 1gGs) and ACPAs (targeting citrullinated
proteins) ®>71, The presence of circulating autoantibodies (seropositivity) can be detected up
to 10 years before diagnosis, with an increase of their concentration and epitope diversity
over time and is associated with more severe joint damage and increased mortality. Thus,
they can be used not only as a diagnostic marker but also as a prognostic marker 2.
Importantly, the presence of ACPAs alone is not sufficient to cause disease onset; an
additional immunological challenge (e.g., immune complex formation, complement
activation or microvascular insult), triggered by an adverse infection or environmental
factor, is likely required to initiate autoimmune reactions and clinical synovitis characterised

by increased vascular permeability and the synovial infiltration of inflammatory cells 73.

1.2.4 Pathogenesis

1.2.4.1 The synovium

Although RA is a systemic disease that can affect organs and areas of the body other than
the joints, the synovial membrane or synovium is the major target tissue of inflammation
(termed synovitis). Why RA localises predominantly in joints and not in other parts of the
body is still poorly understood. The synovium produces synovial fluid which provides a

lubricated surface that enables the cartilage surfaces to operate with a low frictional
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coefficient 74, In addition, the synovial fluid supplies essential nutrients to the cartilage since
this tissue lacks its own blood supply, and removes the waste products from the cells within
the cartilage 7. A healthy synovial membrane is a relatively delicate structure with an intimal
lining that covers the non-articulating surfaces of synovial joints. The intimal lining is
composed of macrophage-like synoviocytes and fibroblast-like synoviocytes (FLS), while the
sublining, a loose connective tissue that lies beneath the intimal lining, is composed of
fibroblasts, adipocytes, blood vessels and scattered immune cells *® (Figure 1.5). This
architecture lacking epithelial cells, a basement membrane, tight junctions or desmosomes,
probably contributes to the accumulation of immune complexes, bacterial cell walls, and
other material in the synovium 6. The joint forms a dynamic environment that is subject to
constant minor trauma by movement. As a result, continual remodelling of the articular
cartilage and adjacent bone and its careful regulation are necessary in order to maintain self-

repair and homeostasis 74

The intimal lining thickens (synovial hyperplasia) due to an increase and activation of both
macrophage-like synoviocytes and FLS 7. Macrophage-like synoviocytes produce an array of
pro-inflammatory cytokines, including IL-1, IL-6, tumour necrosis factor (TNF) and others.
These cytokines activate FLS and release IL-6 and large amounts of proteases, most notably
matrix metalloproteases (e.g., collagenases, stromelysins and ADAM family members), as
well as small bioactive lipid mediators (e.g. prostaglandins and leukotrienes) >8. Several other
cell types (adaptive immune cells) infiltrate and accumulate in the synovial sublining such as
T-cells, B-cells, plasma cells, antigen-presenting follicular dendritic cells, macrophages and
mast cells °8. Angiogenesis accompanies this immune cell accumulation, increasing leukocyte
migration, and the synovial tissue transforms into an invasive and destructive front of
synovial tissue attached to the articular surface, called pannus, which ultimately can result
in cartilage and bone destruction 7. Bone erosion is generally due to maturation and
activation of osteoclasts (bone-resorbing cells) by receptor activator of nuclear factor - kB
(RANK; also known as TNFRSF11A) ligand (RANKL; also known as TNFSF11) produced by
T- cells, together with TNF, IL-6 and IL-1 produced by macrophages and FLS in the synovial
lining (Figure 1.3C). In the accompanying Sections below, | will discuss in more detail the

most abundant cell populations within the RA synovium.
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Figure 1.5 Structure and pathology of the synovium.

Diagram comparing a normal (left) and arthritic joint (right). The arthritic synovial membrane
comprises an intimal lining characterised by thickening due to an increase of macrophage-like
synoviocytes and fibroblast-like synoviocytes (FLS), and a sublining composed of fibroblasts,
adipocytes, blood vessels and scattered immune cells, where T-cells, B-cells, immune complexes,
antigen-presenting follicular dendritic cells (FDC), macrophages and mast cells infiltrate and
accumulate contributing to inflammation of the area. The cells within the intima produce extracellular
matrix molecules and mediate the production and clearance of synovial fluid. FLS, fibroblast-like
synoviocyte; FDC, follicular dendritic cell.

Fibroblast-like synoviocytes (FLS). The origin of the expanding FLS population is uncertain,
but they are thought to have emerged from FLS precursors found in the synovium or
migrated from mesenchymal stem cells from the circulation that multiplied due to an
imbalance between proliferation, survival and death 7®. Cadherin-11 was identified as a
relatively unique surface marker mainly present on intimal FLS 7/, and these cadherin-
11- positive FLS are the dominant destructive cell type for cartilage, as they produce RANKL,
TNF, IL-6, IL-1 and proteases, most notably MMPS (e.g. collagenases and stromelysins), as
well as small-molecule mediators (e.g. prostaglandins and leukotrienes) 78, and can
potentially migrate from joint to joint to propagate disease ’°. FLS also express specific
patterns of microRNAs that could contribute to their activated phenotype ®. Thus, the

phenotype of FLS is aggressive in RA, as cells have inherent invasive qualities not observed

in other fibroblasts from, for example, patients with osteoarthritis (OA), a joint disorder
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caused mainly by mechanical factors with little inflammatory involvement 768, The
complexity and diversity of the fibroblast population in RA has been more recently
elucidated through the use of single-cell RNA sequencing which identified different
fibroblast subsets based on the expression patterns of multiple markers that localised to
specific regions in the synovium and showed differential roles: erosive processes (FAPo*

THY1") vs maintaining inflammation (FAPa* THY1*) 882,

T-cells. Although the origin of peripheral tolerance defects remains unclear, disruption in
peripheral T-cell tolerance has been postulated as a mechanism contributing to RA
pathogenesis >°. About half of the sublining cells are CD4* memory T-cells, which either
directly infiltrate the joint in response to inflammatory chemokines or are generated locally
within the inflamed synovium as part of germinal centre reactions triggered by the presence
of synovial ectopic lymphoid-like structures (ELS), which are presented in 15-20% of RA
patients. These lymphocyte-rich structures are often highly organised and drive B-cell
maturation, proliferation and differentiation into antibody-producing cells (discussed in
more detail in Section 1.2.5). Naive CD4" T-cells differentiate into diverse phenotypes of
effector subsets with defined cytokine signatures. This is achieved by programmed
alterations of gene expression regulated by structural changes in chromatin. Thl cells
differentiate in the presence of IL-12, express T-bet and produce interferon-y (IFN-y), helping
with immunity against intracellular parasites ®; Th2 cells are differentiated by IL-4, express
GATAS3 and secrete IL-4, IL-5 and IL-3, having a role in fighting helminth infections #*; Th17
cells are induced in response to transforming growth factor-p (TGFB), IL-6, IL-23, and IL-1f3,
express the transcription factor RORyt, and lead to the production of IL-17A, IL-17F, IL-22
and IL-21, to provide immunity against extracellular bacteria and fungi ®2° Tfh cell
differentiation is dependent on IL-6 and IL-21, induce the expression of Bcl6 and upregulate
the expression CXCR5 and IL-21, supporting the generation of high-affinity antibodies by B-
cells 878 Regulatory T-cells (Tregs) limit effector T-cell responses, support immune
tolerance and maintain homeostasis. These suppressor T-cells are released from the thymus
as a distinct lineage (termed natural regulatory T-cells; nTreg) or are induced (inducible
regulatory T-cells; iTreg) in response to TGF-f, which promotes expression of the

transcriptional regulator FoxP3 and the release of IL-10 %° (Figure 1.6).

A less well-defined Th subset is Th22, which can be promoted by IL-6 and TNF-a., along with
the help of DCs, and is characterised by the secretion of IL-22 and TNF-a, but not IFN-y, IL-4
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or IL-17 °°. Previous studies suggest that Th22 cells play important roles in certain
inflammatory skin disorders and were elevated in the bone marrow of patients with RA in
comparison to OA patients, correlating with disease severity and promoting osteoclast
differentiation 1. Moreover, IL-9-producing type 2 innate lymphoid cells (ILC2s) have been
recently identified as the mediators of a molecular and cellular pathway that orchestrates
the resolution of inflammatory arthritis. Here, patients with RA in remission exhibited high

92 Nevertheless, the definitions of

numbers of IL-9* ILC2s in joints and the circulation
T- helper subsets are not absolute. There are ever-expanding numbers of recently
discovered T-cell subsets such as Tr1 %, Th3 ®* Th9 %>%, Th22 ! (mentioned above), as well
as examples of phenotypic plasticity between defined T-cell subsets in both mice and
humans %>°7%8, Recent findings suggest that lineage differentiation may be reversible under
certain conditions, with specific cell surface markers identified that may indicate the former

phenotype %

. Many of these subsets also have innate counterparts thought to be
evolutionarily linked to these T-cell subsets (e.g., ILC3s and Th17 cells and the already
mentioned IL-9 producing ILC2s, among others) 1%, Thus, understanding the sequential
generation, balance and the diverse effector characteristics displayed by T-helper subsets

within the joint is central to the development of autoimmunity.

Th1 cell frequency and elevated IFN-y production are elevated in RA, suggesting a dominant
Thl-driven disease over Th2. Th17 are thought to be pivotal in the development of
autoimmune diseases and notably in RA, where they drive arthritic bone destruction in mice
and human 1°1, However, whether RA is prevalently Th1-or Th17-mediated is still unclear %2,
although recent research has shown that Th17 cells initiate and mediate chronic
inflammation and are associated with ELS development in RA 100103104 |mportantly, human
Th17 cells, as mentioned before, are unstable and can shift to a Th1 profile suggesting a high
degree of plasticity inherent to Th17 cells and therefore, a very complex and dynamic
relationship between T-cell subsets %2, Some studies cite a failure of Treg-cell activity,
whereas others suggest that pathogenic T-cells can become refractory to regulation .
Additionally, a published study has shown that arthritic synovial fibroblast promoted FoxP3*
CD4* T-cells conversion into Th17-like cells, that produced IL-17A and RANKL, and
contributed to disease progression in a model of collagen-induced arthritis (CIA) . Tth cells

upregulate the expression of CXCR5, which directs their recruitment to B-cell zones within

lymphoid organs and class-switching 7.
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Figure 1.6 Effector Th cell differentiation.

Upon encountering antigen presented by antigen-presenting cells (APCs), naive CD4* T-cells
differentiate into effector subsets — T helper (Th)1, Th2, Th17, T follicular helper (Tfh) and regulatory
T (Treg) cells (among others) that are characterised by their cytokine production, expression of
transcription factors, chemokine receptors, and immune regulatory functions. APC, antigen-
presenting cell; MHC, major histocompatibility complex; TCR, T-cell receptor.

Finally, CD8* T-cells, which represent a population of cytotoxic lymphocytes (CTLs) that are

able to induce targeted killing of both infected and malignant cells 18199

, are increasingly
gaining interest in RA. A number of studies provide evidence that autoreactive CD8* T-cells
can accumulate with duration of disease in the peripheral blood and synovial fluid and be
involved in aggravating pathologic responses in rheumatoid synovitis. However, their role in

the disease remains to be fully clarified %°.

B-cells. B-cells, plasmablasts and plasma cells are also present in the synovium. Their

importance in RA pathology is illustrated by the effectiveness of B-cell depletion therapies
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(see Section 1.4.2.1), and it is now clear that they play multiple roles in the rheumatoid

disease process !

. In addition to their classical role as producers of autoantibodies
(including RF and ACPAs), B-cells are central to the activation of CD4* T-cells in synovial
tissue, and their depletion disrupts the production of proinflammatory cytokines and RANKL,

which support osteoclastogenesis and joint pathology within the inflamed synovium?!#113,

B-cells have also been implicated in the process of ectopic lymphoid organogenesis 4.
Studies of immunoglobulin gene rearrangements and the relevant tissue enzyme expression
associated with ectopic germinal centres suggest that autoantibody-producing cells
(including those that produce IgG, IgM and IgA isotypes), undergo affinity maturation in the
tissue 1%, This indicates an ongoing immune response to native or altered peptides *°.
Nevertheless, the relative contribution of these synovial pathways to the general
pathogenesis is obscure, as the largest proportion of affinity maturation takes place before

clinical disease onset **°.

Macrophages. Monocytes circulate in the bloodstream, are produced by the bone marrow
from precursors called monoblasts (bipotent cells that differentiated from haematopoietic
stem cells), and when they move into tissues throughout the body, they differentiate into
macrophages 1. Macrophages are among the most abundant cell types within the inflamed
synovium. Indeed, synovial sublining macrophage infiltration can be used as a biomarker for
response to treatment as it directly correlates with clinical scores for local disease activity
and progression of joint damage 7. As previously outlined, macrophages play an important
role in the pathogenesis of RA by helping induce inflammation, producing many
inflammatory mediators (such as proinflammatory cytokines, chemoattractants and
metalloproteinases) that activate other cells (such as FLS, T-cells and DCs) and recruit them

into the synovium 8,

Additionally, antigen-presenting follicular dendritic cells and mast cells are scattered across
the synovial sublining and neutrophils are oddly absent. Some studies suggest that distinct
pathotypes of synovial histology that include inflammatory versus non-inflammatory
74

patterns are associated with clinical phenotype or response to targeted agents

(see Sections 1.2.5.1 and 1.4).
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1.2.4.2 Cytokine and signalling networks

The cytokine network is central to the pathogenesis of RA and contributes to the
pro- inflammatory environment linked with the development of synovitis and joint damage.
Here, cytokines produced by stromal tissue cells and inflammatory cells within the synovium
affect cellular proliferation, differentiation and survival and adopt paracrine, autocrine or
juxtacrine mechanisms to maintain inflammation in RA. For instance, macrophages release
cytokines that activate adjacent FLS, T-cells and DCs; these cells, in turn, produce additional
cytokines that can stimulate other cells in the joint environment 34. Cytokines control cellular
phenotype, localisation, activation status and longevity in the synovial and lymphoid

microenvironments 8.

Two pivotal pro-inflammatory cytokines in RA pathophysiology are TNF-a and IL-6, and their
importance is clearly depicted by the accumulation of clinical advantages following their
inhibition 11912°, TNF-a. mediates the activation, adhesion and migration of leukocytes as well
as the activation of stromal cells, endothelium and chondrocytes within the synovium %,
TNF-a promotes pain processes, angiogenesis, MMP and chemokine production, and
together with RANKL, contributes to the activation and effector function of osteoclasts 22,
The wider benefits of clinical studies using TNF-a. -blocking therapies indicate that TNF-a. is
also involved in other functions such as altering cognition, depression and fatigue,
alterations in lipid metabolism, glucose tolerance, and changes in vascular endothelial
function and repair 12, Although IL-6 has similar effects to those of TNF-o. in the local synovial
environment (e.g., cholesterol elevations and composition, anaemia — linked with hepcidin
regulation and iron metabolism), IL-6 is a lymphokine that affects the survival, proliferation,
differentiation and effector properties of T-cells and B-cells and therefore drives the acute-

124 Furthermore, IL-6 has an essential

phase response in response to inflammation
immunoregulatory role in adaptive immunity, acting at a checkpoint in the differentiation of
naive T-cells towards proinflammatory Th17 or Treg cell phenotype with a probable role in
early disease and the development of cardiovascular comorbidities 12>12°, Importantly, the
ADACTA trial revealed that monotherapy is better with tocilizumab (IL-6 blocker) than
adalimumab (TNF-a inhibitor), showing that IL-6 intervention works in patients that are
intolerant to methotrexate and therefore reflecting the action of IL-6 as a lymphokine 1%,

Another difference with TNF-o is that IL-6 can signal via classic- and trans-signalling

pathways, with the trans pathway facilitated by circulating soluble IL-6 receptor (sIL-6R) and
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widespread expression of the co-receptor gpl130 (see Section 1.3.2). Results of clinical
studies suggest, however, heterogeneity in the disease and imply that the activity of

additionally cytokines are responsible for perpetuating inflammation 2,

Several members of the IL-1 family, including IL-1-a, IL-1-B, IL-1RA, IL-18, IL-33 and IL-36, are
present and functionally active within the arthritic synovium 2213 |L-1, for example, acts in
synergy with TNF and mediates effector pathways like prostanoid synthesis and activation
of FLS and chondrocytes. IL-1 also propitiates acute inflammatory responses, facilitating the
differentiation of IL-17-producing T-cells and innate immune cells 3. The inflammasome
component NLRP3 is found to be an important platform responsible for the maturation and
secretion of IL-1 via caspase-1 activity and has also been involved in the pathogenesis of RA.
Indeed, IL-1 inhibition was shown to be very successful in blocking inflammatory disease
symptoms in patients with a gain-of-function mutation in NLRP3 gene. However, as we will
see later in Section 1.4.1, therapeutic inhibition of IL-1 has not been successful for RA in the
clinic compared to other biologics **2. Type | interferons (IFNs) are also broadly present and
functionally active in the synovium and peripheral blood leukocytes in RA and are associated
with immune regulation by modulating leukocyte subsets. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) drives the differentiation of macrophages, neutrophils and
dendritic cells to an inflammatory phenotype, promoting downstream cytokine release,
prostanoid synthesis and enhanced cellular activation **3. GM-CSF inhibitors have shown to
produce rapid and clinically meaningful effects in RA similar to those observed using TNF

blockade, highlighting a regulatory role for this pathway in the synovial response 34,

The proinflammatory T-cell cytokine, IL-17A, has multiple overlapping functions with both
TNFo. and IL-6 1313 |-17A, at the same time, promotes the release of other
proinflammatory cytokines such as TNF, IL-6, IL-1 and GM-CSF; chemokines such as
CXC- chemokine 8 and CC-chemokines 2 and 3; and MMPs. It has also shown to help
angiogenesis and osteoclast activation, and its expression correlates with disease activity
and tissue damage !*. Along with other grown factors, IL-17A upregulates anti-apoptotic
genes and works as a recruitment and survival factor for FLSs, B-cells and T-cells, supporting
germinal centre formation **’. IL-17 and IL-22 are also linked to the early development of RA
through the posttranslational modification of autoantibodies (sialyation) 38, Furthermore,
previous studies from our group have demonstrated that IL-17A is required for the

development of functional ELS 3°. These observations have prompted the development of
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biologics targeting IL-17A. However, conflicting results are reported for RA, resulting in a
high degree of heterogeneity in response, whereas IL-17 inhibitors are more effective in
some inflammatory immune diseases such as psoriasis 1%°. This is possibly due to the cytokine
pleiotropy and redundancy '23. For example, some studies suggest blockade of IL-17 activity
in combination with anti TNF-o. therapy to achieve a more successful and stable response *#*.
Interestingly, GM-CSF, which is a Thl7-associated cytokine, is showing promise for the

treatment of RA, as previously noted 1,

IL-23 is crucial for the stabilisation of IL-17 expression and for promoting Th17 pathogenicity

and induce autoimmune tissue inflammation *

. IL-23 is a proinflammatory cytokine
member of the IL-12 family that induces expression of its own receptor (IL-23R), creating a
positive feedback loop that enhances IL-23 expression *2. Belonging to the same cytokine
family, there is IL-12, which is also a predominantly pro-inflammatory cytokine involved in
Th1 cell development, and IL-35, which is, on the contrary, immunoregulatory. IL-35 has
recently been found to be involved in important mechanisms for natural Tregs and in the
generation of Treg cells including a population that does not express FoxP3, IL-10 or TGF-3
(iTr35 cells) 2. Finally, IL-27, also a member of the IL-6/IL-12 family, is a lymphokine that
controls responses in T-cells and B-cells, often opposing the action of IL-6 and inhibiting Th17
differentiation (anti-inflammatory role), however, in certain settings IL-27 can promote Th1

cell expansion 3, (This cytokine and its interaction with IL-6 in RA will be discussed in more

detail in Section 1.3.3).

Besides the previously mentioned role of IL-21 as a differentiation factor for Th17 cells, IL- 21
is an adaptive response cytokine produced by these cells, with downstream effects on Tfh
cells, DCs, NK cells, osteoclasts and B-cells **4. IL-11 has also shown to regulate many anti-
inflammatory outcomes in arthritis, which sustained clinical trials with recombinant
IL- 11 >, Additionally, IL-7 and IL-15 are cytokines essentially involved in homeostasis whose
increased expression has been reported in various autoimmune diseases, including RA, and
IL-15 particularly has been associated with proinflammatory roles in T-cell and NK-cell
activation and with promoting crosstalk between T-cells and macrophages in RA
synovitis ¢, These cytokines are antiapoptotic and co-stimulatory, usually supporting T-cell
expansion and activation of memory T-cells, yet they could also promote autoreactivity, as
shown recently; by sensitising the TCR to subthreshold stimuli, possibly including

autoantigens, and simultaneously favouring pro-inflammatory pathways '#’. Finally, when
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stimulated with ACPAs, osteoclasts produce high levels of IL-8, which is involved in driving
neutrophil recruitment to the synovial fluid and activating and triggering subsequent

responses during early disease 1%,

1.2.5 Ectopic lymphoid-like structures

1.2.5.1 Disease heterogeneity in Rheumatoid Arthritis

Recent progress in synovial tissue acquisition from patient joints through minimally invasive
ultrasound-directed small-needle synovial biopsy, combined with histopathological
assessment of joint inflammation, have allowed a better understanding of the high
heterogeneity of RA synovitis 7%. Synovitis in inflammatory arthritis can be broadly classified
into three distinct pathotypes based on the cellular and molecular signatures of
inflammation: (i) follicular or lymphoid-rich, where immune cells, mainly B-cells, can be
found spatially grouped into follicular structures (30-40% of patients); (ii) diffuse or
myeloid- rich, where immune cells are randomly distributed within the synovial sublining;
(iii) pauci-immune or fibroblast-rich, where only few infiltrating immune-cells,
predominantly CD68* monocytes, are detected (60-70% diffuse and pauci-immune
combined) 107149150 (Figure 1.7A). Importantly, follicular and diffuse patterns of synovitis are
not necessarily mutually exclusive, and individual tissues may feature variable levels of
diversity or overlap 1. In addition, these different forms of synovitis affect the rate of
disease progression, severity and response to therapy 2812153 Advances in the field of
transcriptomics are providing a more detailed picture of these pathotype subsets, and
consequently, they are being renamed to reflect the overlap seen at a molecular level but
not evidenced at the cellular (histological) level (e.g., fibroblastic pauci-immune,

lympho- myeloid and macrophage-rich diffuse-myeloid pathotype) **.

In follicular synovitis, immune-cell follicular-structures may acquire features of secondary
lymphoid organs (SLOs) such as peripheral node addressin positive (PNAd*) high endothelial
venules (HEVs), T-cell and B-cell segregation with active germinal centres (GCs), and CD21*
follicular dendritic cell (FDC) networks. These structures are defined as ectopic lymphoid-like
structures (ELS), also referred to as tertiary lymphoid organs (TLOs) or tertiary lymphoid-like

structures (TLS) °°

, and therefore they may also be able to generate antigen-specific
responses and drive adaptive immune reactions > (Figure 1.7B). These local autoantibody

responses have been linked with disease exacerbation and also influence the clinical
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response to mainstream biologics (e.g. anti-TNFa inhibitors)*>. Unlike SLOs that develop
during embryogenesis, ELS are not encapsulated, and instead, they are induced in response
to inflammatory stimuli, having the potential to develop in any tissue where persistent
inflammation features. However, why and how these structures develop at these sites is
currently unknown but secondary lymphoid organogenesis is used as a model for ELS

development due to their resemblance °°.
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Figure 1.7 Joint pathology in RA and ELSs structure.

(Legend continues on the following page)
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(A) Immunohistochemical staining for CD20 (B-cells), CD3 (T-cells), CD68 (macrophages) and CD138
(plasma cells). Synovial inflammation can include diffuse leukocyte infiltrates (diffuse or myeloid-rich),
contain follicular aggregates of lymphocytes (follicular) or have low infiltration of immune cells (pauci
immune). Adapted from Pitzalis et al. 2013. (B) Schematic illustration of ELSs showing similar
characteristics of secondary lymphoid organs: segregation of T- cells and B-cells into separate areas;
development of high endothelial venules (HEVs) and presence of follicular dendritic cells (FDCs) and
hypermutated and class-switched plasma cells.

1.2.5.2 Secondary lymphoid organogenesis

SLO development occurs at pre-determined sites of lymph node development during
embryogenesis when haematopoietic-derived CD3" CD4* CD45" lymphoid tissue inducer (LTi)
cells interact with mesenchymal-derived lymphoid tissue organiser (LTo) **. Briefly, LTi cells
receive activating signals from mesenchymal organiser cells in the presence of CXCL13, IL-7
and RANKL, and express the chemokine receptor CXCR5 and IL-7R, which results in their
accumulation at these sites 8. Consequently, LTi cells secrete lymphotoxin (LT) af which
stimulates stromal LTo cells to produce the homeostatic chemokines (CXCL13, CXCL12,
CCL21, and CCL19) initiating the recruitment of haematopoietic cells into organised
lymphoid structures *°6. Expression of adhesion molecules, including intracellular adhesion
molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) by LTo cells further
supports leukocyte recruitment *°, and the release of vascular endothelial growth factor
(VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF) promotes the
development of high endothelial venules (HEVs) 1°. Stromal LTo cells also differentiate into
cell lineages (e.g., FDCs) which create stromal cellular migration. SLOs are sites for T-cell
activation and differentiation (e.g., into Thi, Th2, Th17, and Tfh cells), and Tfh cells promote
the development and maintenance of germinal centres and interact with B-cells to generate

high-affinity antibodies and homeostatic chemokines (Figure 1.8A).

1.2.5.3 Mechanisms of ELS development

The mechanisms of ELS development share many similarities with those of SLO
development. However, ELS are neither encapsulated nor developmentally
pre- programmed. Instead, they are inducible structures that form in response to
inflammatory trigger at sites of inflammation **®. In addition, conventional germinal centres
are better at excluding autoreactive B-cells than ectopic germinal centres; therefore ELS may
serve as sites for establishing or propagating autoreactivity to local joint antigens *°®. While

both structures rely on homeostatic chemokines and lymphoneogenic cytokines, ELS
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development can occur in the absence of LTi cells. Immune cells can substitute for LTi cells
as the main orchestrator of ELS formation, and activated resident stromal cells respond
phenotypically like LTo cells 1°¢. These stromal cells (e.g. synovial fibroblasts) are able to
produce homeostatic chemokines, including CXCL12, and influence the composition and
activity of ELS ¢, The plasticity of T-cells may contribute to ELS formation through the
acquisition of Tfh-like effector characteristics that promote B-cell activities such as active
class-switching and autoantibody generation within the inflamed synovium (Figure 1.8B).
Indeed, active germinal centres in ELS found in synovium of RA patients express activation-

induced cytidine deaminase (AID) 7.
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Figure 1.8 Secondary lymphoid organogenesis and ELS structure development.

(A) Secondary lymphoid organs (SLOs) formation takes place during embryogenesis at
pre- programmed sites and is mediated through the interaction between LTi cells, which secrete
LTaB, with LTo cells to produce homeostatic chemokines (CXCL12, CCL19 and CCL21). This generates
the recruitment and spatially organisation of cells into lymphoid organs, and the release of VEGF, FGF,
and HGF from LTo cells that promotes the development of high endothelial venules (HEVs). LTo cells
can also differentiate into follicular dendritic cells (FDCs) that stimulate expression of adhesion
molecules to further support leukocyte recruitment. (B) Ectopic lymphoid-like structures (ELS) usually
develop in the synovium with follicular pathology. Immune cells can replace LTi cells, and the release
of effector molecules can induce stromal cells to produce homeostatic chemokines involved in the
recruitment and spatial organisation of cells into ELS. LTI, lymphoid tissue inducer; LTo, lymphoid
tissue organiser; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; HGF,
hepatocyte growth factor; ICAM, intracellular adhesion molecule; VCAM, vascular cell adhesion
molecule.
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T-helper cells and their effector cytokines, particularly Th17 cells and IL-17, have recently
shown to be fundamental initiators of ELS development in RA %2, Studies in a murine model
of inflammatory arthritis performed by our group showed that elevated levels of IL-21,
derived from either Th17 or Tfh cells, were observed in synovial tissue that featured ELS,
demonstrating an implication of this cytokine in ELS regulation 1%. Additionally, innate
leukocyte subsets such as neutrophils and innate lymphoid cells (ILCs) have also been
associated with ELS development. ILC3s share many effector characteristics with Th17 cells,
including RORyt expression, the chemokine receptor CCR6, secretion of IL-17, IL-22, and GM-
CSF, and responsiveness to IL.-23 and aryl hydrocarbon receptor (Ahr) ligands °¢. A recent
study from my own laboratory identified IL-27 as an inhibitor of ELS development in
inflammatory arthritis, where /127ra”" mice developed exacerbated inflammatory arthritis
characterised by an increase in leukocyte infiltration, synovial exudate and homeostatic
chemokine expression 1. Besides, when translating these observations into the human
setting, levels of IL-27 in synovial tissue from patients with RA correlated inversely with ELS
development 1% (see Section 1.3.3). Thus, it is proposed that the development of ELS in
autoimmunity, including RA, is detrimental and contributes to the perpetuation of the

immune response.

1.2.6 Therapy options: past, present and future

While there is currently no cure for RA, the ongoing treatment strategy aims to achieve
drug- free disease remission, or at the very least, a low disease activity state, which restricts

inflammation, normalises physical function, and improves the overall quality of life for

58 16

patients 8. Importantly, remission also prevents progression of joint damage . Early
diagnosis and prompt initiation to effective therapy are key factors in the treatment of
patients with RA, and the sooner treatment begins, the more effective the therapeutic
response is likely to be *°. This has been facilitated by the development of reliable
instruments for clinical assessment that can be used for research and clinical practice (e.g.,

ultrasound, X-rays) 58164

and early treatment adaptation in a treat-to-target-approach (based
on tight monitoring of disease activity and change of managements if a treatment end-point
is not reached) #’1%, Lastly, biological agents have entered the field of RA, providing the best
effectiveness in combination with methotrexate ®. Consequently, the outcome of RA has

had a dramatic improvement over the past twenty years.
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Prior to the introduction of corticosteroids in the 1950s 17, traditional therapies were largely
limited to agents such as non-steroidal anti-inflammatory drugs (NSAIDs), that although they
provided symptomatic relief, they did not slow disease progression 34. The approval by the
Food and Drug Administration (FDA) of the synthetic disease-modifying anti-rheumatic drug
(DMARD) methotrexate (MTX) as a therapy for RA did not arrive until 1988. Rheumatologists
have since learned how to use this immunosuppressant optimally, and this drug has become

the therapeutic anchor for managing RA today ®®

. Indeed, both American College of
Rheumatology (ACR) and the European League Against Rheumatism (EULAR) management
recommendations suggest starting treatment with MTX plus short term glucocorticoids
upon diagnosis. If disease activity does not diminish, patients may receive a different
synthetic DMARD and only when all these conventional therapies fail; biological DMARDs

are then prescribed %,

In the mid-1990s, a major turning point took place in the treatment of RA, with the
introduction of therapies that block the actions of specific cytokines or immune regulators

119

(biological DMARDs), also called biologic agents '*. Later on, more biologics were
introduced; these therapies include (i) TNF-blocking agents such as the neutralising anti-TNF
monoclonal antibodies (mAb) infliximab!”®, adalimumab and golimumab; the polyethylene
glycol-linked mAb fragment certolizumab pegol; and the soluble TNF receptor-2-1gG-Fc
fusion protein etanercept; (ii) IL-6 receptor (IL-6R) blocking monoclonal antibody
tocilizumab 7%, (iii) the anti-CD20 B-cell-depleting monoclonal antibody rituximab 2, (iv)
the T-cell activation inhibitor abatacept, which is a fusion of recombinant cytotoxic T
lymphocyte antigen 4 (CTLA-4) and I1gG1, (v) and the IL-1 receptor antagonist anakinra.
Furthermore, second-generation agents are now emerging in early-stage clinical
development, including anti-IL-17 monoclonal antibodies (secukinumab and ixekizumab),
the IL-17 receptor-blocking monoclonal antibody brodalumab, and alternative IL-6 blocking
strategies (olokizumab, clazakizumab, sarilumab, siltuximab, olamkicept). In addition,
selective small-molecule inhibitors of the JAK/STAT pathway (tofacitinib, baracitinib and
ruxolitinib) and spleen tyrosine kinase (fostamatinib) have recently been approved *°. The
combination of all the previously described advances has considerably improved treatment
outcomes for the majority of patients 1’2. However, not all patients can achieve low disease

activity, let alone remission. For example, approximately 40% of patients show poor

responses to anti-TNF-a therapy and improved treatment decisions are still required 1747176,
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In addition to reducing articular inflammation in patients with RA, biologic agents also
improve indices of systemic inflammation or disease-associated co-morbidities (e.g.,
anaemia, fatigue, osteoporosis, cardiovascular risk and depression) and lead to an overall
improvement health-related quality of life assessments 1¥°. My work is focused around the
current spectrum of immunotherapies that engage the IL-6/gp130/STAT3 signalling axis
(discussed in Section 1.4); therefore, | will first introduce the role of IL-6 and JAK/STAT

signalling pathway in RA in the following section.
1.3 JAK/STAT signalling pathway in RA

Transmembrane receptors enable cells to sense and interpret signals and changes in
environmental cues. At the cellular level, these signals are generally received by a myriad of
cell-surface receptors, causing cells to alter their metabolism in many different ways *’”. Over
the past decades, extensive research has permitted a general understanding of many
individual pathways of signal transduction that connect events at the cell surface directly to
gene activation 178, As discussed above, the hierarchical dominance of cytokines during RA
development is dynamic and often depends on disease duration. However, the key
pro- inflammatory cytokines involved in the pathogenesis of the disease comprise TNF, IL-6,
IL-1 and GM-CSF 122, The dramatic success of clinical targeting of these cytokines using
biologic therapies has led to substantial interest in therapeutic targeting their transcription
factors and signalling pathways. These include the Janus activated kinase (JAK) and signal
transducers and activator of transcription (STAT) signalling pathway and GTPase Ras, nuclear
factor (NF)-kB pathway and mitogen-activated protein kinase (MAPK) cascades. Description
of the former pathways is, however, beyond the scope of this Introduction, and has been
amply discussed elsewhere 17°7182 Here | will focus on the JAK/STAT signal pathway in the
context of RA, which is also perhaps one of the pathways best understood out of those

mentioned above.
1.3.1 JAK/STAT signalling pathway

The JAK/STAT signalling pathway is an elegant, poised transmembrane receptor-to-nucleus
communication system. A wide variety of cytokines, colony-stimulating factors, and
hormones employ this mode of signal transduction. Upon receptor-ligand engagement, the
correspondent receptor cassette dimerises and activates receptor-associated JAK proteins.

The mammalian JAK family comprises four members named JAK1, JAK2, JAK3, and TYK2,
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which are selectively employed by different receptor systems 3. The dimerisation or
clustering of receptor signalling chains brings the JAKs into close proximity, causing their
tyrosine phosphorylation and regulation of kinase activity. The activated JAKs then
phosphorylate the intracellular tail of their receptors, thereby creating docking sites that are
recognised by SH2 domains found in latent, cytoplasmatic STAT transcription factors
(Figure 1.9). For example, IL-6-JAK-mediated phosphorylation promotes the recruitment and
activation of STAT1, STAT3 and, to a lesser extent, STATS ¥, which in turn dimerise and
translocate to the nucleus where they directly bind DNA and regulate gene expression
(Figure 1.10A). JAK/STAT signalling through gp130 is strictly controlled at many steps
through distinct mechanisms. Key regulators include the protein inhibitor of activated STATs
(PIAS), the suppressors of cytokine signalling (SOCS) and members of the CIS (‘cytokine-
inducible SH2-domain-containing’) family of cytokine receptor inhibitors, which act to limit
IL-6 signalling 8. Finally, the clinical relevance of the JAK/STAT pathway has also been
evidence by the existence of several disorders of primary immunodeficiency that are linked

to known mutations of JAKs and STATs (e.g., Hyper IgE (HIES) or Job’s syndromes,

mucocutaneous candidiasis, mycobacterial infection) 1%,
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Figure 1.9 Alignment of the JAK-STAT family members with associated cytokines.

The four Jaks (Jakl, Jak2, Jak3, Tyk2) are selectively bound to and therefore mediate signalling for
various cytokine receptors; and different cytokines also have a propensity to activate certain STATSs,
as indicated. The heat map depicted above details how individual cytokines contribute to specific
members of the JAK/STAT signalling pathway. (Adapted from O’Shea et al., 2013 and Hunter & Jones,
2015).
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Cytokine

Cytokine
receptor

Figure 1.10 Key components of the Jak-STAT signalling pathway.

(A) When a cytokine engages its receptor, JAKs become activated and phosphorylate each other, as
well as the intracellular tail of their receptors. This creates a docking site for STATs, which are now
able to bind to the cytoplasmic domain of the receptor. (B) The STATs, in turn, are phosphorylated
and activated, which allows them to dimerise and translocate to the nucleus, where it can directly
bind DNA and regulate gene expression. (C) SOCS genes are induced by activated STATs, and SOCS
proteins inactivate JAK/STAT pathway by inhibition of JAK kinase activity and/or promoting
degradation of the signalling complex.

1.3.1.1 The STAT transcription factors

STAT transcription factors are latent cytoplasmic proteins that form homodimers upon
activation, due to a specific homotypic interaction between domains present at the amino
termini of the individual STAT proteins. Following IL-6 binding to the IL-6Ra/gp130 complex,
STAT proteins are recruited (Jak-mediated) to the cytokine/receptor complex via the SH2
domain where they become phosphorylated. This recruitment leads to a rearrangement, in
which the phosphotyrosine of each STAT protein bind to the SH2 domain of the other STAT,
forming a configuration that can directly engage DNA regulatory elements (DREs) and

thereby control the transcription of associated genes ® (Figure 1.10B). Although IL-6
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activates both STAT1 and STATS3, IL-6 has often been equated with activating STAT3, whereas
IL-27 mostly activates STAT1 818, Notably, a study by Hirahara and colleagues indicated
that STAT3 is responsible for the overall transcriptional output driven by both IL-6 and IL-27,
whilst STAT1 is the major driver of specificity '®. Likewise, IL-6 and IL-10 employ STAT3 as
their main signalling component, but their downstream cellular effects are clearly different,
as evidenced by their respective pro-inflammatory and anti-inflammatory activities in
myeloid cells 8¢, However, there are more than 60 cytokines that signal via seven different
STATs (1-4, 5a, 5b, and 6) and the mismatch in numbers means that many cytokines activate
the same STATs and the action of cytokines probably represents the combinatorial

participation of multiple STATs &,

In addition to nearby DREs such as promoters, STATs frequently localise distant from protein-
encoding genes such as enhancers (regions of DNA that promote gene expression via protein
activators) 1. Therefore, STATs engage with distal DREs and regulate enhancer activity
and/or epigenetic status of associated genes by means of physical interaction with histone
acetyltransferases (HATs) (e.g., p300) or methyltransferases (MTs) (e.g., EZH2), or directly
instruct far non-coding loci (e.g., miRNAs). STAT-regulated DREs are commonly studded with
several binding sites that tend to attract more than one STAT, generating overlaps, and
co- localise with those of other transcription factors 8. Thus, STATs can physically interact
with other transcription factors or transcriptional regulators (e.g., glucocorticoid receptor,

SP1-like transcription factors) to control gene expression 8.

Since signalling by these receptors depends on tyrosine phosphorylation, dephosphorylation
of the receptor complex by tyrosine phosphatases is one way that cells can terminate
signalling. A variety of tyrosine phosphatases have been implicated in the dephosphorylation
of cytokine receptors, JAKs, and STATs. These include protein phosphatases such as dual-
specificity protein phosphatases (DUSPs) and protein tyrosine phosphatases (PTPs) which
have the capacity to modify the way particular T-cell subsets sense and interpret common
cytokine cues %2, For example, PTPN2 and PTPN11 control the phosphorylation of STAT1
in fibroblasts 1%, and PTPN22 and PTPN2 control STAT1 phosphorylation in response to IL-6

in memory or activated CD4* T-cells %4,

The discovery of new Th cell subsets is linked with the identification of significant roles for

STAT transcription factors in the differentiation towards the specific effector characteristics

195

of these diverse populations *°. Furthermore, novel technology platforms including
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next- generation sequencing methods and proteomic approaches also allow extensive views
of STAT action while insights from GWAS identify genetic risk loci in genes linked with JAK

proteins, STAT transcription factors or downstream targets in human pathology °°

1.3.1.2 SOCS proteins: primary negative regulators of JAK/STAT activation

Suppressor of cytokine signalling (SOCS) intracellular, cytokine-inducible proteins are the
most thoroughly studied regulators of JAK/STAT signalling. The SOCS family of proteins has
eight members: CIS (cytokine-inducible SH2 domain protein) and SOCS1-SOCS7 °®. This
group of proteins shares a central SH2 domain, a conserved carboxy-terminal SOCS box and
an amino-terminal domain of variable length and sequence **’. SOCS proteins are generally
expressed at low levels in unstimulated cells and become rapidly induced by cytokines,
growth factors, chemokines and pathogenic components, thereby inhibiting JAK/STAT
signalling and forming a classic negative-feedback loop '8 (Figure 1.10C). The SH2 domain
of SOCS1 and SOCS3 binds directly to tyrosine-phosphorylated JAKS, resulting in the direct
inhibition of JAK activity. However, once SOCS3 is recruited to receptors via high-affinity
binding sites, such as gp130, it binds to and inhibits the catalytic activity of JAK1, JAK2 and
TYK2 9,

Both SOCS1 and SOCS3 also compete for the acquisition of phosphorylated cytokine receptor
tyrosine residues, thereby blocking STAT binding. Furthermore, the involvement of SOCS
proteins in the degradation of signalling proteins through the ubiquitin-proteasome pathway
via interaction with their SOCS box has also been suggested ’. Compared to other SOCS
family members, the SOCS box of SOCS1 and SOCS3 binds with lower affinity to the E3 ligase
protein, Cullin-5, revealing their differential mechanism of action 2®°. Among the SOCS
family, SOCS1 and SOCS3 are the best characterised in their inhibition of JAK/STAT signalling,
and both have essential roles in the regulation of immune functions. SOCS3 is a well-
characterised regulator of STAT3 activation in response to several cytokines, including those
in the gp130-containing IL-6 receptor family, although it can also inhibit other STATS 2°%,
SOCS3 has an important regulatory role in innate immune regulation (e.g., during infection)

and adaptive immunity (e.g., T-cell activation and polarisation), however here | will

specifically focus on its role in inflammatory arthritis.
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1.3.1.3 STAT3 and SOCS3 in RA

IL-6/gp130 signalling through STAT3 plays an integral role in the progression of inflammatory
arthritis. In 1995, Wang et al. reported activated STAT3, but not STAT], in cells isolated from
the synovial fluid of patients with RA 2°2, and synovial fluid from RA patients induced STAT3
activation in monocytes 2. A study conducted by my colleagues indicated a role for STAT3
in directing leukocyte infiltration within the inflamed joint during repeated episodes of
monoarticular arthritis 2°. Furthermore, mice expressing mutant gp130 (generated by
known-in mutation of //6st) that is unable to bind SOCS3, display more sustained signalling

via STAT1 and STAT3 and develop exacerbated inflammation 2042%

. Similarly, genetic
overexpression of the SOCS3 in experimental models of disease has shown that negative
regulation of STAT3 activity leads to substantive improvements in inflammatory conditions,

including synovitis 206207

. A recent study provided evidence that STAT3 promotes
inflammation and joint erosion in a mouse of model of arthritis 2°. Furthermore, the
presence of synovial ELS has been linked with enhanced STAT3 activity, and in previous
studies from my laboratory, significant pY-STAT3 staining was found within the joint,
although not exclusively restricted to synovial ELS 1%. More recently, a study in mice showed
that a haploinsufficiency of the Ptpn2 gene was associated with the pathogenic conversion

of Treg cells into Th17 cell during inflammatory arthritis, where exacerbated synovitis was

also linked with heightened STAT3 activity and the development of ELS 2%,

Studies delivering SOCS3 as a therapeutic approach in models of arthritis have shown
reduction in IL-6 production and arthritis severity 2°°. Additionally, high expression of SOCS3
in splenic APCs led to decreased production of IL-6 and TNF-a., but heightened production
of the immune-modulatory cytokine IL-10 and consequent protection against inflammatory
arthritis 21, Interestingly, in the absence of SOCS3, the effects of IL-6 are altered to resemble
those of IL-10, which is a potent inhibitor of macrophages and dendritic cells 207211212,
Moreover, deletion of SOCS3 in endothelial and hematopoietic cells was linked to severe
IL- 1-dependent inflammatory arthritis, featured by an increase in bone destruction and
neutrophil synovial infiltrate 23, This absence of SOCS3 enhanced T-cell and macrophage
activation, leading to upregulation of IL-17 and IL-6 and an uncontrolled, detrimental STAT3
signal transduction 23, In addition, Van de Loo et al. showed that SOCS3 mRNA and protein

are increased in human pathological chondrocytes, suggesting that SOCS3 dysregulates

normal chondrocyte function, and therefore, play an important role in the development of
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214 Together, these findings reveal the

cartilage pathology observed in RA patients
significant role SOCS3 and STAT3 play in RA progression and emphasise that signal inhibition
of STAT transcription factors, especially STAT3 (see Chapter 3), by SOCS3 could be an

effective strategy in the treatment of RA (see Chapter 4).

