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ABSTRACT

A pathogenic role for synovial fibroblasts has been established based on the study of samples
originating from patients with longstanding rheumatoid arthritis (RA). To assess whether
these cells also have such role in early RA and whether they play a part in the resolution of
inflammatory arthritis, functional and transcriptional characterisation was performed on
synovial fibroblasts from patients in five distinct outcome groups: normal joints, resolving

arthritis, very early RA, early RA and longstanding RA.

Functional characterisation revealed differences in migration rates between groups. Migration
rates of very early RA and longstanding RA synovial fibroblasts were significantly slower

than those of normal ones. No differences in invasive characteristics were identified.

Transcriptional analysis demonstrated differing transcriptional signatures between very early
and longstanding RA synovial fibroblasts in both, unstimulated and TNF stimulated samples.
No differences in the transcriptomic profile of resolving and very early RA cells were
identified. The study of transcriptional responses to TNF stimulation in each outcome group
revealed generic changes in response to pro-inflammatory stimuli as well as outcome group-

specific responses.

These data extend previous observations of the pathogenic role of synovial fibroblasts
indicating that they may play a role in early RA and providing clues to potential targets
differentiating early and late RA.
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1 Introduction

1.1 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic multi system disease of unknown aetiology that
affects 1% of the population. In RA, the primary pathology localises to synovial joints
and is characterised by chronic inflammation that can lead to bone and cartilage

destruction, loss of function and long term disability.

1.1.1 Classification of RA

RA is a heterogeneous disease with multiple manifestations. The clinical diagnosis of
RA is based on a history of symmetrical polyarthritis affecting the small joints of the
hands and feet sometimes in the context of a family history of RA (first degree relative)
and often associated with raised inflammatory markers and positive antibody testing to

rheumatoid factor (RF) and anti citrullinated protein antibodies (ACPA).

In order to facilitate recruitment of patients into studies and direct comparisons between
clinical trials, classification criteria were developed by the American Rheumatism
Association in 1956 (Ropes et al 1957). These criteria were revised in 1987 (Arnett et
al. 1988) and have since been widely used for this purpose. Under these criteria patients
are assessed against 7 items and are said to fulfil classification criteria for RA if 4/7
criteria are satisfied (Table 1.1). In recent years, these criteria have come under criticism
as they lack sensitivity in early disease. As a consequence, the American College of

Rheumatology and the European League Against Rheumatism developed new criteria
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(Aletaha et al. 2010). The major advantage of the 2010 Rheumatoid Arthritis
classification criteria is that whilst they can be applied to patients with established
disease they also allow identification of patients at high risk of chronicity in early
disease (Table 1.2). Also noteworthy, is the inclusion of ACPA in these classification
criteria. In clinical practice, their presence or absence in the sera of RA patients is used
to further sub-classify RA into ACPA positive and ACPA negative disease. This
distinction is based on evidence that these disease subsets are associated with differing
environmental and genetic risk factors thus suggesting that they may be caused by
different pathophysiological mechanisms (Eyre et al. 2012;Klareskog et al. 2006;Linn-
Rasker et al. 2006;Plenge et al. 2005). Furthermore, although both diseases may have
very similar clinical features at presentation, disease course is markedly different with
ACPA positive patients displaying a less favourable course characterised by increased
extra-articular manifestations and excess cardiovascular risk and earlier and more severe

joint damage (Willemze et al. 2012).



Table 1.1 The 1987 American Rheumatism Association revised criteria.

Criterion Definition

1. Morning stiffness Stiffness in and around the joints lasting at least 1 hour before
maximal improvement.

2. Arthritis of >3 joints At least 3 joint areas simultaneously have had soft tissue swelling

or fluid observed by a physician. The 14 possible areas are: MCP,
PIP, wrist, elbow, knee, ankle and MTP joints.

Arthritis of hands At least 1 area swollen in a wrist, MCP or PIP joint.

4. Symmetric arthritis ~ Simultaneous involvement of the same joint areas on both sides of
the body (bilateral involvement of PIPs, MCPs, or MTPs is
acceptable without absolute symmetry).