1.3.2 Interleukin-6

IL-6 represents a keystone cytokine in inflammation and is implicated in many pathologic
features of RA, driving disease progression and supporting the maintenance of
immunological reactions. Although it was first identified for its ability to regulate the acute
phase response and support the activation and expansion of T-cell populations and
differentiation of B-cells 2>, IL-6 has now been attributed hormone-like characteristics that
influence the neuroendocrine system, neurological behaviour, lipid and iron metabolism,
vascular disease, insulin resistance and mitochondrial activities %2, While almost all
immune and stromal cells produce IL-6 mainly in response to IL-13 and TNF, IL-6 expression
is also induced by other cytokines (e.g., GM-CSF, IL-17), prostaglandins, adipokines, stress
responses and other TLRs agonists 22, Therefore, while IL-6 is a pleiotropic cytokine with a
protective role in many infections, the same activities can be key to the propagation and

maintenance of chronic inflammation, including RA 212,

1.3.2.1 The IL-6 receptor complex

IL-6 signalling relies on the IL-6 receptor complex, which is composed of an 80-kDa type 1
cytokine a- receptor subunit (IL-6R; also known as CD126), and a universally expressed
130- kilodalton (kDa) signal-transducing -receptor-subunit (gp130; also known as CD130;
encoded by IL6ST) 2277229 |n order to be fully functional, the IL-6 receptor requires formation
of an IL-6-IL-6R—gp130 complex that is clustered into a dimer structure #2°. While IL-6R
expression is restricted to hepatocytes, leukocytes and megakaryocytes, gp130 is expressed

ubiquitously 2%

. In fact, other cytokines such as IL-11, IL-27, oncostatin-M, ciliary
neurotrophic factor, leukaemia inhibitory factor and cardiotrophin-1, also share this gp130
transducing co-receptor 1#¥%'®. Once the IL- 6 receptor complex is engaged, there are

multiple downstream events that allow IL-6 to mediate its different effects.
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1.3.2.2 Classical and trans-activation of IL-6 receptor signalling

IL-6 signalling via the membrane-bound IL-6R subunit (only in cells that express it), in
partnership with gp130, is a mechanism termed as ‘classical’ IL-6R receptor signalling, whilst
IL-6 ‘trans-signalling’ refers to a process in which a soluble form of IL-6R (sIL-6R) binds
secreted IL-6 to form a complex that increases the circulating half-life of IL-6 and promotes
its bioavailability 22?22 (Figure 1.11). This soluble form of the IL-6R can be produced by
proteolytic cleavage of the extracellular domain by the enzyme adamlysin and disintegrin-
associated metalloproteases (ADAM)-17 and ADAM-10, or by differential splicing of the IL6ra
gene to produce a protein lacking the membrane anchor region 2%, Therefore, since any
gp130-expressing cell can achieve responsiveness to IL-6, IL-6 trans-signalling broadens the
cell types that can respond to IL-6. It has been suggested that these distinct signalling
mechanisms coordinate differing biological outcomes. For example, classical IL-6 receptor
signalling is to be more centrally involved in processes affecting tissue homeostasis,
metabolism and acute phase responses 212, while IL-6 trans-signalling is important for the
recruitment and apoptosis of leukocytes, the maintenance of the effector function of T-cells,
and the inflammatory activation of stromal tissues 22422, Naive, effector memory and central
memory T-cells all express IL-6 receptor, but their response to IL-6 differs depending on
whether they have previously experienced TCR activation '°*. Additionally, CD4* T cells
recovered from sites of disease typically lack IL-6R but remain responsive to IL- 6 trans-

signalling 212

A soluble form of gp130 (sgp130) is also released by cells generated by alternative splicing
of the /l6st trans-signalling and to a lesser extent by proteolytic cleavage #2°. Although sgp130
does not bind IL-6 or IL-6R alone, sgp130 interacts with the IL- 6-sIL-6R complex to block IL-
6 trans-signalling, and IL-11 trans-signalling too; although the biology of the latter pathway
is less clear 2?7, Biochemical studies have shown that sgp130 has no effect on classical IL-6
receptor signalling and has a limited effect on other gp130- activating cytokines (for

example, IL-27 responses are unaffected by sgp130) 22

Alternatively, IL-6 signal
transduction can be induced by a third mechanism, namely IL-6 trans-presentation or
“cluster signalling” that occurs when membrane-bound IL-6:IL-6R complexes on transmitter
cells activate gp130 receptors on neighbouring receiver cells and activate signal transduction
through sgp130 dimerisation 224%2°, The participation of these models of receptor signalling

in health and disease means that inhibitors that target IL-6 or the cognate IL-6R or selectively
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block IL-6 trans-signalling are in development. A variation of these novel blockers using

nanobodies and their implications in disease will be discussed in Chapter 5.

IL-6 trans-signalling
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Figure 1.11 Different mechanisms of IL-6 receptor signalling.

Classical IL-6 receptor signalling takes place in cells expressing a non-signalling receptor IL-6R, that
binds IL-6; and the signal-transducing receptor for IL-6 and its related family members, the gp130
subunit. On the other hand, IL-6 trans-signalling allows IL-6 to act on cells that lack IL-6R, by binding
to a soluble form of IL-6R that is released from the cell surface of infiltrating neutrophils, monocytes
and T-cells, by proteolysis and splicing of IL6R mMRNA, forming an agonistic complex that signals
through gp130. IL-6 trans-signalling is antagonised by sgp130. Both modes of IL-6 receptor signalling
lead to gp130 activation of Jak proteins, which can phosphorylate several tyrosine residues in the
carboxy-terminal of the cytoplasmic tail of gp130. This phosphorylated tyrosine serves as docking sites
for the recruitment and activation of STAT1, STAT3 and the mitogen-activated protein kinase (MAPK)
cascade. Tyr759 is crucial for docking of the tyrosine phosphatase SHP-2 and the cytokine receptor
signalling inhibitor SOCS3, acting as negative regulators of gp130-STAT signalling. (Adapted from
Hunter & Jones, 2015).
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1.3.2.3 IL-6in innate and adaptive immunity

An essential role for IL-6 in innate immunity is revealed by the identification of an ancestral
IL-6-like cytokine system in Drosophila melanogaster 2. Particularly, unpaired-3 (IL-6-like),
when induced as a response to bacterial infection, forms a signalling network with domeless
(gp130-like), hopscotch (Drosophila homolog of mammalian Jak) and marelle ( a Drosophila
homolog of a STAT protein; also called stat92E) to promote innate immunity ##%3°, |n

addition, IL-6 is linked to mononuclear phagocytes, the complement system and pattern-

recognition receptors 22,

IL-6 modulates almost every aspect of the innate system, including the accumulation of
neutrophils at sites of infection or trauma through the control of granulopoiesis 2. IL- 6
trans-signalling in stromal tissue cells, enabled by these infiltrated neutrophils, inhibits
expression of chemokines CXCL1, CXCL8 and CX3CL1, promotes release of CXCL5, CXCLS6,
CCL2 and CCL8 as well as ICAM-1 and VCAM-1. Moreover, IL-6 also mediates neutrophil
apoptosis 2*%, and consequently, //-67 mice display a heightened and prolonged neutrophil

accumulation 232,

IL-6 inhibits pro-inflammatory cytokine release and promotes an
alternatively activated macrophage phenotype associated with wound healing, coordinating
anti-inflammatory activities that are essential for resolution of inflammation #3234, |L-6 also
promotes IL-10 production in T-cells, again balancing pro-anti-inflammatory behaviours 2%.
Taken together, IL-6 has context-dependent pro-inflammatory effects that ensure

competent host defence and yet prevent excessive tissue damage.

Conversely, IL-6 also shapes adaptive immunity, having an important role in driving chronic
inflammation. Here, IL-6 plays pivotal roles in both lymphocyte proliferation and survival,
and the coordination of lymphocyte differentiation into defined lymphoid subsets 2. As
noted before, IL-6 promotes commitment to the Tfh cell lineage through induction of Bcl6
and control of IL-21 activity, supporting B-cell responses and class-switching and therefore,
acting as a principal link between T-cell and B-cell responses 88926 However, given the
complexity of IL-6 signalling, it is not clear if blockade of IL-6 in RA affects pre-existing Tfh
B- cell populations in ELS 22, IL-6 is required for the differentiation of IL-17-secreting CD4* or
CD8* cells. IL-6 activation of STAT3 in naive CD4* T-cells in the presence of the morphogen
TGF-f results in the expression of RORyt and expansion of Th17 cells that secrete IL-17A and
IL-17F as their signature cytokines 82377239 Conversely, IL-6 inhibits the expansion of Foxp3*

Treg cells and at sites of inflammation can reprogram regulatory T-cells to adopt alternate
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effector cytokine characteristics 2%°. The function and implications of Tfh and Treg cells in RA
have been previously described in Section 1.2.4.1. Lastly, the fact that //67 mice show

241,242

protection in experimental models of inflammatory arthritis and other inflammatory

diseases further demonstrates the crucial role of IL-6 in chronic inflammation.

1.3.3 Interleukin-27

The IL-6-related family member IL-27 is increasingly acknowledged for its effects on cellular
proliferation, lymphocyte differentiation and the inhibition of IL-2 and certain IL-6 regulated
outcomes *3, [L-27 is a heterodimeric cytokine consisting of an Epstein-Barr virus-induced
gene 3 (EBI3) subunit and an IL-27p28 (also known as IL-30) subunit 24, Initially described as
a proinflammatory cytokine, IL-27 was characterised by its ability to promote and maintain
the proliferative survival of IFN-y-secreting Th cells '872%372% However, subsequent studies
revealed that IL-27 elicits various immunosuppressive actions and can restrict the

143,246

development of T-cell-driven response through inhibition of IL-2 These

anti- inflammatory properties are mainly attributed to the ability of IL-27 to promote distinct
Th cell populations, such as Treg and Type-1 regulatory T (Tr1)-cells, that express IL-10 247:248,

Furthermore, IL-27 has emerged as a potent negative regulator of Th17 cell development 2%°.
1.3.3.1 The IL-27 receptor complex

Like all IL-6 family cytokines, IL-27 signals through binding its cognate receptor IL-27Ra (also
termed WSX-1 or T-cell cytokine receptor (TCCR)), which is limited primarily to monocytes,
lymphocytes and osteoclasts, and the receptor gp130 2°°. However, unlike IL-6, IL-27 uses
only a classical IL-27 receptor system comprising IL-27Ro. and gp130 (Figure 1.12). Moreover,
although both IL-6 and IL-27 receptor activation leads to signalling through STAT1 and STAT3,
IL-27 is the only IL-6-related cytokine family to predominantly signal through activation of
STAT1 *°. Consequently, both cytokines elicit common and distinct biological effects
regulating innate and adaptive immunity; IL-27 often opposing the action of IL-6 regarding

T-cell mediated pathology.
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Figure 1.12 The IL-27 receptor complex.

IL-27 is composed of two subunits: 1L27p28
and EBI3 and is mainly produced by myeloid
cells  (macrophages, monocytes and
dendritic cells). IL-27 signals through binding
its cognate receptor, IL-27Ra, which is
expressed in lymphocytes, monocytes and
osteoclasts; in partnership with the signal-
transducing co-receptor, gp130. Like IL-6, IL-
27 predominantly signals through STAT1 and

Box 1, [8|— Jak1, Jak2, Tyk2 STAT3, although IL-27 has a preferential
Box 2 activation of STATL.
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1.3.4 Relation of IL-6 and IL-27 in inflammatory arthritis

The lymphokines IL-6 and IL-27 have an important role in shaping synovial pathology. Here,
their activities also result in contrasting inflammatory outcomes that impact the initiation,
maintenance and severity of joint disease **. As mentioned before, /67" mice display a
protected phenotype with reduced synovial leukocyte infiltration, and erosive joint damage

in models of inflammatory arthritis 204241,242.251

and RA patients show high levels of IL-6 in the
synovial fluid 2°2. Conversely, IL-27 deficiency is linked with the development of a more
severe form of synovitis and enhanced adaptive immune responses, reflected by an increase
in effector CD4* T-cells and antibody responses %*. For example, //27ra”" mice presented
enhanced mBSA-specific titres, and synovial T-cell infiltrate with the presence of ELS in
response to antigen-induced arthritis 1. Similarly, patients with follicular disease, where ELS
are observed, displayed decreased expression of IL-27 compared to patients with diffuse
synovitis 1%, Importantly, IL-27RA was highly expressed in cells localised at ELS, in the

follicular form of synovitis. Thus, a lack of IL-27 signal may support the development of a

follicular form of synovitis that is linked with severe disease and poor responses to biological
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therapy 128153253 More recently, | have contributed to studies showing that these inhibitory
actions extend to ELS inflamed salivary glands with clinical features reminiscent of another
rheumatological condition — Sjogren’s syndrome %>*. Local expression of IL.-17 and IL-21 was
linked to ELS development in antigen-induced arthritis 1°, and effector cytokines associated
with Th17 cells, such as IL-17F, IL-21, IL-23, IL-22, have also been involved in synovial
lymphoid neogenesis in clinical RA 2*°. Moreover, In CIA mouse models, systemic
administration of IL-27 resulted in reduced incidence of disease and histological paw score.
This was associated with reduced collagen-specific antibody titres and decreased serum
levels of IL-6 and IL-17 . Hence, while cytokines such as IL-6 and IL-21, can facilitate ELS

development in inflammatory arthritis, IL-27 is a negative regulator of ELS.

IL-6 and IL-27 also have an effect on stromal tissue responses to inflammation. For instance,
IL-6 and IL-27 contribute significantly to bone remodelling, where a disparity between bone
formation and resorption leads to bone destruction in inflammatory arthritis 2°7/2%8, |L-27
inhibits RANKL-mediated activation of nuclear factor kappa-B ligand (RANKL) in osteoclast
precursors 2°°. IL-27 also restrains the production of RANKL in activated CD4* T-cells 2,
Furthermore, a recent study linked IL-27 to pain, which may be relevant to pain in RA, which
is a priority RA research area, and consequently, showed potential for IL-27 to span
immunomodulation and pain treatment 1. In conclusion, both IL-6 and IL- 27 cytokines
assist in the control of synovitis and associated changes in cartilage and bone erosion. These
anti-inflammatory properties, together with the inhibitory control of effector Th17-type
responses by IL-27, suggest that an IL-27 supplementation intervention may offer a

therapeutic strategy for RA (discuss later in Section 1.4.1).
1.4 Therapeutic approaches for RA

The design and application of biological drugs for RA have been of considerable interest for
several decades. Due to the breadth and pace of development of this field, a truly exhaustive
review of all this literature is beyond the scope of this introduction. Here, | will instead
introduce the current biologic agents and future prospects in RA that are relevant to my own
studies. Some expansion of this background will be provided in the introduction to specific
results chapters. In this respect, small molecule inhibitors of signal transduction pathways

will be discussed in Chapters 3 and 4, while cytokine blockers will be the focus of Chapter 5.
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1.4.1 Cytokine blockers

The recognition of cytokines as primary targets for therapy led to the development of
cytokine inhibitors for the treatment of RA. Biologic agents that target TNFa or IL-6 have had
a major impact on the management of RA 262283 whereas IL-1p blocker (anakinra) has been
of limited application in treating RA and is considered effective in conditions where the
inflammasome is a central feature of the pathology (such as gout and various inflammatory
syndromes) 2%%, The roles of other IL-1 family members, such as IL-33, IL-36a,, iL-36, IL-36V,
IL-37 and IL-38 and their potential usefulness as therapies or therapeutic targets, are still
being investigated in preclinical studies 2%°. In the future, recombinant forms of the newer

members of the IL-1 family should be developed for use in clinical trials 25°.

Because of the overlap and interplay between cytokines that drive synovial inflammation,
the traditional view of a defined cytokine hierarchy has been altered and therefore switching
from TNFo to IL-6 inhibitors in RA patients might be appropriate when TNFa inhibitor
therapy fails 1*°. Indeed, the intracellular signalling mechanisms activated by these cytokines
are different: TNFo mainly operating through NFxB and extracellular signal-regulated kinase
(ERK) signalling pathways 2® while as previously discussed, IL-6 signals through the JAK/STAT
pathway '?*. However, neither of these pathways are exclusive to IL.-6 and TNFa; various
other cytokines and pattern recognition molecules signal through NFkB (including IL-1B,
IL- 17 and Toll-like receptors)®’ or STAT transcription factors (for example, IL-10, IL-21,
IL- 23). Some of which are now considered potential therapeutic targets for clinical

intervention in RA (e.g., secukinumab, NI-101, IL-21 and IL-23) 268,

To date, five unique anti-TNF agents have been clinically developed, approved, and are used
in rheumatology practice (etanercept, infliximab, adalimumab, certolizumab and
golimumab), one IL-1 blocker (anakinra) is currently being used, although with limited
success; and there are only two IL-6 inhibitors available for routine management of RA
(tocilizumab and sarilumab) (Figure 1.13), with other four in Phase Il clinical trials
(sirukumab, olokizumab, clazakizumab and vobarilizumab). However, the success of IL-6
blocking therapies has incited the development of a number of alternative drugs that target
different structural domains of IL-6 or its receptor #'¢ (discussed in Chapter 5). For example,
a sgpl30Fc fusion protein (olamkicept), which targets IL-6 bound to the IL-6R %3,
Additionally, several newer biologic agents targeting other cytokines associated with RA

pathology are under clinical development. For example, IL-17 (gold standard therapy now
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for psoriasis and spondyloarthropathies), is targeted by secukinumab and ixekizumab 2%° and
its receptor by brodalumab ?’°, and the p40 subunit common to both IL-12 and IL-23 is
targeted by ustekinumab 27, These cytokines are centrally involved in the programming of
early innate and adaptive immune responses, including, the differentiation and commitment
of naive CD4* T-cells into effector T-cell populations ?’2. Moreover, mavrilimumab is a
monoclonal antibody that targets GM-CSF, which in addition to haematopoiesis, has
important immunoregulatory functions 2>. The monoclonal antibody showed convincing
efficacy and good tolerability in a large Phase Il trial in RA, and further development in phase
[l is anticipated 2’2. Finally, denosumab is a human monoclonal IgG2 antibody that inhibits
bone resorption by binding and inhibiting the receptor activator of the NF-kB ligand, RANKL
274 In summary, cytokine inhibitors have revolutionised therapeutics for RA and other
inflammatory musculoskeletal diseases by offering unparalleled efficacy and favourable

safety profiles as well as changing the economic perspectives in rheumatology.
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Figure 1.13 Currently approved cytokine blockers for the treatment of RA.

1.4.2 Lymphocyte-targeting agents

1.4.2.1 B-cell directed therapy

B-cells have numerous roles in autoimmunity, involving antigen presentation, secretion of
inflammatory and immunoregulatory mediators (such as cytokines), production of

autoantibodies, and modulation of lymphoid organization within inflammatory sites.
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Rituximab is the most successful B-cell-directed therapeutic strategy that is currently in
clinical practice (Figure 1.14). It is a chimeric monoclonal antibody directed against the CD20
molecule, which is present in all mature B-cells but not expressed by antibody-secreting
plasma cells ?>. On binding to CD20, rituximab triggers cell death through
antibody- mediated cellular cytotoxicity; following infusion of rituximab complete depletion
of B-cells from the peripheral blood that can be documented within a matter of days 72,
Although all treated patients experience profound depletion of circulating peripheral B-cells,
only 60% of these patients respond clinically 2’2’7, Furthermore, in patients who are either
RF or ACPA positive (or both), rituximab seems to be more effective 2’8, Despite the rapid
biologic effect of the treatment, the onset of clinical action was somewhat slower, and
studies demonstrate that rituximab is more effective in combination with MTX #°. Currently,
rituximab is approved for use in patients with RA who have previously failed anti-TNF
therapy, although in practice it is also used in patients where anti- TNFa is considered less

desirable 2%,

Apart from rituximab, several other B-cell directed biologics have been developed over the
years, although none are currently approved for the treatment of RA. The anti-CD20
monoclonal antibodies ocrelizumab 28, veltuzumab %2, and ofatumumab 2%, are in phase Il
and early phase lll clinical trials. However, ocrelizumab has been shown to have side effects
such as severe infections that have led to termination of trial programs 2%, Epratuzumab is
another B-cell therapy that targets CD22, and instead of depleting B-cells, it downregulates
their activity and is currently being tested for the treatment of systemic lupus erythematosus
(SLE) 2%, Several strategies, aside from B-cell depletion that inhibit B-cell growth and
development have been developed. For example, some biologics target B-cell activating
factor (BAFF) also known as TNF ligand superfamily 13b and B lymphocyte stimulator (BLyS);
the proliferation-inducing ligand (APRIL) also known as TNF ligand superfamily member 13.
BAFF and APRIL are proteins recognised by a cell surface receptor called transmembrane
activator and CAML interactor (TACI) 1°. Belimumab (directed against soluble forms of BAFF)
had only minor effects in RA %8¢ but was approved for the treatment of SLE. Atacicept (TACI-
Fc fusion protein) has also been examined in phase Il clinical trials in RA 2#’. Two-phase ||
clinical trials of atacicept recruited over 500 patients with RA in total and failed to
demonstrate any significant efficacy. Similarly, belimumab is not moving forward in further
clinical trials 2%, Finally, another anti-BAFF, tabalumab, also had modest efficacy in RA 2%° but

is not being developed further.
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Figure 1.14 Currently approved lymphocyte-targeting agents for the treatment of RA.

1.4.2.2 T-cell directed therapy

The first biologics to be tested for RA were directed at T lymphocytes. At present, the only
successful approach directed at T-cells is through targeting co-stimulation. T-cell negative
regulatory signals can be initiated through membrane receptors, following the binding of
cognate ligands, either soluble or membrane-bound 2. These inhibitory receptors, also
known as ‘checkpoints’, counterbalance the T-cell activation state. For example, cytotoxic
T- lymphocyte antigen 4 (CTLA-4), is considered a master regulator of peripheral T-cell
tolerance in vivo ?°°. The physiologic role of CTLA-4 is believed to be the termination of T-cell
activation and the prevention of excessive inflammation. Abatacept is a construct of the
naturally occurring CTLA-4 coupled to an IgG framework designed to block the interaction of
CD28 with CD80 or CD86, which is present on APCs, and therefore antagonise T-cell
coactivation %! (Figures 1.14 &1.15). Extensive data from phase Ill and phase IV trials have
confirmed that abatacept has good clinical efficacy in the treatment of RA in different stages
of the disease, comparable to anti-TNF-o. therapy 22, however, the exact mode of action in

RA is still not understood.

Abatacept has shown to suppress ROS, which contributes to the inflammatory properties of
RA, by preventing T-cell interactions with synovial fibroblasts 2°>. Another study revealed
that abatacept significantly reduced the levels of IFN-y expression and the overall
inflammatory status of the synovium without disrupting cellular homeostasis in patients
with RA, for whom TNF-blocker therapy had failed 1. Changes in the number of circulating
subsets of CD4* and CD8" Treg cells and a consequent enhanced regulatory function have
also been reported in a small case series, after abatacept therapy 2°*. In murine models of
arthritis, abatacept was evidenced to inhibit T-cell activation and proliferation as well as

reduce the migration of T-cells into B-cell follicles, limiting the breach of self-tolerance 2%°.

46



Chapter 1

Alternative approaches to inhibiting abnormal T-cell activation in RA, include anti-CD4
antibodies 4162W9477 2%, keliximab %°7; anti-CD3 antibodies otelixizumab, teplizumab,
foralumab and visilizumab 2°%2%°; and anti-CD52 antibody alemtuzumab. However, the
outcomes from these therapies have been less impressive than abatacept. Despite RA
heterogeneity, a number of spontaneous or induced models of RA showed that Treg cells
are able to slow down or stop the clinical progression of this disease. Treg cell-based
immunotherapy is at present restricted to animal models. For example, adoptive transfer of
CD25* regulatory T-cells in CIA proved to be an effective treatment as it prevented and
almost ceased arthritis progression 3. Further, in a model of proteoglycan-induced arthritis

in mice, CD4* CD25* Foxp3* Treg cells were able to suppress arthritis 3.

Figure 1.15 Abatacept mechanism of action.

(A) T-cell activation requires both cognate interactions between the TCR and an antigenic peptide
presented by the class | or Il MHC molecule on the surface of an APC, and a second co-stimulatory
signal, for example, the binding of CD28 on the T-cell surface to CD80/86 on the surface of the APC.
(B) After 24-48 hours, the expression of CTLA4 is upregulated on the activated T-cell, which has higher
affinity for CD80/86 than CD28 and therefore, provides a control signal that terminates T-cell
activation. (C) Abatacept (CTLA4Ig) strongly binds CD80/86, thereby disrupting the second signal to
the T-cell and preventing or interfering with T-cell activation. APC, antigen-presenting cell, MHC,
major histocompatibility complex, TCR, T-cell receptor.

47



Chapter 1

1.4.3 Small molecule inhibitors of signal transduction pathways

1.4.3.1 JAK inhibitors

In recent years, a novel class of DMARD has emerged as an oral treatment for inflammatory
disorders such as RA, psoriasis, inflammatory bowel disease, and the prevention of organ
transplant rejection. Among them, several inhibitors of JAK proteins (collectively termed
jakinibs) have been developed as potential treatments for RA and currently only one is
approved (tofacitinib), while several others are in clinical development. JAK family kinases
(JAK1, JAK2, Tyk2, and JAK3) are ubiquitous intracellular regulators with a crucial role in
driving chronic inflammation in RA (See Section 1.3.1). IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21
belong to the y-chain cytokine family, and commonly mediate lymphocyte activation,
proliferation, and survival through the activation of JAK3, while JAK2 governs
colony- stimulating factors, erythropoietin, and cytokines comprising the IL-6/1L.-12, IL-10,

and IL-3/IL-5 families, and JAK1 regulates interferon activities **°.

Tofacitinib binds to and competitively inhibits the kinase domains of JAK1, JAK3 and to a
lesser extent JAK2 (Figure 1.16). Several phase Il trials over the last years have shown that
tofacitinib is effective for RA, as monotherapy or in combination with MTX, reporting
significant amelioration of disease activity, improvements in functional status and
prevention of structural joint disease in patients. Subsequently, tofacitinib has been
approved, on a regimen of 5 mg twice daily, by the FDA for the treatment of moderate and
severe RA, in patients who are intolerant or unresponsive to MTX 4. Moreover, an
extended-release version of tofacitinib that uses osmotic delivery to enable once-daily
dosing has also been approved by the FDA for the treatment of RA 3%2, Ruxolitinib, a potent
inhibitor of JAK1 and JAK2, have shown encouraging preliminary results 2. Baricitinib is a
first-generation jakinib, structurally related to ruxolitinib, that selectively blocks JAK1 and
JAK2. Extensive data from phase Il trials have also demonstrated its long-term safety and
efficacy, showing clinically significant improvements in disease activity, structural damage
and patient-reported outcomes. Nevertheless, its approval by the FDA is currently in
process. Other JAK inhibitors are in earlier-phase trials, such as peficitinib, which blocks
multiple JAKs and has achieved clinical responses similar to other jakinibs, yet with worsen

adverse effects 144
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Figure 1.16 Mode of action of Tofacitinib.

Janus kinases contain several domains; the kinase domain is responsible for phosphorylation. This
occurs when ATP binds to the ATP-binding site and releases its phosphate, which can then be used to
phosphorylate JAKs and cytokine receptors. Tofacitinib competitively inhibits the ATP-binding site and
therefore the kinase activity of JAK3. (Adapted from O’Shea et al. 2015).

1.4.3.2 Other small molecular inhibitors

Several small-molecule designer drugs have been developed to mimic cytokine-cytokine
receptor engagement or to modulate intracellular mechanisms linked to membrane gp130
or JAK/STAT signalling 3%. For example, regulator of cartilage growth and differentiation-423
(RCGD-423) promotes a transient activation of sgp130 dimerisation and signalling 3%*. Other
modalities that interfere with sgp130 signalling include madindoline-A, the small-molecule
inhibitor SC144 and the synthetic oxazolidinone derivative LMT-28 3%, Since STATs are
crucially involved in signal transduction and are often triggered within the context of
malignancy, substantial effort has been made for more than two decades to develop STAT
inhibitors. As opposed to JAKs, whose kinase domains display an evident pharmacological
target, STATs do not possess intrinsic catalytic activity and thus, are a more challenging
objective. Oligonucleotide-based STAT transcription factor inhibitors, which silence the
genomic expression of STAT genes, are the most well-developed approach (e.g., AZD9150,
which targets STAT3) 3%, and small molecules, inhibitory peptides and small interfering RNAs

that target STAT transcription factors are also undergoing clinical trials 3% (See Chapter 3).
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Moreover, natural chemical blockers of STAT3 activity (e.g., curcumin and capsaicin) are also
considered promising therapies for RA 3%, Small-molecule inhibitors of receptor tyrosine
kinases (RTKs), a class of growth-factor and hormone receptors whose genes are prone to
gain-of-function mutations associated with STAT-driven malignancy are also being tested for
the treatment of RA and others inflammatory pathologies 3%7. Additionally, due to its
regulatory role in the JAK/STAT signalling pathway (Section 1.3.1.2), the transient nature of
SOCS expression is currently being addressed to ensure therapeutic effectiveness 2°! (See

Chapter 4).

Biologic agents have brought major therapeutic advances to the treatment of patients with
RA as they are generally effective, well-tolerated and safe by the majority of patients 1%°.
Their modes of action and class-specific adverse effects are different, and although some of
the possible side effects (e.g., risk of infections, malignancy, administration reactions) apply
to all these compounds, some conditions that affect patients selection and management
within these categories seem to be specific to particular biologic treatments 3%. The impact
of cytokine-network modulation on systemic homeostatic processes — such as mood,
fatigue, depression, infection and cardiovascular risk — and haematologic processes, is also

an important aspect of biologic intervention %°

In addition to reducing articular
inflammation in patients with RA, biologic agents can reduce systemic inflammation and
improve health-related quality of life by effecting control of the acute-phase response and
fatigue *°. However, over a million patients with RA have been successfully treated, and a
better perspective on the risk of harm and its management has become part of good clinical

121 Furthermore, a novel trial design might allow biologic combinations to be

practice
evaluated scientifically and systematically. These novel treatments and therapeutic

strategies are needed to make disease remission a possibility for most patients with RA.

1.4.4 Invivo models for inflammatory arthritis

Finally, clinical testing on humans can only begin after a pre-clinical phase (involving
laboratory studies in vitro and in vivo), which is required for the experimental drug to be
considered safe and effective. Whilst a certain amount of testing can be carried out by means
of in vitro experiments and computer modelling, animal testing is an obligatory stage in the
process of obtaining regulatory approval for new drugs and therapies. Moreover, animal
models are not only key for success in clinical translation, but also necessary to advance

medical and biological knowledge. Models of inflammatory arthritis are extensively used to
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investigate pathogenic mechanisms governing inflammation-driven joint damage. Despite
limitations that apply to all animal models of human disease, in vivo mouse models of
inflammatory arthritis have been instrumental in identifying pathogenic mediators, immune
cell subsets and stromal cell responses that determine disease onset, progression and
severity. Two commonly used models include antigen-induced arthritis (AIA) and collagen-
induced arthritis (CIA). These offer unique advantages for modelling different aspects of
human disease: CIA involves breach of immunological tolerance resulting in systemic auto-
antibody-driven arthritis, while AIA results in local resolving inflammatory flares that mimic
the flares of disease seen in clinical RA, and articular T-cell-mediated damage (See Section
2.3.2 for a detailed description of this model). Development of AlA is dependent on CD4* T-
cells, and the kinetics of synovial leukocyte infiltration are highly reproducible. Additionally,
the C57BL/6 strain of mice described in Section 2.3.1 is highly susceptible to mBSA AIA,
which has facilitated the study of individual immune pathways and functions using
transgenic and gene deficient mice 3. Thus, AIA serves as the perfect model to investigate
molecular mechanisms underpinning arthritis progression linked with RA and provides a pre-
clinical testing ground for novel biological therapies, including cytokine blockers and small

molecule inhibitors of the JAK/STAT signalling pathway such as those utilised in this thesis.
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1.5 Project aims

RA affects around 1% of the global adult population and is a systemic autoimmune disease
of synovial joints. At present, there is no known cure yet for RA, but current therapies are
broadly aimed at restricting inflammation and show considerable efficacy, allowing many
patients to achieve remission. However, approximately 40% of patients do not respond to
current frontline biologics, due, in part, to the high heterogeneity of the disease. My thesis
mainly focuses on therapeutic intervention of the JAK/STAT signalling pathway utilising
novel approaches, by targeting either the cytokine receptor or the downstream intracellular

signalling.

e In Chapter 3, studies focused on the therapeutic targeting of the latent transcription
factor STAT3 in experimental arthritis. Here, | hypothesised that re- positioning an anti-
cancer therapy (CpG-Stat3siRNA), which utilises a novel siRNA delivery technology to
silence STAT3 gene in TLR9-expressing cells, may have therapeutic potential to treat
inflammatory arthritis. In vivo investigations tested the efficacy of CpG-Stat3siRNA in
antigen-induced arthritis as judged by histopathology and computational analysis of

optimised RNA-seq of the inflamed synovium.

e The aim of Chapter 4 was to investigate the potential of SOCS3 induction as a target for
RA therapy. | hypothesised that synovial induction of SOCS3 in response to a peptide
derived Hepatitis Virus-C (p7-derived peptide), could result in improved disease outcome

in antigen-induced arthritis, by indirectly targeting STAT3.

e In Chapter 5, experiments aimed to use novel IL-6 trans-signalling inhibitors by fusion of
a minimised sgp130 variant to an IL-6:sIL-6R complex-binding nanobody. My hypothesis
was that these new sgp130 variants would have inhibitory capacity of STAT3-driven Th17

cell expansion in vitro, due to their smaller size and improved efficacy.

¢ In Chapter 6, | hypothesised that CRTAM (CD355), an important molecule in regulating T-
cell effector characteristics that has also been implicated in various inflammatory and
pathogenic processes, could be involved in controlling synovitis, by reason of being
downregulated in activated naive CD4* T-cells as a response to IL-6 and IL-27. The main
goal was to investigate the negative regulation of Crtam by IL-6 and focus on the potential

role CRTAM may play in the context of inflammatory arthritis.
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2 Material and Methods

2.1 Cell culture

2.1.1 Buffers and media for cell culture

All reagents and buffers, with the exception of those supplied as part of commercial kits,

used for T-cell culture are listed in Table 2.1. All buffers and cell media were sterile filtered

using 0.2 um syringes or bottle top filters (Stericup, Merck Millipore), stored at 4 °C and used

within 30 days after preparation. All chemicals were purchased from Life Technologies

(Thermo Fisher Scientific) unless otherwise stated.

Media and reagents

Composition

Supplemented RPMI

RPMI-1640

10% (v/v) Heat-Inactivated Foetal Bovine Serum (FBS)
100 U/mL Penicilin, 100 pug/mL Streptomycin

2 mM L-Glutamine

1 mM Sodium Piruvate

50 uM B-mercaptoethanol

Suplemented IMDM

IMDM already containing 4 mM L-Glutamine and 25 mM HEPES
10% (v/v) FBS

100 U/mL Penicilin

50 uM B-mercaptoethanol

Freezing buffer

90% (v/v) FBS
10% (v/v) DMSO (Dimethyl sulphoxide)

MACS buffer

DPBS (no calcium, no magnesium)
0.5% (w/v) Bovine Serum Albumin (BSA)
2 mM EDTA

FACS buffer

DPBS (no calcium, no magnesium)

0.5% (w/v) Bovine Serum Albumin (BSA)
5 mM EDTA

7.5 mM Sodium Azide

Table 2.1 The composition of buffers and cell culture media used throughout this thesis.
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2.1.2 Isolation, culture and Th17 differentiation of murine naive CD4* T-cells
2.1.2.1  Preparation of murine splenocytes

Mice were dissected, and the whole spleen extracted into supplemented RPMI (Table 2.1)
prior to homogenisation. A single-cell suspension was prepared by homogenising spleen
through a sterile 40 um cell strainer (Greiner Bio-one), using the plunger of a sterile 2 mL
syringe (BD Biosciences). Recovered cells were washed, resuspended in red blood cell (RBC)
lysis buffer (BioLegend) and incubated on ice for 1 minute, to lyse red blood cells.
Supplemented RPMI was added to equilibrate the pH of the buffer and the extracted cells
pelleted by centrifugation. (All centrifugation steps were conducted for 5 minutes at 4 °C,

400 xg).
2.1.2.2 MACS sorting of CD4" T-cells

CD4* T-cells were isolated from murine splenocytes, using a magnetic-activated cell sorting
(MACS) CD4* T-cells Isolation Kit (Miltenyi Biotec). Magnetic bead isolation was conducted
according to the manufacturer’s instructions and yielded a highly enriched population of
CD4* T-cells (typically > 90%). Briefly, cells were first washed with MACS buffer and then
resuspended in 40 pL of MACS buffer per 107 cells prior to the magnetic labelling step. CD4*
T-cells were recovered by negative selection, incubating cells with 10 uL per 107 cells of a
cocktail of biotin-conjugate monoclonal antibodies against CD8a, CD11b, CD11c, CD19,
CD45R (B220), CD4b (DX5), CD105, MHC-class Il and Ter-119 and TCR y/5 for 5 minutes at
4 °C. Cells were subsequently incubated for 10 minutes at 4 °C with 20 uL per 10 cells of
anti-biotin monoclonal antibodies conjugated with MicroBeads. The cell suspension was
applied to in a magnetic separator and a LS positive selection column (Miltenyi Biotec). The
column was washed three times with MACS buffer and the enriched CD4* T-cell fraction
collected as flow-through. MACS buffer was kept on ice at all times, and the centrifugation
was performed at 4 °C to prevent bead internalisation. Potential cell clumps or fatty material
that would block the column were removed by passing the cell suspension through a

0.22 pm filter.
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2.1.2.3 Isolation of naive CD4* T-cell by flow cytometric cell sorting

Naive CD4* T-cells were obtained from enriched CD4* T-cells by flow cytometry cell sorting.
In brief, CD4* T-cells were adjusted to 2 x 107 cells/mL in MACS buffer and treated with 4
ug/mL rat anti-mouse CD16/CD32 (Fc block; clone 2.4G2, BD Biosciences) for 15 minutes at
4 °C to prevent non-specific binding and help reduce background fluorescent staining. Cells
were immune-labelled for 30 minutes at 4 °C in the dark using cell surface marker
fluorochrome-conjugated antibodies (diluted 1:200) against CD4, CD25, CD44, and CD62L
(Table 2.3; Section 2.2.1). Flow cytometric cell sorting was performed using a BD FACS Aria
Il (BD Biosciences). CD4* T-cells were gated based on forward, and side scatter profiles and
analysed for the exclusion of doublets. Naive CD4* T-cells were identified at those cells
displaying CD4*CD25CD44"°CD62L" characteristics. The representative gating strategy is
shown in (Figure 2.1). T-cell subset purity was > 90% (see Appendix Figure 8.1 for an example

of the purity strategy used).
2.1.2.4 Invitro generation of murine Th17 cells

Naive CD4*CD25CD44"°CD62L" T-cells (1 x 10° cells/well) were cultured in Nunclon delta
surface 96-well U-shape bottom plates (Thermo Fisher Scientific) in supplemented RPMI or
IMDM 10431°  For TCR activation, cells were co-stimulated with plate-bound anti-CD3
(1 pug/mL anti-CD3; clone 145-2C11, R&D systems) added the previous day and incubated at
4 °C overnight, and soluble anti-CD28 (5 pg/mL; clone 37.51, eBioscience). Cytokines were
included at the following concentrations to promote differentiation of naive CD4* T- cells
into a defined Th17 lineage: TGF-f (1 ng/mL), IL-6 (20 ng/mL) and IL-23 (20 ng/mL). All
recombinant mouse cytokines were purchased from R&D Systems. Cells were grown at 37 °C

with 5% CO, for 4 days before phenotypic characterisation by flow cytometry (Section 2.2).
2.1.2.5 Inhibition of in vitro Th17 cultures

Naive CD4" T-cells were recovered and activated under Th17 polarising conditions as
previously described. To test the efficacy of SOCS3-inducing peptide (SOCS3 P) against Th17
cell differentiation, cultures were incubated with or without 200 ng/mL SOCS3 P or control
P7-derived scrambled peptide. Culture medium and inhibitor were replenished on a daily

basis for 4 days. These peptides were derived from the Hepatitis C virus (HCV) P7 protein
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and kindly provided by Dr Nigel Stevenson (Trinity College Dublin, Ireland) (see Chapter 4).

Conversely, to test the inhibitory properties of miniaturised sgp130 variants (cs-130) against

the IL-6:sIL.-6R complex (that block IL-6 trans-signalling), cultures were incubated with or

without varying doses of each modality (see Table 2.2). Recombinant gp130-based fusion

proteins were kindly provided by Prof Jiirgen Scheller and Dr Jens Moll (Heinrich Heine

Universitat, Disseldorf, Germany) (see Chapter 5). Intracellular staining for IL-17A and IFN- y

was performed as described in Section 2.2.2.

_130190K/F191E

Compounds sgp130Fc cs-130Fc cs-130 CerpS-130Fc  ¢s Fc
MW in g/mol 240000 157000 52000 153000 157000
nM ng/mlL ng/mL ng/mL ng/mL ng/mL
10 2400 1570 520 1530 1570
1 240 157 52
0.1 24 15.7 5.2
0.01 24 1.57 0.52
0.001 0.24 0.157 0.052

Table 2.2 The list of nanobodies and concentrations used in Th17 cell differentiation assays.
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Figure 2.1 Gating strategy for sorting naive CD4+ T-cells by flow cytometry.

Cells were gated based on characteristic forward and side scatter profiles of lymphocytes (p1),
followed by exclusion of doublets to avoid multiple cells being acquired at the same time (p2). Naive
T-cells were identified as: CD4*CD25" (p3), CD4*CD25°CD44"° (p4), and finally CD4*CD25CD44'°CD62L"
(p5). SSC-A — side scatter-area; FSC-A — forward scatter-area; FSC-H — forward scatter-height.
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2.1.3 Cell Counting

Cells were resuspended in supplemented RPMI, 10 pL of cell suspension was mixed with 10
uL of 0.4% (w/v) Trypan Blue solution (Sigma Aldrich). The resulting mixture was applied to
a haemocytometer, and live cells were counted based on trypan blue exclusion according to
the following formula: average viable cell count from two 16-squared grids x 2 (dilution

factor) x 10* = number of viable cells/mL.
2.1.4 Cryopreservation and thawing

For cryopreservation, recovered cells from murine spleens (Section 2.1.2.1) or lymph nodes
(Section 2.3.5) were resuspended in freezing buffer (Table 2.1) and then moved to internally
threaded cryogenic vials (Nunc) and stored at -80 °C using a controlled rate freezing device
(Mr Frosty, Nalgene). For thawing, cells were removed from the freezer and thawed in a
water bath at 37 °C. The thawed cells were seeded into a 96 well plate (Greiner Bio-One)
and used as single fluorochrome-stained cellular controls to provide negative and positive

populations to establish compensation parameters in flow cytometry (Section 2.2).
2.2 Flow Cytometry

Analysis was performed as described previously 2°. Samples were acquired on a BD
FACSCanto Il flow cytometer (BD Biosciences) using the FACSDiva software (BD Biosciences).
Data analysis was conducted using FlowJo Version 10 (Tree Star Inc, US). Between each
incubation step and wash, cycle cells were isolated by centrifugation at 600 xg for 3 minutes.
To quantify the number of cells per sample, cell counting beads (Life Technologies) were
used according to the manufacturer’s instructions. A detailed description of each antibody

used is listed in Table 2.3.
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Target Species Fluorochrome Clone Isotype  Manufacturer
CD3 Hamster anti-mouse PE Cy7 145-2C11 1gG BioLegend
. efluor 450 L
Cb4 Rat anti-mouse RM4-5 1gG2a eBioscience
PerCP Cy 5.5
CD25 Rat anti-mouse PE PC61.5 1gG1 eBioscience
CD44 Rat anti-human/mouse APC IM7 1gG2b eBioscience
CD62L Rat anti-mouse FITC MEL-14 1gG2a eBioscience
CD8a Rat anti-mouse PerCP Cy 5.5 53-6.7 1gG2a eBioscience
ySTCR Hamster anti-mouse APC eBioGL3 1gG eBioscience
NK1.1 Mouse anti-mouse FITC PK136 1gG2a eBioscience
PE BD Biosciences
IL17A Rat anti-mouse TC11-18H10.1 1gG1 .
Alexa Fluor 647 BioLegend
. efluor 450 Invitrogen
IFNy Rat anti-mouse XMG1.2 1gG1 o
FITC eBioscience
CD355/CRTAM Rat anti-mouse PE 11-5 1gG2a BioLegend

Table 2.3 The list of antibodies used for flow cytometry staining in this thesis.

2.2.1 Cell surface staining

Cells were washed in FACS buffer (Table 2.1) and resuspended in Zombie Aqua live/dead
stain (BioLegend) in PBS for 5 minutes in the dark for dead cell exclusion, before surface
staining. Alternatively, Live/Fix Viability Dye eFluor 450 (eBioscience) was used. Non-specific
staining caused by antibody binding to Fc receptors was prevented by incubating cells in 4
ug/mL rat anti-mouse CD16/CD32 (Fc block; clone 2.4G2, BD Biosciences) for 15 minutes at
4 °C. Cells were then incubated for 20 minutes at 4 °C in the dark, with
fluorochrome- conjugated antibodies specific to cell surface receptors (Table 2.3) at a
working dilution of 1/200 in FACS buffer. They were then washed twice in FACS buffer and
finally resuspended in 200 pL of PBS. Cells were kept on ice in the dark (or fixed with CellFix,

BD Biosciences) until flow cytometric analysis.

2.2.2 Intracellular cytokine staining (ICS) assay

Intracellular cytokine staining (ICS) was used to detect T-cell subsets with defined effector

cytokine profiles. Because intracellular cytokines are typically expressed at low levels in
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resting cells, cells were stimulated with 50 ng/mL PMA (Phorbol 12-myristate 13-acetate)
and 500 ng/mL ionomycin (calcium ionophore) to enhance effector cytokine production.
Monensin (3 uM) treatment was used to increase the accumulation of the target cytokine
within the cytoplasm by blocking intracellular transport at the Golgi apparatus. Cells were
incubated for 4 hours at 37 °C, before live/dead staining, Fc block and labelling of cell
markers as described in Section 2.2.1. Following surface staining, cells were fixed and
permeabilised using Cytofix/CytopermTM (BD Biosciences) as described in the
manufacturer’s instruction booklet. Permeabilised cells were then incubated with anti-
cytokine fluorochrome-conjugated antibodies (Table 2.3) for 30 minutes on ice at a working
dilution of 1/200. Cells were subsequently washed twice, resuspended in CellFixTM (BD
Biosciences) and stored overnight at 4 °C in the dark prior to analysis by flow cytometry and

data analysis (see Section 2.10).
2.3 Invivo experiments

2.3.1 Mouse strains

Experiments were undertaken in adult (8-12-week-old) male wild-type, /127ra”", ll6ra”,
gp130"757FY757F and gp130Y7°7FY757F: Stat3* C57BL/6 mice. Inbred wild-type mice were
purchased from Charles River UK. IL-27R deficient mice (//27ra”") were originally sourced
from The Jackson Laboratory (line B6N.129P2-1127ra'™™3/]) and bred and maintained at
Cardiff University %*°. These mice were generated using a targeting vector designed to
replace a genomic fragment containing an exon encoding a portion of the extracellular
fibronectin type Il domain of the IL-27R with a neomycin resistance cassette. //27ra” mice
are healthy and fertile, and there are no significant differences in gross or radiographic
findings or in body or organ weights compared to wild-type mice?*. Inbred /l6ra” were
generated at GlaxoSmithKline (Stevenage, UK) using a conventional replacement vector to
disrupt exons 4, 5 and 6, which encode the structural regions important for IL-6
recognition 3. Both gp130"7°7FY757F (gp1307F) and gp1307F bearing a monoallelic ablation
of Stat3 (gp1307F:Stat3*) mice were generated in Ludwig Institute for Cancer Research
(Australia) and have been extensively characterised as previously described 31312, At the
molecular level, gp1307F mice have a phenylalanine (F) knock-in substitution of the

cytoplasmic tyrosine (Y) residue at position 757 within the intracellular domain of gp130.
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This disrupts the negative feedback imposed on gp130 by SOCS3, and therefore, these mice
have hyperactivation of STAT3 (Figure 2.2). Compound gp1307F:Stat3*- mice were
generated by crossing gp1307F mice with Stat3* mice, resulting in genetically reduced levels
of gp130-dependent STAT3 activation 3'2. These heterozygous mice display a seemingly
normal phenotype since complete germline inactivation of STAT3 (Stat3 ) results in early
embryonic lethality 313, While the level of gp130-dependent STAT3 activation had been
genetically reduced, STAT1 and gp130 expression remained unaffected 3132, Mice were
bred and housed under specific-pathogen-free (SPF) conditions at the Hudson Institute of
Medical Research (Australia). Experiments were performed in accordance with and
approved by, the Monash Medical Centre ‘A’ Monash University Animal Ethics Committee.
All experiments were endorsed by the UK Home Office - approved project licenses PPL
30/2928 (2015-2017) and PB3E4EE13 (2017-2019), with consideration of the 3 R’s (Replace,

Reduce, Refine)34.

H
(gp1 30Y757F.‘Y757F)

Figure 2.2 STAT3 signalling in gp130"Y7°7FY757F and WT mice.

In gp1307/F mice (left), there is a substitution of tyrosine 757 for a phenylalanine in the intracellular
domain of sp130 that disrupts the binding of SOCS3 and leads to a loss of negative feedback inhibition
on STAT3 activity. Thus, these mice have hyperactivation of STAT3 (indicated by the size arrow)
compared to normal STAT3 activation in WT mice (right).

61



Chapter 2

2.3.2 Murine antigen-induced arthritis (AlA)

Antigen-induced arthritis (AIA) was established as previously described 303> Briefly,
8- 12- week-old male mice were immunised (s.c) with 100 pL methylated bovine
serum- albumin (mBSA) (1 mg/mL) emulsified in an equal volume of Complete Freund’s
Adjuvant (CFA). To prepare this emulsion, CFA was forcefully mixed with mBSA solution using
a glass syringe and an 18-gauge (G) blunt fill needle, and this process was repeated until a
white and stable emulsion was generated. Mice were then inoculated in the right flank using
a 1 mL syringe and 25G needle. At the same time, mice also received 160 ng of
heat- inactivated Bordetella pertussis toxin in 100 uL of PBS as a single intraperitoneal
injection (1 mL syringe, 25G needle) (all from Sigma-Aldrich), to prime the immune response.
One week later, mice were reimmunised with an identical subcutaneous administration of
mBSA/CFA into the left flank. Twenty-one days after the initial immunisation, inflammatory
arthritis was induced by intra-articular administration of 10 uL mBSA (10 mg/mL) into the
knee joints using a 29G insulin syringe. Animals were monitored daily for well-being and
clinical signs of arthritis development by measuring knee joint diameters using a POCO 2T
micrometre (Kroeplin). At indicated time points post arthritis inductions animals were killed
using the schedule 1 method of rising concentration of CO,, followed by cervical dislocation

to confirm death.

2.3.2.1 Administration of Stat3-targeted therapies during AIA

Murine AIA was established as described in Section 2.3.2. To examine the activities of STAT3
in vivo, two different intervention strategies were developed: (1) On disease induction, mice
were treated with either a SOCS3-inducing peptide derived from hepatitis C virus (SOCS3P)
or a control peptide sequence (P7). Both were administered (i.a.) at a final concentration of
0.01 mg/mL (see Chapter 4). (2) Alternatively, mice were treated (i.a.) with CpG-Stat3siRNA
(0.125 nmol/uL) (Figure 2.3). Control joints received CpG, single-stranded CpG-Stat3siRNA
or single-stranded CpG-Stat3siRNA non-hybridised (see Chapter 3). Knee joints

(Section 2.4.1) and blood (Section 2.3.3) were recovered and processed for further analysis.
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Figure 2.3 Timeline for the general antigen-induced arthritis mouse model.

The priming of the immune response towards mBSA in the absence of synovitis occurs from day -21
until day 0 (mBSA-specific immune response). Inflammatory arthritis is initiated by intraarticular
administration of mBSA into the knee joint. The followed acute response is characterised by an early
T-cell response and the infiltration of innate leukocyte populations, including neutrophils and
inflammatory macrophages. The chronic-like inflammation phase is marked by a prominent effector
T-cell response within the joint and regions of B-cell infiltration. Arrows indicate days of
antigen/adjuvant and Bordetella pertussis toxin challenge, routes of administration to induce AlA, and
days of harvest. Joint swelling is measured on days 0, 1, 2, 3 and 10 post arthritis induction. The
different colours show the two different interventions used in this thesis during AIA, administered on
disease induction (day 0), via intra-articular injection. In pink, mBSA + SOCS3-inducing peptide
(SOCS3P) or mBSA + control P7-derived peptide sequence. In blue, mBSA + CpG-Stat3siRNA or mBSA
+ controls: CpG, single-stranded CpG-Stat3siRNA and single-stranded CpG-Stat3siRNA non-
hybridised. CFA, complete Freund’s adjuvant; mBSA, methylated BSA; RHS, right hand side; LHS, left
hand side; i.p., intraperitoneal injection; s.c., subcutaneous injection; i.a., intraarticular injection.
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2.3.2.2 (CpG-Stat3siRNA Oligonucleotide Hybridisation

CpG-Stat3siRNA was kindly provided by Professor Hua Yu and Associated Professor Marcin
Kortylewski (City of Hope, USA). The oligonucleotide design and synthesis have been
previously described *'°. Briefly, each 50 nmol oligonucleotide was dissolved in 250 uL of
DNase/RNase free water at 37 °C for 5-7 minutes. The resulting single-stranded sequences
were next hybridised with complementary sense strands of siRNAs by heating to 80 °C for
one minute and then promptly transferred to a 37 °C water bath for 1 hour. Samples were

mixed by gentle vortex before a brief centrifugation and aliquoting for storage.
2.3.3 Collection of serum from blood

Total blood volume was collected from mice by cardiac puncture (1 mL syringe, 25G needle).
Whole blood was added to a 1.5 mL sterile tube and incubated at room temperature for 30
minutes to allow coagulation. Samples were centrifuged (2,000 xg, 10 minutes, 4 °C) and the
straw-colour serum fraction carefully transferred to a sterile tube and stored at -80 °C using
a controlled rate freezing device (Mr Frosty, Nalgene). After 24h, cells were moved to a

storage box at -80 °C for long term use.
2.3.4 Isolation of synovial tissue

The harvest and dissection of the inflamed synovium were conducted as described

previously 3.

To extract joint-infiltrating leukocytes, samples were placed into
supplemented RPMI medium, on ice. After collection, the synovial tissue underwent an
enzymatic digestion using 1 mg/mL Collagenase Type IV (Worthington Biochemicals) in
supplemented RPMI at 37 °C for 1-2 hours. Tubes were gently vortexed every 15 minutes.
Finally, cells were carefully passed through a 40 um cell strainer to remove tissue debris,

washed (400 xg, 5 minutes), and resuspended in supplemented RPMI medium before

analysis by flow cytometry (Section 2.2.1).

Alternatively, inflamed synovial tissue was immediately placed into RNA/ater (Ambion) and
stored at -80 °C for transcriptomic and qPCR analysis. Prior to the extraction of total RNA,
synovial tissues were removed from RNAlater and weighed, as it is essential to use the

correct amount of starting material to obtain sufficient RNA yield and purity (a maximum
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amount of 30 mg can generally be processed without affecting RNA quality). Total RNA was
extracted by homogenising in 600 uL of RLT buffer (Qiagen) before purifying RNA as outlined

in Section 2.8.1.
2.3.5 Isolation of inguinal lymph nodes

Inguinal lymph nodes were recovered and gently passed through a sterile 40 pum cell
strainers (Greiner Bio-one) to obtain a single-cell suspension. Cells were then either
cryopreserved (Section 2.1.4) or resuspended in supplemented RPMI medium and seeded
in 96-well U-bottom plates to be used as single-stained cell controls for flow cytometry

analysis (Section 2.2)
2.4 Histological analysis

2.4.1 Preparation of knee joints for histology

Entire knee joints were collected by dissection and cutting the bones proximal (femur) and
distal (tibia and fibula) to the knee. After removing the skin and excess muscle, knees were
then dissected free of skin and excess muscle and fixed in 10% (v/v) neutral buffered formal
saline (pH 7.4) at 4 °C for 3 days. Following fixation, knee joint bones were decalcified in
either formic acid (Table 2.5) at 4 °C for approximately a week, or EDTA decalcification
solution (Table 2.5) for approximately two weeks, with the decalcification solution being
changed twice weekly. The decalcification solution was chosen based on the type of staining
performed and speed of process required. Formic acid is generally the quickest method;
however, EDTA chelation preserves DNA better and is preferable for most of
immunohistochemical staining protocols. Joints were X-rayed using a Kodak FX-Pro imaging
system to confirm complete decalcification (Figure 2.4A). Fixed and decalcified joints were
then processed and embedded in paraffin using HistoCore PEARL and Arcadia H instruments
from Leica Biosystems. Parasagittal serial sections of 7 um thickness were cut using a Leica
RM2235 rotary microtome (Figure 2.4B). To ensure strong adherence to the glass slides,

samples were baked at 60 °C for approximately 6 hours.
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2.4.2 Haematoxylin, fast green and safranin O staining

Rehydration and dewaxing were achieved by passing the tissue sections through three
changes of xylene and decreasing concentrations (100%, 90% and 70%) of absolute ethanol
for 3 minutes each, followed by 5 minutes in distilled water. Sections were then stained in
haematoxylin, fast green and safranin O to assess pathology and for evaluation of bone and
cartilage erosion. Briefly, sections were placed in Harris Haematoxylin (VWR International
Ltd) for 5 minutes. Excess stain was removed under running tap water, and the sections
transferred to 0.01% (w/v) fast green for 5 minutes. Samples were dipped briefly in 1% (v/v)
acetic acid and incubated in 0.2% (w/v) safranin-O for 5 minutes. After staining, sections
were sequentially dehydrated in 70% (v/v), 90% (v/v) and 100% absolute ethanol (3 minutes
each) and cleared by three changes of xylene. Coverslips were placed onto stained slides
using DPX mountant (Sigma) and left to dry overnight prior to histological analysis and
archiving. Sections were visualised using a Leica DM 2000 microscope and Leica Application

Suite v4.9 software.

2.4.3 Histological assessment of arthritis

Histological sections of knee joints were evaluated by two independent observers, blinded
to the experimental groups 19429439 They scored the sections for synovial exudate, sub-
synovial inflammation, synovial hyperplasia and cartilage/bone erosion (See Table 2.4).
Regions of the synovium stained with haematoxylin indicated synovial cellular infiltration,
whilst proteoglycan staining safranin-O was used to identify erosion of the articular cartilage
(Figure 2.5). The combined aggregate score of all parameters is presented as an arthritis

index (Al) of disease activity.
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Figure 2.4 Histology of mouse knee joints.

(A) X-ray images of formalin-fixed mouse knees from an AlA experiment. A whole leg showing the
presence of calcified bone can be seen on the left. Images on the right show knees (in histology
cassettes) following EDTA or formic acid decalcification. Images captured using a Kodak FX-Pro
imaging system (Settings: Exposure, 30; f-stop, 4.96; FOV, 200; focal plane, platen. (B) Diagram of
anterior, superior and parasagittal views of the mouse knee joint. The red dotted lines indicate where

the sections were cut.
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Synovial Infiltrate

0

1
2
3
4
5

Normal (adipose tissue appears normal - no infiltrate)

Focal inflammatory infiltrates, adiposity hardly affected (10% inflammatory cells, 90% adipose tissue)

Focal inflammatory infiltrate equals adiposity (50% inflammatory cells, 50% adipose tissue)

Random inflammatory infiltrates dominating cellular histology (70% inflammatory cells, 30% adipose tissue)
Substantial inflammatory infiltrate with sevrere loss of adiposity (90% inflammatory cells, 10% adipose tissue)
Ablation of adiposity due to inflammatory infiltrate (100% inflammatory cells, 0% adipose tissue)

Synovial Exudate

0

1
2
3

Normal
Evidence of inflammatory cells in space
Moderate numbers of inflammatory cells in space, with evidence of fibrin deposits

Substantial number of inflammatory cells with large fibrin deposits

Synovial Hyperplasia & Pannus Formation

0
1

Normal (1-3 layers thick)

Over three layer thick synovial and evidence of thickening and/or invasion of joint space

Over three layer thick synovial lining "creeping" over cartilage surfaces and/or finger-like processes into
joint space

Over three layer thick synovial showing substantial covering of cartilage surfaces with evident cartilage
loss

Cartilage/Bone Erosion

0

1
2
3

Normal

Detectable loss of cartilage detected by Safranin O staining
Detectable erosion of underlying bone by pannus activity
Pannus has destroyed a significant part of the bone

Table 2.4 Scoring criteria for histological assessment of joint pathology in AlA.

68



Chapter 2

Non-inflamed Inflamed

Synovial
Infiltrate

Synovial
Exudate

Synovial Hyperplasia
& Pannus Formation

Cartilage
erosion

Figure 2.5 Histological assessment of AlA.
Haematoxylin, fast green and safranin O staining of knee joints at day 10. From top to bottom, boxes

highlight areas of synovial infiltrate, synovial exudate, synovial hyperplasia and pannus formation and
cartilage erosion. Scale bars: 600 um.
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2.4.4 Immunohistochemistry (IHC)

All buffers, with the exception of those supplied as part of commercial kits, used for

immunohistochemistry are listed in Table 2.5.

Buffer Composition

EDTA decalcification solution 0.5 M EDTA, 4% formaldehyde, pH 8.0

Formic acid decalcification
solution 10% (v/v) formic acid, 2% (w/v) formaldehyde, pH 8.0

Sodium Citrate Buffer 10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0

Tris Buffered Saline with

0.05 M Tris Base, 0.9% (w/v) NaCl, 0.05% Tween 20, pH 8.4
Tween 20 (TBS/T)

Tris Buffered Saline (TBS) 0.05 M Tris Base, 0.9% (w/v) NaCl, 0.05%, pH 8.4

Table 2.5 The composition of IHC buffers used throughout this thesis.

Sections were dewaxed and rehydrated, as stated in Section 2.4.2. Lymphocyte and cell-
surface markers were detected in paraffin sections using antibodies listed in Table 2.6.
Antigen unmasking was performed by heating sections in 10 mM citrate buffer (Table 2.5)
containing 0.05% (v/v) Tween-20 at 95 °C for 40 minutes. For F4/80 staining, antigen
retrieval was performed by incubating with 0.05% (v/v) Trypsin-EDTA at 37 °C for 30 minutes.
Slides were allowed to cool to room temperature for 20 minutes before endogenous
peroxidase activity was blocked using 3% (v/v) H20,. Sections were incubated in serum
appropriate to the secondary antibody before primary antibody incubations. Primary
antibodies (Table 2.6) were incubated overnight at 4 °C, in TBS/T (Table 2.5).
Immuno- labelling of defined antigens was detected using biotinylated secondary antibodies
(Table 2.6) specific to the primary antibody. Visualisation of antibody labelling was
performed using the Vectastain ABC kit and the 3,3’-diaminobenzidine (DAB) chromogen
staining kit (Vector Laboratories) following the manufacturer’s protocols. DAB is oxidised by
hydrogen peroxide in a reaction catalysed by an avidin-conjugated horseradish peroxidase
(HRP) diluted in TBS (Table 2.5). The oxidised DAB forms a localised brown precipitate that
can be visualised using light microscopy (Figure 2.6). Slides were counterstained with Harris

haematoxylin for 1 minute and dehydrated, cleared and mounted as in summarised in
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Section 2.4.2. Sections were visualised using Leica DM 2000microcope and Leica Application
Suite v4.9 software. The Leica QWin microscope imaging software was used to quantify
positive staining, based on the number of brown DAB-positive pixels detected in the area of

staining.

Brown
precipitate

.-

—>  Streptavidin-HRP —

§ Secondary antibody Il . : Yol
o Primary antibody Stained cells e.g. the synovial
Cells in tissue and structures membrane of the mouse
appear brown knee joint
Antigen under the microscope

Figure 2.6 The basic principle of immunohistochemistry on tissue samples.

2.4.4.1 Immunofluorescence (IF)

The following technique is a specialised type of IHC, which uses a fluorochrome-conjugated
streptavidin or antibodies to visualise antigen detection by fluorescent microscopy. Briefly,
paraffin-embedded sections were unwaxed and rehydrated before antigen unmasking by
incubating in 10 mM sodium citrate buffer (95 °C, 40 minutes) (See Table 2.5; Section 2.4.4).
Immuno-labelling was performed as described in Section 2.4.4 and was detected using a
streptavidin-APC (BioLegend) conjugated diluted 1/200 in TBS (Table 2.5). Tissue sections
were incubated for 1 hour at room temperature in the dark, and after washing in TBS,
sections were stored in the dark prior to analysis. Sections were mounted with ProLong Gold
Antifade Mountant with DAPI (4’,6-diamidino-2-phenylindole). Images were collected using

a Zeiss Apotome microscope and analysed using ImagelJ software.
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Primary Working Secondary ~ Working
Target X Clone . Manufacturer . . Manufacturer Serum
Antibody Concentration Antibody dilution
Biotinylated
Rabbit anti-
CD3 Polyclonal 3 pg/ml Dako swine anti- 1/200 Dako Swine
human .
rabbit
i Biotinylated
Rat anti- . X . .
F4/80 Cl:A3 2 ug/ml Bio-Rad rabbit anti- 1/200 Dako Rabbit
mouse
rat
Biotinylated
Rabbit anti- . . lotiny a. € Vector
pY-STAT3 D3A7 0.83 pg/ml Cell Siganlling goat anti-  1/200 ) Goat
mouse ) Laboratories
rabbit
Rabbit anti- Blo'tlnylat.ed i
CRTAM Polyclonal 2 ug/ml Abcam swine anti- 1/200 Dako Swine
mouse .
rabbit
Biotinylated
Rabbit anti- IO_ 1nvia ? .
TLR9 Polyclonal 2 pg/ml Abcam swine anti- 1/200 Dako Swine
human )
rabbit
Goat anti Santa Cruz Donkey anti- Santa Cruz
ZEB1 Polyclonal 4 pg/ml . goat CFL- 1/200 ) Donkey
mouse Biotechnology 488 Biotechnology

Table 2.6 The list of antibodies used for immunohistochemistry.

2.5 Enzyme-linked immunosorbent assay (ELISA)

2.5.1 Detection of inflammatory cytokines by ELISA

ELISA was performed to detect T-cell activation to a range of stimuli, by measuring the
concentration of secreted inflammatory cytokines, according to manufacturer’s instructions
(Duoset mouse ELISA kits, R&D Systems). In brief, half area flat-bottom 96-well plates (assay
plate) (Corning, Inc.) were coated with a capture antibody (1.5 pug/mL in PBS) and incubated
overnight at room temperature. The following day, the assay plates were washed 3x with
wash buffer (0.05 % Tween-20 in PBS) using an automated plate washer then blocked with
reagent diluent (1% BSA in PBS) for at least 1 hour at room temperature. After blocking,
plates were washed, and cell culture supernatants (200 uL volumes) were added to
individual wells. Recombinant protein standards (diluted in reagent diluent) were used to
generate a standard curve for quantification of cytokine concentrations. After 2 hours of
incubation at room temperature, plates were washed, and detection antibody was added
and incubated at room temperature for another 2 hours. After incubation and washing,

streptavidin-horseradish peroxidase (HRP) was added. Following 20 minutes at room
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temperature in the dark, plates were washed again, and the chromogenic peroxidase
substrate 3,3’,5,5’-tetramethylbenzidine blue (TMB; KPL Inc.) was added, and the reaction
stopped with 1.8 M Sulphuric Acid (H2S0.), once the initial colour reaction had peaked. The
optical density (OD) of each well as measured at 450 nm in a FLUOstar Omega plate reader

(BMG Labtech).
2.5.2 mBSA-specific antibody response by ELISA

Antigen-specific responses to mBSA were determined by measuring mBSA-specific IgG titres
in serum (see Section 2.3.3), and it has been previously described 1%, Serum antibody
titres to mBSA were determined by coating half area flat bottom 96 well plates with mBSA
diluted in PBS (5ug/mL) and incubated overnight at room temperature. Non-specific binding
sites were blocked with 5% (v/v) milk extract and Tween-20 for 1 hour. Wells were washed
3x with wash buffer prior to the addition of sera (diluted 1/1000) in PBS containing milk
extract and Tween-20. Assay plates were incubated for 2 hours at room temperature. ELISA
was performed as described in Section 2.5.1. The assay detection was however modified
and included the use of HRP-conjugated goat anti-mouse IgG (0.5 mg/mL, 2 hours, Dako)
and 3,3’,5,5'-tetramethylbenzidine blue substrate (TMB; KPL Inc.). Absorbance was

measured at 450 nm in FLUOstar Omega plate reader (BMG Labtech).
2.6 Insilico identification of transcription factor-binding sites (TFBSs)

Transcription factors (TFs) target specific consensus DNA binding motifs within the genome
where they regulate the control of target gene expression®'®. DNA regions at which TFs bind
are defined as TF-binding sites (TFBSs) and can be identified in vivo by methods such as
chromatin immunoprecipitation (ChIP) (see Section 2.7.2) or in vitro by methods based on

binding of large pools of DNA fragments 31°. JASPAR (http://jaspar.genereg.net) is among the

most popular and longest maintained open-access databases of position frequency matrices
(PFMs) and predicts TF binding sequences within a given gene promoter sequence (See
Section 2.7.2.4 for details regarding how to find promoter sequences from genome
databases) 32°. A PFM summarises experimentally determined DNA sequences bound by an
individual transcription factor by counting the number of occurrences of each nucleotide at
each position within aligned TFBSs. These can be converted into position weight matrices

(PWMs), used for scanning genomic sequences 32,
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2.7 Chromatin immunoprecipitation (ChIP) — qPCR

2.7.1 Buffers and reagents used for ChIP

All reagents and buffers, with the exception of those supplied as part of commercial kits,
used for ChlIP are listed in Table 2.7. All chemicals were purchased from Life Technologies

(Thermo Fisher Scientific) unless otherwise stated.

Buffer Composition

10 mM Tris-HCL, 10 mM NacCl, 0.2% (v/v) NP-40, 10 mM Sodium

Cell lysis buffer (CLB
¥ (CLe) butyrate, 50 ug/mL PMSF, 1 pug/mL Leupeptin

50 mM Tris-HCL, 10 mM EDTA, 1% SDS, 10 mM Sodium butyrate,

Nuclear lysis buffer (NLB) .
50 pug/mL PMSF, 1 pg/mL Leupeptin

20 mM Tris-HCL, 10 mM EDTA, 1% SDS, 10 mM Sodium butyrate,

IP dilution buffer (IPDB) .
50 pug/mL PMSF, 1ug/mL Leupeptin

20 mM Tris-HCL, 50 mM NaCl, 2 mM EDTA, 0.1% Triton X-100,

IP wash buffer (IPWB) 1
wash buffer (PWB) 1 0 v /v) sDs

10 mM Tris-HCL, 250 mM LiCl, 1 mM EDTA, 1% (v/v) NP-40, 1%

P h buffer (IPWB) 2
wash buffer ( ) (v/v) Deoxycholic acid

TE 10 mM Tris-HCL, 1ImM EDTA, pH 8

IP elution buffer (IPEB) NaHCOs, SDS

Table 2.7 The composition of buffers and reagents used for ChiP.

2.7.2 Chromatin Immunoprecipitation (ChIP)

STAT1 and STAT3 Chromatin Immunoprecipitation (ChIP) was performed as previously
described #, Briefly, 1 x 107 cells/mL CD4* naive T-cells per condition (sorted as previously
outlined in Section 2.1.2.3) were placed in Nunclon delta surface 12-well bottom plates
(ThermofFisher Scientific) at a density of 5 x 10° cells/well. In a plate previously incubated at
4 °C overnight with anti-CD3 (1 pug/mL anti-CD3; clone 145-2c11, R&D systems), cells were
incubated in the presence of soluble anti-CD28 (5 ug/mL; clone 37.51, eBioscience), with
either IL-6 (20 ng/mL), IL-27 (10 ng/mL) or no cytokines in supplemented RPMI for 6 hours
(Table 2.1). Figure 2.7 is a diagram of the ChIP-gPCR workflow.
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Figure 2.7 Diagram of the ChIP-qPCR workflow.

2.7.2.1 Cross-linking and sonication of genomic DNA

After 6 hours co-incubation at 37 °C, cells were collected and washed with serum-free RPMI
medium. Protein-DNA complexes were cross-linked by incubating the cells with 270 plL 38%
(v/v) formaldehyde for 10 minutes at room temperature. The formaldehyde was quenched
by incubating with 1M Glycine (pH 8.0) for 5 minutes at room temperature. Cells were then
washed with cold PBS and the cell pellet resuspended in 1 mL of Cell Lysis Buffer (CLB) (Table
2.7) before been transferred to a 1 mL tube and left on ice for 10 minutes. After another
wash to recover the cell nuclei, supernatant was carefully removed, and cell pellet
resuspended in 275 uL of Nuclei Lysis Buffer (NLB) (Table 2.7). To shear the DNA-protein
complexes into fragments, immunoprecipitation dilution buffer (IPDB) (Table 2.7) was
added, and samples were sonicated using a Bioruptor Plus sonication device (Diagenode).
Sonication efficiency was checked with a 20 pL sample of chromatin treated with 1.4 uL 5M
NaCl, 2.6 pL H,0 and 1 pL Proteinase K at 65 °C for 1-2 hours, by visualisation on an agarose
gel (Figure 2.8). For ChIP gPCR assays, the optimal size range of chromatin should be

between 150-600 bp, as larger chromatin fragments can negatively influence data quality.
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MW UT IL-6, IL-27 Figure 2.8 Sonication of genomic DNA
— for ChiP.

Untreated, +IL-6, +IL-27 samples were
sonicated using a Bioruptor Plus
(Diagenode), amplitude: 20%, no. of
burst: 30 seconds, allowing samples to
cool between bursts. Sonication
efficiency was checked by visualisation
on agarose gel. The left lane shows the
100 bp DNA molecular weight marker
(MW), loaded as size standard. Optimal
DNA size range for ChIP analysis was
achieved.

2.7.2.2 Immunoprecipitation

For IP, Pierce Protein A/G magnetic beads (Invitrogen) were briefly pre-blocked in PBS, then
incubated with chromatin samples at room temperature for 2 hours on a rotating wheel,
after coupling samples with 5 ug of anti-STAT1 (sc-592, Santa Cruz Biotechnology) or
anti- STAT3 (sc-482, Santa Cruz Biotechnology) polyclonal antibodies or isotype-specific IgG
control antibodies overnight. Beads were washed 5 minutes each with rotation at 4 °C with
IPWB1, IPWB2 and TE, using Eppendorf LoBind microcentrifuge tubes (Sigma-Aldrich). After
adding 10 pL 10% (w/v) SDS, 6 uL of 5M NaCl and 2 uL RNaseA, tubes were incubated at 65
°C for 2-4 hours.

2.7.2.3 DNA purification and gPCR

The DNA was then purified using a DNA clean-up column (Zymo Research), according to
manufacturer’s instructions, and quantified with Qubit fluorometer. The quality of
transcription factor enrichment by immunoprecipitation was confirmed by ChIP-qPCR for
STAT transcription factor binding motifs in the promoter regions of Irf1 and Socs3. To
minimise systematic biases in the downstream data, an input reference control sample
(chromatin taken before ChIP) was used to correct genomic copy number variations,
sonication-induced fragmentation bias and chromatin accessibility. Tagman custom assays
were designed as described in Section 2.7.2.4. (oligonucleotide primer sequences to the
promoter region of Zeb1, Irf1 and Socs3 are shown in Table 2.9), and qPCR performed using

a QuantStudio 12K Flex Real-Time PCR System as outlined in Section 2.8.3. Specific
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enrichment was normalised by subtracting the IgG control values from those derived for the

input and antibody-specific immunoprecipitation samples. Values were expressed as 2"2T.

2.7.2.4  Primer design

The sequence of murine genes of interest was determined using Ensembl software

(http://www.ensembl.org/index.html) and the promoter sequence (Appendix Figure 8.2)

was subsequently retrieved by identifying the transcriptional start site (TSS) or first exon, as
these promoter sequences typically reside immediately upstream from the genomic regions.

BLAT-UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/hgBlat) was used to confirm

that the promoter sequence matched verified UCSC annotations. Moreover, the presence of
CpG islands within the putative sequence motif was used to further substantiate the
mapping of TFBS. Part of the promoter sequence was then pasted into the source input box

of Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). Under general

settings, “pick hybridisation probe” was selected to show the internal oligonucleotide, and
a product size range of 50-100 was chosen before pressing “pick primers”. Forward and
reverse primers were then checked using BLAT-UCSC Genome Browser, by performing an
“In silico PCR”. All the designed primers in this thesis met the guidelines for an efficient
primer design established by Tagman (Table 2.8) before generation by Invitrogen. All custom

designed primers used for ChIP-qPCR are listed in (Table 2.9).

Parameters Criteria

58 - 60 °C
Melting temperature (Tm) Tagman probe Tm should be 10 °C higher than the primer Tm
The Tm of both primers should be equal

Length 15 - 30 base pairs (bp)

GC Content Ideally 30 - 80%

The total number of Gs and Cs in the last five nucleotides at the

GCClam
P 3’ end of the primer should not exceed two

Ideally 50-150 bp

Ampli Length
mpricon Leng Should not exceed 400 bp

Should not have runs of identical nucleotides (especially four or
Runs and Repeats more consecutive Gs) G+C content should be more Cs than Gs,
and not a G at the 5’ end.

In the cDNA preparation, it is preferable to have primers
spanning exon-exon junctions.

Genomic DNA Avoidance
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Table 2.8 General guidelines for primer design.

Gene Forward Primer Reverse Primer

Zeb1 Promoter CAAAGTGCGCAACTCGTC TCCTAGGCCAGGTTGAGC
Irf1 Promoter CCTTCGCCGCTTAGCTCTAC CCCACTCGGCCTCATCATT
Socs3 Promoter CTCCGCGCACAGCCTTT CCGGCCGGTCTTCTTGT

Table 2.9 Custom-designed primers for ChiP-qPCR.

2.8 RNA expression analysis

2.8.1 RNA extraction

Total RNA from synovial tissue (Section 2.3.4) and in vitro T-cells cultures in vitro (Section
2.1.2.4) was extracted using the RNEasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. For recovery of RNA from synovial tissue, total RNA was extracted by
homogenising in 600 uL of RLT buffer (Qiagen) supplemented with 1% (v/v)
- mercaptoethanol, per 20 mg of tissue using a D1000 handheld homogeniser (Benchmark
scientific). For T-cells, the cell pellet was resuspended with 250 uL of RLT buffer
supplemented with 1% (v/v) B-mercaptoethanol for lysis. Genomic DNA was then eliminated
by passing through an on-column DNasel digestion column (Qiagen), an equal volume of 70%
(v/v) ethanol was added to the recovered flow-through fraction. RNA was then bound onto
the RNEasy MinElute spin column, washed and finally eluted with 20-30 pL of RNAse-free
water. The quality and quantity of eluted RNA were determined using a Nanodrop 2000
spectrophotometer (ThermoFisher scientific) by measuring optical absorbances at 230, 260
and 280 nm and the determination of A260/280 and A260/230 ratios for the assessment of,
using absorbance measurements at 320 nm, 260 nm and 280 nm, to detect contaminating
proteins and phenols respectively. RNA was stored at -80 °C or used directly for cDNA
synthesis. All the procedures that involved RNA handling were conducted in a clean, RNAse-
free space designated within the laboratory, and filtered tips and RNA-free reagents were
used throughout the procedures to ensure no degradation of the samples and to prevent

contamination.
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2.8.2 cDNA synthesis

Total RNA reverse transcription into cDNA was performed using a Precision nanoScript 2
Reverse Transcription Kit (Primerdesign) using random oligonucleotide primers according to
the manufacturer’s instructions. Samples and reagents were kept on ice at all times. RNA
samples were thawed at room temperature. For all reactions, 1 pg of total RNA was used.

The following mix was prepared for each sample:

Reagent 1 reaction
RNA (up to 2ug) X uL
Oligo-dT primer 1uL

RNAse/DNAse free water X plL

Final volume 10 pL

The reaction tubes were placed in a thermal cycler and incubated at 65 °C for 5 minutes,
then immediately transferred to ice for the annealing step. The following master mix for n

reactions was prepared and 10 uL added to each tube for the extensions step:

Reagent 1 reaction
NanoScript 4X Buffer 5uL
dNTP mix 10 mM 1ul

RNAse/DNAse free water 3 puL

nanoScript2 enzyme 1pl

Final volume 10 pL

In a thermal cycler, the tubes were incubated at 42 °C for 20 minutes, then heat-inactivated

at 75 °C for 10 minutes and finally cDNA samples were store at -20 °C until use.

2.8.3 Quantitative Real-Time Polymerase Chain Reaction (qPCR)

Gene expression was quantified by gPCR using TagMan Gene Expression Assay (Applied
Biosystems) in a barcoded MicroAmp Optical 384-well reaction plate (Applied Biosystems).

The gPCR reaction was prepared, as shown below:
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Reagent 1 reaction

TagMan Fast Advanced Master Mix 5 pL

TagMan primer 0.5 uL
cDNA 1puL

RNAse/DNAse free water 3.5uL
Final volume 10 uL

and amplified and acquired using the Fast protocol in the QuantStudio 12K Flex Real-Time
PCR system (Applied Biosystems). A list with the Tagman probes from Thermofisher used for

gPCR is shown below:

Gene Species Assay ID

Socs3 Mouse MmO00545913_m1
Irf1 Mouse Mm01288580_m1
Crtam Mouse Mm00490300_m1
Zebl Mouse MmO00495564_m1
Cadm1 Mouse MmO00457551_m1
Stat3 Mouse Mn01219775_m1
Actb Mouse Mm01205647_gl

Data were analysed using a comparative threshold cycled (Ct) method 32232, A Ct value is
the number at which the signal of the reporter crosses a set threshold in the exponential
phase of amplification. Thus, Ctis inversely related to the amount of amplicon or target gene
present in the sample. Ct values for genes of interest are then standardised against an
internal housekeeping control, whose expression is known to remain unaltered within the
experimental conditions. Here, relative mRNA expression was determined using the Ct

method and normalised to the housekeeping gene Actb.
2.9 Transcriptomic profiling of synovium

RNA-seq methodologies were used for the evaluation of CpG-Stat3siRNA therapeutic
outcome in an experimental model of inflammatory arthritis (Section 2.3.2.1) (see
Chapter 3). The method utilised for RNA-seq of mouse synovium used in this thesis had been
previously optimised by my colleague Dr David Hill (Cardiff University). Figure 2.9 provides a

schematic representation of the experimental workflow described in this section.
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2.9.1 Input RNA quality control

For RNA-sequencing (RNA-seq) of mouse synovium, RNA was extracted as outlined in
Section 2.8.1. The assessment of RNA integrity is a critical first step in obtaining meaningful
gene expression data. The quality and integrity of the purified total RNA were determined
using a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific) and an Agilent 2100
Bioanalyser using an RNA Nano Kit (Agilent Technologies) following manufacturer’s
instructions. Samples were then selected based on their Integrity Number (RIN), which is the
ratio of the 18S and 28S ribosomal subunits (rRNA). This value plays an important role in
determining the level of sample degradation and therefore is an indicator of the quality of
the RNA. RIN values over 8 were considered sufficient for library preparation (Figure 2.9 —

1). Libraries were prepared with 0.5 — 1 pg of total RNA from each sample.

2.9.2 Removal of ribosomal RNA

Ribosomal RNA (rRNA) was removed from samples using a polyA capture method adopting
a Dynabeads mRNA Direct Kit (Ambion). All protocol steps were conducted according to the
manufacturer’s instructions. This isolation method relies on base pairings between the
polyadenylated (polyA) tail at the 3’ end of most mRNA, and the oligo (dT)2s residues
covalently coupled to the surface of the magnetic Dynabeads. Thus, only mRNA from RNA
species that are not polyadenylated are positively selected. The efficiency of rRNA-depletion
was confirmed on an Agilent 2100 Bioanalyser using an RNA Pico kit (Agilent Technologies)

following manufacturer’s instructions (Figure 2.9 — 2).

2.9.3 Library preparation

Libraries were prepared using the TruSeq Stranded Total RNA Library Prep Kit (lllumina)
following the manufacturer’s instructions. Five biological replicates were used for each
genotype at day 3, and six replicates for each genotype at day 10, in line with ENCODE
guidelines regarding the optimal replicates required for statistical validation 32432°_ Each step

of the library is detailed below:

Fragmentation of RNA. For the HiSeq 4000 platform, fragment sizes should fall within the

range between approximately 260 to 280 bp (Figure 2.9 — 6). Purified mRNA was fragmented
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by adding EPH (elute, prime, fragment high) Mix to samples and heating to 94 °C for 6

minutes.

Synthesis of cDNA. Double-stranded cDNA was generated by reverse transcription reaction
using a SuperScript lll reverse transcriptase (Invitrogen) followed by a cleaning step using
Agencourt AMPure XP beads (Beckman Coulter). These magnetic beads are coated with

carboxyl groups that, in the presence of salt, bind to DNA to remove any impurities.

3’ Ends Adenylation. To optimise the ligation of adapter sequences to cDNA fragments, a

single ‘A’ nucleotide was introduced to the COOH-terminal sites.

Adapter ligation. Sequencing adapters were then annealed to the purified 3’-ends-
adenylated-cDNA. These adapters add distinct sequences to the 5’ and 3’ ends of each strand
in the genomic fragment, serving as barcodes to identify samples when pooled and
preparing to generate sequencing libraries complementary to the amplification primers on
the flow cell. (Figure 2.10). This was followed by another washing using AMPure XP beads,
that selectively bind to DNA fragments 100 bp and larger, removing non-ligated adapters,
and select a size-range of sequencing library appropriate for cluster generation. This
selective binding depends on the accuracy of the volumetric ratio of salt to DNA, that was

optimised for binding the correct sized fragments for sequencing.