5. Rheumatoid nodules  Subcutaneous nodules over bony prominences or extensor surfaces
or in juxtaarticular regions observed by a physician.

6. Rheumatoid factor Demonstration of abnormal amounts of serum rheumatoid factor by
any method for which the result has been positive in <5% of normal
control subjects.

7. Radiographic Radiographic changes typical of rheumatoid arthritis on

changes posteroanterior hand and wrist radiographs, which must include
erosions or unequivocal bony decalcification localized in or most
marked adjacent to the involved joints (osteoarthritis changes alone
do not qualify).

w

For classification purposes a patient shall be said to have rheumatoid arthritis if he/she has
satisfied at least 4 of these 7 criteria. Criteria 1 through 4 must have been present for at least 6
weeks. Patients with 2 clinical diagnoses are not excluded.

Table 1.2 The 2010 Rheumatoid Arthritis classification criteria

Criterion Score

A. Joint involvement
1 large joint
2-10 large joints
1-3 small joints (with or without involvement of large joints)
4-10 small joints (with or without involvement of large joints)
>10 joints (at least 1 small joint)

B. Serology (at least 1 test result is needed for the classification)

gawnN kO

Negative RF and negative ACPA 0

Low positive RF or low positive ACPA 2

High positive RF or high positive ACPA 3
C. Acute phase reactants (at least 1 test result is needed for classification)

Normal CRP and normal ESR 0

Abnormal CRP or abnormal ESR 1
D. Duration of symptoms

< 6 weeks 0

> 6 weeks 1
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The score of each section (A-D) is added. A score of > 6/10 is needed for the classification of

RA.

1.1.2 Pathophysiology

The pathogenesis of RA is complex and incompletely understood. It is postulated that a
combination of genetic, epigenetic and environmental factors coincide in an individual
leading to disease. It is generally accepted that exposure of susceptible individuals to
certain environmental triggers leads to loss of self-tolerance and over time to

development of inflammatory arthritis.

1.1.2.1 Genetic and environmental factors

The importance of genetics in determining disease susceptibility has long been
recognised. Disease concordance in monozygotic twins is estimated at 15% with overall
heritability estimated at 60% (MacGregor et al. 2000). Genome-wide association studies
have identified risk alleles that are associated with increased disease susceptibility.
Perhaps the best known of these is the human leucocyte antigen (HLA) system. The
HLA system is the most polymorphic genetic system in humans and a number of alleles
have been associated with increased RA susceptibility. Amongst these, alleles that
contain a common amino acid substitution (QKRAA) at positions 70-74 in the third
hypervariable region of the DRB1 chain within the peptide binding groove (known as
the shared epitope) confer increased susceptibility to RA (Gregersen et al. 1987). This
and other risk alleles of genes coding for proteins including protein thyrosine

phosphatase non-receptor type 22 (PTPN22) and cytotoxic T lymphocyte antigen 4
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(CTLAA4) have been associated with increased susceptibility to ACPA positive disease.
PTPN22 encodes a tyrosine phosphatase involved in T and B cell activation (Kallberg
et al. 2007) whilst CTLA4 is involved in down-regulation of T cell activation and
maintenance of peripheral tolerance (McCoy et al. 1999). Genetic associations to ACPA
negative disease also exist although they are less well established. An example is the
proved association between HLA-DR3 and ACPA negative but not ACPA positive RA
(Verpoort et al. 2005). These observations are important for two reasons. First, they
lend support to genetic influence in disease and more specifically to the role of the
immune system as these alleles have functions consistent with immune regulation.
Second, they help to define disease categories not solely based on clinical

characteristics but on genetic and antibody profiling (Mclnnes et al. 2011).