PCR amplification and library quantification. Purified cDNA fragments that had adapter
molecules on both ends were then selectively enriched to amplify the amount of DNA in the
library for accurate quantification, using PCR. A further magnetic bead purification using
AMPure XP beads was utilised after the amplification. Libraries were validated, as
recommended by Illumina, on an Agilent 2100 Bioanalyser, using a high sensitivity DNA kit
(Agilent Technologies) following the manufacturer’s instructions. Final cDNA libraries were
qguantified by gPCR using DNA of known concentrations as directed in the KAPA Library
Quantification Kit (KAPA Biosystems). Libraries were diluted to a final concentration of 10
pM and combined into a single pool. The pooled libraries were sequenced across multiple
lanes, in order to remove bias derived from sequencing on different lanes, using a HiSeq
4000 (Illumina) and pair-end sequencing (Figure 2.11). Libraries were finally sequenced to

have greater than 30 million mapped reads, agreeing on ENCODE guidelines 3%°.
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2.9.4 Read mapping strategy

Raw sequencing files (fastq files) were trimmed in order to remove adapter sequences and
low-quality reads, as these would affect mapping to the genome. To verify the quality of the
sequencing reads, datasets were tested using fastQC software (Babraham Institute,

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All sequencing reads were

mapped to a reference genome (mm10/gh38.90) using STAR software. STAR can align
spliced sequences of any length with moderate error rates and can detect annotated and
novel splice junctions. Duplicate reads were identified and marked using Picard (Broad

Institute, https://broadinstitute.github.io/picard/) and further analysis performed to assess

the quality of the libraries (e.g. number of reads, percentage duplication). The alignment of
sequences to specific genes was determined using the featureCounts software. An example
of the quality of sequencing determined by FastQC report is provided in the Appendix,

Figure 8.3.
2.9.5 Differential gene expression analysis

Differential gene expression analysis was performed using the DESeq2 package
(Bioconductor) to identify significantly regulated gene changes across the course of the
disease as a response to therapeutic intervention. Analysis combined newly generated
datasets derived from CpG-Stat3siRNA treated WT and //27ra” mice with AIA (performed at
day-3 and day-10 post disease onset) and archived RNA-seq datasets previously obtained
from WT and //27ra”" mice with AIA (unpublished data generated by Dr David Hill). Genes
selectively controlled in response to arthritis onset were identified by comparison to
RNA- seq datasets generated from the synovial tissues of healthy control WT and 1/127ra”
mice without AIA. Firstly, normalised read counts were calculated, which accounts for the
different depth in sequencing between individual samples. The fragments per kilobase of
transcript per million mapped reads (FPKM) were then calculated from the normalised
counts, which corrects the number of reads to account for variation in gene lengths. Since
analysis was focused on identifying changes in the same gene in different conditions, the
normalised counts were used to calculated fold expression changes and statistical analysis

unless otherwise stated.
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To minimise the potential impact of erroneous duplicate reads that may bias the gene

expression analysis within the data set, the R package dupRadar (Bioconductor) was used 3%,

This package identifies the number of duplicates per gene assigned using Picard and

compares this against the fold change in gene expression as determined using the DESeq2

package (see Section 2.9.4).
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Figure 2.9 Workflow of RNA-seq library preparation.

(1) First, total RNA was extracted from the synovium and quality control was performed as indicated
in representative bioanalyser trace of total RNA extraction from mouse synovium. (2) A poly(A)
capture method was used to isolate mRNA from rRNA, and quality control was performed as indicated
in representative bioanalyser after ribosomal depletion. (3) RNA was fragmented into suitable sizes
for sequencing before a (4) reverse transcription reaction was utilised to form cDNA and (5) 3’ ends
were adenylated in preparation for ligation to unique adapters which served as barcodes to enable
multiplexing of samples, as well as primers for amplification on the flow cell. (6) cDNA libraries were
finally amplified before being quantification and sequencing.
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Figure 2.10 Cluster generation during lllumina HiSeq 4000 sequencing.

(1) The surface of the lllumina flow cell is coated with a lawn of primers that are complementary to
the adapters ligated on the cDNA library. (2) Priming occurs as the opposite end of a ligated fragment
bends over to another complementary oligo on the surface. (3) This technology is called bridge
amplification, and it is used to generate clusters of hundreds of identical strands of DNA. (4) Repeated
denaturation and extension cycles result in localised amplification of single molecules into millions of
unique, clonal clusters across the flow cell.
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Single nucleotide
incorporation

Color detection
from flow cell

|
Sequencing by sinthesis

Figure 2.11 Sequencing by synthesis using lllumina HiSeq 4000.

Sequencing is determined by a reversible termination method. Each of the four dNTPs is fluorescently
labelled with a different dye and modified by a terminator group. During each sequencing cycle, a
single labelled nucleotide is added to the nucleic acid chain, and the fluorescent dye is identified
through laser excitation and imaging, then enzymatically cleaved to allow the next round of
incorporation to obtain the full sequence.
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2.9.7 Data visualisation and interpretation

2.9.7.1 Heatmaps

Heatmaps were generated using Genesis software or the online tool Morpheus available
from the Broad Institute. Heatmap visualisations were based on a log, fold change (log2FC)
in gene regulation as compared to a healthy control joint (naive) or an inflamed joint (AlA).
Genes clustered according to time point or mouse genotype, as indicated in the associated
Figure Legend. All data sets were hierarchically clustered using one minus Pearson

correlation coefficient.

2.9.7.2 Venndiagrams

Venn diagrams were used to visualise the number of genes sharing common or distinct
patterns of regulation between different conditions (as described in accompanying Figure

Legends). Plots were generated using the VennDiagram package (CRAN).

2.9.7.3 Volcano plots

To illustrate the distribution of induced and suppressed genes, data sets were visualised by
using Volcano plots. Data were expressed as a log; fold change (log2FC) against the log10 of
the adjusted p-value using the ggplot2 package (tidyverse). 2D scatter plots were made using

ggplot2 packages (tidyverse)

2.9.7.4 2D Scatter plots

2D Scatter plots (log2FC vs log2FC) were created using tidyverse and ggplot2 packages. Data
were expressed as a log; fold change (log2FC) for each condition as compared to a naive

control.

2.9.7.5 Alluvial diagrams

Alluvial diagrams were generated using networkD3 and alluvial packages (CRAN) and were
used to identify groups of genes that change pattern of expression as a response of

treatment.

87



Chapter 2

2.9.7.6  Ingenuity Pathway Analysis

Molecular pathways analysis adopted Ingenuity Pathway Analysis (IPA; Qiagen) to identify
canonical pathways, upstream regulators and functions and diseases associated with
differentially regulated genes between treated and untreated joints across genotypes and

the time course of AlA. Relevant pathways were determined by their p-value.

2.9.7.7 K-means clustering

To identify genes displaying common patterns of gene regulation across the time course of
the disease model, RNA-seq datasets were analysed using Genesis software to group genes
based on K-means clustering. The optimal number of clusters was determined using
statistical tests (Davies-Bouldin Index, Silhouette and Gap values) (as outlined in Chapter 3)
and was performed in collaboration with Dr Barbara Szomolay (Cardiff University). These
methods provide a statistical measure of how individual genes behave in response to
inflammation). A low value observed with the Davies-Bouldin index reveals a more optimal
number of clusters in the data 3¥’. Conversely, a higher value predicted by the Silhouette and
Gap methods indicates that genes displaying a similar profile of expression are appropriately

grouped into clusters that share common patterns of regulation 32%3%°,

2.9.7.8 Molecular visualisation

PyMOL 2.0 is a free cross-platform molecular graphics system software and was used in
Chapter 6 to visualise the 3D molecular structure of the human IL-6/IL-6R/gp130 complex
using a PDB code 1P9M. Every molecular model (atomic coordinate file) in the Protein Data
Bank (PDB) - a database for the three-dimensional structural data of large biological
molecules such as proteins and nucleic acids - has a unique accession or identification code

(4 characters in length) 33°,
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2.10 Statistical data analysis

Figures and statistical analysis were made using GraphPad Prism 7 software (GraphPad
Software Inc., La Jolla, USA) or RStudio (RStudio Inc.) unless otherwise stated. Student’s
t- test was used to determine statistical significance when comparing two experimental
groups that distributed normally (Gaussian distribution). Alternatively, for data that were
not normally distributed a Mann-Whitney U-test was performed. To identify statistical
significance between multiple groups for normally distributed data, a one-way ANOVA with
Turkey’s multiple comparison test was used. Where experimental groups were compared
across multiple time points, a two-way ANOVA was used with a Bonferroni post-test. A P <
0.05 was considered statistically significant. Graphs are presented as mean * standard error
of the mean (SEM) unless indicated otherwise. For in vivo analysis, where pilot data was
available, the appropriate sample size for experimental groups was determined by statistical
power analysis using G*Power (http://www.gpower.hhu.de/) #3332 For in vivo studies
where no preliminary data was available, pilot experiments were performed using small

group sizes calculated in accordance with the resource equation 33:

Where E must be between 10 and 20, N = total number of animals, T = number of

treatments/groups

89



Chapter 3

3 Evaluation of CpG-Stat3siRNA therapy in diffuse and

lymphoid-rich synovitis

3.1 Background

Synovitis in inflammatory arthritis is highly heterogeneous, affecting the rate of disease
progression, severity and response to therapy. In this regard, joint inflammation can be
broadly classified into three distinct pathotypes based on the cellular and molecular
signatures of inflammation: pauci-immune (or fibroblast-rich), diffuse (myeloid-rich) and
follicular (lymphoid-rich) #>1°°, Although recent advances in targeted therapeutic strategies
have enhanced the clinical management of RA, patients often display an inadequate
response to certain biological drugs. Thus, there is a pressing need to understand the
mechanisms responsible for disease heterogeneity and to identify those patients who are
likely to benefit from specific therapies. For example, patients with follicular synovitis often
present with a severe form of disease and remain a challenging group for
treatment 107/128153154.334 patients with this form of synovitis show histological features of
ELS that contribute to disease activity. Understanding the inflammatory events that lead to
ELS development, maintenance and activity within the inflamed synovium may ultimately

improve the diagnosis, stratification and treatment of this type of pathology.

Cytokines that signal via the JAK/STAT signalling pathway are determining factors during
inflammatory arthritis. More specifically, the activity of STAT3 is intrinsically linked with the
development of synovitis in patients with RA and contributes to the rapid progression of the
disease 2°#212 (discussed in more detail in Chapter 1, Section 1.3.1.3). It is well established
that STAT3 is not only active in autoimmunity but is also overexpressed and persistently
activated in a wide diversity of solid and hematologic cancers, enhancing tumour cell
proliferation and survival, inflammation and is associated with poor prognosis 33°73%,
Cytokine-targeting therapies have revolutionised the treatment of immune-mediated
diseases 33°; some biologics (e.g., the interleukin-6 receptor blocker tocilizumab) and small

molecule inhibitors (e.g., tofacitinib, which blocks Janus kinases that regulates STAT

activation) are used in the treatment of inflammatory arthritis and inhibit STAT3 activity as
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part of their mode of action 21226, However, these are non-specific for STAT3, do not
selectively target cell types responsible for disease progression and frequently elicit adverse

contraindications.

In this Chapter, | utilised a novel anti-cancer therapy (CpG-Stat3siRNA), to develop an
alternate strategy that specifically inhibits STAT3 signalling in inflammatory cells.
CpG- Stat3siRNA is a synthetically engineered STAT3 small interfering (si) RNA linked to an
endosomal Toll-like receptor (TLR)-9 agonistic immunostimulatory unmethylated CpG
oligonucleotide 3! (Figure 3.1A). TLR9 recognises pathogen-associated molecular pattern
molecules (PAMPs) in unmethylated CpG containing DNA of bacterial and viral origin and has
been extensively studied 3*° (see Section 1.1.1.1). Thus, CpG-Stat3siRNA targets STAT3

driven outcomes in TLR9* cells, such as DCs and other myeloid cell populations.

CpG-Stat3siRNA has been previously shown considerable efficacy in cancers such as myeloid
leukaemia, melanoma and lung cancer when used in vivo, where silencing of STAT3 lead to
activation of tumour-associated immune cells and ultimately to potent antitumour immune
responses 3163417344 (Figyre 3.1 B). Both unconjugated siRNAs and CpG oligonucleotides
targeting TLR9 have also been tested in the clinic, showing no toxicity and completing Phase
| and Phase Il trials of certain cancers 33734, Thus, CpG-Stat3siRNA, as a cancer therapy, has
a unique mode of action involving two mechanisms — a targeted inhibition of STAT3 and an
adjunct antitumour response triggered by CpG signalling through engagement of the TLR9

innate sensing system.

91



Chapter 3

Stat3 siRNA

UUAGCCCAUGUGAUCUGACACCCUGAA 3’
AAUCGGGUACACUAGACUGUGGGAC 5’

A CpG1668
5’| rccarGaceTTcCTGATGCT | linker

DC / B cell / macrophage

Figure 3.1 Structure and mechanism of action of the CpG-Stat3siRNA conjugate.

(A) Sequence of the CpG-linked mouse Stat3 siRNA conjugate (CpG1668 - Stat3 siRNA). CpG1668
single-stranded oligonucleotide was coupled to the antisense strand of double-stranded Stat3 siRNA,
using a carbon chain linker. (B) The CpG oligonucleotide component binds to endosomal toll-like
receptor 9 (TLR9) on dendritic cells (DCs), B-cells and macrophages to initiate a cascade of innate and
adaptive immune responses in the cell and to efficiently internalised the conjugate. Within the cell,
the dicer enzyme cleaves the siRNA from CpG, allowing the siRNA to bind and silence Stat3 mRNA,
upregulating the cell’s ability to initiate a Th1-type immune response.
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3.2 Aims

Since STAT3 is a potential therapeutic target for RA, it was hypothesised that selective
inhibition of JAK/STAT signalling, and more specifically directly targeting of STAT3, would
provide a novel therapeutic approach for the treatment of inflammatory arthritis. In the next
Chapter, | took a similar approach inhibiting JAK/STAT signalling by indirectly upregulating
SOCS3 instead.

The overall aim of this study, which was carried out in collaboration with Prof Hua Yu and
Assoc Prof Marcin Kortylewski (City of Hope, California — expertise on CpG- Stat3siRNA
therapy in cancer), was to explore the applicability of CpG-Stat3siRNA technology as a siRNA
delivery platform to treat indications other than cancer, including inflammation and
autoimmunity. Therefore, this study represents the first attempt to reposition this novel
anti-cancer therapy, that activates the innate immune system through TLR9 while also
inactivating STAT3, in the context of inflammatory arthritis. The objectives of the study were

to:

* Investigate the efficacy and mode of action of CpG-Stat3siRNA in experimental
arthritis (AIA) by evaluating synovial histopathology.

* Explore holistic gene changes in synovial tissue at day-3 and day-10 post-AlA as a
response to CpG-Stat3siRNA treatment, using computational analysis of optimised
RNA-seq methodologies.

* Evaluate transcriptional events controlled by STAT1 and STAT3 and identify
signatures controlled by STAT1/STAT3 cross-regulation.

* Determine whether CpG-Stat3siRNA disrupts formation, maintenance and functional
properties of ELS by addressing the responses to therapy in two forms of synovitis,
where WT and //27ra”" mice are used as models of diffuse and lymphoid-rich disease

respectively.
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3.3 Results

3.3.1 TLR9-expressing cells are present in synovial tissue

The use of IL-27 receptor deficient mice is one of the approaches that allows for the
development of a more chronic form of AlA and also facilitates the investigation of discrete
synovial pathotypes. //27ra 7" mice lack regulatory cytokine IL-27, resulting in synovitis
featuring ectopic lymphoid-like follicles, a histopathological characteristic seen in RA
patients with severe synovitis and inferior responses to biological treatment. My laboratory
is uniquely placed to compare the responses to therapy in two forms of synovitis — diffuse
(WT) and lymphoid-rich (/[27ra 7) and determine whether CpG-Stat3siRNA disrupts
formation, maintenance and functional properties of ELS associated with lymphoid-rich

synovitis 14,

Our collaborators at City of Hope (California, USA) successfully generated a CpG-Stat3siRNA
therapy with antitumour activities as a response to silencing Stat3 in TLR9* cells, which
enhances antitumor immune responses in vivo 31434 The distribution of TLR9 expression in
murine leukocyte subsets is widely known, being primarily localised in intracellular

compartments of DCs, macrophages and B-cells 3%

. Lymphoid-rich synovitis in RA is
associated with the development of synovial ELS, characterised by the presence of T-cells,
B-cells and follicular dendritic cells (FDCs) %4>, Although FDCs are not classic DCs (as they
are of mesenchymal origin), studies have demonstrated that FDCs are also equipped with
TLRs including TLR2 and TLR4 3%, However, TLR9 expression in FDCs has not been yet
described. Moreover, TLR9* cells have been shown to be present in RA synovial fibroblasts

350 Therefore, we first evaluated the

(RASF) 3% and synovial-infiltrated monocytes
expression of TLR9 in the inflamed synovium of mice with AlA prior to testing the efficacy of

CpG-Stat3siRNA in experimental arthritis.

Here, antibody detection of TLR9 in the inflamed synovium of mice with AIA by IHC
confirmed TLR9 expression in both WT and //27ra 7" mice with AIA (Figure 3.2A). Consistent
with our previous work, exacerbated inflammatory arthritis in //27ra 7 mice was associated
with an increased infiltration of CD3* T-cells (Figure 3.2B). However, the presence of TLR9*

cells did not share a similar relationship with the degree of synovitis, where a comparable
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degree of TLR9 staining was observed in inflamed joints from AlA-challenged WT and /127ra

7 mice (Figure 3.2C).
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Figure 3.2 TLR9 is expressed in the joints of WT and //27ra”- mice with AIA.

(A) AIA was established in WT and //27ra” mice and histopathology assessed at day-10 post-arthritis
induction. Sequential sections were stained as indicated by IHC: CD3 and TLR9. Isotype control for
TLR9 is shown in the upper section. Quantification of CD3 (B) and TLR9 (C) staining (n = 7/group). Error
bars indicate SEM. **, p < 0.01. Shapiro-Wilk normality test and an unpaired t-test were used. Scale
bars: (A) 500 um left, 200 um right. No staining was observed in non-inflamed (naive) control joints,
due to the lack of cell infiltrate within the ‘healthy’ synovium.
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3.3.2 CpG-Stat3siRNA treatment improves arthritis severity in vivo

Previous studies by our laboratory have shown that CpG-Stat3siRNA treatment significantly
reduced Stat3 expression in ex vivo isolated CD19* B-cells (data not shown). To further
investigate the efficacy and mode of action of CpG-Stat3siRNA in experimental arthritis,
initial experiments tested the ability of this therapy to reduce disease activity in vivo. Briefly,
CpG-Stat3siRNA (0.125 nmol/uL) was administered at arthritis onset by intra-articular
injection, to C57BL/6 wild-type (WT) mice primed for AIA (see Chapter 2, Section 2.3.2.1).
At day-3 and day-10 post-arthritis induction, knee joints were recovered, processed and
histologically assessed as previously outlined in Section 2.4. Here, treatment with CpG-
Stat3siRNA showed an improvement in disease severity at day-3 and day-10 post-arthritis
induction (Figure 3.3A, 3.4A). CpG-Stat3siRNA intervention resulted in an improvement in
synovial infiltrate and pannus formation (Figure 3.3B), and an overall reduction in joint
histopathology or arthritic index (Al) at day-3 of disease (Figure 3.3C) as compared to the

non-treatment group of WT mice with AlA.

A similar improvement in disease severity was also observed in synovial tissues for mice with
established arthritis (day-10 post-AlA) (Figure 3.4B). Here, CpG-Stat3siRNA therapy also
resulted in a statistically significant reduction in cartilage and bone erosion, compared to
control mice (Figure 3.4A). Thus, CpG-Stat3siRNA treatment improves arthritis severity in
experimental models of inflammatory arthritis — reducing synovial pannus and hyperplasia,

inflammatory infiltration and joint erosion.
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Figure 3.3 CpG-Stat3siRNA reduces the inflammatory component in early arthritis.

(A) Representative images of haematoxylin, fast green and safranin O staining of WT mouse knee
joints at day-3 post-arthritis induction without any treatment (left) and treated with CpG-Stat3siRNA
(right). (B) Histopathology scoring of AIA compared to AIA treated with CpG-Stat3siRNA in WT mice,
showing synovial infiltrate, exudate, hyperplasia/pannus formation and cartilage/bone erosion at
day-3 post-arthritis induction (n = 6-8 mice/group). Shapiro-Wilk normality test and a two-way
ANOVA, multiple comparisons. (C) The aggregate score for all parameters in B is presented as an
arthritic index (Al) for both untreated and treated conditions (n = 6-8 mice/group). Graphs indicate
mean + SEM. **, p < 0.01; ***, p < 0.001. Shapiro-Wilk normality test and an unpaired t-test were
used. Data were pulled from two independent experiments. Scale bars: (A) 500 um.
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Figure 3.4 CpG-Stat3siRNA decreases synovial infiltrate, pannus formation and cartilage/bone
erosion in established arthritis.

(A) Histopathology scoring of AIA compared to AlA treated with CpG-Stat3siRNA in WT mice, showing
synovial infiltrate, exudate, hyperplasia/pannus formation and cartilage/bone erosion at day-10 post
arthritis induction (n = 6-12 mice/group). Shapiro-Wilk normality test and a two-way ANOVA, multiple
comparisons. (B) The aggregate score for all parameters in A is presented as an arthritic index (Al) for
both untreated and treated conditions (n = 6-12 mice/group). Graphs indicate mean = SEM. *, p <
0.05; **, p < 0.01; ***, p <0.001. Shapiro-Wilk normality test and an unpaired t-test were used. Data
were pulled from two independent experiments.

To verify these findings, and to further evaluate the efficacy of CpG-Stat3siRNA therapy, WT
mice with AIA were treated with either CpG-Stat3siRNA, a single-stranded control variant of
CpG-Stat3siRNA, a non-hybridised double-stranded CpG-Stat3siRNA (see CpG-Stat3siRNA
oligonucleotide hybridisation, outlined in Section 2.3.2.2), or an unconjugated CpG
oligonucleotide alone (CpG Class B ODN 1668, InvivoGen). Synovial joints were recovered at
day-3 of AIA, processed, and tissues histologically assessed for inflammatory infiltrate,
exudate, pannus formation, and cartilage and bone erosion (Figure 3.5A). Synovial
infiltration in CpG-Stat3siRNA treated joints was considerably reduced compared to all the
controls (Figure 3.5A, B), as well as pannus formation and cartilage and bone erosion (Figure
3.5B). However, CpG-Stat3siRNA treatment did not induce significant changes in the overall
joint histopathology, as shown by Al (Figure 3.5C). Taken together, these data are consistent
with prior studies on tumour microenvironment, where unconjugated Stat3 siRNA bound
but did not activate TLR9 3> and therefore failed to internalise and silence Stat3, resulting in
minor antitumour effects compared to CpG-Stat3siRNA 316, Here, control conjugates had no

effect in AIA compared to CpG-Stat3siRNA.
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Figure 3.5 CpG-Stat3siRNA conjugate is the only compound having a significant impact on AIA
outcome compared to controls.

AIA WT mice were treated with CpG-Stat3siRNA and different combinations of conjugates as negative
controls: uncoupled CpG oligonucleotide, a single strand of CpG-Stat3siRNA and non-hybridised CpG-
Stat3siRNA conjugate. Histopathology was assessed at day-3 post arthritis induction. (A)
Representative images of haematoxylin, fast green and safranin O staining of WT mouse knee joints
at day-3 post-AlA induction. (B) Scoring of AIA treated with CpG-Stat3siRNA and the different controls
in WT mice, showing synovial infiltrate, exudate, hyperplasia/pannus formation and cartilage/bone
erosion at day-3 post-arthritis induction (n = 3-5 mice/group). (C) The aggregate score for all
parameters in B is presented as an arthritic index (Al) for all conditions (n = 3-5/group). Graphs
indicate mean + SD. *, p < 0.05. Shapiro-Wilk normality test and a one-way ANOVA, Turkey’s multiple
comparisons. Scale bars: (A) 300 um. Graphs present data from one independent experiment.
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3.3.3 Experimental validation of Stat3 silencing by CpG-Stat3siRNA in AIA

To test whether CpG-Stat3siRNA treatment reduced Stat3 expression within the inflamed
joint of mice with AlA, quantitative PCR of Stat3 was performed on total mRNA derived from
the inflamed synovium of WT and 1127ra”" mice. Treatment with CpG-Stat3siRNA lowered
expression of Stat3 in both genotypes, and this reduction in expression of Stat3 was
observed at both day-3 and day-10 of AIA (Figure 3.6). Collectively, these data suggest that
CpG-Stat3siRNA therapy successfully reduces synovial STAT3 activity in experimental

arthritis in both WT and 1127ra”" mice.
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Figure 3.6 CpG-Stat3siRNA inhibits the transcriptional activity of Stat3.

Synovial joint tissue from the knee joints of WT and //27ra” mice with AIA and AIA treated with CpG-
Stat3siRNA were collected at day-3 and day-10 and mRNA expression of Stat3 gene was assessed by
gPCR (n=2-6 mice/group). Graphs indicate mean + SD. Graphs present data from one independent
experiment.
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3.3.4 CpG-Stat3siRNA treatment alters the transcriptomic profile of the inflamed

synovium

RNA-seq of synovial tissue obtained from WT and [127ra” mice with AIA treated with
CpG- Stat3siRNA was performed to identify transcriptomic changes as a response to therapy.
This provides an excellent opportunity to investigate the mode of action of CpG- Stat3siRNA
therapy in experimental arthritis. Bulk RNA-seq datasets derived from the inflamed
synovium from WT and 1127ra”" mice with AIA (without any treatment), and naive mice
(without AIA) (provided as a courtesy of Dr David Hill, Cardiff University) were combined
with correspondingly derived datasets from CpG-Stat3siRNA-treated WT and 1127ra”" mice
with AIA (see Section 2.9.5). Hierarchical cluster analysis of these transcriptomic data using
one minus Pearson correlation revealed that synovial tissue mainly segregated into two
distinct groups: (i) genes expressed in the non-inflamed naive synovium across all genotypes,
and (ii) genes expressed as a response to arthritis induction. Further analysis of this group of
genes identified distinct sets of transcriptional gene signatures that are affected by
CpG- Stat3siRNA treatment (Figure 3.7). Here, alterations in gene regulation were visible at
both day 3 and day 10, and evident in WT and 1127ra”" mice with AIA. Thus, CpG-Stat3siRNA

treatment alters the transcriptional output of genes regulated as a response to arthritis
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Figure 3.7 The inflamed synovium of CpG-Stat3siRNA-treated mice show different transcriptional
profiles compared to AIA untreated and healthy mice.

(Legend continues on the following page)
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Relative expression of differentially expressed protein-coding genes in WT and //27ra”" mice in naive
synovium, at day-3 and day-10 post-induction of arthritis, untreated and treated with CpG-Stat3siRNA
(p.adj < 0.05, log2FC > 1.5). Colour bars highlight clusters of genes expressed during inflammatory
arthritis (red) and those expressed in naive synovium (green). Heatmap was clustered using one minus
Pearson correlation. Note that CpG refers to CpG-Stat3siRNA.

To identify how CpG-Stat3siRNA affected the synovial expression of genes induced as a
response to arthritis onset, analysis compiled a list of all differential regulated genes as a
response to therapy. Changes in gene regulation were based on the fold change expression
and statistical evaluation of the response. Data were visualised using a volcano plot (see
Material and Methods, Section 2.9.7). These studies identified a substantial number of
transcripts that were affected by the drug: In WT mice, 306 and 1258 genes were
differentially expressed upon treatment with CpG-Stat3siRNA at day-3 and day-10 of AlA,
respectively. Of these, approximately half of the differentially expressed genes (DEGs) were
upregulated in both time points by at least threefold (170 genes at day-3 and 676 genes at
day-10) (Figure 3.8A). In 1127ra”" mice, the number of DEGs at day-3 (1806) was much greater
than at day-10 of AIA (617), and the vast majority were downregulated (1057 genes at day-
3 and 442 at day-10). Consistent with the literature, CpG-Stat3siRNA therapy altered the
expression of several genes involved in innate immunity and interferon-induced genes (e.g.,
l11a, 1112b, Gbp5, Gbp2, Gbp8), while others were linked with immune-modulation or tissue
homeostasis (e.g., 1110, Slc8a2) 3°2. Moreover, among the downregulated genes, were
transcripts encoding collagen and cellular adhesion-associated genes (e.g., Col9al, Col9a3,
Col2al, Clec3a) (Figure 3.8A), which may contribute to the progression of RA, inducing
proinflammatory cytokines 3*3. To complement the above observations, analysis further
examined the overlap of DEGs between genotypes at early and established disease. A
substantial overlap between WT and 1127ra”" data sets was found at both days-3 and -10 of
AIA, with 248 genes differentially regulated by WT and [127ra” treated mice at day-3 post-
AIA, and 371 genes differentially regulated across the wo genotypes at day-10 (Figure 3.8B).
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Figure 3.8 CpG-Stat3siRNA changes global gene expression in the inflamed synovium of mice.

(A) Volcano plots of protein-coding gene expression profiles in WT and //27ra”" mice treated with CpG-
Stat3siRNA compared to WT and //27ra”” untreated mice at day-3 and day-10 of AIA. Dotted lines
identify significant genes (p.adj < 0.05, log2FC > 1.5). Labels (black font) indicate the most significant
downregulated and upregulated genes in each data set and the number of downregulated DEGs (blue
font) and upregulated DEGs (red font). (B) Venn diagrams display the intersection of differentially
expressed genes (p.adj < 0.05, log2FC > 1.5) across genotypes as a response to treatment at day-3
(left) and at day-10 (right) of AlA.
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3.3.5 Identification of CpG-Stat3siRNA-regulated genes during active synovitis

To examine how AlA onset altered the expression of genes linked with the development of
synovitis in WT and //27ra”" mice, transcriptomic datasets from naive non-challenged mice
were subtracted from datasets obtained at day-3 and day-10 of arthritis induction (Figure
3.9A). This analysis (p.adj < 0.05, log2FC > 1.5) identified sets of arthritis-responsive genes
at both day-3 (6071 for WT mice, 4155 for //27ra”- mice) and day-10 (4471 for WT mice, 3383
for 1127ra” mice) of AIA (Figure 3.9A). CpG-Stat3siRNA intervention substantially altered this
profile of gene regulated and affected transcriptional outputs at both day 3 and day 10 of
disease (Figure 3.9B). Here, changes to the number of regulated genes were more
pronounced at day 3 for //27ra”" mice (altering the expression of a total of 1806 genes), and

at day 10 for WT mice (where it influenced the expression of 1258 genes (Figure 3.9B).

To investigate which of the CpG-Stat3siRNA-regulated genes were changed during AlA,
genes differentially expressed in AIA (Figure 3.9A) were overlaid with
CpG- Stat3siRNA- regulated genes (Figure 3.9B). At day-3, CpG-Stat3siRNA regulated 2.8%
of the genes whose expression was changed in AlA inflamed synovium from WT mice, as
opposed to the 19.8% of genes whose expression was changed in AlA inflamed synovium
from 1127ra”mice (Figure 3.9C). In WT mice, as time post AlA increased, the proportion of
CpG- Stat3siRNA-regulated genes increased, peaking at day-10, where CpG-Stat3siRNA was
found to regulate 13.7% of the differentially expressed genes. Conversely, in 127ra”", the
proportion of CpG-Stat3siRNA-regulated genes decreased to 7.7% at day-10 post-AlA (Figure
3.9C). These results suggest a potentially major effect of CpG-Stat3siRNA treatment on

established disease in WT mice, and on early disease in //27ra”" mice.

The expression of 18 genes was found to be regulated by CpG-Stat3siRNA treatment at all
of the time points, and genotypes studied. The expression profile of these genes was also
changed during AIA (Figure 3.10A). Genes responded to therapy with different dynamics; for
example, Tnn and Ccl17 were both highly downregulated in the presence of treatment,
whereas Serpinb7 was strikingly upregulated in response to CpG-Stat3siRNA. Tnn has been
reported to be a strong angiogenesis stimulator by elongation, migration and sprouting of
endothelial cells in tumours ***, while Cc/17 plays important roles in T-cell development in

the thymus as well as in trafficking and activation of mature cells. Additionally, Serpinb7
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possess protease inhibitory activity which is important in maintaining skin homeostasis 3*°.
IPA analysis revealed the top 5 upstream regulators for these 18 genes (IFNAR1, 1L22, TLR9,
TLR3 and CpG ODN 1668) (Figure 3.10B). The top 5 canonical pathways associated with these
genes were granulocyte/agranulocyte adhesion and diapedesis, which are primary lines of
host defence against infections, communication between innate and adaptive immune cells,
cytokines mediating communication between immune cells and altered T-cell and B-cell
signalling in RA (Figure 3.10C). Together, this data show that common CpG- Stat3siRNA

regulated genes are associated with innate immunity and inflammation.
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Figure 3.9 Dynamics of CpG-Stat3siRNA-mediated gene expression.

The number of differentially expressed protein-coding genes (p.adj < 0.05, log2FC = 1.5) during AIA
(A) and CpG-Stat3siRNA-regulated genes (p.adj < 0.05, log2FC > 1.5) (B) in WT and //27ra” mice at
days-3 and day-10 of AIA. The height of a bar shows the total number of genes detected at a particular
point. Upregulated genes are shown in red, and downregulated genes are shown in blue. (C)
Proportion of genes regulated by CpG-Stat3siRNA therapy from all the differentially expressed genes
at each time point during AlA.
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Figure 3.10 Common CpG-Stat3siRNA-induced genes across AIA timeline and genotypes are

associated with innate and adaptive immune responses and inflammation.

(A) Heatmap of protein-coding differentially expressed genes (p.adj < 0.05, log2FC > 1.5) as a response
to CpG-Stat3siRNA throughout the time course of AIA (day 3 and day 10) and genotypes (WT and
1127ra”"). (B) The top 5 upstream regulators associated with the differentially expressed genes from
panel A as predicted by IPA. (C) The top 5 canonical pathways associated with the differentially

expressed genes from panel A as determined by IPA.
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To further study genes that were changing in response to therapy, a more focused candidate

DEG set was generated, by visualising changes in gene expression among treated and

untreated mice and taking the RNA-seq data from naive synovium into account. Here, log,FC

values relative to baseline (naive synovium) of mice with AIA were plotted against those with

AIA treated with CpG-Stat3siRNA (Figure 3.11). Genes that remain unaltered in response to

treatment are shown in yellow and can be clearly distinguished from genes that are

regulated by AIA (blue) and CpG-Stat3siRNA therapy (green). This visualisation method

enabled us to easily identify genes whose expression was modified by therapy and to focus

the analysis on identifying changes specific to the treatment. Thus, genes of interest (blue,

green and red) were selected for further analysis.
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Figure 3.11 Identification of genes that change in response to CpG-Stat3siRNA therapy.

(Legend continues on the following page)
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Scatterplots showing correlation between log2FC gene expression values. The X-axis corresponds to
AIA + CpG-Stat3siRNA, the Y-axis to AIA. All genes were significant in at least one condition (p.adj <
0.05). Dots correspond to DEGs: genes regulated by CpG-Stat3siRNA (green), AlA (blue), both (yellow),
or neither (grey) are identified and colour-coded. Specific data point referring to genes of interest
have been highlighted in red and annotated accordingly. These genes are either changing from
upregulated in AIA to down-regulated in AIA + CpG-Stat3siRNA, or from down-regulated in AlA to
upregulated in AIA + CpG-Stat3siRNA. There is a scatter plot for each of the timeline of AIA (Day3-
right and Day10-left) and genotype (WT-at the top and 1127ra”"- at the bottom).

3.3.6 K-means clustering to identify temporal patterns of regulation

While the IPA analysis of RNA-seq datasets described in the previous sections provided some
insight into the effects of CpG-Stat3siRNA treatment on AIA in WT and 1127ra”" mice, the
large number of DEGs observed made interpretation of the data very challenging. To resolve
this, k-means clustering was used to identify groups of genes that displayed similar patterns
of expression across the time course of AlA. To first gain insight into how genes behaved in
disease, the optimal number of clusters was determined using statistical tests: the silhouette
and Davies-Bouldin methods identified 2 or 5 gene clusters as optimal, whereas the gap

statistic method identified 4 or 5 clusters as optimal (Section 2.9.7.7) (Figure 3.12).
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Figure 3.12 Mathematical determination of the optimal number of clusters for the synovial
transcriptome.

The (A) Davies-Bouldin, (B) silhouette and (C) gap methods were used to determine the optimal
number of clusters to use for K-means clustering of the synovial transcriptome during the time course
of AlA. These statistical methods are described in more detail in Materials and methods (See Section
2.9.7.7).
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Using these values as a guide, five gene clusters were selected. These broadly separated
genes into three distinct patterns of genes regulation: (i) upregulated gene expression across
the entire time course (clusters 2 and 5), (ii) downregulated over the time course (clusters 3
and 4), and (iii) genes that were selectively increased at day 10 (cluster 1). Corresponding
patterns of gene regulation were also identified by k-means clustering in RNA-seq datasets
from mice administered with CpG-Stat3siRNA (Figure 3.13A, 3.14A). Based on these
analyses, clusters were statistically compared (Sign test and Wilcoxon signed-rank test) to
match common patterns of regulation. This was conducted with datasets obtained from WT

mice (Table 3.1), and //27ra” mice (Table 3.2) with AIA.

AIA + CpG-Stat3 siRNA

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
Wilcoxon Wilcoxon Wilcoxon Wilcoxon Wilcoxon
Signtest  signed- Signtest  signed- Signtest  signed- Signtest  signed- Signtest  signed-
rank test rank test rank test rank test rank test
Cluster 1 4.9E-04 4.9E-04 4.3E-01 8.2E-01 4.5E-03  1.5E-02 3.4E-03 4.9E-04 NaN NaN
Cluster2 1.2E-01  1.9E-01 1.6E-18 1.5E-22 NaN NaN NaN NaN 8.9E-03  3.4E-03
AIA Cluster3  NaN  NaN NaN NaN 2.0E-12  3.8E-15 4.1E-03  2.4E-04 NaN NaN
Cluster 4 8.2E-01 9.8E-01 NaN NaN 3.9E-02  2.4E-03 2.3E-24 1.1E-22 NaN NaN
Cluster 5 2.8E-09  7.3E-07 1.0E-08  2.6E-09 NaN NaN NaN NaN 4.2E-15 1.9E-14

Table 3.1 Sign test and Wilcoxon signed-rank test in clusters from WT genes.

Clusters from WT AIA and WT AlA treated with CpG-Stat3siRNA-regulated genes were tested to assess
whether the paired observations differ using the sign test and the Wilcoxon signed-rank test. The p
value associated with each comparison is shown (significance level of 0.1%). Data outlined in red
highlight clusters with the closest similarities. NaN stands for “not a number”, and it is shown when
there were not any genes in common between the two clusters compared.

109



Chapter 3

AlA + CpG-Stat3siRNA

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Wilcoxon Wilcoxon Wilcoxon Wilcoxon Wilcoxon
Signtest  signed- Signtest  signed- Signtest  signed- Signtest  signed-rank Sign test signed-
rank test rank test rank test test rank test
Cluster 1 1.2E-88 1.5E-94 6.5E-02 2.0E-02 1.1E-01 4.2E-01 5.7E-38 1.1E-34 2.2E-02 1.2E-03
Cluster 2 7.6E-02 9.9E-02 2.9E-44 1.1E-41 NaN NaN 2.2E-02 2.2E-03 2.0E-11 3.9E-08

AIA Cluster 3 1.0E-01 6.2E-01 NaN NaN 2.8E-34 4.9E-33 9.1E-13 2.4E-08 NaN NaN

Cluster4  2.1E-03 9.3E-03 NaN NaN 3.1E-01 1.2E-02 8.1E-130 6.0E-106 NaN NaN
Cluster 5 NaN NaN 2.4E-07 2.7E-05 NaN NaN NaN NaN 6.7E-60 1.7E-56

Table 3.2 Sign test and Wilcoxon signed-rank test in clusters from //27ra” genes.

Clusters from //27ra” AIA and l127ra”" AlA treated with CpG-Stat3siRNA-regulated genes were tested
to assess whether the paired observations differ using the sign test and the Wilcoxon signed-rank test.
The p value associated with each comparison is shown (significance level of 0.1%). Data outlined in
red highlight clusters with the closest similarities. NaN stands for “not a number”, and it is shown
when there were not any genes in common between the two clusters compared.

Figure 3.13A shows an overview of the 5 clusters of differentially expressed genes in WT AIA
mice and WT AIA mice in response to treatment, relative to a healthy WT control joint
previously described above. To identify specific groups of genes that changed pattern of
temporal regulation as a response to CpG-Stat3siRNA therapy, we generated an alluvial
diagram to observe the cluster interactions between conditions and make identification of
major transitions between conditions easy. From this diagram, it can be seen that nearly all
the genes in cluster 1 in AlA, changed to cluster 4 in response to treatment. Similarly, a large
number of genes shifted from cluster 5 in AlA to cluster 1, and from cluster 2 in AlA to cluster

5, in response to treatment in WT synovium (Figure 3.13B).

A summary of the 5 clusters of differentially expressed genes obtained by k-means, in I127ra
/- AIA mice and /I27ra”" AIA in response to CpG-Stat3siRNA, relative to a healthy //27ra”
control joint, are displayed in Figure 3.14A. Alluvial diagram comparing different DEGs
trajectories across clusters as a response to therapy showed that the vast majority of genes
in cluster 1 in AIA moved to cluster 4 in the presence of therapy. Furthermore, a considerable

number of genes in cluster 2 in AIA changed to cluster 5 (Figure 3.14B).
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Figure 3.13 K-means clustering analysis of the synovial transcriptome during the time course of AIA
and as a response to CpG-Stat3siRNA in WT mice.

(A) K-means clustering and corresponding heatmap of treatment-induced differentially expressed
genes (p.adj < 0.05, log2FC > 1.5) in WT mice across the time course of AIA without treatment (left)
and treated with CpG-Stat3siRNA (right), compared to a healthy control joint (baseline). Each cluster
of genes has been given a specific colour and number. Clusters sharing similar patterns of temporal
gene expression between untreated and treated mice (see Table 3.1) are labelled with the same
number and colour. (B) Alluvial diagram showing the interactions between AIA and AIA + CpG-
Stat3siRNA events within clusters (vertical bars, with cluster number) pairwise in each of the five
patterns of gene expression. Note that CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-
10 post-AlA.

111



Chapter 3

A IL27ra” AIA
IL27ra” AIA + CpG-Stat3siRNA
D3 AIA D10 AIA . D3 CpG D10 CpG

I

Cluster 1

" 614Genes

o Cluster1
: 970 Genes

log 2 fold change
log 2 fold change

!

Time (days) Time (days)
. .
B! M
5 53
E f/— Cluster 2 g : == ~ Cluster2
st T | 1362 Genes 25 1202 Genes
G ~
g1 g1
: :
+ + =
Time (days) Time (days)
. ot
4§ g
£ 23
L4 v
= | Cluster3 2: Cluster 3
f 3 : ; 476 Genes a3 370 Genes
w0 - |
g |
Time (days) Time (days)
Cluster 4 Cluster 4

= 1099 Genes E\;'_ 1448 Genes
3

log 2 fold change
log 2 fold change

Time (days) N Time (days)
8! ! 7.48 g |
2: £
=, Cluster 5 5l Clusters
g 191 Genes 11 23 464 Genes
23 ®3
N |
:
0 I-7.48 .
Time (days) Time (days)

log 2 fold change

Figure 3.14 K-means clustering analysis of the synovial transcriptome during the time course of AIA
and as a response to CpG-Stat3siRNA in /127ra”" mice.

(A) K-means clustering and corresponding heatmap of treatment-induced differentially expressed
genes (p.adj < 0.05, log2FC > 1.5) in /I27ra”" mice across the time course of AIA without treatment
(left) and treated with CpG-Stat3siRNA (right), compared to a healthy control joint. Each cluster of
genes has been given a specific colour and number. Clusters sharing similar patterns of temporal gene
expression between untreated and treated mice (see Table 3.2) are labelled with the same number
and colour. (B) Alluvial diagram showing the interactions between AIA and AIA + CpG-Stat3siRNA
events within clusters (vertical bars, with cluster number) pairwise in each of the five patterns of gene
expression. Note that CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-AlA.

112



Chapter 3

Canonical pathways associated with each gene cluster in every condition were determined
using IPA. Cluster 1 mainly comprised of genes associated with metabolic pathways such as
protein kinase A signalling and cAMP-mediated signalling in WT mice with AIA. These
pathways were downregulated in response to treatment across diffuse (WT mice) and
lymphoid-rich synovitis (//27ra”- mice) (Figure 3.15). The most striking result to emerge from
the data is that cluster 2 was highly enriched for genes involved in T-cell activation,
differentiation and signalling, in WT mice during AIA when compared to those treated with
CpG-Stat3siRNA. Cluster 3 transcripts were enriched for adrenomedullin signalling,
regulation of the epithelial-mesenchymal transition and bone remodelling pathways. Cluster
4 comprised genes related to mitochondrial metabolism pathways in WT mice that were
reduced in response to treatment. Interestingly, these pathways were highly upregulated in
1127ra”" mice during AIA; however, their enrichment strongly decreased when these mice

received treatment.

In the same manner, analysis next considered the most enriched diseases and functions
linked to each gene cluster. Here, diseases and functions including leukopoiesis, proliferation
of immune cells, cell movement and T-cell development, were selectively enriched in cluster
2. These diseases and function were reduced in the presence of CpG-Stat3siRNA, being
particularly noticeable in WT mice (Figure 3.16). Clusters 1 and 5 comprised genes that were
upregulated for abnormal morphology of bone functions in WT mice, while in //27ra”" mice,
these functions were enriched in clusters 1 and 3. Thus, k-means clustering has allowed the
identification of gene expression behaviours that change in response to CpG-Stat3siRNA
during AlA, and these changes are predominantly associated with a downregulation of T-cell

and mitochondrial metabolism pathways and bone and matrix remodelling pathways.
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Figure 3.15 Comparison of canonical pathways linked to individual clusters in WT and //27ra”- mice
with AIA and the impact of CpG-Stat3siRNA intervention.

The top canonical pathways, as determined by IPA, associated with each cluster of differentially
expressed genes (p.adj < 0.05, log2FC > 1.5) in WT and //27ra”" mice across the time course of AlA
without treatment and treated with CpG-Stat3siRNA, when compared to a healthy control joint.
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Figure 3.16 Comparison of diseases and functions are linked to individual clusters in WT and //27ra
/- mice and the impact CpG-Stat3siRNA intervention.

The top diseases and functions, as determined by IPA, associated with each cluster of differentially
expressed genes (p.adj < 0.05, log2FC > 1.5) in WT and //27ra”" mice across the time course of AlA
without treatment and treated with CpG-Stat3siRNA, when compared to a healthy control joint.

3.3.7 Canonical pathway analysis of genes that change in response to CpG-

Stat3siRNA

Having established patterns of gene behaviour and their relationship between conditions
(see Figures 13, 14), we next focused specifically on those genes that switched patterns of
temporal expression as a response to CpG-Stat3siRNA. These groups of genes were
visualised using alluvial diagrams (see Section 3.3.6), and IPA analysis was performed to
identify the top 5 enriched canonical pathways in each group. In WT mice, 3 groups of genes
were defined as changing their pattern of expression as a response to CpG-Stat3siRNA
treatment. These genes were linked to processes associated with protein kinase A and
interferon signalling, Thl pathway, communication between innate and adaptive immune
cells, and bone remodelling in RA, among others (Figure 3.17A). Corresponding analysis of

data from 1127ra”" mice with AIA identified 2 groups of genes that were altered by CpG-
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Stat3siRNA. Here, IPA enrichment analysis revealed roles in RhoA signalling, macrophages,

fibroblasts and endothelial cells in RA, and T-cell and B-cell signalling in RA (Figure 3.17B).
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Figure 3.17 Canonical pathway analysis of genes switching pattern of expression as a response to
CpG-Stat3siRNA.

Differentially expressed genes that change temporal pattern of expression in response to treatment
and their top canonical pathways associated in AIA WT mice (A) and AIA //27ra”* mice (B) compared
to a healthy control joint, extracted from previous alluvial diagrams (See figures 3.13 & 3.14). The
most relevant pathways for my study are bolded in red.
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3.3.8 STAT3 inhibition reduces cell metabolism and bone remodelling-associated

pathways in diffuse-like synovitis

Cell metabolism has long been a major area of interest within the field of tumour biology,
but in the past decade, its relevance has been progressively recognised in regulating
inflammatory processes and immune cell function 3%, Recent studies have highlighted cell
metabolism as a potential therapeutic target for the treatment of rheumatoid arthritis 37~
359 Protein kinase A (PKA) signalling was the top upregulated canonical pathway in DEGs
changing from cluster 1 (AlA) to cluster 4 (AlA + treatment) in WT mice (See Figure 3.17A).
The majority of these metabolism-related genes (e.g., Akap5, Dusp18, Ptpru, and Myh10)
were downregulated in response to CpG-Stat3siRNA in WT mice at day 3 and day 10 of AlA
(Figure 3.18A). These results seem to be consistent with research reporting that adenylate
cyclase (AC)-protein kinase A (PKA) pathway may inhibit apoptosis of RA fibroblast-like
synoviocytes (FLS), which contributes to synovial hyperplasia and therefore worsening

disease severity 3¢,

Pathway analysis of these group of DEGs shifting from cluster 5 (AlA) to cluster 1 (AIA +
treatment) in WT mice revealed upregulation of osteoblasts, osteoclasts and chondrocytes
responses in RA (See Figure 3.17A). During RA, the inflamed synovium invades cartilage and
promotes bone destruction, which is facilitated by cytokines such as RANKL, essential for the
differentiation of osteoclasts and subsequent resorption, or IL-17A which promotes
expression of inflammatory cytokines and metalloproteinases that contribute to cartilage
degradation %, The expression of these genes was also significantly suppressed in WT AIA
mice treated with CpG-Stat3siRNA (Figure 3.18B). This difference in expression between
treated and untreated mice was especially notable for Bmp15, Nfatc4 and Wnt10a. Hence
these data highlight a reduction in disease-related gene signature in WT AIA mice treated

with CpG-Stat3siRNA.
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Figure 3.18 Reduced expression of cell metabolism and bone and cartilage remodelling genes in WT
mice treated with CpG-Stat3siRNA.

(A) Heatmap of differentially expressed genes changing from cluster 1 in AlA to cluster 4 as a response
to treatment and associated with protein kinase A, in WT mice. Selected genes are plotted for WT AIA
mice with and without treatment when compared to a healthy WT control joint. (B) Heatmap of
differentially expressed genes changing from cluster 5 in AlA to cluster 1 as a response to treatment
and associated with bone and cartilage remodelling in RA, in WT mice. Selected genes are plotted for
WT AIA mice with and without treatment when compared to a healthy WT control joint. Note that
CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-AlA.
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3.3.9 CpG-Stat3siRNA triggers interferon and Thl pathways in diffuse-like

synovitis

Analysis of transcriptomic data from inflamed synovium has so far shown that
CpG- Stat3siRNA therapy reduced expression of genes associated with pathways that
contribute to disease severity. However, it is important to note that TLR9 activation via
unmethylated CpG also leads to the activation of NF-kB through IFN (transcription factor of
the IRF family) and promotes Th1l-dependent immunity 31361, Moreover, this TLR9/nuclear
factor kB (NF- kB) signalling induces the expression of IL-6 and/or IL-10, which activates
STAT3 3%2, Indeed, interferon signalling, Th1l pathway and communication between innate
and adaptive immune cells were enriched in DEGs relocating from cluster 2 (AlA) to cluster
5 (AIA + treatment) in WT mice (See Figure 3.17A). In accordance with the literature 33, we
observed upregulation of immune mediators, such as interferons and their targets (Ifnb1,
Irf1 and Stat1) (Figure 3.19A), Th1 pathway (Cd247, Cd40 and Socs1) (Figure 3.19B), as well
as proinflammatory cytokines (Prf1, Mapk13 and //12) (Figure 3.19C), which was more evident
at day 10 of AIA. Prominently upregulated genes in response to treatment included Cd247
(encoding for PD-L1), an essential regulator of T-cell activation that binds with the immune
checkpoint inhibitor PD1 (programmed cell death protein) and whose expression in RA has
been shown to be downregulated 3¢*. Interestingly, another upregulated gene, Socs1, has a

profound role in T-cell homeostasis 3.
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Figure 3.19 STAT1-dependent Thl and IFN pathways are increased in WT mice treated with
CpG- Stat3siRNA.

Heatmap of differentially expressed genes changing from cluster 2 in AlA to cluster 5 as a response to
treatment and associated with (A) interferon signalling, (B) Thl pathway and (C) communication
between innate and adaptive immune cells, in WT mice. Selected genes from each section are plotted
for WT AIA mice with and without treatment when compared to a healthy WT control joint. Note that
CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-AlA.
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3.3.10 CpG-Stat3siRNA treatment results in downregulation of RhoA signalling

and genes involved in the pathogenesis of RA in lymphoid-rich synovitis

In I127ra”" mice, 2 main groups of DEGs changed patterns of temporal expression in response
to CpG-Stat3siRNA treatment (See Figure 3.14B). Pathway analysis of genes linked to this
group of DEGs showed an association with RhoA signalling, macrophages, fibroblasts and
endothelial cells, and T-cell and B-cell signalling in RA, among others (see Figure 3.17B).
Previous studies have revealed that RhoA signalling contributes to the abnormal migration
and invasion of fibroblast-like synoviocytes (FLSs) in RA 3%, Overall, there was a prominent
downregulation of these genes when compared to treated mice, at day 3 and day 10 of AIA
(Figure 3.20A). For example, genes such as Rtkn, known to regulate the NF-kB pathway,
playing a role in the pathogenesis of RA 3¢7 or Lpar3, which promotes the production of

inflammatory cytokines such as IL-6 368

, and its blockade has been reported to reduce
symptoms of RA in an animal model 3%, Expression of key components of Wnt signalling
cascade in macrophages, including Lrp5, Fzd6 and Wnt6, was reduced (Figure 3.20B).
Recently, the Wnt signalling pathways have emerged as critical in the regulation of
osteoblast function, being implicated in bone loss in RA 37°, and Lrp5 has been associated

with bone damage and radiographic progression in RA patients 3%,

Finally, genes associated with T-cell and B-cell signalling in RA followed a similar response
pattern. Downregulated genes in response to CpG-Stat3siRNA included Card11, an activator
of NF-kB and Th17 cell response, whose inhibition in inflammatory arthritis has shown to
have a therapeutic effect 372, Interestingly another downregulated gene, Camk4, has recently
been implicated in Th17 cell-mediated tissue damage in inflammatory diseases 3* (Figure
3.20C). Taken together, these results suggest that treatment with CpG-Stat3siRNA in 1127ra
/- AIA mice effectively reduced expression of genes that contribute to the pathogenesis of

inflammatory arthritis.
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Figure 3.20 CpG-Stat3siRNA inhibits expression of RhoA signalling and immune cell genes involved

in RA in I127ra”- mice.

(A, B) Heatmaps of genes that comprise differentially regulated canonical pathways from genes
changing from cluster 1 in AIA to cluster 4 as a response to treatment in //27ra”" mice. Selected genes
are plotted for /127ra”" AIA mice with and without treatment when compared to a healthy /127ra”"
control joint. (C) Heatmap of differentially expressed genes changing from cluster 2 in AlA to cluster
5 as a response to treatment and associated with T-cell and B-cell signalling in RA, in //27ra”" mice.
Selected genes are plotted for WT AIA mice with and without treatment when compared to a healthy
1127ra”” control joint. Note that CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-

AlA.
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3.3.11 CpG-Stat3siRNA alters the STAT1/STAT3 balance in inflammatory arthritis

The results so far obtained in this Chapter confirm the therapeutic effects of STAT3 inhibition
by CpG-Stat3siRNA in experimental arthritis. Here, analysis confirmed the downregulation
of several known STAT3 gene targets involved in matrix remodelling (e.g., Collal, Colla2,
Col5a1), connective tissue and inflammatory response-related disorders (e.g., /hh, Ldhb,
Nes) and cell migration and proliferation (e.g. Cdh2, Snai2) (Figure 3.21). Importantly, studies
in cancer cells show that genetic ablation of STAT3 activities promotes an increase in STAT1
mediated responses 18189374375 Gince synovial STAT1 responses in inflammatory arthritis
often promote protective or anti-inflammatory outcomes, experiments next considered the
relationship between STAT1 and STAT3 activities in AlIA as a response to CpG-Stat3siRNA
treatment. As predicted, the expression of STAT1-regulated genes as determined by IPA
(e.g., Psme2b, Idol, Gzma), was further enhanced when STAT3-induced genes were
downregulated in response to CpG-Stat3siRNA in WT AIA mice (Figure 3.21B). Moreover,

these genes were associated with cellular function, maintenance and development.

Having identified genes regulated by STAT3 and STAT1 in WT mice, transcriptomic analysis
next focused on DEGs in //27ra” mice. As shown in Figure 3.22A, many of the STAT3-
regulated genes identified as expressed within the inflamed joint of //27ra”" mice were
associated with activities relevant to the control of cell migration and proliferation, cell
death and survival, cell cycle progression and fibrosis. Genes linked with these activities
included STAT3 targets such as Mras, Synpo and Notch3, Hoxa10, Cyp26al and Twist1, Foxm,
Klk1 and Nrda2, respectively, and their expression was found to be decreased in response to
therapy. Results obtained when the expression of STAT1-regulated genes was assessed in
1127ra”" mice showed, however, that while Phactrl was upregulated, Pdgfc and Sic2a2
expression was reduced in response to therapy (Figure 3.22B). Nevertheless, these results
suggested that CpG-Stat3siRNA may alter the balance between STAT3 and STAT1 in our

model of inflammatory arthritis, leading to a global alteration in cytokine response.
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Figure 3.21 STAT3-regulated gene expression decreases, while STAT1-associated gene expression is
upregulated in WT mice in response to treatment.

(A) STAT3-regulated and (B) STAT1-regulated genes as determined by IPA in WT mice were extracted
from DEGs that changed pattern of expression in response to CpG-Stat3siRNA. Heatmaps and plots
of genes show gene expression relative to a healthy WT control joint at the same point expressed in
IogZFC. Note that CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-AlA.
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Figure 3.22 STAT3-regulated gene expression decreases, while STAT1-associated gene expression is
upregulated in //27ra”  mice, in response to treatment.

(A) STAT3-regulated and (B) STAT1-regulated genes as determined by IPA in //27ra”" mice were
extracted from DEGs that changed patter of expression in response to CpG-Stat3siRNA. Heatmaps
and plots of genes show gene expression relative to a healthy /[27ra”" control joint at the same point

expressed in log,FC. expressed in IogZFC. Note that
D10, Day-10 post-AlA.

CpG refers to CpG-Stat3siRNA. D3, Day-3 post-AlA;
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3.3.12 Synovial ectopic lymphoid-like structures are reduced by CpG-Stat3siRNA
therapy

The impact of CpG-Stat3siRNA on STAT1 and STAT3 target genes was striking given the role
these transcription factors play in their development, maintenance and activities associated
with ectopic lymphoid-like structures (ELS) in autoimmunity, cancer and infection 104204,
Hence, | next assessed the impact of CpG-Stat3siRNA treatment on the pattern of synovitis.
As previously described 1, AIA onset in //27ra”" mice resulted in a severe form of synovitis
with evidence of ectopic lymphoid-like structures (discussed in more detail in Chapter 1,
Section 1.2.5). Here, ELS were predominantly identified as dense accumulations of CD3*
T- cells- rich accumulations within the joints of //27ra”" mice that display exacerbated disease
(Figure 3.23A). This exacerbated synovitis has been linked with heightened STAT3 activity,
development of ELS and the presence of Th17 cells in previous studies 2%. Synovial tissue
from day-10 AlA-challenged //27ra”- mice treated with CpG-Stat3siRNA showed significantly
fewer lymphoid aggregates and smaller in size when compared to untreated mice (Figure
3.23B). However, at the group size investigated this decrease in the size of these aggregates
was not significant but provided rationale for a more comprehensive analysis of how the

treatment affects ELS formation in 1/27ra”" mice in vivo.

To further explore CpG-Stat3siRNA effects on ELS, genes commonly associated with ectopic
lymphoid-like structures were identified within previously selected DEGs that were
switching pattern of expression in response to therapy. Most of the identified genes were
strongly downregulated by CpG-Stat3siRNA when compared to untreated mice (Figure
3.24). For example, homeostatic chemokine receptors such as Cxc/13 and Ccl19, involved in
the activity or spatial organisation of lymphoid aggregates ***, and Vegf, which supports cell
recruitment and promotes the formation of high endothelial venules (HEVs) in ELS 376377,
Similarly, other genes that were downregulated were associated with migration of cells (e.g.,
Msin, Cd5l, Erdrl) and cell adhesion (Matn3, Cdh3). Thus, CpG-Stat3siRNA treatment
reduces the expression of genes associated with the development, maintenance and spatial

organisation of ELS.
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Figure 3.23 CpG-Stat3siRNA treated mice show fewer ectopic lymphoid-like structures.

(A) Representative IHC of CD3 in sections at day-3 and day-10 of AIA in WT and //27ra”- mice with AIA
and AlA treated with CpG-Stat3siRNA. (B) The number (left) and area (right) of lymphoid aggregates
were quantified in para-sagittal synovial sections (n = 5-10 mice/group). Graphs indicate mean = SEM.
*, p <0.05 (A) 300 um. Data were pulled from two independent experiments.
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Figure 3.24 ELS-associated genes are downregulated in the presence of CpG-Stat3siRNA.

ELS-associated genes, as determined by IPA in mice, were extracted from DEGs that changed pattern
of expression in response to CpG-Stat3siRNA. Heatmaps and plots of genes show gene expression

relative to a healthy WT control joint at the same point expressed in log,FC. Note that CpG refers to
CpG-Stat3siRNA. D3, Day-3 post-AlA; D10, Day-10 post-AlA.
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3.4 Discussion

In models of chronic disease, STAT3 signalling exacerbates pathology and its activities often
correlate with poor prognosis or increased disease severity °4378, While an attractive target
for inflammatory arthritis 2°%37%, direct pharmacological inhibition of STAT3 has proven
difficult, and despite many attempts, there are still no Food and Drug Administration
(FDA)- approved small-molecule inhibitors that block STAT3s 3%. However, alternative
strategies such as oligonucleotide-based STAT3 inhibitors, and new methods for targeted
oligonucleotide delivery are in development, especially for cancer therapy 316:341363380381
The principle underlying the delivery of therapeutic oligonucleotides, such as STAT3 siRNA,

specifically to TLR9* immune cells, has, therefore, application outside of cancer treatment

and potential in autoimmune disease.

In this Chapter, | present proof-of-concept studies using a novel anti-cancer strategy based
on an engineered modality that links Stat3siRNA to a synthetic oligonucleotide agonist of
endosomal TLR9 (CpG-Stat3siRNA) 326, Here, | showed that treatment improved arthritis
severity in WT and //27ra”" mice with AIA — reducing synovial pannus and hyperplasia,
inflammatory infiltration and joint erosion. Using computational analysis of whole tissue
RNA-seq datasets, | explored holistic gene changes in synovial tissue at day-3 and day-10
post-arthritis induction as a response to CpG-Stat3siRNA, to evaluate transcriptional events
controlled by STAT1 and STAT3 and identify signatures controlled by STAT1/STAT3 cross-
regulation. Moreover, | determined that CpG-Stat3siRNA altered this STAT1/STAT3 balance
and reduced the incidence of ELS and associated genes in lymphoid-rich-like synovitis in

mice.

Although TLR9 is expressed in different types of mouse DCs, its expression is more selective
in humans. However, consistent with the known expression of TLR9 in synovial cells during

inflammatory arthritis 41>

, immunohistochemical analysis demonstrated the presence of
TLR9* cells in the inflamed synovium of both WT and //27ra ”* mice with AlA. Interestingly,
while CD3 expression correlated with disease severity, which reflects the degree of T-cell
infiltration into the joint, there were no differences observed in TLR9 staining between
diffuse and lymphoid-rich synovitis. Thus, TLR9 expression reflected the composition of the

infiltrate across the inflamed synovium of WT and /IL27ra”" mice. However, a more thorough

characterisation of TLR9*-secreting cells within the inflamed synovium is needed, perhaps
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using flow cytometry on joint-infiltrating cells in order to identify the target cell population.
CpG-Stat3siRNA injected locally, was effective in blocking STAT3 in experimental arthritis, as
confirmed by gPCR analysis of Stat3 mRNA from the inflamed synovium. As expected, this
blockade had a therapeutic effect against established AlA, improving disease outcome when
histological assessments were performed in the mice joints. These results support evidence
from clinical observations and human and murine studies that show treatment with
CpG- Stat3siRNA inhibits the transcriptional activity of Stat3, resulting in tumour cell

apoptosis and tumour growth inhibition 316:341,363,380,381

. In accordance with the present
results, where only double-stranded hybridised CpG-Stat3siRNA had a significant impact on
inflammatory arthritis outcome compared to injecting controls alone — uncoupled CpG
oligonucleotide, a single strand of CpG-Stat3siRNA and non-hybridised CpG-Stat3siRNA
conjugate, previous studies have demonstrated that cellular uptake of both CpG
oligonucleotide and the CpG-siRNA constructs can occur in the absence of TLR9. However,

TLR9, at least in mouse cells, is essential for CpG-siRNA—mediated gene silencing 316:346:363,

Differences in the transcriptomic output between untreated and treated WT and //27ra”
mice were observed throughout the time course of AIA. However, while CpG-Stat3siRNA
agent targets TLR9-expressing cells, the outcomes differed between WT and //27ra”" mice.
Expression of over 1,000 and 2,000 genes was found to be influenced by CpG-Stat3siRNA
during the time course of AIA in WT and //27ra”" mice, respectively. This may mean that
differences in disease heterogeneity can be potentially bypassed using this treatment, which
could be very interesting since RA patients with ‘follicular’ pathology tend to show poor
response to biologic therapy (e.g., the anti-TNF overall failure observed in ELS
synovitis) 149153382 Hijerarchical clustering revealed the most apparent changes to be
observed at day-10 in WT mice, and at day-3 in /[27ra” mice, perhaps due to a temporal
inhibition of STAT3 as we observed in the previously mentioned gPCR analysis. In addition,
we observed an overall decrease in ELS-associated pathways in lymphoid-rich aggregates

upon treatment.

Previous studies by other groups demonstrated that CpG oligonucleotides are efficiently
internalised by various APCs, such as DCs, macrophages and B-cells, and that their binding
to TLR9 can initiate a cascade of innate and adaptive immune responses, such as activating
NF-kB signalling, to effectively shift the tumour microenvironment from pro-oncogenic to

antitumour in cancer 3133, Here, common CpG-Stat3siRNA-induced genes in AlA-challenged

130



Chapter 3

WT and /I27ra”" mice were linked with innate and adaptive immune responses in
inflammation. While STAT3 has shown to be critical for regulating the synovial infiltrate in
inflammatory arthritis, and thus, selective inhibition of Stat3 may provide an effective

intervention strategy for blocking IL-6-driven proarthritic activities 2%

, activating NF-kB
signalling or pathways downstream of TLR activation might have disadvantageous
consequences in the context of autoimmunity. For example, the identification of IFN-related
genes as risk loci in RA, or the development of RA in patients treated with IFN-a. 3%, Type |
IFN signature, induced by endosomal TLRs including TLR9, has also been recognised as an
important mediator in other systemic autoimmune diseases such as systemic lupus
erythematosus (SLE) 3. Therefore, a potential over-activation of the innate immune system
could be counterproductive in inflammatory arthritis. Further unwanted side effects of TLR9
stimulation could relate to overshooting Th1 responses combined with autoimmunity (e.g.,
studies in animal models showing CpG-DNA treatment can induce and exacerbate
autoimmunity diseases 3%°). Nevertheless, Katakura et al. showed a protective effect of TLR9-

mediated IFN- oo production in mice with colitis 3¢. Thus, further studying the effect of this

therapy in inflammatory arthritis can help elucidate the biological mechanisms of disease.

Transcriptomic analysis of synovial inflammation has allowed the identification of pathways
associated with the delivery of CpG-Stat3siRNA. While many of the downregulated pathways
were associated with inflammatory pathways, such as T-cell and B-cell signalling and
differentiation, cell migration and proliferation, other pathways such as bone remodelling,
metabolism and innate signalling and activation were also altered. Interestingly, there is
evidence for a role of metabolic dysfunction in RA. Glycolytic enzymes have been shown to
play an important role in the pathogenesis of RA, promoting autoimmunity by acting as
autoantigens and stimulating abnormal cell proliferation, angiogenesis and pannus

formation 3%,

Additionally, analysis of serum samples from RA patients by mass
spectrometry identified decreased levels of amino acids and glucose and increases levels of
fatty acids and cholesterol 3%, Moreover, lactate, produced by immune cells in high energy
demands, has been shown to be increased in RA patients, increases IL- 17 expression by CD4*
T-cells and has been linked with the development of ELS 3°. Here, downregulation of protein
kinase A signalling-associated genes in response to therapy, correlated with studies
describing a role for adenylate cyclase (AC)-protein kinase A (PKA) pathway in apoptosis

inhibition of RA FLSs, contributing to synovial hyperplasia and therefore worsening disease

severity 30, Receptor activator of nuclear factor kB ligand (RANKL), a key factor for osteoclast
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differentiation and activation, is critically involved in bone erosion of RA 1, Our datasets
show downregulation of osteoblasts, osteoclasts and chondrocytes pathways in mice
treated with CpG-Stat3siRNA. One interesting finding is the reduction of expression in
response to CpG-Stat3siRNA of genes associated with RhoA signalling. A strong relationship
between RhoA signalling and abnormal migration and invasion of FLSs in RA has been
reported in the literature 3%°. Additionally, expression key components of Wnt signalling
pathways was downregulated, consistent with their involvement in regulating osteoblast
function and bone loss in inflammatory arthritis 37371, Overall, these findings may be taken
to indicate that CpG-Stat3siRNA also improves arthritis outcome by reducing the expression
of genes that contribute to disease-progression, based on transcriptomic analysis from

experimental arthritis.

My laboratory has long been interested in STAT1/STAT3 cross-regulation and how it alters
the profile of inflammation. Computational analysis showed that STAT3-regulated genes
were predominantly downregulated in response to CpG-Stat3siRNA in both WT and /127ra”
mice. Importantly, these genes were involved in matrix remodelling, connective tissue
disorder, inflammatory response and cell migration and proliferation. Significantly, STAT3
has been linked with regulating chemokine-directed T-cell trafficking to inflamed tissue and
eliciting the early stages of the Th17 cell differentiation program 3%°. Consistent with the
often-opposing behaviour of STAT1 and STAT3, CpG-Stat3siRNA was shown to upregulate
STAT1-regulated genes that were associated with cellular function, maintenance and
development. For example, genes such as Stat1 itself, Irf1— which collaborates to induce IFNy
stimulated genes, and Cd274 — a well-known immune checkpoint regulator, appeared to be
upregulated in response to therapy in our transcriptomic analysis. As previously outlined,
Cd274 encodes an immune inhibitory ligand (PD-L1) which transmits an inhibitory signal
when binding to the inhibitory checkpoint molecule PD1, reducing the proliferation of
antigen-specific T-cells in lymph nodes while simultaneously reducing apoptosis in Tregs 3%,
Interestingly, studies have shown that CpG-Stat3siRNA therapy has direct immunogenic
effect on acute myeloid leukaemia cells in vivo regulating PD-L1 molecule among others 32,
Thus, regulation of checkpoints may then point to a model of action that explains why this

therapy is effective in cancer.

Both STAT1 and STAT3 control chemokine-directed T-cell trafficking to inflamed tissue. Here,

however, the proinflammatory actions of IL-6 have often been connected to STAT3, which is
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essential for T-cell differentiation, recruitment, survival and maintenance of effector
characteristics within inflamed tissues 3%3. Notably, many of the immunosuppressive actions
of IL-27 in T-cells have been linked to STAT1 activity, including its ability to inhibit Th17 cell
differentiation, induce IL-10 secretion, and promoting co-inhibitory receptor

eXprESSiO n 246,256,394,395

, creating a complex interplay between STAT1 and STAT3 that seems
paradoxical, given their distinct functions. Thus, these data are in line with the previous
literature and demonstrated the potential ability of this therapy to modulate the

STAT1/STAT3 balance in the context of chronic inflammation.

While the presence of STAT3 in the inflamed synovium is not exclusively restricted to ELS 14,

it is however strongly linked synovitis in inflammatory arthritis and has been associated with
the formation of ELS in the synovium as well as in other tissues in previous studies. For
example, in salivary glands of 20-40% of patients with Sjogren’s syndrome, ELS are
associated with higher systemic disease severity >, and in gastric cancer, where gp1307*
mice develop ELS in gastric submucosal but in gp130 7F:Stat3* mice are not seen 3°3%. Our
data showed that //27ra” AIA mice treated with CpG-Stat3siRNA displayed a significantly
reduced incidence of CD3* cell aggregates compared to untreated //27ra”" AIA mice.
Similarly, transcriptomic analysis resulted in downregulation of genes associated with ELS
(See Figure 3.24). For example, expression of homeostatic chemokines such as Cxc/13 and
Ccl19, required for lymphoid organ organisation, was prominently downregulated in the
early stages of disease. Significantly, Cxc13 and Cc/19 correlate with the degree of erosive
bone damage in RA and have been associated with ELS development in some inflammatory
diseases 104156397 Fyrthermore, another downregulated ELS-associated gene at day-3 of AIA
was Erdrl, a negative regulator of cell migration and proliferation whose overexpression in
inflammatory arthritis has shown to have a therapeutic effect 3%. These findings suggest that
CpG-Stat3siRNA therapy, by inhibiting STAT3 activity, may reduce the early development of
ectopic lymphoid aggregates within the inflamed synovium of /[27ra”" mice. However,
determining whether CpG-Stat3siRNA alters the formation and maintenance of ELS in

experimental inflammatory arthritis requires further investigation.

This study represents the first attempt to reposition a novel anti-cancer therapy,
CpG- Stat3siRNA, in the context of inflammatory arthritis. Through the use of histological
and transcriptomic approaches, the data presented in this Chapter suggest that TLR9-
targeted delivery of STAT3 inhibitors offers an alternate strategy for more effective

immunotherapy of inflammatory arthritis and, potentially, other autoimmune diseases. The
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use of transcriptomic approaches can also help generate novel insights into the mode of
action of drugs, in this case, CpG-Stat3siRNA therapy in the context of inflammatory arthritis.
Although more studies are necessary to further understand the mechanisms of CpG-
Stat3siRNA in inflammatory diseases and to improve CpG-siRNA gene silencing effects, our
results raise the possibility of using oligonucleotide TLR agonists for siRNA delivery in RA, to

specifically inhibit STAT3 activity and to further dissect the mechanism of inflammation.
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4 Therapeutic targeting of STAT3-driven responses
through the pharmacological induction of SOCS3

expression

4.1 Background

The JAK/STAT signalling pathway is tightly regulated through distinct mechanisms affecting
the immediate phosphorylation of latent transcription factors (e.g., protein tyrosine
phosphatases, PTPs) or negative feedback inhibitors (e.g., protein inhibitor of activated
STAT, PIAS; suppressor of cytokine signalling, SOCS proteins) which restrict any sustain
activation of the receptor cassette %8, Suppressors of cytokine protein family consist of eight
members (SOCS1-7 and CIS), which are induced following cytokine receptor activation of
STAT transcription factors (discussed in more detail in Chapter 1, Section 1.3.1.2). They also
suppress other pathways, including the NF-xB signalling through Toll-like receptor 3%°. SOCS3
is a well-characterised suppressor of STAT3 activation and inhibits cytokine receptor
systems, including IL-6 family members that utilise gp130 as the common B-signalling
receptor %, Extensive evidence in the literature suggests that SOCS3 plays a significant role
in RA progression and that signal inhibition of STAT3, by SOCS3, could represent an effective
therapeutic strategy for clinical intervention 2°2%%, |n this Chapter, experiments will evaluate
the therapeutic potential of a viral protein derived from hepatitis C virus (HCV), which

triggers the transactivation of SOCS gene regulation 2°%,

HCV infection causes cirrhosis, liver failure and hepatocellular carcinoma %°4%; however, the
acute phase of infection is often asymptomatic and remains undetected for many years 4%,
The mechanisms by which pathology is limited during infection is unknown; nevertheless,
this lack of clinical symptoms indicates that HCV has evolved anti-inflammatory mechanisms
to effectively counteract immune responses. A role for SOCS proteins during HCV infection
has been proposed “%®. Indeed, prior work has documented that HCV induces SOCS3
expression to suppress TNF-o signalling, thereby controlling proinflammatory gene
regulation to counteract innate anti-viral immunity %47, HCV p7 ion channel is vital to
producing infectious viral particles during viral egress and has been shown to enhance SOCS3

mRNA and protein expression in hepatocytes %%, Based on these findings, various peptides
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have been derived from the HVC p7 protein to map the immunomodulatory action of HCV
p7 on SOCS3 regulation. Preliminary data revealed peptide 5 (SOCS3 P) to be the most potent
inducer of SOCS3 in vitro (unpublished work by Dr Nigel Stevenson, Trinity College Dublin).
In this Chapter, | will address the hypothesis that peptide 5 (SOCS3 P) has therapeutic
application for the treatment of STAT3-driven inflammatory disorders. To this end, | present
pilot studies evaluating the inhibitory action of a SOCS3 P using an in vitro murine Th17 cell

differentiation assays and an in vivo model of inflammatory arthritis.

4.2 Aims

Previous studies have demonstrated that SOCS3 plays a significant role in RA progression
and that signal inhibition of STAT3 activity by SOCS3 represents an attractive strategy in the
treatment of RA 206210213214405 Eqr example, Shouda et al. found that adenoviral gene
delivery of SOCS3 in synovial tissue of mice with antigen-induced arthritis (AlA) and collagen-
induced arthritis (CIA) significantly reduced arthritis severity 2°. However, the use of viral
vectors presents significant challenges for the treatment of chronic conditions, including

transient transduction and occasional undesired inflammatory responses #1411,

Thus, the overarching hypothesis for this Chapter was that SOCS3 induction as a response to
HVC p7 peptide therapy would improve disease outcomes in inflammatory arthritis. In

particular, the aims of the study were to:

* Investigate the therapeutic potential of the novel SOCS3-inducing peptide in a
STAT3-driven experimental model of inflammatory arthritis, the antigen-induced
arthritis (AIA) model.

* Determine whether the SOCS3-inducing and control peptides promote undesired
proinflammatory responses in mice with AlA.

* Evaluate the ability of the SOCS3-inducing peptide to prevent STAT3-dependent

Th17 cell differentiation in in vitro murine T-cell cultures.
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4.3 Results

4.3.1 Arthritis severity and synovial infiltration are diminished by SOCS3-inducing

peptide in experimental arthritis

To determine the impact of SOCS3-inducing peptide on inflammatory arthritis, AIA was
established in C57BL/6 WT mice through immunisation with methylated BSA (mBSA) (see
Chapter 2, Section 2.3). SOCS3-inducing peptide or scrambled control peptide (both at 10
ng/uL) was delivered by intraarticular administration in combination with mBSA (in a total
volume of 10 ul). Joint swelling was recorded over the duration of the model. At day-3 of
AlA, knee joints were recovered, processed and histologically assessed as previously outlined
in Section 2.4. Since this study represented a pilot experiment, no historical data was
available for power analysis. Based on my laboratory’s extensive experience of AlA, and
calculations based on the resource equation 33*33% (Chapter 2, Section 2.10), 5 mice per
group were chosen for this initial experiment. Here, a total of 6 experimental conditions
were used (n =15 mice): (i) 3 for evaluation of peptide therapeutic effect: mBSA-AIA, control
peptide + mMBSA-AIA, SOCS3-inducing peptide + mBSA-AIA; and (i) 3 to test any
proinflammatory effect of peptides: No mBSA-AIA, control peptide + no mBSA-AIA, SOCS3-
inducing peptide + no mBSA-AIA (Figure 4.1).

Consistent with an anti-inflammatory role for the P7-derived SOCS3-inducing peptide by
reducing STAT3 activity and inhibiting Th17 cell differentiation 2%, AIA in SOCS3-inducing
peptide treated mice caused a initial delay in joint swelling compared to controls. However,
by the endpoint of the experiment (day-3 of AlA), no change in knee-joint swelling was

observed following treatment with control peptide (Figure 4.2).
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Figure 4.1 Experimental design for SOCS3-inducing peptide in vivo experiment.

Experiment diagram showing the number of animals per experimental group/condition. AIA was
established in WT mice. On arthritis induction, knee joints in red circles received mBSA or mBSA and
a combination of peptide/control peptide as shown, for evaluation of peptides therapeutic effect
(3 groups); knee joints in grey circles were used as controls to test any proinflammatory effect of
peptides (3 groups). Timeline for the general AIA mouse model and peptides administration is
described in detail in Materials and Methods Section 2.3.2. AIA — Antigen Induced Arthritis; CONTROL
P — control peptide; SOCS3 P — SOCS3-inducing peptide; RK — right knee; LK — left knee, w/o, without.
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Figure 4.2 Joint swelling is partially reduced in mice treated with SOCS3-inducing peptide.

Graphs show joint swelling in AIA challenged WT mice in the presence or absence of control peptide
and SOCS3-inducing peptide (right knees). Swelling data reflects the mean + SEM of knee diameters
in mm; n = 5. Joint swelling was calculated as the absolute difference to the left knee diameter
(without mBSA, non-inflamed joint). CONTROL P — control peptide; SOCS3 P — SOCS3-inducing
peptide.

To investigate the therapeutic effect of a SOCS3-inducing peptide in experimental arthritis
(AIA), histological assessment of paraffin-embedded knee-joint sections that received mBSA,
mBSA + control peptide and mBSA + SOCS3-inducing peptide were compared (Figure 4.3A).
Here, treatment with SOCS3-inducing peptide showed improvement in histopathology:
SOCS3-inducing peptide contributed to marked inhibition of leukocyte infiltration, synovial
exudate and synovial hyperplasia as compared to the control groups (Figure 4.3B). The
arthritic index (Al), the composite disease score of these parameters, showed a significant

reduction in the SOCS3-inducing peptide-treated group (Figure 4.3C).

To determine whether the SOCS3-inducing peptide or control peptide produced any
undesirable proinflammatory events in mice with AIA, control knee joints that received no
intra-articular injection or received control peptide/SOCS3-inducing peptide (without the
arthritogenic mBSA), were evaluated (Figure 4.4A). Synovial joints were recovered and
processed at day-3 of AIA, and tissues were histologically assessed for synovial infiltrate,
exudate, pannus formation, and cartilage and bone erosion (Figure 4.4B). Experiments
showed no signs of inflammation following administration of the SOCS3-inducing peptide or

control peptide (Figure 4.4C).
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Figure 4.3 SOCS3-inducing peptide distinctly reduces synovial infiltration and general disease
activity in experimental arthritis.

(A) Representative images of haematoxylin, fast green and safranin O staining of WT right knee mouse
joints at day-3 post-arthritis induction in the three previously described experimental groups: knee
injected only with mBSA (left), knee injected with mBSA + control peptide (middle) and knee injected
with mBSA + SOCS3 peptide (right); boxed areas show extensive subsynovial inflammation (large box),
focal bone erosion and cartilage degradation, seen as loss of red Safranin-O staining of the articular
cartilage (small boxes) in the mBSA only and control peptide groups. (B) Histopathology scoring of the
three conditions described in (A), showing synovial infiltrate, exudate, hyperplasia/pannus formation
and cartilage/bone erosion at day-3 post-arthritis induction (n = 5/group). (C) The aggregate score for
all parameters in B is presented as an arthritic index (Al) for all the conditions (n = 5/group). Error bars
indicate SEM. *, p < 0.05. Shapiro-Wilk normality test and a one-way ANOVA, Turkey’s multiple
comparisons test were used. Scale bars: 500 um. AlA, antigen-induced arthritis; CONTROL P/CP —
control peptide; SOCS3 P — SOCS3-inducing peptide.
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Figure 4.4 No adverse local inflammatory effects are observed in response to SOCS3-inducing
peptide or control peptide administration in mice.

(A) Representative images of haematoxylin, fast green and safranin O staining of WT left knee mouse
joints at day-3 post-arthritis induction in the three previously described experimental groups: without
mBSA (knee not injected) (left), knee injected only with control peptide (middle) and knee injected
only with SOCS3 peptide (right). (B) Histopathology scoring of the three conditions described above
in (A), showing synovial infiltrate, exudate, hyperplasia/pannus formation and cartilage/bone erosion
at day-3 post-arthritis induction (n = 5/group). (C) The aggregate score for all parameters in B is
presented as an arthritic index (Al) for all the conditions (n = 5/group). Error bars indicate SEM.
Shapiro-Wilk normality test and a Kruskal-Wallis test, Dunn’s multiple comparisons test were used.
Scale bars: 500 um. AlA, antigen-induced arthritis; CONTROL P/CP — control peptide; SOCS3 P—SOCS3-
inducing peptide.
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4.3.2 Local administration of SOCS3-inducing peptide does not significantly affect

systemic mBSA-specific antibody titres in AIA mice

The establishment of an antigen-specific antibody response to mBSA can be confirmed prior
to induction of joint inflammation by intraarticular injection of mBSA. For this, peripheral
blood from all the experimental conditions was recovered by cardiac puncture blood
sampling as described in Materials and Methods Section 2.3.3, and serum antibody titres to
mBSA were determined by enzyme-linked immunosorbent assay (ELISA) as described
previously (Materials and Methods Section 2.5.2). No changes were observed in the levels
of anti-mBSA titre between the sera of the different mice (Figure 4.5). Here, synovitis was
associated with elevated adaptive immune responses in mice receiving only mBSA without
any treatment, highlighted by increased T-cell infiltrate and mBSA-specific antibody titres.
However, this study will need further investigation as local administration of drug on arthritis
onset may not be sufficient to affect the systemic antibody response, particularly after the
establishment of mBSA-specific antibody response in previously primed mice, or to verify
decreased mBSA specific serum IgG titres and therefore a reduction in adaptive immune

responses in SOCS3-inducing peptide treated mice.

31 © mBSA only
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Figure 4.5 SOCS3-inducing peptide does not significantly diminish adaptive immune responses in
mice at day 3 of AlA.

Anti-mBSA serum titre determinations. Anti-mBSA titres were measured using ELISA in sera from mice
at day 3 of AIA (n= 5/group) in the 4 conditions shown. Absorbance changes were monitored at 450
nm. Values represent the mean + SEM. CONTROL P - control peptide; SOCS3 P; SOCS3-inducing
peptide; w/o — without.
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4.3.3 SOCS3 reduces STAT3 activity and the number of synovial infiltrating T-cells

Previous data show that inhibition of SOCS3 activity in mBSA-driven arthritis exacerbated
disease severity through an increase in neutrophil infiltration and enhanced activation of T
lymphocytes and macrophages 23, |, therefore, assessed the impact of the therapeutic
peptide on the pattern of synovial infiltration in joint sections derived from mice with AIA
(Figure 4.6). Immunohistochemistry for synovial CD3* T-cells (see Section 2.4.4)
demonstrated a dramatic reduction of infiltrates in SOCS3-inducing peptide group compared
to both control peptide and ‘only mBSA’ groups (Figure 4.6A, B). Due to the role of STAT3 in
controlling the differentiation, survival, proliferation and regulatory effector functions of
T- cells, experiments also evaluated the activation of STAT3 using antibodies against a
tyrosine-phosphorylated form of STAT3 (pY-STAT3)2%. IHC for tyrosine-phosphorylated
STAT3 (hereafter pY-STAT3) in SOCS3-inducing peptide joints revealed a much lower degree
of STAT3 activity compared to controls. However, no substantial difference was observed in
IHC using the generally accepted marker for murine macrophages F4/80, between the
SOCS3-inducing peptide group and the control groups (Figure 4.6A, B). Given the fact that
inflamed joints treated with SOCS3-inducing peptide showed a strong reduction in the
degree of synovial CD3 and pY-STAT3 staining by IHC, | next investigated co-localisation
between CD3 and pY-STAT3 in the synovium of mice treated with the SOCS3-inducing
peptide. Histological joint sections from day 3 of AIA were evaluated for pY-STAT3 and CD3
using immunofluorescence. Indeed, immunofluorescence (IF) studies revealed that
pY- STAT3 colocalised with CD3* T-cells throughout the synovium (Figure 4.7). Together,
these data strongly support a role for the SOCS3-inducing peptide in negatively regulating
STAT3 activity within the inflamed synovium during AlA and results in a reduction in synovial

T-cell infiltration.
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Figure 4.6 SOCS3-inducing peptide decreases the proportion of CD3* T-cells and STAT3 activity in
the inflamed synovium.