Gene-gene and gene-environment interactions are thought to be key determinants of
disease pathogenesis. Smoking is the prototypical environmental factor implicated in
disease. Smoking is a risk factor for RA and in particular for RF positive disease. The
relative risk of RF positive RA in smokers is 2.2 (95% CI 1.7-3.0) compared to a
relative risk of RF negative RA of only 0.8 (95% CI 0.6-2). Furthermore, this risk is
increased by interactions between this environmental factor and genetic ones. Thus,
smokers carrying one copy of the shared epitope have a relative risk of RF positive RA
of 7.5 (95% CI 4.2-13.1) whilst those carrying two copies have a relative risk of 15.7
(95% CI 7.2-34.2) (Padyukov et al. 2004). The interaction between smoking and the
shared epitope also increases the risk of ACPA positive RA. Smokers with a single copy
of the shared epitope have a relative risk of ACPA positive disease of 6.5 (95% CI 3.8-
11.4) whilst those with two copies have a relative risk of 21 (95% CI 11.0-40.2)

(Klareskog et al. 2006). The study of interactions has been extended to other risk alleles
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and to date the highest relative risk of developing ACPA positive RA is conferred by
the combination of smoking, double copies of the shared epitope and PTPN22 risk

alleles (Kallberg et al. 2007).

Infections represent other notable environmental factors implicated in RA pathogenesis.
Molecular mimicry and the ability of some pathogen products to promote protein
citrullination have been postulated as possible pathogenic mechanisms. Several studies
have demonstrated a positive association between RA and periodontitis (de Pablo et al.
2009;Kinloch et al. 2008;Wegner et al. 2010). Periodontitis is an infectious process
initiated by Porphyromonas gingivalis and other pathogens and accompanied by a
chronic inflammatory response. Common features and potential links between both
conditions include their relapsing/remitting nature and similar prevalence, the presence
of P. gingivalis in synovial fluid of RA patients and genetic factors underlying disease
susceptibility (Persson 2012). However, the precise mechanisms that explain this
association remain to be elucidated. The human microbiome has also been studied in the
context of disease. The microbiome is defined as the collection of microorganisms that
populate the human body. As 60-70% of these bacteria reside in the gut, studies have
focused on these microorganisms in particular. Of particular interest is the observation
that disease is attenuated in murine models of arthritis if animals are raised in germ free
conditions. Conversely, introduction of specific gut bacteria induces joint inflammation
whilst antibiotic treatment can prevent arthritis development in animal models (Horai et
al. 2000;Rath et al. 1996). Data from human studies have very recently added to these
longstanding observations. Scher and colleagues undertook sequencing of bacterial
DNA in faeces of patients with new onset treatment naive ACPA positive RA of less

than 6 months duration, treated RA patients with disease duration of more than 6
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months (chronic RA), treated psoriatic arthritis patients (PsA) and healthy controls and
found significant differences in bacterial composition between patient groups. A
specific intestinal bacterium Prevotella copri was identified in 75% of new onset
treatment naive RA patients compared to 11.5% of chronic RA, 37.5% of PsA and 21%
of healthy controls. The expansion of prevotella species was inversely correlated with
bacteroides species. To elucidate whether P.copri could predispose to increased
inflammation, antibiotic treated mice were colonised with the bacteria and colitis was
induced. P. copri colonised mice demonstrated significantly more severe disease than
their control littermates suggesting that P. copri may be able to support systemic

inflammation (Scher et al. 2013).

The role of autoimmunity in RA has long been proposed owing to the presence of
autoantibodies in the sera of these patients. Rheumatoid factors (RF) are autoantibodies
against the Fc portion of 1gG proteins. They can be present in the sera of patients
months or years before the onset of disease and are predictors of joint damage and
functional disability (Arend et al. 2012;Scott 2000). Antibodies against citrullinated
peptides (ACPA) are directed against a range of citrullinated proteins including
fibrinogen, vimentin, a-enolase and type Il collagen. They too can be present in the sera
of patients for years before disease onset and are prognostic markers that have also been
implicated in disease pathogenesis (Willemze et al. 2012). Citrullination is an enzymatic
process that results in post-translational modification of proteins. It is catalyzed by
peptidylarginine deiminase (PADI) enzymes that convert arginine residues to citrulline
(Figure 1.1). Citrullination occurs during several biological processes, including
inflammation. In RA, citrullination is thought to occur in a variety of locations