(A-B) AIA was established in WT mice, with either a SOCS3-inducing peptide or control P7-derived
peptide sequence and histopathology assessed at day-3 of AIA. (A) Representative IHC and
quantification of CD3, pY-STAT3 and F4/80 staining in synovial sequential sections (n = 5/group).
Isotype control for CD3 is shown in the upper right corner. (B) IHC quantification of CD3, pY-STAT3
and F4/80 staining were carried out (n = 5/group). Error bars indicate SEM. *, p < 0.05; **, p < 0.01.
Shapiro-Wilk normality test and a one-way ANOVA, Turkey’s multiple comparisons test were used.
Scale bars: (A) 100 um. AlA, antigen-induced arthritis; CONTROL P — control peptide; SOCS3 P —SOCS3-

inducing peptide.
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pY-STAT3

CD3

Figure 4.7 pY-STAT3 co-localisation with CD3* T-cells in inflamed synovium treated with SOCS3-
inducing peptide.

Detection of pY-STAT3* T-cells at synovium of AlA-challenged mice treated with SOCS3-inducing
peptide by confocal double-immunofluorescence with antibodies to CD3 (red), pY-STAT3 (green) and

DAPI nuclear staining (blue) (Described in Material and Methods Section 2.4.4.1). Scale bars: 100 um;
50 um (merged image)).
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4.3.4 SOCS3-inducing peptide selectively prevents differentiation of Th17 cells

SOCS3 is an important regulator of lymphokine responses relevant to the control of adaptive
immunity. For example, SOCS3 plays an important role in restricting Th17 cell generation by
inhibiting IL-6 and IL-23-mediated STAT3 activation **2. Given the T-cell driven outcomes
relating to pY-STAT3 observed in the above immunohistochemical analysis, and since Th17
cells have been associated with the pathogenesis of various autoimmune chronic
inflammatory diseases and are thought to play a critical role in the pathogenesis of RA, next
experiments tested whether the SOCS3-inducing peptide (SOCS3 P) affected the generation
or expansion of murine Th17 cells in vitro. Splenic naive CD4* T-cells (CD4*'CD25
CD44"°CD62L") from WT mice were activated under anti-CD3 and anti-CD28 co-stimulation
with Th17-polarising cytokines for 4 days, in the presence or absence of 200 ng/mL
SOCS3- inducing peptide or a control P7-derived scrambled peptide. The effect of the
peptides on the proportion of IL-17-secreting CD4* T-cells was assessed by flow cytometry
as previously described (see Material and Methods, Sections 2.1.2.4 and 2.2.2). The gating

strategy adopted is represented in Figure 4.8.

The proportion of IL-17A-secreting T-cells was significantly reduced (more than 50%) in the
presence of the SOCS3-inducing peptide compared to the T-cells that were cultured with the
control P7-derived peptide sequence (Figure 4.9A, B). To verify these findings, culture
supernatants were collected for analysis of IL-17A cytokine secretion by ELISA (see Section
2.5.1). Here, a similar trend was observed: levels of IL-17A in the culture medium from cells
cultured with SOCS3-inducing peptide were significantly decreased when compared to
culture medium from cells treated with the control peptide (Figure 4.9C). Thus, this data
highlights that treatment with SOCS3-inducing peptide in vitro inhibits Th17 cell

differentiation.
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Figure 4.8 Gating strategy for CD4* IL17A* T-cells identification using flow cytometry.

Naive CD4+ T-cells (CD4+CD25-CD44loCD62Lhi) were plated at 1.5x105 cells/well in 96-well round-
bottom plates pre-coated with anti-CD3 and anti-CD28 antibodies and cultured with TGF-$ (1 ng/mL),
IL-6 (20 ng/mL) and IL-23 (20 ng/mL) in supplemented IMDM (see Materials and Methods, Section
2.1.2.4). After 4 days, cells were stimulated with PMA, ionomycin and monensin for 4 hours at 37 °C
before intracellular cytokine staining (see Section 2.2.2) and flow cytometry analysis: cells were gated
based on SSC and FSC, doublets were excluded, and live CD4* IL17A* T-cells were successfully
identified. FSC-H — forward scatter-height, FSC-A — forward scatter-area; SSC-A — side scatter-area.
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Figure 4.9 SOCS3-inducing peptide blocks Th17 cell differentiation in vitro.

(A-B) Naive CD4* T-cells (CD4*CD25CD44'°CD62L") were cultured in vitro under polarising conditions
for Th17 cells in the presence or absence of 200ng/mL SOCS3-inducing peptide and control peptide
for 4 days. Th17 cell differentiation was determined by flow cytometry after stimulation with PMA,
ionomycin and monensin for 4 hours (see Materials and Methods, Section 2.1.2.4). (A)
Representative flow cytometry plots and (B) percentage of cytokine IL-17A-producing effector CD4*
T-cells after 4 days of culture. (C) Levels of IL-17A were detected in culture supernatants by ELISA.
(A- C) n = 3/group. Data are representative of two independent experiments. IMDM- Supplemented
IMDM for Th17 cells; CONTROL P — control peptide; SOCS3 P — SOCS3-inducing peptide. Graphs
indicate mean + SEM. *, p < 0.05; **, p < 0.01.
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4.4 Discussion

SOCS3 is a key negative regulator of the JAK/STAT pathway in infection and inflammation,
and more specifically, it regulates STAT3 activation in response to cytokine engagement of
their receptors, such as those in the gp130-containing IL-6 receptor family 3. The broad
regulatory properties of SOCS3 and its direct involvement in infection and inflammatory
disorders such as rheumatoid arthritis highlights its potential as a robust therapeutic target.
Hence, this Chapter aims to develop a new therapeutic strategy for the treatment of RA by
using a novel peptide that selectively upregulates SOCS3 and, consequently, blocks STAT3
activation. These studies build on experiments performed in Chapter 3, where selective
inhibition of JAK/STAT signalling was performed in experimental arthritis by directly
targeting STAT3 instead. Induction of SOCS3 by viruses such as HCV suggests a key role for
SOCS3 in suppressing anti-viral signal transduction and regulating type | IFN responses during
viral infection %°%4%_ |n addition, SOCS3 does not block receptor systems linked with IL-10,
thereby causing no impact on anti-inflammatory immunomodulatory cytokines 21414,
Therefore, therapeutic manipulation of SOCS3 expression with regulatory peptides derived
from the HVC P7 protein could be a useful tool in treating disease. Indeed, in this Chapter, |
show that treatment of WT mice during AIA with a SOCS3-inducing peptide led to significant
improvement in disease activity in vivo and reduced expression of IL-17-producing T-cells

in vitro.

SOCS3 over-expression has been previously shown to mitigate inflammatory arthritis
induced by antigen (AIA) or collagen (CIA) in some inflammation mouse models 210213,
Moreover, prior work has documented that adenoviral gene delivery of the SOCS3 gene into
synovial tissue significantly suppressed pathological changes associated with arthritis in
these mice 2%, The approaches taken in these studies are similar to the experiments
performed in this Chapter and provided strong rationale for the experimental model chosen
to investigate the therapeutic potential of a novel SOCS3-inducing peptide. Consistent with
the previously mentioned recombinant adenovirus studies, where overexpression of SOCS3
showed amelioration of inflammatory arthritis development in mice, SOCS3-inducing
regulatory peptide injected intraarticularly to AIA mice on disease onset, reduced arthritis
severity to some extent. Particularly, treatment decreased cell infiltration in the synovium

of AIA mice. Notably, Wong et al. reported that deletion of SOCS3 in hematopoietic and

endothelial cells was associated with severe IL-1-dependent inflammatory arthritis;
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characterised by a conspicuous infiltration of neutrophils and other immune cells in the
synovial tissue 23, Thus, prior experiments and those performed here in this Chapter
highlight the critical role played by SOCS3 in inhibiting inflammation and underline the
potential of inducing SOCS3 as a therapeutic approach to limit STAT3-driven chronic

inflammatory conditions.

In this Chapter, | also demonstrate that upregulation of SOCS3 —indirectly showcased by the
pY-STAT3 IHC — strongly diminishes STAT3 activity and consequent disease pathology in AIA
joints. This behaviour agrees with the findings of previous studies performed by my group,
where mice with a genetically reduced level of gpl30-dependent STAT3 activation
(gp1307F:Stat3*" mice, see Chapter 2, Section 2.3.1 for more details) were reported to be

204 While early anti-CD3 IHC revealed a reduction in synovial

protected from acute pathology
CD3* T-cells in response to SOCS3-inducing peptide treatment, the data here show that
SOCS3 induction had no effect upon F4/80* myeloid cells. Thus, induction of SOCS3
expression during the early stage of the model (day-3 of AIA) does not affect macrophage

recruitment.

SOCS3 plays a role in restricting Thl7 cell generation, by inhibiting IL-23 and IL-6
signalling #*2. In this context, Th17 cell differentiation is induced by IL-6 and IL-23 in the
presence of TGF- B through the activation of STAT3, and SOCS3-mediated regulation of
cytokines responses in T-cell lineages impairs Th17 differentiation **°. Therefore, the
reduction in Th17 cell population previously seen in this study could reflect an upregulation
of SOCS3 and subsequent expected inhibition of STAT3 activity. Together, these studies
confirm the therapeutic potential of SOCS3-inducing peptide in blocking Th17 cell

differentiation in vitro and therefore, disease attenuation.

Future experiments will test SOCS3-inducing peptide in AlA-challenged mice, and disease
will be evaluated at day 10 of AlA or late arthritis. Experiments will also examine the efficacy
of the novel peptide during the priming phase of AlA, perhaps delivered by oral gavage at
this stage, as during the priming phase, there is still no joint disease. This may potentially
prevent early formation of the Th17 cell response and enable evaluation of Th17 effector
cytokines expression in both the draining lymph nodes and locally within the inflamed joint.
It might also be interesting to explore treatment response in other cell subtypes to see
whether there is a specific effect on Th17 cells by showing no effect on Thl or Th2 cells

in vitro. Furthermore, another major question not addressed by these studies was whether
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the findings observed for Th17 cells in vitro were applicable to Thf cells. These cells have
shown to promote autoimmunity in RA by helping B-cells produce self-reactive Abs in
germinal centres and require cytokines that activate STAT3 signalling (IL-6 and IL-21) to
promote Bcl6 expression for their differentiation #1647, Thus, it would be interesting to track
their response to the SOCS3-inducing peptide, as this novel therapeutic approach could
potentially result in suppression of these Th subsets as well. Finally, the next stage is to trial
the SOCS3 peptide in the CIA model to determine its anti-arthritic effect in a systemic model

of inflammatory arthritis, as opposed to the local mono-arthritic synovitis modelled in AlA.

In summary, this Chapter represents a pilot experiment that provides in vivo and in vitro
evidence for the importance of SOCS3 in modulating the development of rheumatoid
arthritis. Experiments here further illustrate that virus-derived peptides from the P7 protein
of hepatitis C virus (HCV) have the capacity to enhance SOCS3 expression to moderate
JAK/STAT signalling. The question remains whether targeted inhibition of specific cytokines
implicated in RA directly (as outlined in Chapter 3) is more effective than through the global
blockade of cytokines using their respective intracellular signalling pathways as
demonstrated in this Chapter. However, it is already evident that manipulation of SOCS3
could represent a novel therapeutic approach and methods of artificially regulating its

expression, including regulatory peptides, may be a solution for inflammatory diseases.
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5 Therapeutic targeting of IL-6 trans-signalling by

chimeric soluble gp130 (cs-130)

5.1 Background

Current IL-6 targeted therapies display robust safety profiles and show strong efficacy in RA,
where the clinically beneficial inhibition of IL-6 includes impacts on the control of adaptive
immunity 22, As previously discussed in Chapter 1, Section 1.3.2, IL-6 exerts its effects
through very distinct modes of signalling on target cells: (i) Classical IL-6 receptor signalling
is linked with the control of acute inflammatory processes (e.g., the acute phase response),
tissue homeostasis and metabolism (e.g., epithelial regeneration, glucose, lipid and iron
metabolism) and some aspects of leukocyte regulation (e.g., lymphocyte survival and
proliferation) 438, Binding of IL-6 to the IL-6R is followed by recruitment of the ubiquitously
expressed signal-transducing co-receptor gp130 and initiation of downstream signalling
cascades leading to activation of the JAK/STAT signalling pathway, ERK-MAPK signalling and
various associated pathways linked with protein kinase B (Akt/PKB) and Yes-associated
protein (YAP) involvement 2*2, (ii) IL-6 trans-signalling relies on the presence of the soluble
IL- 6R (sIL-6R) to mediate IL-6-type responses in cells expressing gp130 alone 8, This mode
of IL- 6 signalling also affects the overall bioavailability of IL-6 and is considered integral to
the development and maintenance of immune activities within inflamed tissues, including
the synovium of patients with RA 243242, Alternatively, IL-6 signal transduction can be induced
by a third mechanism, namely IL-6 trans-presentation or “cluster signalling” that occurs
when membrane-bound IL-6:IL-6R complexes on transmitter cells activate gp130 receptors
on neighbouring receiver cells and activate signal transduction through sgp130

dimerisation 2282%°,

IL-6 is a keystone cytokine that supports disease progression in RA and therefore, targeting
its signalling should offer the best opportunity for disease remission in certain patients 212,
However, global IL-6 blockade (e.g., via IL-6R or IL-6 directed antibodies) targets all modes
of IL-6 receptor signalling and is often associated with many side effects such as an increased
risk of infections, alteration of circulating lipids and moderate increase in certain liver

419

enzymes . Whilst this profile of adverse outcomes is not unique to IL-6-directed

intervention, and similar concerns are also seen with other biological drug regimes, any
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advances that limited these deleterious consequences would significantly improve the
clinical management and quality of life of patients receiving these drugs. Based on the
emerging biology of IL-6 regulation and signalling in disease, second-generation biological
drug therapies against this cytokine are now leading to more targeted inhibition strategies.
Thus, the pioneering approach is exemplified by the clinical application of olamkicept, which
is an engineered sgp130Fc protein that selectively targets IL-6 trans-signalling and IL-11

trans-signalling 3%,

Structure-function studies have identified regions within the IL-6 sequence essential for
receptor binding. Site | for IL-6 binding to IL-6R, and sites Il and Ill required for docking to
domains D2/D3 and D1 of gp130, respectively (Figure 5.1). Antibodies against IL-6 (e.g.,
siltuximab, clazakizumab) or IL-6R (e.g., sariluman, tocilizumab), target the site | interface
formed between IL-6 and the IL-6R and affect both classic and trans-signalling, while others
target site ll (e.g., EBI-033) or site Il (e.g., olokizumab). While sgp130 is the natural inhibitor
of the agonistic IL-6/sIL-6R complex, the recombinant fusion protein sgp130Fc targets sites
II and Il and theoretically does not affect IL-6 class-signalling, unless extremely high
concentrations are used, allowing quantitative complexing of IL-6 with sIL-6R and, thus,
reducing free IL-6 levels 227429, Unlike drugs that target site I, biological therapies that
interact with site Il and Ill do not cause substantive elevations in circulating IL-6 following
intervention 3%, As a result, the control of bacterial and viral infections is not expected to be
affected, which is supported by in vivo experiments **1. However, sgp130Fc (olamkicept) is a
very large protein dimer with approximately 186 kDa plus 20 glycosylation chains, leading to
a total molecular weight of about 240 kDa. Efforts have been made to reduce the size of the
molecule using natural sgp130 monomers (120 kDa) or the natural short sgp130-RAPS
variant consisting of only the ligand-binding domains D1-D3 of gp130 (50 kDa), but the
inhibitory capacities and binding affinities of such proteins are much lower than those of

227,422,423

sgp130 dimers

In this Chapter, | performed proof-of-concept studies using a Th17 cell expansion assay to
evaluate a novel set of sgp130-based IL-6 trans-signalling inhibitors as a more specific and
effective way to block IL-6 trans-signalling and therefore prevent STAT3-driven murine Th17
cells. These inhibitors are miniaturised sgp130 variants composed of combinations of the
cytokine binding domains (D1, D2, D3) of sgp130, fused with a recently described single
domain antibody (sdAb, VHHH, nanobody) recognising the interface formed by IL-6 in
complex with the sIL-6R (VHH6) ***. The sdAb recognises only the complex of IL-6 and sIL-6,
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but not the individual components, and binds to it with nanomolar affinity, stabilising the
complex *?*. By combining the sgp130 ligand-binding domains and the sdAb, avidity effects

will restore the biology activity lost through minimisation of sgp130.

IL-6R Site 11 (IL-6)
IL-6 D1 (gp130)

Site | (IL-6)

sgp130

Site Il (IL-6)
D2/D3 (gp130)

Figure 5.1 Structure of the human IL-6/IL-6R/gp130 complex.

Schematic view of the dimerised, hexameric signalling structure of IL-6/IL-6R/gp130 shown as a partial
space-filling model with the three conserved binding sites of IL-6 (Sites I, Il and Ill) and the three
different gp130 domains (D1, D2 and D3). The shaded structures represent a schematic half of the
trimeric structure to demonstrate the binding faces of the IL-6/IL-6R/gp130 complex. Molecular
graphics image was produced using PyMOL 2.0 and PDB code 1P9M (see Section 2.9.7.8).
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5.2 Aims

Although sgp130Fc is a very well-characterised IL-6 trans-signalling inhibitor, it is a large
glycosylated molecule that may affect the pharmacokinetics or antigenicity of the drug in
clinical practice. Studies have reported that the activity of sgp130-based trans-signalling
inhibitors inversely correlates with their molecular weight *?>. The novel inhibitors utilised in
this study are designed to retain the biological characteristics of olamkicept, but with
increased specificity and avidity for IL-6 tans-signalling due to the linked VHH nanobody.
Moreover, these constructs have a lower molecular weight than olamkicept. Therefore, it
was hypothesised that these novel sgp130 variants would result in improved inhibitory

capacity of IL-6 trans-signalling and consequently, STAT3-driven Th17 cell expansion in vitro.

In this chapter, the overall aim was to test the therapeutic potential of sgp130-based trans-
signalling inhibitors, in murine naive CD4" T-cells activated under Th17 polarising conditions
in vitro, in collaboration with Professor Jirgen Scheller and Dr Jens Moll (Heinrich Heine
University, Dusseldorf). Ablation of IL-6/STAT3 signalling axis in T-cells impairs Th17
differentiation and results to their skewing toward anti-inflammatory Treg cells 42%4?7; | also
hypothesised that following successful Th17 cells inhibition, this alternative therapy could

consequently represent a useful tool in the treatment of inflammatory arthritis.
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5.3 Results

5.3.1 Design of miniaturised sgp130 variants

The molecular weight of bioengineered therapeutic modalities, such as antibody-based
interventions significantly affects their bioavailability and overall pharmacokinetics *?°. Here,
pharmacological approaches have demonstrated an inverse correlation between the
capacity of a drug to penetrate tissues and the molecular weight of the modality. When
compared to olamkicept (an engineered sgp130-Fc construct), several smaller molecular
weight variants of sgp130 (e.g., the 50 kDa sgp130- RAPS isoform) exhibit similar biological

activities, but weaker efficacies 226227422

. For example, while sgp130Fc inhibited IL-6
trans- signalling with an IC50 of 77 pM, the IC50 of monomeric sgp130 is above 700 pM, and
the 1C50 for sgp130-RAPS is well over 70000 pM 227422, Thus, researchers have harnessed
various bioengineering strategies to enhance the efficacy of sgp130-based interventions,

while improving the pharmacodynamic of the drug.

Recombinant gp130-based fusion proteins were kindly provided by Professor Jiirgen Scheller
and Dr Jens Moll (Heinrich Heine Universitat, Dusseldorf, Germany) (see Section 2.1.2.5).
These agents were specifically designed to combine the biological properties of sgp130 with
a single domain antibody (sdAn VHHG6) specific for the IL-6:sIL-6R complex. Specifically, the
first three domains of sgp130 (represented in sgp130-RAPS) were connected via a flexible
linker to VHH6 and a human IgG Fc domain, which is required for initial purification from cell
culture supernatants. A tobacco etch virus (TEV) protease recognition site was inserted
immediately prior to the IgG Fc domain to allow removal of the antibody tail ( Figure 5.2) 4?2,
The resulting fusion protein labelled cs-130-Fc has a theoretical molecular weight of 157 kDa
compared to 186 kDa for sgp130Fc (Figure 5.2A). After TEV cleavage, the resultant cs-130 is
reduced to a molecular weight of about 52 kDa. A variety of fusion proteins were created to
examine the effects of the domains D1-D3 of sgp130 and the sdAb components with regards
to inhibitory function (Figure 5.2B). Moreover, mutations were inserted in the D1 and D2
domains of sgp130 to reduce or increase binding affinity to the IL-6:sIL-6R complex 4%

(Figure 5.2B).
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Figure 5.2 Schematic illustration of sc-130 variant design.

Protein domains are depicted as (not size-proportional) boxes. (A) Domains D1 (grey), D2-D3 (blue)
of sgp130Fc, incorporating sites Il and Il required for cytokine binding, were fused via a long flexible
linker to a single domain antibody (VHH6) recognising the complex of IL-6 and sIL-6R. A TEV protease
recognition sequence connects VHHG6 to the Fc fragment of a human IgG antibody. (B) Overview of
different cs-130Fc variants. TEV protease recognition sequences (|) and positions of amino acid
substitutions are indicated (*).
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5.3.2 ¢s-130Fc variants inhibit Th17 cell differentiation in a dose-dependent

manner

IL-6, in combination with TGF-beta, is required for the differentiation of murine naive CD4*
T-cells into Th17 cells. Here, IL-6 activation of STAT3 promotes the expression of the
transcriptional master regulator RORyt and the proliferative expansion of Th17 cells that
secrete IL-17A and IL-17F as their signature cytokine 8237-23° To assess the effect of cs-130Fc
variants on Th17 cell differentiation, naive CD4* T-cells (CD4*CD25CD44"°CD62L") cells from
the spleen of WT mice were activated under anti-CD3 and anti-CD28 antibody co-stimulation
with TGFf (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL), sIL-6R (100 ng/mL), and anti-IL-2 (10
ng/mL) for 4 days, using a modified method to that described in Section 2.1.2. Here, anti-
IL- 2 was introduced to maximise the expansion of Th17 cells, and increased concentrations
of IL-6 and sIL-6R were used to match the doses utilised in Ba/F3 cell proliferation assays
conducted by the team in Disseldorf to quantify IL-6 trans-signalling. Increasing
concentrations of cs-130Fc variants were added as indicated in the figure legends. Here, flow
cytometry was used to monitor effector cytokine production associated with Th17 cell
commitment. Under normal Th17-polarising conditions, Th17 cells accounted for about 11%
+ 1.52 of the total alive CD4* T-cells; this percentage slightly increased (12.5%) when IL-6
concentration was increased to 50 ng/mL (Figure 5.3). Furthermore, the percentage of IL-17
expressing cells was significantly enhanced by the antibody blockade of IL-2 (22%),
consistent with the known negative regulation of Th17 cells by IL-2 **°. To evaluate the
efficiency of Th17 cell inhibition by the cs-130 derivatives, all analyses were compared
against the action of IL-27, which is a potent suppressor of Th1l7 cell

development 3°**3°(Figure 5.3).
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Figure 5.3 Increasing IL-6 concentration and adding anti-IL-2 magnifies Th17 cell expansion, while
IL-27 inhibits it.

Representative flow cytometry plots of splenic naive CD4* T-cells (CD4*CD25CD44'°CD62L") cultured
in vitro under different conditions, as indicated (n = 3). Data are representative of at least three
independent experiments.

To compare the capacity of the cs-130Fc variants to block Th17 expansion, the inhibitory
action of each derivative was compared against the action of sgp130Fc (olamkicept) 2’
(Figure 5.4). This molecule shows no inhibitory action against IL-6 itself in controlling Th17
cell expansion, but instead selectively inhibits the development of Th17 cells expanded as a
response to IL-6 trans-signalling (i.e., the IL-6:sIL-6R complex). Under these conditions,
inhibition was indeed confirmed in response to 0.1-10 nM sgp130Fc with an ICso value of
1.63 nM (Figure 5.4D). Chimeric soluble gp130 (cs-130) variants cs-130Fc (Figure 5.5) and
cs- 130 (Figure 5.6) displayed comparable inhibitions of Th17 cell expansion. With an ICso
value of 0.6 nM, cs-130Fc was 2.5-fold more potent than sgpl30Fc; while sgp130Fc
(ICs0: 1.6 nM) was 1.5 times more active than cs-130 (2.5 1Cso: nM). On the contrary, during
control experiments using the two previously described inactivating variants of sgp130:
CarpS-130Fc and cs-130190K/F1EE e (See Figure 5.2), no effect on Th17 expansion were observed
(Figure 5.7). Thus, these results further support that cs-130Fc variants improve IL-6 trans-

signalling inhibitory potential, which here is reflected in the inhibition of Th17 cells in vitro.
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Figure 5.4 The fusion protein sgp130Fc is able to suppress the proliferation of Th17 cells in a dose-
dependent manner in vitro.

(A) Representative flow cytometry plots (n = 3) of naive T-cells (CD4*CD25 CD44"°CD62L") cultured in
vitro under polarising conditions for Th17 cells (TGFp (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL),
slL- 6R (100 ng/mL), and anti-IL-2 (10 ng/mL) in the presence of increasing sgp130Fc concentrations,
as indicated, for 4 days. Th17 cell differentiation was determined by flow cytometry after stimulation
with PMA, ionomycin and monensin for 4 hours. The % of inhibition (B) and IL-17A* cells (C), were
normalised to controls. (D) The concentration-dependent inhibitory dose-curve was plotted as the
normalised percentage of inhibition, and effective concentration (ICso) value was calculated by
nonlinear regression analysis, using the “inhibitor vs response (three parameters)” equation in Prism
7. Graphs present data from 1 independent experiment, error bars indicate SD.
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Figure 5.5 cs-130Fc inhibits Th17 cell formation in a dose-dependent manner in vitro.

(A) Representative flow cytometry plots (n = 3) of naive T-cells (CD4*CD25 CD44"°CD62L") cultured in
vitro under polarising conditions for Th17 cells (TGF (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL),
slL- 6R (100 ng/mL), and anti-IL-2 (10 ng/mL) in the presence of increasing cs-130Fc concentrations,
as indicated, for 4 days. Th17 cell differentiation was determined by flow cytometry after stimulation
with PMA, ionomycin and monensin for 4 hours. The % of inhibition (B) and IL-17A* cells (C), were
normalised to controls. (D) The concentration-dependent inhibitory dose-curve was plotted as the
normalised percentage of inhibition, and effective concentration (ICso) value was calculated by
nonlinear regression analysis, using the “inhibitor vs response (three parameters)” equation in Prism
7. Graphs present data from 1 independent experiment, error bars indicate SD.

161



Chapter 5

A anti-CD3/CD28 + IL-23 B 507
+TGFB +IL-6 + g,
sIL-6R + anti-IL-2 2
2 30
£
o
CS'13O S 204
without 5 104
19.9 ¢s-130 N
QQQ» Q'@ o> N O
Wwooad e Inhibitior concentration (nM)
l 0.001 nM 120
213 . <
) —— C £ 100
O~ 3
= 2 801
i S
= 604
o
2 407
0.01 g 201
21.3 -.01nM 5
g =z
:

& o
090 & & oo

Inhibitior concentration (nM)

it 17.1 0.1nM

ioms | D IC, 253nM

w g 501
10* c
2
1nM a
20.0 E
& - c
Lo | 3
DN &
= 5
o, £
| S
M = m
> > .
z 141  10nM ©
- Inhibitior concentration (mol/L)

IL-17 - APC —

Figure 5.6 cs-130 inhibits Th17 cell formation in a dose-dependent manner in vitro.

(A) Representative flow cytometry plots (n = 3) of naive T-cells (CD4*CD25 CD44"°CD62L") cultured in
vitro under polarising conditions for Th17 cells (TGF (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL),
slL- 6R (100 ng/mL), and anti-IL-2 (10 ng/mL) in the presence of increasing cs-130 concentrations, as
indicated, for 4 days. Th17 cell differentiation was determined by flow cytometry after stimulation
with PMA, ionomycin and monensin for 4 hours. The % of inhibition (B) and IL-17A* cells (C), were
normalised to controls. (D) The concentration-dependent inhibitory dose-curve was plotted as the
normalised percentage of inhibition, and effective concentration (ICso) value was calculated by
nonlinear regression analysis, using the “inhibitor vs response (three parameters)” equation in Prism
7. Graphs present data from 1 independent experiment, error bars indicate SD.
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5.3.3 Potency-enhancing mutations in sgp130 do not show any improvement in

inhibitory selectivity towards IL-6 trans-signalling

Previous structure-function studies have identified the importance of T*%2, Q!** and N*'* in
recognition of IL-6/sIL-6R. These residues form part of the Site-lll cytokine determinant
region of gp130 “?8, Selective mutation of these residues (T102Y, Q113F and N114L) were
engineered into cs-130Fc to further improve the affinity towards IL-6/sIL-6R #8. The resulting
Cs-130T102Y/QU3F/NIALEE \was expressed and purified by affinity chromatography by our
collaborators (data not shown). Monomeric cs-1307102Y/QU3F/NI4LEE \was then generated by
TEV protease cleavage of the Fc fragment and isolated. To test its efficacy, | used the same
approach and explored Th17 cells inhibition in the presence of cs-130702Y/Q3F/NLl4LEC
(Figure 5.8). Monomeric cs-1307102/QU3FNIALEC officiently inhibited murine Th17 cells in
vitro, however, in comparison to sgp130Fc (IC50: 1.63 nM) and cs-130Fc variants (IC50: 0.66
and 2.53 nM), this inhibition was less efficient (IC50: 7.29 nM) (Figure 5.8D). This is a rather
unexpected result, giving the success of this activity boosting variant in blocking IL-6 trans-
signalling-induced proliferation of Ba/F3-sgp130 cells found in previous studies carried out
by our collaborators (unpublished observations). Thus, a clear benefit of potency-enhancing

sgp130 variant in preventing Th17 cells could not be identified in this system.
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Figure 5.8 Affinity-enhancing mutation did not improve the inhibitory capacity of cs-130Fc variants.

(A) Representative flow cytometry plots (n = 3) of naive T-cells (CD4*CD25 CD44"°CD62L") cultured in
vitro under polarising conditions for Th17 cells (TGF (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL), sIL-
6R (100 ng/mL), and anti-IL-2 (10 ng/mL) in the presence of increasing cs-13Q7T102Y/QLi3F/114L pc
concentrations, as indicated, for 4 days. Th17 cell differentiation was determined by flow cytometry
after stimulation with PMA, ionomycin and monensin for 4 hours. The % of inhibition (B) and IL-17A*
cells (C), were normalised to controls. (D) The concentration-dependent inhibitory dose-curve was
plotted as the normalised percentage of inhibition, and effective concentration (ICso) value was
calculated by nonlinear regression analysis, using the “inhibitor vs response (three parameters)”
equation in Prism 7. Graphs present data from 1 independent experiment, error bars indicate SD.
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5.3.4 Comparison of the effect of all the different cs-130Fc variants in preventing

Th17 cell differentiation in vitro murine T-cell cultures

Figure 5.9 displays the summarise of the inhibitory capacity of the previously outlined
miniaturised sgp130 variants in preventing the differentiation of IL-17A producing cells.
Closer inspection of this figure shows that all the cs-130Fc variants inhibited Th17 cells in a
dose-dependent manner, being cs-130Fc (in colour brown) the most potent inhibitor and cs-
130T102Y/Q113F/114L-Fc the least. Taken together, this data highlights that novel class of
chimeric soluble gp130-based IL-6 trans-signalling inhibitors successfully inhibited splenic
differentiation of naive T-cells into a Th17 phenotype in vitro, and that cs-130Fc was the
most efficient fusion protein with an improved IC50 value over sgp130Fc with regards to

Th17 cells inhibition.
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Figure 5.9 Summary of the Th17 cells inhibitory capacity of cs-130Fc variants in vitro.

Naive CD4* T-cells (CD4*CD25CD44"°CD62L") (n = 3) cultured in vitro under polarising conditions for
Th17 cells (TGFB (1 ng/mL), IL-23 (20 ng/mL), IL-6 (50 ng/mL), sIL-6R (100 ng/mL), and anti-IL-2 (10
ng/mL) in the presence of increasing inhibitor concentrations, as indicated, for 4 days. Th17 cell
differentiation was determined by flow cytometry after stimulation with PMA, ionomycin and
monensin for 4 hours. The % of inhibition and IL-17A* cells were normalised to controls. Error bars
indicate SD.
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5.4 Discussion

Therapeutic agents targeting excessive IL-6-signalling are effective in RA 3%, Currently, there
are several monoclonal antibodies directed against IL-6 or its a-receptor approved for
therapeutic applications 2163%, These biological drugs typically target the binding of IL-6 to
IL- 6R (e.g., siltuximab, tocilizumab) or target the interaction of IL-6 with sgp130
(e.g., olokizumab) and fail to distinguish between the biological activities of classical IL-6
receptor signalling and IL-6 trans-signalling. Recent advances suggest that IL-6
trans- signalling is the primary driver of IL-6 responses in local pathology (e.g., the inflamed
synovium during RA) and selective targeting of this mode of signalling may help alleviate
some of the confounding contradictions associated with the broader spectrum IL-6 blockers.
This concept has led to the development of olamkicept, which is currently in Phase-lIl clinical

trials and selectively targets IL-6 trans-signalling **.

Several different endogenous soluble isoforms of sgp130, implicated in the regulation of
IL- 6-type cytokine signal transduction, have been detected in human serum 4224317433,
Sgp130Fc acts as a potent IL-6 signalling inhibitor that is mostly restricted to the

trans- signalling pathway ¥’

; thereby, sgp130Fc is considered a potential therapeutic
molecule for the treatment of IL-6 trans-signalling related diseases. Moreover, studies have
shown that sgp130Fc does not impact the regulation of bacterial and viral infections or the
control of C-reactive protein (CRP), which is recognised as the prototypical acute phase
reactant **%. Importantly, sgp130Fc can also have an influence on signalling induced by other

IL-6 family cytokines, especially IL-11, since both IL-6 and IL-11 form a ternary complex

composed of cytokines, a receptor and the sgp130 %,

Studies investigated the inhibitory effect of cs-130 variants surpassing the effect of sgp130Fc
in an in vitro Th17 cell expansion assay. These novel inhibitors were size-reduced variants of
sgp130Fc with no IL-11 trans-signalling inhibition and improved activity and selectivity for
IL- 6 trans-signalling, due to the previously shown inverse correlation for antibodies between
tissue penetration and molecular weight **>. Therefore, since the large size of sgp130Fc may
limit tissue penetration, smaller variants of sgp130 were characterised regarding their
inhibitory profiles 226227422 To reconstitute sgp130Fc like activity in cs-130Fc variants,

domains D1-D3 of sgp130 were fused to a sdAb recognising the IL-6/sIL-6R complex. All
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miniaturised chimeric sgp130 variants were biologically active, and cgers-130Fc mimic the

sgp130RAPS isoform.

Due to its potential in blocking IL-6 trans-signalling sgp130Fc was optimised in the past to
improve stability and binding affinities for IL-6 *?%. Several mutations at IL-6 binding sites II
and Il were described to improve binding affinities towards IL-6, resulting in improved
biological activity *?®. Sgp130Fc has also been described to inhibit IL-6 mediated Th17 cell
expansion in disease models of RA 3%, In line with these findings, we observed a more potent
inhibitory effect of ¢s-130 variants in an in preventing Th17 cell expansion in vitro. Here, we
show for the first time that these inhibitory proteins had a dose-dependent effect on Th17
cell proliferation. Comparison of IC50 values between cs-130Fc and sgp130Fc demonstrated
a 2.5-fold improvement of IC50 in cs-130Fc inhibitory capacity. However, incorporation of a
triple mutation at site Il in cs-1307102Y/QLIF/NUALEC yariants did not further improve Th17 cells
inhibition. Thus, these early studies suggest that cs-130Fc variants may be superior to
sgp130Fc in terms of pharmacological inhibition of Th17 cell formation concerning activity

and selectivity.

Th17 cells play a role in the pathogenesis of inflammatory arthritis. For example, IL-17A
promotes the expression of inflammatory cytokines (e.g., TNF-a, IL-6), matrix
metalloproteinases that contribute to cartilage degradation, and RANKL that is essential for
the differentiation of osteoclasts and subsequent bone resorption 843>, This initial in vitro
T- cell approach, where the efficacy of each drug was tested with a Th17 cell-based system,
gave us some indications on the potential application of these agents in vivo. Future
experiments will, therefore, evaluate the effect of these inhibitors on the severity of arthritis

in a model of antigen-induced arthritis.

In summary, this chapter provides proof-of-concept studies reporting that miniaturised
fusion proteins of sgp130 and a single-domain antibody against IL-6/sIL-6R displayed
comparable and some even improved Th17 cell inhibition than sgp130Fc. Such variants may
be beneficial for the physiological and pathophysiological dissection of IL-6 family cytokine
signalling modes. Furthermore, there are possible therapeutic applications of cs-130Fc

variants due to their selective inhibition of IL-6 trans-signalling and relatively small size.
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6 Negative regulation of CRTAM by IL-6 and IL-27 in

inflammatory arthritis

6.1 Background

The pathogenesis of inflammatory arthritis is multifactorial, involving complex interactions
between genetic, epigenetic and environmental components. In recent years, it has become
increasingly clear that many aspects of autoimmune inflammation are T-cell mediated .
Specifically, autoreactive CD4* T-cells play a dominant role in initiating and controlling
specific immune responses relevant to the development of synovitis and destruction of the
cartilage and bone in inflammatory arthritis 2. A central function of CD4* T-cells in the
pathogenesis of the disease has also been deduced from the RNA-seq analyses | performed
in joints of AIA mice previously outlined in Chapter 3. Changes in the survival, proliferation
and effector properties of T-cells are regulated by cytokines that signal through the JAK/STAT

pathway (discussed in more detail in Chapter 1, Section 1.3).

Our research group has recently generated a transcriptomic profile of IL-6 responses in
naive, activated, and memory CD4" T-cells to determine whether T-cell subsets adopt
different IL-6 signalling properties within the inflamed joint. The findings of this study have
allowed us to examine the differences between these T-cell subsets in their ability to
respond to antigen and to investigate the relationships between TCR activation and IL-6-
signalling through STAT1 and STAT3 transcription factors, linked with the control of these
responses 94, These studies reiterated the importance of IL-6 as a lymphokine and also
identified several genes that were negatively regulated by IL-6 in activated naive CD4*
T- cells. One target identified in this analysis was Crtam (Figure 6.1). Experiments outlined
within this Chapter examined the negative regulation of Crtam by IL-6 and focused on the

potential role Crtam may play in inflammatory arthritis.

Class I-restricted T-cell associated molecule (CRTAM; also known as cytotoxic and regulatory

T-cell molecule or CD355) #¢

, is an immunoglobulin-like cell surface protein that was
originally identified in 2000 as one of the most abundant transcripts expressed by murine
natural killer T-cells (NKT) *’. Subsequent studies have since shown that CRTAM is

transiently expressed on both mouse- and human- activated natural killer cells (NK), CD8*
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and CD4* T-cells 43443 Whilst these studies support a prominent role for CRTAM in immune
regulation by adaptive immune cells, other studies have demonstrated that CRTAM is also
present on the lateral membrane of epithelial cells **4. Thus, CRTAM may play essential roles
in the initiation of cell-to-cell-interactions. In this respect, CRTAM displays structural
features resembling proteins found within the nectin-like family of adhesion molecules.
While members of the nectin-family typical contain three immunoglobulin (Ig) domains, a
single transmembrane helix and an intracellular domain, CRTAM comprises two Ig domains
and a class-I PDZ binding domain (which is a common structural domain of 80-90 aa found

in signalling proteins); making CRTAM structurally distinct from the rest of the family %,
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Figure 6.1 Microarray data analysis showing downregulated genes upon IL-6 stimulation.

Microarray expression data are presented for CD4* CD25 CD44"° CD62L" CD127" naive T-cells (n = 3)
from the spleen of wild-type mice treated with anti-CD3 and anti-CD28 antibodies and 20 ng/mL IL-6
for 6 hours. The analysis was confined to the top 80 genes displaying both a relative signal intensity
of > 150 and > 1.5-fold alteration in expression after IL-6 treatment (p < 0.05). All genes are ranked in
decreasing order of expression at baseline under anti CD3/CD28 conditions. Data provided as a
courtesy of Dr Jason Twohig, Cardiff University.

Only one CRTAM ligand has so far been described, the cell adhesion molecule 1 (CADM1;
also known as nectin-like family member 2, NECL2 and tumour suppressor in lung cancer- 1,
TSLC1) #*2. Nectin-like proteins (Necls) are immunoglobulin (Ig)-like cell adhesion molecules
(CAMs) that contribute to the formation of cell-cell adhesions and have central roles
regulating cellular activities such as cell movement, differentiation, proliferation and

survival, and helping with the morphogenesis of numerous tissue types **®. CADM1 is
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expressed on epithelial cells, tumour cells, neurons and CD8a DCs and functions as an
immune surveillance regulator and tumour suppressor *2. Binding of CRTAM to the CADM1
receptor strengthens NK cell and CD8" T-cell effector functions and is critical for the
retention and proliferation of antigen-specific cytotoxic T-cells within the draining lymph
nodes (LNs) #¥’. Together with the cell-polarity protein, Scrib, CRTAM promotes activities
linked to the late-phase polarisation of effector CD4* T-cells. CD4*CRTAM"* T-cells have the
characteristics of both CD4* and CD8* T-cells and express cytotoxic T-cell related genes, such
as eomesodermin (Eomes), Granzyme B and perforin, and directly kill target cells. Moreover,
CRTAM has been reported as a marker of CD4 cytotoxic T-cells (CTL) **®. Furthermore,
CRTAM” T-cells display reduced T-cell proliferation and decreased IL-22, IL- 17 and IFN-y
production #*°. Thus, the engagement of CRTAM supports activities linked with the control

of T-cell effector characteristics.

IL-6 is essential for the generation of adaptive immunity and is therapeutically inhibited by
biological drugs typically used in the treatment of inflammatory arthritis and other related
diseases. However, some patients do not respond adequately to treatment and hence the
urgent need to identify more reliable biomarkers to detect early stages of the disease and
individualise therapy. Studying genes that change in T-cells as a response to IL-6 is, therefore,
an exciting area of investigation. Although an increasing number of publications
demonstrate the importance of CRTAM in regulating T-cell effector characteristics, less is

currently known about how cytokines regulate CRTAM.
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6.2 Aims

Previous studies have implicated roles of CRTAM in various inflammatory and pathogenic
processes, including autoimmunity *°°%!, In addition, an association between CRTAM and
IL-6/STAT3 signalling in the mucosa of colitic mice has also been reported *2. However, at
the time of conducting experiments for this thesis, no specific link of CRTAM with
rheumatoid arthritis disease had been published. It was hypothesised in this Chapter that
CRTAM would be present in the mouse synovium, actively participating in the regulation of

inflammation.

The experiments described in this Chapter aimed to determine the role of CRTAM in

synovitis. Specifically, studies:

* Characterised the presence of CRTAM* CD4* T-cells within the joint of mice with
antigen-induced arthritis (AlA).

* Investigated the role of IL-6 and IL-27 on CRTAM expression in CD4* T-cells within the
inflamed synovial tissue and the mechanism of CRTAM regulation.

* Examined CRTAM expression in synovial joint from patients with rheumatoid
arthritis.

* Explored cell-cell interactions between CRTAM and its receptor CADM1 - specific to

the engagement of T-cells with DCs, in the context of inflammatory arthritis.
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6.3 Results

6.3.1 Exploring the regulation of inflammatory synovitis by IL-27 and IL-6 in AIA

IL-6 and IL-27 are members of a cytokine family (referred to as gp130-related cytokines) that
signal through a cytokine receptor system containing a ligand-specific a-receptor and the
signal-transducing receptor gp130. Engagement of this receptor system activates the
JAK/STAT pathway and the STAT1 and STAT3 transcription factors ¥°. While IL-6 and IL-27
often elicit opposing biological activities in T-cells, their ability to control T-cell responses
through STAT1 and STAT3 is essential in shaping the effector characteristics of
CD4'T- cells 143189205375 (described in more detail in Chapter 1, Section 1.3.2). IL-6 and IL-27
are key regulators of CD4" effector T-cell function during AIA. IL-6 deficiency protects from
the development of synovitis and cartilage damage in murine models of inflammatory
arthritis 294244251 However, 1I27ra”" mice display exacerbated disease severity, and synovitis

includes the formation of ELS %04,

Based on our transcriptomic analysis of CD4* T-cells activated in the presence of IL-6, we
identified Crtam as a gene negatively regulated by IL-6. Since IL-6 and IL-27 often counteract
each other’s activities, we looked at CRTAM regulation in /l6ra”- and 1I27ra”" mice that
display different forms of synovitis and therefore, provided an excellent model to assess
severity of inflammation. Consequently, AIA was established in C57BL/6 WT, /l6ra”, and
1127ra” mice through immunisation with mBSA (fully described in Chapter 2, Section 2.3). As
expected, histological assessment of the joint sections at day 10-post arthritis induction
revealed exacerbated synovitis and the presence of ELS in the joints of //27ra”" mice (Figure
6.2A). In contrast, ll6ra deficient mice displayed a low level of synovial inflammation (Figure
6.2A). For example, the presence of leukocyte infiltrates in the inflamed synovium was
notably reduced in //6ra 7 mice, while joints from //27ra”" mice displayed an important
increased compared to WT mice (Figure 6.2B). The overall joint histopathology or arthritic
index (Al), which correlates to disease severity, was significantly increased in //27ra”" and
decreased in /l6ra 7 mice. (Figure 6.2C). Therefore, induction of AIA in my research was
consistent with formerly reported roles for IL-27 and IL-6 in synovial histopathology
regulation and provided stable mouse models to investigate the presence of CRTAM in the

discrete synovial pathologies observed in these mice.
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Figure 6.2 Joint histopathology of AIA in WT, IL27ra”- and ll6ra”- mice.

(A) Representative images of haematoxylin and safranin O staining of mouse knee joints at day-10
post-AlA induction. (B) Histopathology scoring of AlA in WT, /127ra” and ll6ra”- mice, showing synovial
infiltrate, exudate, hyperplasia/pannus and cartilage/bone erosion at day-10 post arthritis induction
(n =5-6/group). (C) The aggregate score for all parameters in B is presented as an arthritic index (Al)
for each mouse genotype (n = 5-6/group). Non-inflamed (naive) WT control joints are shown on the
left. Unchallenged joints in //6ra”- and 1127ra”" mice are comparable to non-inflamed (naive) WT.
Graphs indicate mean + SEM. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Shapiro-Wilk normality test and
a one-way ANOVA, Turkey’s multiple comparisons test (parametric tests), or a Kruskal-Wallis test,
Dunn’s multiple comparisons test (non-parametric tests) were used. Scale bars: (A) 600 um.
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6.3.2 CRTAM expression during active arthritis is associated with disease severity

Recent studies have highlighted a correlation between CRTAM and disease outcome in
pathological processes including infectious and allergic diseases, cancer and autoimmune
conditions, such as type 1 diabetes (T1D), lupus, intestinal colitis or experimental
autoimmune encephalomyelitis (EAE) #41448451453 Tg jnvestigate whether CRTAM®* T-cells
were present in the inflamed joint, CRTAM expression was evaluated by IHC using sections
derived from WT, ll6ra”", and 1127ra”- mice with AIA. CRTAM* cells were detected throughout
the inflamed synovium, and consistent with its expression on T-cells, CRTAM staining
colocalised with the pan T-cell marker CD3 in serial sections (Figure 6.3A, C). Importantly,
CRTAM expression was particularly evident in both WT and //27ra”" mice, while //6ra” mice
displayed a low level of synovial infiltrate with limited CRTAM expression (Figure 6.3A). IHC
guantification of CD3 staining closely reflected the severity of joint inflammation and was
most prominent within the inflamed synovium of //27ra”" mice. Consistent with previous
studies where the development of synovial ELS was observed in //27ra”" mice **, dense
aggregates of CD3" T-cells were identified in the inflamed synovium of these mice (Figure
6.3A, B). Evidence of CRTAM staining was particularly prominent within sites of ELS in
synovial tissue from //27ra”" mice, which are known to be T-cell-rich ***. Conversely, ll6ra”"
mice showed limited CRTAM expression. Here, the detection of CRTAM correlated with the

degree of joint inflammation and damage in AIA (Fig. 6.3B, C).

CADM1, a marker for DCs, has been reported to be CRTAM natural receptor. Together they
participate in the cross-talk between antigen-presenting cells and cytotoxic lymphocytes,
playing a critical role in the initiation and the maintenance of immune responses %2,
Consistent with CRTAM immunohistochemical staining, Crtam mRNA transcripts in the
inflamed synovium were upregulated at day-3 in WT AIA joints and were significantly
increased in /I27ra”” joints. Moreover, there was a significant reduction in Crtam expression
in ll6ra”” joints (Figure 6.4A). Interestingly, Crtam expression was enriched in the joint at
day-3 but not at day-10 in WT AIA joints (Figure 6.4A). On the other side, while Crtam
expression was elevated at the acute phase of inflammatory arthritis, Cadm1 expression was
downregulated in WT, /127ra”" and Il6ra” joints at day-3 and -10, which may be due to a
proportional change in the number of resident Cadm1 expressing cells (Figure 6.4B).

Additionally, although Cadm1 is also expressed in the inflamed joint, it shows no dependency

on IL-6 or IL-27 control (Figure 6.4B). Together, these results demonstrated the presence of

175



Chapter 6

CRTAM and CADM1 within the inflamed synovial tissue and suggested a regulatory role of
IL-6 and IL-27 in the expression of CRTAM, but not in CADM1 expression in experimental

arthritis.
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Figure 6.3 CRTAM is expressed in the joints of mice with AIA and correlates with synovial pathology.

(A) AIA was established in WT, ll6ra”- and 1127ra”" mice and histopathology assessed at day-10
post- arthritis induction. Sequential sections were stained as indicated by IHC: CRTAM stained
sections are shown on the left column and CD3 stained sections on the right column. Isotype control
for CRTAM is shown in the upper right corner. Quantification of CD3 (B) and CRTAM (C) staining was
carried out (n = 5-11/group). Sections from naive (no AIA WT) joints were used as a negative control
for both staining and scoring quantification. Error bars indicate SEM. *, p < 0.05; **, p < 0.01; ***, p
< 0.001. Shapiro-Wilk normality test and a one-way ANOVA, Turkey’s multiple comparisons test were
used. Scale bars: (A) 100 um.
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Figure 6.4 Crtam and its binding molecule, Cadm1 are expressed in the inflamed joint, but Cadm1
shows no dependency on IL-6 or IL-27 control.

Synovial joint tissue from the knee joints of naive (no AIA WT), WT, //67 and 1127ra”" mice with AIA
were collected at day 3 and day 10, and mRNA expression of Crtam (A) and Cadm1 (B) genes was
assessed by gPCR. (n = 2-20/group). Graphs indicate mean + SEM. *, p < 0.05; **, p < 0.01; ***, p <
0.001. Shapiro-Wilk normality test and a one-way ANOVA, Turkey’s multiple comparisons test were
used. Data in this figure are from three independent experiments.

6.3.3 Synovial CRTAM is predominantly expressed in CD3* CD4" joint infiltrating

T-cells

The immunohistochemical analysis of joint sections from mice with AIA showed co-
localisation on CD3 T-cells and supported the presence of CRTAM* T-cells during synovitis
(see Figure 6.3). To confirm CRTAM" expression on these cells and better characterise
distribution between T-cell subsets and other leukocyte infiltrates, experiments next
examined the expression of CRTAM on infiltrating leukocytes derived from the inflamed
synovium of mice with arthritis. Briefly, synovial tissues were excised from the joints of mice
with AIA (obtained at day-3 and day-10 post AlA) and treated with collagenase IV to facilitate
the extraction of inflammatory cells for analysis by flow cytometry. Details of the gating
strategy for CD3*CD4" cells using flow cytometry after digestion of the synovium are shown

in Figure 6.5.
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Figure 6.5 Gating strategy for the characterisation of CRTAM secreting cells within the inflamed
synovium of mice with AIA by flow cytometry.

After collagenase digestion of the mouse synovium, all visible cells were gated based on characteristic
forward, and side-scatter properties of lymphocytes, followed by exclusion of doublets, and dead
cells. Subsequently, a clear and viable CD3* CD4* population was identified. FSC-H — forward scatter-
height; FSC-A — forward scatter-area; SSC-A — side scatter-area.
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To determine the kinetics of CRTAM expression during acute experimental arthritis, CRTAM*
cells in the inflamed synovium of mice were characterised at day-3 and day-10 post-AlA
(Figure 6.6), to have a complete timeline of the expression of CRTAM in a model of
experimental arthritis. At day-3 time point, approximately 3% of the total cells were
CD3*CD4* compared to a 13% observed at day-10 post-AlA (Figure 6.6A). Similarly, the
proportion of the CRTAM* population at both time points was suggestive that CRTAM"* cells
are more prominent within the total CD3* population at day-10 of AlA in both WT and IL27ra
/~mice (Figure 6.6B). Due to the paucity of infiltrates in /L6ra”" mice, it was not possible to

analyse the synovial infiltrate in these mice.

To determine which CD3* lymphocytic population expressed CRTAM within the inflamed
synovium, antibodies for CD4, NK1.1, CD8 and ydTCR were used to discriminate T-helper,
natural killer, cytotoxic and yd T-cells respectively (Figure 6.6C). Flow cytometric analysis
identified a small subset of CRTAM®* lymphocytes in the inflamed synovium of WT and //27ra
/ mice with AIA. This analysis confirmed a greater proportion of CRTAM* lymphocytes in
1127ra”- mice when compared to cells derived from WT mice. In both cases, the majority of
CRTAM* cells were identified as CD4" T-cells (equating to 70% at day-3, and 80% at day-10
post-AlA). No other cell types were identified as expressing CRTAM (Figure 6.7). Overall,
these data highlight CD3*CD4" T-helper cells as the main cells expressing CRTAM within the
inflamed joint during AIA. This population of CD3*CD4*CRTAM" is increased at day-10 post

arthritis induction as well as in the synovium of //-27ra”" mice.
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Figure 6.6 Joint-infiltrating CD3* CD4* cells are the main CRTAM expressing cells in the synovium at
day 3 and day 10 post arthritis induction.

Flow cytometry analysis of joint infiltrating cells at day 3 and day 10 of AIA. (A) Inflamed synovium
was digested in 1 mg/mL collagenase IV to isolate joint-infiltrating cells as described in Material and
Methods Section 2.3.4. Successful isolation was determined by flow cytometric analysis of CD3*CD4*
T-cells. (B) CD3*CRTAM"* cells were gated in both WT and //27ra”" mice. (C) Representative flow
cytometry plots gated on CRTAM* cells shown in a red box in panel B.
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Figure 6.7 The proportion of CD3*CD4*CRTAM" is increased at day 10 post arthritis induction as well
as in the synovium of Il-27ra”- mice in both time points.

Cellular distribution of CRTAM-expressing cells within the inflamed joints of WT and //27ra”" mice
shown as a percentage of total CRTAM" cells at day-3 (A) and day-10 (B) post-arthritis induction. WT,
n=1;1127ra”", n = 1 (two independent biological repeats).

6.3.4 IL-6 and IL-27 inhibit CRTAM expression on naive CD4* T-cells

To determine whether IL-6 and IL-27 directly regulate CRTAM in CD4* T-cells, based on our
previous findings, | investigated CRTAM expression in vitro. Yeh, Sidhu and Chan **°, initially
reported that CRTAM is temporarily expressed on a subset of activated CD4" T-cells, and
Takeuchi et al. **8 later confirmed that CRTAM is expressed on the surface of 2-5 % of splenic
CD4* T-cells only after TCR stimulation. In fact, CRTAM protein is degraded by the
proteasome in the absence of this stimulation **°. To verify these observations, | purified
splenic naive CD4* T-cells (CD4*CD25CD44"°CD62L") from WT mice and co-stimulated them
with anti-CD3 and anti-CD28 antibodies (see Section 2.1.2 of Material and Methods in
Chapter 2 for details regarding spleen isolation and cell sorting). Cells were further
stimulated in the presence and absence of 20 ng/mL IL-6 or IL-27, surface stained with a
CRTAM antibody after 6, 9, 12, 18 and 24 hours of incubation, and finally assessed using flow
cytometry. These time points were chosen based on the previously outlined temporal
expression profile of CRTAM, which is known to be an early and transient activation molecule
in CD4* T-cells, as determined by numerous research groups 438447448450 Eigyre 6.8 provides

an overview of the gating strategy for CD4* CRTAM® T-cells.
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Figure 6.8 Gating strategy for CD4* CRTAM* T-cells identification using flow cytometry.

Naive CD4* T-cells (CD4*CD25°CD44'°CD62L") were plated at 1.5x10° cells/well in 96-well round-
bottom plates pre-coated with anti-CD3 and anti-CD28 antibodies and were stimulated with rmiL- 6.
After 18 hours, CD4* CRTAM* T-cells were assessed by flow cytometry: Doublets were excluded, and
cells were then gated based on SSC and FSC. Live cells were gated, and CD4* CRTAM* T-cells were
successfully identified using the isotype gating as a negative control. FSC-H — forward scatter-height,
FSC-A — forward scatter-area; SSC-A — side scatter-area.

A small fraction of naive CD4* T-cells expressed CRTAM upon stimulation (Figure 6.9).
CRTAM was transiently expressed on naive CD4" T-cells after TCR stimulation, which started
after 6 hours post-activation, peaked at 18 hours, and by 24 hours post-activation CRTAM
expression had started to dissipate (Figure 6.9A). CRTAM" cell population was considerably
reduced after 72 hours, and there was hardly any detectable CRTAM expression on naive
CD4 T-cells after 96 hours post-TCR activation (data not shown). Co-treatment with either
IL-6 or IL-27 significantly inhibited CRTAM expression. This inhibition was more prominent
at 18 hours after TCR activation (approximately 50-60% inhibition compared to the

unstimulated condition) (Figure 6.9B).
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Figure 6.9 CRTAM expression peaks at 18 hours after TCR activation in naive CD4* T-cells from WT
mice and is regulated by IL-6 and IL-27 in vitro.

(A) Naive CD4* T-cells (CD4*CD25CD44'°CD62L") from WT mice were activated with anti-CD3 and anti-
CD28 antibodies. Cells were stimulated with rmIL-6, rmIL-27 or neither; CRTAM expression was
analysed by flow cytometry at the indicated time points (6, 9, 12, 18, 24 hours) (n = 3). Data are from
three independent experiments. Graphs indicate mean + SEM. *, p < 0.05; **, p < 0.01; ***, p <0.001.
Shapiro-Wilk normality test and a two-way ANOVA test were used. (B) Representative FACS plots of
CD4* CRTAM* T-cells at 18 hours post-TCR activation, where CRTAM expression and IL-6 and IL-27-
mediated CRTAM inhibition are the most pronounced.
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To verify these findings regarding a role of IL-6/1L-27 in the regulation of CRTAM expression
in naive T-cells in vitro, | used the same approach with //6ra”, and il27ra”- mice and explored
CRTAM inhibition 18 hours post-TCR activation (Figure 6.10A). Interestingly, in the absence
of Interleukin 6 receptor (IL-6R) or interleukin 27 receptor (L-27RA), IL-6 and IL-27 lost their
ability to block CRTAM expression. (Figure 6.10B).
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Figure 6.10 CRTAM expression peaks at 18 hours after TCR activation in naive CD4* T-cells from /l6ra
/~and I127ra”- mice and is regulated by IL-6 and IL-27 in vitro.

(A) Representative FACS plots of CD4* CRTAM* T-cells from /l6ra” and /127ra” mice at 18 hours post-
TCR activation, where CRTAM expression and IL-6 and IL-27-mediated CRTAM inhibition are the most
pronounced. (B) CRTAM inhibition by IL-6 and IL-27 in WT, ll6ra”” and 1/27ra”- mice naive CD4* T-cells,
18 hours after TCR activation, normalised against unstimulated controls (only CD3/CD8) (n = 3). Data
are from two independent experiments. Graphs indicate mean = SEM. *, p < 0.05; **, p < 0.01; ***, p
< 0.001. Shapiro-Wilk normality test and a two-way ANOVA test, multiple comparisons, were used.
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6.3.5 STAT3 signalling plays a major role in regulating CRTAM expression

IL-6/gp130 signalling through STAT3 has been shown to have a crucial role in directing
leukocyte infiltration within the inflamed joint in experimental inflammatory arthritis 24,
Additionally, it has been demonstrated to be necessary for the survival and expansion of
human synovial fibroblasts and therefore, for the pathogenesis of RA ***. To identify
signalling mechanisms employed by IL-6- and IL-27 to control CRTAM expression, studies
were performed using naive-CD4* T-cells derived from mice displaying enhanced
gp130- mediated STAT1 and STAT3 signalling (gp1307/F) 2°431! (see Section 2.3.1 of Material
and Methods in Chapter 2 for details). When compared to TCR activated naive CD4* T-cells
from WT mice, naive CD4* T-cells from gp1307F mice displayed a similar profile of CRTAM
expression in response to co-stimulatory anti-CD3 and anti-CD28 antibodies (Figure 6.11A).
Treatment of activated naive CD4* T-cells from gp1307* mice with IL-6 or IL-27 contributed
to a significant, stronger inhibition of CRTAM across the time course tested, and was evident
at 6,9,12 and 18-hour time points (Figure 6.11B). Thus, enhanced gp130 receptor signalling

contributes to the negative regulation of CRTAM in activated naive CD4"* T-cells.
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Figure 6.11 CRTAM expression peaks at 18 hours after TCR activation in naive CD4* T-cells from
gp130 */F mice and is regulated by STAT3.

(A) Naive CD4* T-cells (CD4*CD25°CD44"°CD62L") from gp130 /F mice were activated with anti-CD3
and anti-CD28 antibodies. Cells were stimulated with rmIL-6, rmIL-27 or neither; CRTAM expression
was analysed by flow cytometry at the indicated time points (n = 3). Data are from two independent
experiments. (B) Representative FACS plots of CD4* CRTAM"* T-cells at 18 hours post-TCR activation,
where CRTAM expression and IL-6 and IL-27-mediated CRTAM inhibition are the most pronounced.
Graphs indicate mean £ SEM. **, p < 0.01; ***, p < 0.001. Shapiro-Wilk normality test and a two-way
ANOVA test were used.
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To further the analysis of CRTAM regulation by gp130 receptor signalling, experiments were
performed in naive CD4* T-cells from gp1307/F: Stat3* mice, which have genetically reduced
levels of gp130-dependent STAT3 activation 3!? (see Section 2.3.1 of Material and Methods
in Chapter 2 for details) (Figure 6.12A). Whilst IL-6 and IL-27 treatment of these cells showed
inhibition of CRTAM expression at 18 hours post-stimulation, the inhibition was less evident
across the entire time course suggesting that the reduced cytokine signalling through STAT3
in naive CD4* T-cells from gp1307: Stat3*" impairs the inhibitory action of both cytokines
(Figure 6.12B).

Comparing the results from the three different genotypes (WT, gp1307F and gp1307/Ftet3+/-),
CRTAM expression was significantly more inhibited by IL-6 and IL-27 in naive CD4* T-cells
from gp1307F compared to WT and gp1307/%%t3*- mice, 18 hours after TCR activation. (Figure
6.13). Collectively, these results suggest that IL-6 or IL-27 receptor signalling inhibits CRTAM

expression trough a STAT3-mediated mechanism.
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Figure 6.12 CRTAM expression peaks at 18 hours after TCR activation in naive CD4* T-cells from
gp130 F/F5tt3*/- mice and is regulated by STAT3.

(A) Naive CD4* T-cells (CD4*CD25CD44°CD62LM) from gp130 7/Ftat3*/- mice were activated with anti-
CD3 and anti-CD28 antibodies. Cells were stimulated with rmlL-6, rmIL-27 or neither; CRTAM
expression was analysed by flow cytometry at the indicated timepoints. (n = 3). Data are from two
independent experiments. (B) Representative FACS plots of CD4* CRTAM* T-cells at 18 hours post-TCR
activation, where CRTAM expression and IL-6 and IL-27-mediated CRTAM inhibition are the most
pronounced. Graphs indicate mean £ SEM. **, p < 0.01. Shapiro-Wilk normality test and a two-way

ANOVA test were used.
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Figure 6.13 STAT3 activation by both IL-6 and IL-27 leads to inhibition of CRTAM gene expression

CRTAM inhibition by IL-6 and IL-27 in WT, gp130 */F and gp130 /Ft3*/ naive CD4+ T-cells (CD4*CD25
CD44'°CD62L"), 18 hours after TCR activation, normalized against unstimulated controls (only
CD3/CD8). Graphs indicate mean £ SEM. *, p < 0.05. (n = 3). Data are from two independent
experiments. Shapiro-Wilk normality test and a two-way ANOVA test, multiple comparisons, were
used.

6.3.6 CRTAM and its transcriptional repressor, ZEB1, colocalise in the inflamed

synovium of AIA mice

The Zeb1 (Zinc finger E-box-binding protein) homeodomain zinc finger transcription factor
has been described as a negative regulator of the Crtam promoter in resting and activated
T-cells #*°, To evaluate the expression of ZEB1 within the inflamed synovium of mice with
AIA, confocal immunofluorescence imaging of synovial joints (see Section 2.4.4.1 of Material
and Methods) was performed using antibodies against ZEB1l. Interestingly,
immunofluorescence analyses showed that ZEB1 co-localised with CRTAM within the
inflamed synovium from WT mice at day-10 post-AlA (Figure 6.14A). The presence of
synovial Zeb1 was further confirmed by qPCR, when total mRNA was extracted from synovial
joint of AlIA challenged mice and the expression of Zeb1 assessed at day-3 and day-10 post
disease onset. Specifically, the relative expression of Zebl was significantly increased in
naive mice at both day-3 and day-10 post-AlA, compared to the low expression observed in
WT, ll6ra” and /I127ra”" (Figure 6.14B). In naive joint tissue, we did not observe synovial
inflammation, and therefore we assume the number of leukocyte infiltrates is low, and the
few existing T-cells are not TCR stimulated. These results seem to be consistent with research
reporting that while unstimulated human T-cells do not express CRTAM, they have a basal
ZEB1 expression %*°, Thus, ZEB1 is detectable within the inflamed synovium, albeit with low

expression, and it colocalises with CRTAM in experimental arthritis.
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Figure 6.14 Spatial relationship of CRTAM and ZEB1 in the inflamed synovium of AIA mice.

(A) Representative image of haematoxylin & eosin staining of mouse knee joints at day 10 post AIA
induction (scale bar, 500 um); boxed area shows the location of the immunofluorescence. Confocal
double-immunofluorescence with antibodies to CRTAM (red) and ZEB1 (green) is shown with DAPI
nuclear counterstaining (blue) (scale bar, 100 um). Co-localisation, as indicated by shades of yellow,
is detectable in some areas of the synovium (arrowheads). Staining of synovium with isotype-matched
controls for CRTAM and ZEB1 antibodies (upper right corner). (B) Synovial joint tissue from the knee
joints of naive (no AIA WT), WT, 1167- and [127ra”" mice with AIA were collected at day 3 and day 10,
and mRNA expression of Zebl was assessed by gPCR. (n = 3-8/group from 2 independent
experiments). Graphs indicate mean * SEM. *** p < 0.001. Shapiro-Wilk normality test and a
one- way ANOVA, Turkey’s multiple comparisons test were used.
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6.3.7 CRTAM and ZEB1 exhibit a negative correlation in inflammatory arthritis

Given the fact that ZEB1 was present in the synovial tissue and colocalised with CRTAM, |
next decided to compare both Zeb1 and Crtam expression within the inflamed synovium to
investigate their relationship at a molecular level. Quantitative PCR of previously extracted
mRNA from synovial joint of AIA challenge mice (See Figure 6.4 & 6.13) at day-3 and day-10
post-disease onset, were plotted together, showing that Crtam and Zeb1 displayed opposing

patterns of expression (Figure 6.15A).

| next determined whether Zebl and Crtam expression followed the same pattern of
expression in the transcriptional mechanisms associated with IL-6 responses in CD4* T-cells,
by analysing the microarray data previously obtained by my research group. Briefly, CD4*
naive activated and memory T-cells were stimulated for 6 hours with IL-6, then subjected to
transcriptomic analysis %%, Synovial CRTAM was inversely correlated with ZEB1 in IL-6
activated T-cells from WT mice (Figure 6.15B). Thus, CRTAM and ZEB1 presented an inverse

relationship in both the synovial infiltrate and IL-6 stimulated T-cells.
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Figure 6.15 Negative correlation between CRTAM and ZEB1 in inflammatory arthritis.

(A) mRNA expression of both Zeb1 and Crtam from AIA WT mouse synovium at day 3 and day 10 post
arthritis induction. (n= 6-13/group). Graph indicates mean + SEM. (B) Pearson correlation analysis of
the expression of Crtam and Zeb1 as determined from the previous microarray expression studies:
naive, activated and memory CD4* T-cells treated with anti-CD3 and anti-CD28 antibodies and
stimulated with 20 ng/mL IL-6 for 6 hours.
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6.3.8 STAT3 interacts with Zeb1 to regulate Crtam expression

There is little information or evidence in the literature that can be used to elucidate the
mechanism governing CRTAM expression. The results so far obtained in this Chapter confirm
that this protein has an opposite expression pattern compared to ZEB1 and that IL-6 and/or
IL-27 inhibit its expression, which is likely a mechanism driven by STAT3 and possibly STAT1.
Whilst studies in CD4+ T-cells from gp1307F and gp130*: Stat3*/- mice support a role for
JAK/STAT signalling in the regulation of CRTAM; it was unclear whether this was direct
mediated by STAT1/STAT3 or controlled through STAT regulation of ZEB1. To test this
hypothesis, | first used computational tools to identify consensus DNA motifs for STAT1 and

STAT3 binding on ZEB1 promoter, and ZEB1 binding on Crtam promoter.

To identify putative DNA binding sites for STAT1 and STAT3, the promoter sequences of
Crtam and Zeb1 were analysed using the bioinformatic tool JASPAR (Appendix Figure 8.2)
(See Material and Methods Section 2.6). This in silico analysis of putative STAT1 and STAT3
binding sites on the Zeb1 promoter revealed three binding sites for STAT1 and ten binding
sites for STAT3 (Table 6.1). Interestingly, the identification of several more sites for STAT3
than for STAT1 on the Zeb1 promoter suggests that STAT3 might participate more actively in
ZEB1 regulation. Similarly, the same in silico analysis of putative ZEB1 binding sites
performed on the Crtam promoter identified 46 binding sites for ZEB1 (Table 6.2);
confirming previously reported binding sequences, which are consistent with the negative

transcriptional regulation of Crtam by ZEB1 already established in the literature **°,
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Name Matrix ID  Strand  Predicted sequence  Relative score Sequence logo

Statl  MA0137.2 +  GCTTTCCTGTGAGCG 0.81
Statl  MAO0137.3 CTCACAGGAAA 0.84 : CC
+ TTTCTGAAAAC 0.81 | ]‘A SN
+ TGTTAGGAAG 0.83
Stat3 - MA0L441 - TCACAGGAAA 0.83 .I-T C
- GGACGGGAAG 0.80 1 1LWVA A
+ GTGTTAGGAAG 0.89
+ TTTCTGAAAAC 0.88
Stat3 - TTTTCAGAAAT 0.87 )
tat MA0144.2
0 + ATTTCTGAAAA 0.87 TCl
i CTCACAGGAAA 0.86 =S RES L0 O S B
+ CTCCTTTGAAA 0.82
- CGGACGGGAAG 0.81

Table 6.1 Summary table of all over-represented TFBS motifs in the promoter region of ZEB1.

In silico analysis of putative STAT1 and STAT3 binding sites on the Zebl promoter using JASPAR
(http://jaspar.genereg.net/), an open-access database that identifies transcription factor binding sites
(TFBSs) given the promoter sequence of the transcription factor of interest. For each motif, identified
by its JASPAR ID (Matrix ID), the table specifies the name of the associated transcription factor
(Name), sense of DNA strand 5’-3’(Strand), Predicted sequence, Relative score, which shows the
sensitivity and specificity of the prediction, and the relative consensus sequence (Sequence logo).
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Name  MatrixID  Strand Predicted sequence  Relative score Sequence logo
- CCCCACCTG 0.96 ,
GCTCAGCTG 0.85 i
Zebl  MAO0103.2 + GGACACCTG 0.85 C C
+ ACACATCTG 0.85 Y ¥
- GCACACATG 0.85
- CCCACCTGTGC 0.97
GACACCTGTGG 0.95
+ CCCACGTGTCC 0.88 N 1V
- GACACGTGGGG 0.87 D

Table 6.2 Summary table of the first 10 over-represented TFBS motifs in the promoter region of
CRTAM based on relative score.

In silico analysis of putative Zebl binding sites on the Crtam promoter using JASPAR
(http://jaspar.genereg.net/), an open-access database that identifies transcription factor binding sites
(TFBSs) given the promoter sequence of the transcription factor of interest. For each motif, identified
by its JASPAR ID (Matrix ID), the table specifies the name of the associated transcription factor
(Name), sense of DNA strand (Strand), Predicted sequence, Relative score, which shows the sensitivity
and specificity of the prediction, and the relative consensus sequence (Sequence logo). The complete
list with all the TFBS motifs in CRTAM promoter is shown in Appendix Table 8.1.

To evaluate the functional significance of these putative DNA consensus motifs, chromatin
immunoprecipitation (ChlP) was performed using selective antibodies to detect the binding
of STAT1 and STAT3 to genome sequences derived from the promoter analyses of Crtam and
Zeb1. Briefly, ChIP-qPCR analysis of STAT1 or STAT3 binding to the Zebl promoter was
achieved following 6 hours stimulation of WT naive CD4* T-cells with IL-6 and IL-27. This time
point was selected based on the temporal profile of pY-STAT1 and pY-STAT3 previously
observed by our research group %%, along with the optimal expression of STAT-target genes
such as Zeb1, as determined via gPCR (data not shown). STAT1 had low or no detectable
Zeb1 binding in DNA samples from WT naive CD4" T-cells across the different conditions,
compared to binding to positive control transcription factor, Irf1 (Figure 6.16A). Additionally,
the binding of STAT1 to the transcription start site (TSS) regions of Zeb1 remained unaltered
upon treatment with IL-6 or IL-27 (Figure 6.16A). In contrast, STAT3 binding to the Zebl
promoter was specifically enriched in DNA samples from WT naive CD4" T-cells treated with

IL-6, compared with untreated and treated with IL-27 naive CD4* T-cells (Figure 6.16B).
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Thus, ChIP-gPCR results showed enhanced binding of pY-STAT3 but not pY-STAT1 to the Zeb1
promoter, and therefore Zebl is associated with STAT3-binding sites in CD4* naive cells
stimulated with IL-6. Together, these data suggest that CRTAM suppression by IL-6 and IL-27
is controlled by gp130 activation of STAT3 and reveals an inverse relationship between

Crtam expression and its transcriptional regulator Zeb1 in inflammatory arthritis, confirming

our recently shown results so far.
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Figure 6.16 STAT3-binding sites are associated with transcriptional repressor of CRTAM, ZEB1.

(A) STAT1 binding enrichment quantification by ChIP-gPCR in naive CD4+ T-cells (CD4*CD25
CD44'°CD62L") from WT mice. (B) STAT3 binding enrichment quantification by ChIP-gPCR in naive
CD4+ T-cells (CD4*CD25 CD44'°CD62LM) from WT mice. In both cases, cells were activated for 6 hours
with rmIL-6, rmIL-27 or neither of them in the presence of anti-CD3/CD28 antibodies (as described
previously in Chapter2, Section 2.7). (One experiment with pooled samples from 12 WT mice).
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6.3.9 CRTAM is expressed in human synovial pathology and correlates with

indices of synovial pathology in patients with RA.

To translate our animal studies to clinical RA, expression of CRTAM was evaluated in synovial
biopsies from patients with RA and osteoarthritis (OA) using immunohistochemical methods
(Figure 6.17A). Although RA and OA share similar characteristics and both have joint
symptoms, OA is a degenerative joint disease with a multifactorial aetiology, but mainly
caused by mechanical wear and tear of joints as opposed to the autoimmune nature of
RA %%, Hence, using biopsies from OA patients served as a reasonable negative control to
investigate the role of CRTAM in shaping adaptive immune responses in chronic

inflammatory disease.

CRTAM was elevated in patients with RA and colocalised with T-cell marker CD3 in serial
sections. Minimal immune staining of CRTAM and CD3 was observed in joint biopsies from
patients with OA (Figure 6.17A, B). Consistent with data presented in Figure 6.3, CRTAM
positively correlated with synovial CD3 staining and joint inflammation. A lower presence of
leukocyte infiltrates in OA compared to RA was expected, since OA is considered more a
biomechanical process rather than a purely inflammatory disease. Nonetheless, CRTAM
staining was also seen in joint biopsies from patients with OA (Figure 6.17B); perhaps due to
the low grade of inflammation that has been increasingly recognised in this disease in recent

times 47,

To strengthen the link between CRTAM and inflammatory disease in patients, CRTAM
expression was examined in bone marrow and blood, monocytes and leukocytes from
patients with RA and OA, obtained from open access microarray datasets (GSE100786). As
predicted, expression of CD3 was significantly higher in RA patients compared with patients
with OA (Figure 6.17C). Furthermore, CRTAM showed a similar pattern of expression, with
the increase in RA more significant. Finally, detection of CRTAM had a strong positive
correlation with CD3 compared to a myeloid cell marker, CD14 (Figure 6.17D). Taken
together, these results provide valuable insights into the role of CRTAM in chronic

inflammation in patients with RA.

196



Chapter 6

Isotype

RA

1000+ o
o o Crtam vs CD3
. 5 1500+
g 1 o o & < ®/
o Q g ’
= N E S é % 1000 4 /
> 500 a
& Q @] %) S
o 71 O s g Q)? &
3] ° 5 % X 500 R2=0.6536
i **%p= 0,001
5 . . 0- 0 : 30 100
- O > ¥ i
Q Q (P@ CRTAM
80m _Er wax Crtam vs CD14
20- (@0} 1
. : X 400
S g ’
S - 1) E 3 3004
o S g o
2 Sx 3 8%
£ 10{ O Se 8 2 -
s £ '~'\\ R? =0.0953
I S oINS
\
0 — 1
0 T T o+ 0 50 100
RS & S & & CRTAM
\)
(,0

Figure 6.17 CRTAM expression is present at higher levels in RA synovium than OA.

(A) Immunohistochemical staining of CRTAM and CD3 in sequential sections of inflamed synovium
from biopsies of patients with rheumatoid arthritis (RA) and osteoarthritis (0OA). Isotype controls for
CRTAM are shown in the upper right corner. (B) Quantification of CD3 and CRTAM staining was carried
out (n = 3/group) in both RA and OA sections. Shapiro-Wilk normality test and an unpaired t-test were
used. (C) Microarray expression of CRTAM and CD3 in bone marrow and blood monocytes and
leukocytes from patients with RA and OA compared to healthy controls. (D) Pearson correlation of
CD3 and CRTAM (left) and CD14 and CRTAM (right) (Open-access data set GSE100786). Error bars
indicate SEM.*, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bars: (A) 200 um.
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In order to add some more clinical interpretations to the study, | next explore the association
between CRTAM, CADM1 and ZEB1, and clinical scores and pathotypes in RNA-seq datasets
from synovial tissue biopsies of 87 patients with RA. Expression of CRTAM and CADM1 in
these biopsy samples was compared against corresponding histological staining of the
inflamed synovium for the lymphocyte markers CD3 and CD20 by IHC. Analysis revealed a
close relation between CRTAM and CD3 and CD20 (Figure 6.18A). This association was
particularly evident in synovial biopsies displaying evidence of ELS (lymphoid-rich) and
synovitis with a prominent mononuclear cell infiltrate (myeloid-rich) (Figure 6.18B). In
contrast, CADM1 displayed a more uniform pattern of expression within the inflamed
synovium and showed no correlation with lymphocyte markers or the type of synovial

pathology (Figure 6.18A, B).

To establish a possible link between CRTAM and disease activity in patients with RA, CRTAM
was compared against some clinical scores such as patient global health visual analogue
scale (VAS), used to measure the intensity or frequency of RA symptoms like pain, disease
activity score 28-joint count C reactive protein (DAS28-CRP), disease activity score 28-joint
erythrocyte sedimentation rate (DAS28-ESR) and tender joint count (Tender) 334 (see Section
1.2.1). Analysis of synovial RNA-seq datasets showed a correlation between CRTAM and
disease activity scores (Figure 6.18C). On the other hand, no clear correlation was observed

between CADM1 and these disease characteristics (Figure 6.18C).

Regarding CRTAM transcriptional repressor, ZEB1, the analysis of synovial RNA-seq datasets
presented a uniform pattern of expression across the different pathotypes; although there
was a more obvious connection between ZEB1 and fibroid-rich synovitis in patients with RA
(Figure 6.19 A). This analysis showed a correlation between ZEB1 and STAT3, as well as
confirming previous results: a strong inverse correlation between ZEB1 and CRTAM.
Furthermore, within an open-access microarray dataset, comparing bone marrow and blood
monocytes and leukocytes from patients with RA and OA, ZEB1 was confirmed to be a potent
negative regulator of CRTAM (Figure 6.19C). Thus, in human synovial pathology, CRTAM
expression follows a similar pattern to that identified for Crtam in experimental arthritis and

is associated with disease severity of joint synovitis.
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Figure 6.18 Association of CRTAM with rheumatoid arthritis in human studies.

(A) Correlations of CRTAM and CADM1 with lymphocyte cell markers CD3 and CD20 (left). (B)
Distribution of CRTAM and CADM1 in patients stratified according to synovial pathology (lymphoid,
blue; myeloid, red; fibroid, green) (right). Statistical analysis by one-way ANOVA with Bonferroni post-
test. (C) Pearson correlations of synovium CRTAM and CADM1 with disease activity score (DAS) in
patients with RA. P values were adjusted using FDR correction (Benjamini-Hochberg). VAS — visual
analogue scale; DAS28-CRP — disease activity score 28-joint count C reactive protein; DAS28-ESR —
disease activity score 28-joint erythrocyte sedimentation rate; Tender - tender joint count. Data
provided courtesy of Professor Costantino Pitzalis (Queen Mary University of London, UK). The
complete human data with other correlations are shown in Appendix Figure 8.4.
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Figure 6.19 Negative association between CRTAM and ZEB1 in patients with RA.

(A) Distribution of ZEB1 in patients stratified according to synovial pathology (lymphoid, blue;
myeloid, red; fibroid, green). Statistical analysis by one-way ANOVA with Bonferroni post-test. (B)
Pearson correlation of synovium ZEB1 with STAT3 (left) and STAT1 (right). Data provided courtesy of
Professor Costantino Pitzalis (Queen Mary University of London, UK). The complete human data with
other correlations are shown in Appendix Figure 8.4. (C) Microarray expression of ZEB1 and STAT3
(left) and ZEB1 and CRTAM (right) in bone marrow, blood monocytes and leukocytes from patients
with RA (Open-access data set GSE100786).
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6.4 Discussion

CRTAM is a cytotoxic and regulatory T-cell molecule that was identified in our transcriptomic
analysis of IL-6 stimulated CD4" T-cells as a gene target down-regulated by the action of IL- 6.
Importantly, CRTAM is involved in T-cell development and proliferation, with previous
studies having reported its role in the establishment of Thl and Th17 proinflammatory
responses “¥. Exploring the function of CRTAM in inflammatory disease will undoubtedly
help understand how IL-6 contributes to the underlying pathology. Thus, CRTAM holds
promise as a novel biomarker of T-cell driven pathology in rheumatoid arthritis. Even though
recent studies highlight roles for CRTAM in regulating these T-cell effector characteristics,
the lymphokines responsible for the control of CRTAM expression remain unknown. Hence,
there is considerable interest in understanding the regulatory mechanisms of CRTAM

expression.

Therefore, in this Chapter, | sought to determine the role of CRTAM in synovial inflammation
and its regulation. | showed that CRTAM is expressed within the synovium of mice with AIA
and that it is negatively regulated by IL-6 and IL27. Using ChIP-qPCR analysis, described in
Chapter 2, Section 2.7, | demonstrated that this regulatory mechanism involves STAT3
control of ZEB1, which acts as a transcriptional regulator of CRTAM. To complement these
in vivo findings, | analysed clinical datasets to investigate the expression of CRTAM and its
regulator molecules in patients with rheumatoid arthritis. To author’s knowledge, this study
represents the first attempt to investigate CRTAM regulation in a context of inflammatory

arthritis.

Immunohistochemical analysis showed that CRTAM was expressed during active arthritis in
the joints of mice with AIA. In models of inflammation, IL-27 deficiency is predominantly
linked with more active pathology whilst L-6 deficient mice are protected from the
disease 104204212 |nterestingly, a significantly larger CRTAM* CD4* T-cell population was
observed in /127ra”" mice (lymphoid-rich synovitis) as compared to WT mice (myeloid-rich
synovitis). However, this was not observed in ll6ra”" mice, confirming the association
between CRTAM and arthritis severity. This pattern of expression suggested a potential

involvement of CRTAM in the local control of adaptive immune responses.
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CADM1, the ligand for CRTAM, was also observed in the inflamed joint although its
expression was not dependent on IL-6 or IL-27 control. These observations also reflect those
of Professor Paul Garside (Glasgow University, unpublished data). Here, transcriptomic
analysis of CD4* T-cells purified from inflamed joint tissue of mice with a variation of the AIA
model - using an adoptive transfer of Th1 TCR transgenic T-cells specific for ovalbumin (OVA)
and challenging mice with OVA #*8- showed that both CRTAM and CADM1 were significantly
upregulated in the joint- migrated cells. Furthermore, CD4* and CD8"* T-cells were enriched
in the population of cells migrating out of the inflamed tissues, supporting the hypothesis of
CRTAM being expressed on some activated CD4* and CD8* T-cells **74# |n reviewing the
literature, no data were found on the association between CRTAM and RA. The current study
provided a functional characterisation of the CRTAM* CD4* T-cell population within the
inflamed synovium at day-3 and day-10 post-AlA in both WT and //27ra”" mice. It was
hypothesised that CD4*, CD8"* T-cells and perhaps natural killer (NK) cells to a greater extent
were the primary cell types expressing CRTAM in the joint. However, synovial CRTAM was
found to be predominantly expressed in CD3*CD4" joint infiltrating T-cells, while only a small
proportion of CD8* T-cells and NK expressed CRTAM. This result may be explained by the
fact that the largest population of CD3* cells present in the arthritic inflamed joint is, indeed,
CD4* T-cells, and that the amount of CRTAM* NK and CD8" T-cells is proportional to the
percentage of total NK and CD8* T-cells within the synovium. Detailed characterisation of a

total number of these cell subsets, instead of percentages, awaits further experimentation.

Prior work has documented that CRTAM is only transiently expressed upon TCR stimulation
in both CD8" and CD4" T-cell 47449430 Thijs accords with our earlier observations, which
showed that CRTAM was upregulated in naive CD4* T-cells (CD4*CD25CD44"°CD62L") 18
hours following TCR activation and downregulated within 24 hours. This transient expression
is in keeping with our previous day-3-mRNA studies, which suggested a transient
upregulation of CRTAM during joint inflammation. Notably, however, these data didn’t fit
well with the detection of CRTAM on cells into the course of the disease (day-10 post-AlA)
observed in the immunohistochemical analysis. This rather contradictory result can be
attributed to the differences that exist between in vitro and in vivo approaches, and mRNA

and protein.

This study is the first that describes a role for cytokines in regulating CRTAM. In this context,
| have demonstrated that treatment with IL-6 and IL-27 significantly impaired CRTAM

expression upon naive CD4* T- cell activation. This inhibition was significantly increased in
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naive CD4* T-cells from gp1307F mice, where STAT3 is hyperactivated 3'**'2, but remained
unchanged in gp130 7F:Stat3+/- mice '3 where STAT3 expression is normalised to WT levels.
It can thus be suggested that this form of suppression is controlled by gp130 activation of
STAT3. This finding broadly supports the work of other studies, where CRTAM has been

48 and it has been

reported to be a key regulator CD4" cytotoxic T-cells in mice
demonstrated that this cytotoxicity is promoted by STAT3 signalling #*°. Additionally, these
results mirror those of a recent study which showed CRTAM conferring resistance to colitis
development, in a model of inflammatory bowel disease **2. Here, CRTAM-deficient mice
showed a great reduction in STAT3 activation, in the secretion of IL-6 and in the presence of

leukocyte infiltrate in the mucosa compared to WT animals, and therefore associated

CRTAM with disease activity 2.

In accordance with the present results, another group previously highlighted that CRTAM is
a molecular target for ZEB1, a well-known homeodomain/Zn finger transcription factor **°.
This same group reported by CRTAM promoter analyses that ZEB1 is a transcriptional
repressor of CRTAM. However, the mechanisms that govern CRTAM control in vivo are
ill- defined. Our data extend this relationship by illustrating, with ChIP-qPCR analysis, that IL-
6 and IL-27 stimulation-induced STAT3 binding to the Zeb1 promoter. These findings lead us
to propose a model in which IL-27 and IL-6-induced CRTAM inhibition is controlled by gp130
activation of STAT3, which promotes Zeb1l expression as a transcriptional repressor of
CRTAM (Figure 6.19). This model corroborates the ideas of Nowell et al. ** and work from
Lionel Ivashkiv’s group %%, showing that STAT3 activation in inflammatory arthritis drives
leukocyte infiltration and influences disease severity and is, therefore, constitutively
activated in the inflamed joint tissue. Moreover, this proposed mechanism is consistent with
the role of IL-6 in promoting and maintaining adaptive immune responses and regulating the
recruitment and effector characteristics of joint-infiltrating T-cells 2°*. However, it could be
argued that in synovial pathology, IL-6 and IL-27 have opposing roles since the preferential
activation of STATs by these cytokines differ. For example, IL-27 signals through STAT1
signalling and this pathway is associated with an anti-inflammatory outcome *3. A possible
explanation for this might be that in this scenario, IL-27 would mainly signal via STAT1, as it
has been reported that although described as an anti-inflammatory cytokine, it can activate

both STAT3 and STAT1.
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Figure 6.20 A model of the regulation of CRTAM by a network of signalling and transcriptional
pathways.

IL-6 and 1l-27 bind membrane-bound receptor complexes, which all contain the receptor subunit
gp130. This binding induces receptor dimerisation, activating the associated JAKs, which
phosphorylate each other and subsequently recruit STAT1 and STAT3 to the phosphorylated sites on
the receptor chains. The STAT3 themselves are phosphorylated and activated by the JAKs, which
enables their dimerisation and translocation to the nucleus, where they induce the transcription of
ZEB1. ZEB1 functions as a transcriptional repressor of the CRTAM gene, negatively regulating its
expression in synovial naive T-cells.

In order to explain disparity between the observation of CRTAM positive cells and excess
IL- 6 signalling in the synovium, despite the shown negative regulation of IL-6 on CRTAM
expression in other settings, it is possible that these observations are temporal and may
capture the state in which IL-6 and CRTAM are both high before IL-6 can initiate negative
regulation of CRTAM. However, it is also possible that we do not fully know the basal level
of CRTAM expression in specific inflammatory states, therefore this expression level may be
higher or lower than CRTAM expression during other states. Another potential hypothesis
for this apparent discrepancy may be that in a context of a normal immune response (e.g.,
clearance of a bacterial infection) the negative regulatory effect is more apparent, whereas

in the pathogenic scenario of inflammatory arthritis, the negative regulation of CRTAM by
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IL-6 is impaired. T-cells local to the joint tend to be activated or memory T-cells; it is possible
that IL-6 acting on these previously activated populations does not result in a suppression of
CRTAM. Instead, the regulation by IL-6 is restricted to situations were IL-6 acts on activated
naive T-cells. Synovial CD4 T-cells tend to lack IL-6R, which suggests that the T-cells are
previously activated. It can also be argued that this change in IL-6R expression may restrict

IL-6 responsiveness, albeit the sIL-6R levels may circumvent this.

Another important finding was that ZEB1 colocalised with CRTAM in inflammatory arthritis.
These two proteins showed strong negative correlation when assessed by qPCR. This result
supports evidence from my laboratory’s previous transcriptomic analyses in murine T-cells
as well as from clinical observations, e.g. open access repository datasets from patients with
rheumatoid arthritis and unpublished human data from Costantino Pitzalis & Myles Lewis
(WHRI, London) previously shown, who also reported the same inverse correlation between
the two molecules. Interestingly, CRTAM expression was significantly more visible in patients
with RA compared to patients with OA. OA is contemplated as a condition whose
pathogenesis implicates mechanical damage and chronic low-grade inflammation .
Moreover, based on histological and cytokine profiling, synovial membranes from patients
with OA showed less leukocyte infiltrate and therefore, T-cells do not contribute to the

pathophysiology as much as they do in RA #¢°, Thus, these findings add to a growing body of

evidence suggesting that CRTAM is heavily involved in T-cell-driven pathology.

In summary, this Chapter provides a distinct, yet complex mechanism to the regulatory
effects of IL-6 and IL-27 on CRTAM expression in inflammatory arthritis. These findings
strengthen the hypothesis that CRTAM might play a pathogenic role in inflammatory
diseases. Also, it makes CRTAM a potentially suitable candidate for a novel biomarker of T-
cell driven pathology and a target during inflammatory arthritis. Nevertheless, several
guestions remain unanswered at present. In collaboration with Professor Paul Garside
(Glasgow University), we will investigate the function of the CRTAM-CADM1 interaction —
specific to the engagement of T-cells with dendritic cells. Although in these studies, we
characterised the relationship between T-cells and CRTAM within the joint of mice with
antigen-induced arthritis (AlA), this study has been unable to examine the impact of CRTAM*
CD4* T-cells in the pathogenesis of inflammatory arthritis. In future investigations, it might
be necessary to use a CD4-specific CRTAM KO mouse, a CRTAM KO mouse or use antibody
blockade experiments in order to address this issue. These further experiments will provide

greater insight into the biology of CRTAM and its role in autoimmune diseases like RA.
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7 General Discussion

7.1 Summary of work

The work described in my thesis has investigated several new therapeutic interventions
designed to target the JAK/STAT signalling pathway for the treatment of RA. Through studies
of their mode of action, my research has led to improved understanding of the inflammatory
mechanisms driving arthritis progression and synovitis and has provided some insight into
how the JAK/STAT pathway functions in a complex heterogeneous disease like RA.
Collectively, research projects described herein highlight immunotherapies that moderate
the IL-6/sgp130-associated JAK/STAT3 signalling axis and therefore cover one of the recent
key advances in medicine of 2018, chosen by the magazine Nature, namely ‘Selective Janus

7 461

kinase inhibitors come of age’ *°, making my work a highly current research topic.

Since its first description as interferon B-like protein in 1980, our understanding of the
biology of IL-6 and its physiologic and pathophysiologic implications have drastically
improved %2, The consequences of dysregulated gp130 activation on immune homeostasis
and susceptibility to infection, autoimmunity or cancer have been extensively reported, thus
highlighting the importance of limiting the magnitude or duration of IL-6 cytokine family
signalling in disease 3%. The development of biologic therapeutics that target the IL-6 family
and/or STAT3-signalling cascade has widely proven the therapeutic value of inhibiting this
axis and, as a result, has revolutionised the treatment of inflammatory diseases including
RA % However, many patients fail to display an adequate response to therapy, which
emphasises the need for alternative therapeutic strategies or a greater understanding of
how these therapies may be best applied in patients or specific indications *%. Current drug
strategies that target IL-6 cytokine family fall into three broad categories: (i) blocking
monoclonal antibodies that directly act on either the cytokine or the cytokine receptor (e.g.,
tocilizumab, sarilumab, siltuximab); (ii) recombinant cytokine regimes and (iii) small
molecule therapies that interfere with cytokine receptor signalling through sgp130 and/or
the JAK/STAT pathway (e.g., tofacitinib, ruxolitinib, baracitinib) 3°. Studies presented within
this thesis tested several alternative novel therapies that could potentially deliver a more

selective inhibition of JAK/STAT signalling in RA (Figure 7.1).
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Figure 7.1 Visual summary of the research content within this thesis.

Chapter 3 focused on the direct therapeutic targeting of STAT3 using CpG-Stat3siRNA therapy, while
Chapter 4 investigated the potential of a SOCS3-inducer peptide to target STAT3 signalling indirectly.
Chapter 5 aimed to use cs-130 variants that inhibited IL-6 trans-signalling and finally, Chapter 6
explored the role of CRTAM and its negative regulation by IL-6 in synovitis.

Chapters 3 and 4 described two small-molecule interventions that modulate receptor
signalling activity or intracellular mechanisms linked to JAK/STAT3 signalling axis and thus,
belong to the third class of drug intervention described above. More specifically, STAT3 is
considered a central therapeutic target for RA. In Chapter 3, | developed an alternate
strategy that directly inhibits STAT3 signalling in inflammatory cells. This novel approach
developed as an anti-cancer therapy (CpG-Stat3siRNA) relies on simultaneous delivery of
innate immune system activation through the TLR9 agonistic unmethylated CpG and
inactivation of STAT3 via a synthetically engineered STAT3 siRNA. From histological and
transcriptomic analyses, | showed that CpG-Stat3siRNA improved arthritis outcome in WT
and IL27ra”" mice with AlA, altered the STAT1/STAT3 balance in the inflamed synovium and
reduced the presence of ELS in ELS-rich synovitis. Here, transcriptomic analysis of synovial

inflammation allowed the identification of pathways associated with the delivery of
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CpG- Stat3siRNA therapy. While many of the downregulated pathways were associated with
inflammatory pathways, such as T-cell and B-cell signalling and differentiation, cell migration
and proliferation, other pathways such as bone remodelling, metabolism and innate
signalling and activation were also altered by treatment. Thus, RNA-sequencing is a powerful
tool to investigate transcriptomic changes in response to treatment and provide mechanistic
insights to the contribution of CpG-Stat3siRNA and the STAT3 signalling pathway in synovitis.
The overall findings of this study suggested that TLR9-targeted delivery of STAT3 inhibitors
may offer a new approach for more effective immunotherapy of inflammatory arthritis and,
potentially, other autoimmune diseases. Conversely, Chapter 4 focused on the indirect
targeting of STAT3-driven responses through the induction of SOCS3 expression. In this
study, | evaluated the therapeutic potential of a viral protein derived from hepatitis C virus,
which triggers the transactivation of SOCS gene regulation and thereby ultimately
suppresses STAT3 activation. The inhibitory action of this inducer of SOCS3 peptide (SOCS3
P) was initially evaluated using an in vitro murine Th17 cell differentiation assay and was
subsequently tested in an in vivo model of inflammatory arthritis. This study demonstrated
that this regulatory peptide had the capacity to block Th17 cell differentiation in vitro and
reduce disease pathology in AIA joints and supports the importance of SOCS3 in modulating

cytokine-driven outcomes in synovial inflammation.

In Chapter 5, | focussed on the first class of drugs previously mentioned, that include
recombinant protein modalities for specific cytokines or cytokine receptors. Here, | used a
junctional epitope nanobody that recognises the IL-6-IL-6R complex and selectively inhibits
IL-6 trans-signalling. Briefly, these novel IL-6 trans-signalling inhibitors were engineered by
fusion of a minimised sgp130 variant to an IL-6:sIL-6R complex-binding nanobody (VHH6),
and their inhibitory capacity of STAT3-driven Th17 cell expansion in vitro was evaluated. |
showed for the first time that these inhibitory proteins with improved activity for IL-6 trans-
signalling had a dose-dependent effect on Th17 cell proliferation, demonstrating their
potential therapeutic applications due to their selective inhibition of IL-6 trans-signalling and
relatively small size. Although future experiments will have to evaluate the effect of these
specific novel chimeric soluble gp130 (cs-130Fc) variants on the severity of arthritis in a
model of antigen-induced arthritis, they remain potential therapies of interest for further

investigation.
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The pathogenesis of RA is complex, and it may be difficult to ever find a reliable biomarker
to predict, target and monitor disease 8. Consistent with formerly reported roles for
autoreactive CD4" T-cells in initiating and controlling specific immune responses relevant to
the development of synovitis and destruction of the cartilage and bone in inflammatory
arthritis 2’4, RNA-seq analyses from joints of AIA mice in Chapter 3, further demonstrated a
central function of CD4* T-cells in the pathogenesis of the disease. Understanding how the
expression of transcripts change during disease can provide insight into the mechanisms that
underpin disease progression and has the potential to identify novel biomarkers and
therapeutic targets that improve patient stratification and treatment. My research group
has generated omic datasets to delineate novel mechanisms regulating T-cell fate. Through
this type of approach, | identified several T-cell regulatory molecules whose expression is
negatively regulated by IL-6 and gp130 cytokine receptor signalling. Chapter 6 examined the
role of CRTAM (CD355), a molecule found to be downregulated in activated naive CD4*
T-cells as a response to IL-6 and IL-27, which is essential in regulating T-cell effector
characteristics and has also been previously implicated in various inflammatory and
pathogenic processes, in the context of synovitis. This study provided a distinct, yet complex
mechanism to the regulatory effects of IL-6 and IL-27 on CRTAM expression in inflammatory
arthritis. These studies highlighted the pathogenic role for CRTAM in inflammatory disease
and identified CRTAM as a novel biomarker of T-cell driven synovial pathology and a target
for lymphoid-rich synovitis. The implications of these results on current knowledge,

potential therapeutic relevance and application to other challenges will be discussed here.
7.2 Future perspectives for rheumatoid arthritis immunotherapy

7.2.1 The context-dependent nature of cytokine action and the relevance to

therapy

Hardly any cytokine exerts exclusively pro-inflammatory or anti-inflammatory actions.
Instead, they operate in a highly context-dependent manner that is shaped by the type of
tissues involved and the course of the disease process “3. Rather than boosting pathways
that coordinate the suppression and resolution of inflammation and restoring immune
homeostasis to enable long-term remission in patients, current treatment strategies for RA
generally include targeting pro-inflammatory cytokines, and in doing so, blocking the

activation process of inflammation 2%, However, inhibition of pro-inflammatory cytokines is
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not always successful, and patients often display relapses of disease activity or changes in
clinical efficacy following prolonged biological drug therapy “%*. The therapeutic success of
TNF-a targeted inhibition in patients with RA in the early 1990s, revealed that chronic
inflammatory diseases depend on delicate communication networks of cytokines. These
networks fall apart upon deactivation of functionally vulnerable nodes such as TNF-a,
suggesting that different chronic inflammatory diseases may share common
pathophysiology 1?°. Other cytokines that are of pivotal importance in RA are IL-6, IL-1, IL-17
and IL-23, which are required for inflammation in several different organs, including the
joints, brain, gut and skin %%°. For example, inhibiting IL-6 receptor was shown to be effective
totreat RA, yet this strategy has shown limited efficacy or even failed in most other prevalent

chronic inflammatory diseases 2164

. Therefore, instead of sharing similar molecular
pathogenesis, chronic inflammatory diseases display quite distinct cytokine-driven
activation profiles %%°. As a consequence, at the moment there is a need to define other
cytokines that are of hierarchical importance, that drive the tissue components of RA, and
that could provide additional therapeutic targets in refractory disease, where remission is
difficult to achieve 2. The challenge now is to determine how the specific features of these

individual cytokines or cytokine networks coordinate the disease progression and the

various comorbidities often associated with patients with complex chronic and illnesses.

As discussed before, IL-6 represents a keystone cytokine in infection, cancer and
inflammation, supporting the maintenance of immunological reactions or driving disease
progression 22, One of the questions raised by the studies performed in Chapter 5 relates to
the use of IL-6 trans signalling inhibitors, which provide the opportunity to selectively target
the deleterious consequences of IL-6 biology. Here, selective blockade of IL-6 trans-signalling
offers a clinical advantage over a more global inhibition of IL-6 — restricting the impact of
therapy on the homeostatic properties of IL-6 in health such as maintenance of barrier
immunity and tissue regeneration. Cs-130Fc variants have the potential to inhibit the
“danger” component of IL-6 signalling, leaving certain IL-6-regulated homeostatic processes
intact 21, Some studies in mice have shown, however, that inhibiting IL-6 trans-signalling
does not control serum amyloid A (equivalent to C-reactive protein in humans) 2%,
Nevertheless, experimental evidence supports the proposal of the therapeutic inhibition of
IL-6 trans-signalling. For example, olamkicept (an engineered chimeric sgp130 protein that
targets cytokine trans-signalling by IL-6 and IL-11), NI-1201 (an anti-IL-6R monoclonal

antibody) and VHH6 (junctional epitope nanobody that recognises the IL-6—IL-6R complex),
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selectively inhibit IL-6 trans-signalling and have shown considerable promise in pre-clinical
studies, and early clinical trials 26303424465 |n Chapter 5, we observed an inhibitory effect of
¢s-130Fc variants in an in vitro Th17 cell expansion assay when compared to olamkicept,
suggesting that cs-130Fc variants may be superior to sgp130Fc in terms of pharmacological

inhibition of Th17 cell formation regarding activity and selectivity.

The potential therapeutic advantage of blocking IL-6 trans-signalling without affecting
classical IL-6 receptor signalling is also supported by the appearance of infections associated
with global IL-6 blockade such as with tocilizumab intervention, or atopic dermatitis
treatments, usually affecting tissues where IL-6 controls barrier function or tissue integrity
(e.g., respiratory, urinary and gastrointestinal tracts) *-#%°, Thus, the challenge is to identify
where and when IL-6 is active in inflammation to understand how the pleiotropic effects of
IL-6 determine the progression, severity or duration of disease 2. Another challenge
regarding drug strategies targeting IL-6 is to understand the types of clinical indications that
may benefit from these therapies and to evaluate the best approach to target these
inflammatory cytokines 3%, For instance, does inhibition of a cytokine, its corresponding
receptor or mode of cytokine receptor signalling provide optimal therapeutic opportunities
or clinical outcomes? With the emergence of small molecule interventions that block specific
cytokine receptor signalling systems (e.g., tofacitinib targeting of the JAK/STAT pathway),
researchers and pharmaceutical companies have also begun to consider possibilities of
simultaneously targeting multiple cytokines of the family as a route to therapy. Such
interventions offer opportunities to either broaden the type of clinical indication that may

be tractable to therapy or increase the efficacy of treatment within a given disease setting.

7.2.2 Safety and strategies for the optimal use of biologics in RA

Biologic therapies have improved our ability to treat RA and other autoimmune conditions.
As with any drugs, however, there are risks associated with the use of these agents 3%, These
adverse effects can be split into (i) class-specific, those than can be expected from the
biological role of the target, such as a decreased in immunoglobulin associated with B-cell
depletion, intracellular opportunistic infection associated with TNF inhibitors, and anaemia
associated with JAK2 inhibition; and (ii) compound-specific, those unique to one compound
within a class, such as infusion reactions and infliximab !*°. Generally, as biologic agents are
larger than oral synthetic compounds, they are not metabolised by the body, and

consequently, compound-specific adverse effects are less frequent with biologics 1*%%2, To
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date, it seems that all biologic DMARDs have a good benefit-to-risk-profile. Infections,
however, are the primary risk (approximately 20% of the cases), as they are a direct
consequence of biologic therapies suppressing the immune response *%. Not surprisingly,
age, smoking, comorbidities, concomitant glucocorticoid treatment and other underlying
risks factors may worsen the risk of adverse effects 4°. However, occasionally the risk of
certain infections is more common in response to specific biologics (i.e., TNF-a. inhibitors are
particularly associated with increased susceptibility to tuberculosis ). Furthermore,
cytopenias (more specifically anaemias and leukopenias) are also commonly seen in patients
treated with biologics. For example, neutropenia has been associated with the cytokine
receptor-inhibitor tocilizumab and first-generation jakinibs, including tofacitinib and
baricitinib 4. Jakinibs such as tofacitinib and baricitinib, are associated with a reduction in
haemoglobin levels, perhaps mediated through inhibition of JAK2, which orchestrates the
response to erythropoietin. In contrast, IL-6 inhibition by tocilizumab is linked with
improvement of anaemia in chronic diseases such as RA 1*°, Elevated levels of lipids and liver
transaminases have also been reported in patients with RA treated with DMARDs, biologic
therapies and jakinibs 1*#471472_ Lower total cholesterol levels are commonly seen in patients
with active RA and other inflammatory states, which is paradoxical when considering their
increased risk of cardiovascular disease #’3. This suggests that systemic inflammation has the
general effect of lowering circulating lipid levels and explains why suppressing inflammation
with RA therapy seems to elevate levels of lipid fractions in patients *’%. This effect is more
frequent in patients being treated with tofacitinib and MTX in combination and may require

dose adjustment or discontinuation 4*

. Jakinibs and some biologic agents, such as
tocilizumab, might increase the risk of gastrointestinal perforation as well, highlighting the
multifaced role of JAK-dependent cytokines in immune homeostasis and the importance of

long-term monitoring for unexpected complications 144,

Whereas the advent of biologic therapies has substantially improved the management and
outcome of inflammatory arthritis, the percentage of patients achieving disease remission
remains low (around 40%) 3*. Thus, treatment strategies that achieve higher rates of
sustained disease remission are needed, and one of the options that have shown to present
potential benefits for the patients is, as outlined previously, to combine different biologic
therapies 1*°. Although several studies combining therapies failed to enhanced efficacy due
to the overlap of the cytokine biologic effects, the increase of our knowledge about how

these cytokines and signalling pathways interact is leading to the identification and test of
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new potential synergistic combinations #’>. Combining biologic agents successfully may also
enable substantial reductions in doses of individual agents, and therefore will make them
more economically viable. However, before being able to implement these combinations of
biologic therapies, and given their potency and potential for immunosuppression, clinical
trials need to assess their safety risk, already discussed above, and efficacy in stepwise,
escalating-dose combinations *°. Finally, current management of RA also aims to reduce
these adverse effects by tailoring treatment to the patients by considering underlying

comorbidities such as chronic kidney diseases, diabetes mellitus or previous infections °8.

7.2.3 Towards personalised therapies

With the increasing number of biologic agents available in clinical practice (Figure 7.2), the
choices are becoming overwhelming, and it is often difficult to choose the right treatment
for each patient 1°. In addition, improved success in treating RA has raised the prospect of
long-term drug-free clinical remission *°. Rheumatology has so far relied on a trial-and-error
approach, which in the UK is governed by the National Institute of Clinical Excellence (NICE)

guidelines and the clinical experience of rheumatologists prescribing biological drugs .

7.2.3.1 Identification of predictive biomarkers

One of the major challenges associated with the treatment of RA is the lack of robust
biomarkers to predict the course of inflammatory arthritis in patients whose disease is
undifferentiated at presentation. Such biomarkers offer potential opportunities to stratify
these patients according to their disease and inform clinical decisions on the best course of
therapy for a particular patient or patient group. While disease-specific autoantibodies such
as RF and ACPA correlate with disease severity, they unreliably predict underlying features
of joint pathology **°. Here, circulating blood markers of disease often show poor correlation
with the complex histological features of synovitis **1. An emerging blood biomarker of tissue
inflammation is CXCL13, whose expression is increased in peripheral blood mononuclear
cells from RA patients compared to healthy donors #’%, and in the plasma using proteomic
profiling #”7. CXCL13 reflects a more severe pattern of RA disease; for example, levels of
CXCL13 marks the presence of ELS and correlates with the degree of erosive bone damage

397476 and consequently, CXCL13 serum levels have been used as a predictive marker for

128

lymphoid-rich synovitis However, further investigation to identify other blood

biomarkers that reflect synovial and diseases subtypes is needed **. Moreover, CXCL13 has
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also been proposed as a valuable therapeutic target in some cancers, as well as a biomarker
of systemic immune activation during several infectious diseases such as Lyme disease,
syphilis affecting the central nervous system, or human immunodeficiency virus (IHV)

infections, where CXCL13 levels correlated both with disease progression and viral load 8.

Although it is well known that clinical intervention at the earliest time point in the course of
the disease allows for the best clinical outcome, current clinical assessments of RA provide
limited information on the most appropriate intervention strategy or class biological drug
based on their mode of action (e.g., anti-TNF inhibitor vs anti-IL-6R inhibitor vs anti-CD20
blocker) 1*°. During my studies, | was lucky enough to be involved, for the first time, in the
development and optimisation of RNA-seq methodologies of mouse synovial tissue treated
with the novel anti-cancer CpGStat3siRNA therapy. This approach takes advantage of
high- throughput next-generation sequencing to study gene expression changes in the
synovium in response to treatment within various mouse genotypes (WT and //27ra”") with
AIA (day-3 and day-10 post-AlA). The results from this study have helped improve our
comprehension of the mode of action of the drug in the context of inflammatory arthritis
and have identified relevant STAT3-linked pathways involved in synovitis. IL-6 (prototypical
pro-tumorigenic cytokine within the IL-6 cytokine family), but also other cytokines such as
IL-11, regulate various STAT3-mediated oncogenic processes by promoting chronic
inflammation that supports tumour microenvironment 3%, For this reason, drug intervention
based on blockade of the JAK/STAT3 axis has been approved or are in clinical trials for the
treatment of several forms of autoimmune disease and cancer '*. Given the success of
CpGStat3siRNA for the treatment of myeloid malignancies, as well as melanoma and lung
cancer 3163417344 there are high hopes that this approach will provide an effective treatment
option for autoimmune disorders such as RA. While these analyses provide some insight
about the major contributing pathways that drive RA and the mechanism by which
CpGStat3siRNA acts, a vigorous search is currently underway to identify biomarkers that
could predict response to treatment and improve patient stratification at the earliest stage

of disease *°.

My research group has recently generated a transcriptomic profile of IL-6 responses in naive,
activated and memory CD4" T-cells to determine whether T-cell subsets adopt different IL-6
signalling properties within the inflamed joint %%, Because of the lack of reliable biomarkers
for the treatment of RA, studying genes that change in T-cells as a response to IL-6 is,

therefore, an interesting area of investigation. Our data showed that PTP activity controlled
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the expression of genes commonly associated with ELS; for example, PTPN2 control of STAT1
phosphorylation was shown to affect the transactivation of inflammatory cytokines such as
IL-21, and immune checkpoint regulators such as CD274 **. The gene signature identified
through this screen may, therefore, predict the efficacy of adoptive immunotherapy

strategies, or response to biological drug therapies.

In Chapter 6, CRTAM was demonstrated to be a potentially suitable candidate for a novel
biomarker of T-cell driven pathology and a target during inflammatory arthritis. It was
highlighted the importance of CRTAM in regulating T-cell effector characteristics and
perhaps a pathogenic role in inflammatory disease. Furthermore, based on the success of
initial histological assessments and mice work using different therapies presented in this
thesis (i.e. SOCS3 peptide in Chapter 4), RNA-seq and ATAC-seq of the inflamed synovium
will be used to generate novel insights into the therapeutic mode of action of these novel
drugs in the near future. Here, approaches will benefit from archived datasets obtained from

WT, ll6ra”~ and 1127ra”" mice with AIA within my own laboratory.

Conversely, specific biological outcomes of targeted therapies may not explain the
differences in response and, consequently, the search of biomarkers allowing one to target
specific populations at risk might be less revealing than one might think **. While the search
for biomarkers needs to be continued in a more innovative way than hitherto, at present
clinical markers, rather than biological markers, appear to be most predictive of outcome
and response to therapy, hence the focus of clinicians on clinical disease activity assessment

and targeting remission or low disease activity promptly .
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Figure 7.2 Summary of the main disease-modifying antirheumatic drugs for RA treatment

Examples of lymphocyte-targeting agents are highlighted in turquoise; cytokine/receptor blockers in
dark red, and small molecule inhibitors of signal transduction pathways in dark green. APC, antigen-
presenting cell; BCR, B-cell receptor; CD40L, CD40 ligand; GM-CSF, granulocyte-macrophage colony-
stimulating factor; MHC, major histocompatibility complex; RANK, receptor activator of nuclear
factor; RANKL, RANK ligand; MHC, major histocompatibility complex; TCR, T-cell receptor; Tfh, T-
follicular helper cell; Th, T-helper cell. (Adapted from Smolen et al., 2018).

7.2.3.2  Population-wide studies — how do you classify a patient with complex disease?

Current advances are already providing information on the course of disease progression
and are aiming at identifying the most appropriate therapy for a particular patients group.
Genome-wide analysis studies (GWAS), together with epigenetic studies, clearly implicate
the JAK/STAT signalling pathway and cognate cytokines in common human

185

immune- mediated diseases '®°. Importantly, GWAS have led to an explosion of loci

associated with risk of these disorders 1. Together, these studies shed light on fundamental
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genes, pathways and cell types that contribute to RA pathogenesis, and provide empirical
evidence that GWAs can provide valuable information for direct identification of therapeutic
targets and drug discovery in RA%’°, Indeed, some existing therapies target genes and/or
pathways have already been highlighted by such studies. An example of approved RA
therapies identified by this analysis is abatacept (CTLA-4-lg), and CTLA-4 polymorphisms are

associated with RA risk %472,

Among the more encouraging developments, a recent study that developed cellular and
molecular pathway-driven/stratified approaches to patients with RA, by determining their
relationship with clinical phenotypes and treatment outcomes, stands out 33*. Here, despite
the ambiguity of how RA heterogeneity relates to disease activity, prognosis and therapeutic
response and outcome in patients, diverse synovial pathotypes were shown to be present
at an early disease stage prior to DMARDs, and it was demonstrated that specific synovial
pathotypes and related molecular signatures were associated with clinical phenotypes and
disease prognosis 3**. Importantly, while these approaches are mainly associated with the
observed pathology within the inflamed joint, the implications of cytokine network
modulation on systemic homeostatic processes — such as cardiovascular risk, mood,
depression, fatigue and infection —and haematologic processes, are as well key components

of biologic intervention %,

As discussed in Section 1.2.4, 30-40% of patients with RA present follicular pathology
featuring ELS, remain challenging to treat and typically respond poorly to anti-TNF
treatment 1°#1°1, Indeed, studies suggest that ELS can affect the response to biologic therapy,
although it can be a controversial subject, and thus, a greater understanding is needed in
this area. For example, recent research reported the presence of lymphoid aggregates within
the synovium of RA patients to be a negative predictor of the response to anti-TNF therapy,
revealing a significant decline in DAS28 scores, despite the elevated levels of TNFa within

199153 However, ELS have also been

the synovium of patients with follicular pathology
associated with a better clinical response to anti-TNFa treatment in other studies *°. A more
comprehensive evaluation of ELS, for example utilising RNA-seq, as | have done in my
studies, may offer an opportunity to identify transcriptomic signatures that include markers
of ELS activity and to develop more robust markers with prognostic value. Although a

whole- tissue RNA-seq approach was taken here, advances in sequencing technologies such

as single-cell RNA-seq could provide more information regarding ELS composition and
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regulation. In this regard, the investigation of major inflammatory pathways linked with
synovial ELS development during experimental inflammatory arthritis and gastric cancer was
the focus of another PhD project (D.Hill, 2019) within my research group. Moreover,
single- cell transcriptome profiling of synovial tissue has been used to identify cellular

subpopulations present in RA 81,
7.3 Concluding remarks

Our understanding of epidemiology, genetics, pathogenesis, clinical assessment and therapy
of RA is becoming increasingly refined as the field strides into its second quarter-century,
with the incorporation of recent discoveries and technological advances which should
ultimately lead to increased development and implementation of pathway-targeting drugs.
Consequently, the treatment of RA has seen tremendous advances, but many challenges still
exist. A key focus of my research was to study the immunotherapeutic potential of the
IL- 6/JAK/STAT3 signalling axis in inflammatory arthritis, thus hopefully paving the way for
the discovery of novel therapeutically relevant targets and uncover the cause or causes of
RA to attempt a cure or at least prevention, as aspirational and ambitious as these goals

may be.
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Figure 8.1 Flow cytometry gating strategy to determine purity of naive CD4* T-cells.

Population purity of sorted naive CD4" T-cells was calculated by running a sample of the cell
population after sorting. In this example, CD4*CD25 CD44'°CD62L" cell purity (p5) was 95.7%. SSC-A —
side scatter-area; FSC-A — forward scatter-area; FSC-H — forward scatter-height.
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Figure 8.2 Promoter sequence of Crtam and negative regulator Zeb1

(A) Crtam and (B) Zeb1 promoter sequences. The exons are high-lighted in yellow background and
red text, promoter sequences are usually the sequence immediately upstream the transcription start
site (TSS) or first exon. By default, 600 bp 5’-flanking sequence of the gene is displayed when using
Ensembl software (http://www.ensembl.org/index.html).

Exons Crtam exons All exons in this region

Markup loaded

>chromosome:GRCm38:9:40969091:41005228:-1

CACATTTTTCTTAAAAACAAACAAGCAGAGAAGGGACTTTTGTGTCATGTCTGATCATCT
TAGTGAGGCATGTAAGAGATGTTGGATGCATAGAGAGGAGAGGGAGTGTGCACAGGTGGG
GAGATTAGTAAGTAGACTGAAAGACAGATAAGTAGATAAATGGGAAGATTTCGAAGTGAA
TGAATGAATCAATACATCTAATAACCACTAGATATTGTTGTCCAAGTCAGAAATACAAAA
TATCCAAGAAGGTTGGACAAAAATTACCTAGCTATTGTTTGCTTAGTAAAGTAGAAAAGC
TAAAAACAATGTCCAGACAGAGACATTTACTCTCTCCTGCCCTCTCTCTTCCCCCAGAAT
CTCATGTCATCACTTGCCATGGCTACCCACTTGTGGCTGAGCAGTGTTTGTCACCAACAC
CTCGTTCACACCTCTCCACAATGGATAGGACACCTGTGGTTCCCCAAGATGTTCCACCAG
GAGGTGTTTTAGGGGCAGCTAACTAAAAGGGGGCTCAGAGAAGGTGGAGGAGGTGACACA
GGCAAGGTCACAGAGCTACAGCCTCCCCCCCTTCAAAAGCCTGTGTGTACTTTAGAACCC
ACAGGAAGCTGTCAGAGACTCCCTCCGTTCAGCACAGCCAGCATGTGGTGGGGAGCCCTC
AGTTTGCTGTTCTGGGTGCCGGTGCAAGGTAAGGACTTAGAGTAAATGGATATTTTTGCT
CAGCTGACTTTATGGGCTTTTTTGTTAAACCTATCTGTCAGCCAACTGTGTTCTTGGAGG
TCGTACTCTGGAAGATAACTCAGGTAACTTTGCTAATACTTCTCTGGCTGTGCTCAACCC
ACACGTCCAAGGGCAGTTACTCCGTCTCTTATTGAACCTCTCTTCAGGGTGTAGGGGCAG
CCTGGCATGCATCTGTGGAATCTGTTGTGATGAAATAAAACCAGCGCCCTAAGTCTATCT
TTTGAAGGTTTATCAGTTGAAGGACATTCATTTCAGATTCCAARATGTCTTTGATGTAGA
AGTCTTTGTCAAATACCCTAATTTCTCTAAAATTCAGTTTTTGCATTTTTAGCCCTGACC
ATCCTGGAACTCATTCTATAGATTAGGCTGGCCTCAAACTCACAGAGATCCACTTCCTGA
GTACTGGGATCAAAGGCGTGCACCACCGCCATCCGACTCAATTTTTTTCATCTTTAGATG
AGGATGTTAAGAAATGACCTGTCAAACTGCTCATTATAAGAATATCTCAAATTTACACAC
TCTTTGGAAGTGATGAGGTATTAATCAATTCTAATTTAGTTCCGAGGAATAAGAACCCAG
TAAAAACTCTTTACTTTTAAACATGTGTTTATTATTCTATGTGTATGAGTGTTGTGCCTG
CTTAGGTGTGTGTGCCGTGTGTGTGCACTGTCCAAGGGGCTCAGAGGAGAGAGTTGGGGC
TTTGGAGCTGCAGTTATCCAGATGGCCAGGAGCTGCCATGTGGGTGCCGGGGAATGAGCT
GGAGTCCTCTGCCGGAGCAGCGAGTGCCCTTAACCACTGAGCCATCTCTCCGGCCCCGAA
AGCTACTTGTTTTGTAGAAATCAGTTCTATTTCACATTTTGCTATACTTTGGTTTTGGGA

Exons Zeb1 exons All exons in this region

Markup loaded

>chromosome: GRCm38:18:5591260:5776067:1

GGGGATTACTCATGCTGCTTTCCTGTGAGCGGAATTTCTTGCGGGCCTCTCTGTCCTGCT
GAAGTTCAACCTAACTGCAGTCACTTCCCGTCCGGGTAGGCTGGGGAAACCCGCGCGTCC
GTGGGAGGGGAGGAAGGCAGCAGAACGAGCCAGGTAGCTCGCGAGCGACGCGTCCCGGCT
GTCCACGTCCCCGGCGCGCACGTGCGGGTCGCCGCACCAACAGCAGGAGCGCGCGGGTCT
CCGCAAAGTGCGCAACTCGTCTGCGTGGGGGATGAGCGGGTGTGGCCCATGCCGCCAGCT
CAACCTGGCCTAGGAAGCCACGCTGTCGCCTCCCATTCCTGTCCCCAGAGCCCCAGCACT
ATTCTCCGCTACTCCACCACACCTGAGCAAAACTTTTCCCTCGCCTTCAAGATTCAAACT
CTGCAGCGTCCAAGGCTGCCGCAAACCACCCCGGCCCTAGCAACAAGGTTCCGGCCGTAG
AGCGAGCGCCGCTAGGTGTTAGGAAGGTGATGTCGTAAAGCCTCGAGTGTCGTAAACCAG
GTGCGGTGGGGAGGGGGAGGGGTGGAGGCCGCGGGTGGGGGGGGGAAGGGGAGGGAGGGA
GGGAGGGAGGGAGGAGGTGACTCGAGCATTTAGACACAAGCGAGAGGATCATGGCGGATG
GCCCCAGGTGTAAGCGCAGAAAGCAGGCGAACCCGCGGCGCAATAACGGTGAGTGGCGGA
GGGGCCCGGTGCGGCGGCGGGCAGCGGGCGGCCGGGCGAGGGGCGCAGGGCCAAGCGGGC
CGGGGGCGGCGGCGGGGCCGGGCCGAGTAGAGTGGGAAAGTAAAGTAGTGCGCCCCGCTG
CCGCTGCCGCCGCCGCTGCCGCCGCCGCCGCGGCTGCTGGACTGGACCGTTATGTCTTAC
CTGCCTCTGCGCCTAGCGGCTCCGGCGGCCGCCGGGGACCGTTAGCTGCGCCGCATCCCG
CCGCCGCGCCCGGCCACTTTTCCGCCCGCGGGTGGAGCGGCTGTTGCTTCTTTCCGCACT
TTCTCCACTCTTGCTGCCCCTCGGCGCCTCCCCGCGCGCGATCCTCTCTCCGCGCAGGCC
GCAGCGGCGGGGAACAAACTTGCGGCGGGCGGGCGCGGGCTGCGGGGCGGGCGCGGGCGG
GAGAGGACGGGCGGCCGCGGGCTGGTTGCGTGTCGGCTGCGTGTCGGCCGTGCGCGCGTG
TGCGCGGGAGCGGGCGCTGCGCGCCCGGTCGGGCGCCCGCGGGAAAGTTGCGCCCCGCGC
GCTCGCGGGCGGGCGGGGATGGGGACGCGCGGGGCCGGCGTGAGTCGGCGCCCAGGGGGC
TGGAACCCCGCGCCTGCGGTGCCCGTCGGGGGCCGGGCACGCTCTAGTGGCTCCTAGCTG
CTGCCACGGGGCGGGTGTGTGCGTGGACTCGCCGCCTGCGGGCCGGGARATAGCACAGAC
AGGTCGGGACGCCCGGGCAGCCGAGTCCGGGCGGGCACGGGGCTGTGTGCATGCGCCTCG
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Figure 8.3 Quality of sequencing determined by FastQC report.

Representative traces from a FastQC report showing the quality of the sequencing. (A) Box and
whisker plot of Phred quality scores of each base called at each point within a read. The red line
represents the median value and upper and lower lines represent the 90% and 10% values. The blue
line is the mean quality score. A Phred score of 30 means there is 99.9% accuracy in the base called.
A Phred score of 40 gives 99.99% accuracy. (B) Trace showing the percentage of each base at a
position in the read that has been called. For a random library an equal proportion of each base is
expected. (C) Comparison of the GC content of a library (red), compared to a normal GC distribution
(blue).
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Table 8.1 Summary table of all over-represented TFBS motifs in the promoter region of CRTAM
based on relative score.

In silico analysis of putative Zebl binding sites on the Crtam promoter using JASPAR
(http://jaspar.genereg.net/), an open-access database that identifies transcription factor binding sites
(TFBSs) given the promoter sequence of the transcription factor of interest. For each motif, identified
by its JASPAR ID (Matrix ID), the table specifies the name of the associated transcription factor
(Name), sense of DNA strand (Strand), Predicted sequence, Relative score, which shows the sensitivity
and specificity of the prediction, and the relative consensus sequence (Sequence logo).

Name  Matrix ID  Strand Predicted sequence  Relative score Sequence logo
- CCCCACCTG 0.96
GCTCAGCTG 0.85
GGACACCTG 0.85
+ ACACATCTG 0.85
- GCACACATG 0.85
+ CAGCACCTG 0.84
+ TCTCTCCTG 0.84
Jeb1 MA0103.2 + TCACACCTC 083 s, C C
+ CCCCACGTG 0.83
- CTTCAACTG 0.83 =Tl
+ ACCCACTTG 0.82
- CCTTGCCTG 0.81
- CCTTACCTT 0.81
+ ATTCAGCTG 0.81
- AGTTACCTG 0.81
- ATACACATG 0.81
- ACTTATCTG 0.80
- GCTTAGCTG 0.80
- CCCACCTGTGC 0.97
AGCACCTGCCT 0.96
+ GACACCTGTGG 0.95
+ CCCACGTGTCC 0.88
- GACACGTGGGG 0.87
- TGCACCGGCAC 0.86
+ CACACCTCTCC 0.85
- GTCACCTCCTC 0.84
- GTTACCTGAGT 0.84
+ CACATCTGCAA 0.84
- ACCACATGCTG 0.83
- TCCACCTTCTC 0.83 i
- AACACCTCCTG 0.83 :
Zebl  MA0103.3
GTCAGCTGCTG 0.83 L\ 1 Ve
ACCAGETGCAG 0.83 T o
CTCTCCTGCCC 0.83
- CACACATGTAT 0.82
+ AGGACCTGGGT 0.82
+ GCCTCCTGCCC 0.82
- TACACATGTAC 0.82
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Figure 8.4 Association of CRTAM, ZEB1 and CADM1 with RA in human studies.

CCP — anti-cyclic citrullinated peptide titre; RF — rheumatoid factor titre; ESR — erythrocyte
sedimentation rate; CD68L — monocytes or macrophages (CD68*) in the synovial lining; CD68SL —
monocytes or macrophages (CD68*) in sublining layers; CD138 — CD138* plasma cells; HAQ — health
assessment questionnaire; Swollen — swollen joints scores; CRP — C-reactive protein. Statistical
analysis by one-way ANOVA with Bonferroni post-test. P values were adjusted using FDR correction
(Benjamini-Hochberg). Data provided courtesy of Professor Costantino Pitzalis (Queen Mary

University of London, UK).
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