including lungs, periodontal tissue and synovial joints (where PADI enzymes have been
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found), and may provide a link between genetic and environmental factors and
autoimmunity. The analysis of fluid from bronchoalveolar lavages from healthy
smokers and smokers with pulmonary pathology revealed citrullinated proteins in
smokers but not in non-smokers. The presence of citrullinated proteins was associated
with higher levels of PADI2. This observation prompted the hypothesis that long term
exposure to smoking may induce citrullination of self-antigens leading to ACPA
production in susceptible individuals carrying the shared epitope (Klareskog et al.
2006). Similarly, P. gingivalis species express PADI enzymes able to citrullinate fibrin
from periodontal tissue. Thus these citrullinated antigens may become immunogenic in

patients with periodontitis (de Pablo et al. 2009).

It is likely that other, yet to be defined, autoantibodies against post-translationally
modified proteins are present in the sera of RA patients. Indeed, antibodies against
carbamylated peptides have recently been identified in the sera of RA patients.
Carbamylation is a non-enzymatic post-translational modification that results in the
conversion of lysine residues into homocitrulline (Figure 1.1). Homocitrulline and
citrulline are similar in structure but differ in length and the modified residue (lysine in
the case of homocitrulline and arginine in the case of citrulline). Anticarbamylated
protein antibodies have been found in 37-45% of ACPA positive RA and 16-20% of
ACPA negative patients. In the latter group they appeared predictive of disease severity
(Shi et al. 2011). Unpublished work from our group suggests that autoantibodies against
acetylated lysine exist in the sera of patients with very early RA compared to those with

resolving and persistent non RA arthritis.
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Figure 1.1 Post-translational protein modification. Diagram depicting the processes of
citrullination, carbamylation and acetylation. Citrullination occurs when arginine resides are
deaminated to citrulline. Lysine residues can undergo carbamylation through non-enzymatic
conversion into homocitrulline or acetylation through addition of acetyl residues. Antibodies
against citrullinated, homocitrullinated and acetylated peptides are present in the sera of RA
patients.

1.1.2.2 Synovial architecture in health and disease

Normal synovial tissue consists of two layers: the lining, which is in contact with
synovial fluid, and the sublining. The lining is a thin (2-3 cell deep) and avascular layer
that lacks a basement membrane and is composed of roughly equal proportions of type
A (macrophage-like) synoviocytes and type B (fibroblast-like) synoviocytes (also
known as synovial fibroblasts). The sublining is a thicker and more loosely organised
layer of type A and type B synoviocytes together with extracellular matrix (ECM) and

blood vessels (Mor et al. 2005).

In RA the normal synovial architecture is distorted. The usually thin lining layer is
replaced by a hyperplastic 10-15 cells deep layer. At the synovial-cartilage junction this

thickened synovial layer can become a mass of “pannus” tissue rich in synovial
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fibroblasts and osteoclasts that attaches to and invades the adjacent articular cartilage
and subchondral bone. The sublining synovial layer becomes infiltrated with
inflammatory cells including T cells, B cells, macrophages, mast cells, and plasma and
dendritic cells. Increased activity in the synovium is supported by ECM production and
neoangiogenesis (Taylor et al. 2005). A schematic representation of the cells in the RA

synovium is shown in Figure 1.2.

LINING

CARTILAGE

SUBLINING

BONE

@ T Lymphocyte ‘ Macrophage @ Osteoclast [ ® ) Endothelial cell
@ B lymphocyte =<@>= Fibroblast @ Osteoblast . Neutrophil

Figure 1.2 Schematic representation of the diversity of cells found in the RA synovium. The
lining layer is mainly composed of macrophages and synovial fibroblasts whilst the sublining
layer is composed of these cells as well as other immune inflammatory cells. Reproduced with
permission from Juarez et al. 2012.

This distorted synovial architecture is responsible for one of the main clinical

manifestations of disease: joint swelling. Yet somewhat surprisingly, this chronic
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inflammatory infiltrate is highly organised and governed by complex interactions
between cells of the innate and adaptive immune systems and resident tissue stroma.

The role of some of these cells in disease will be discussed next.

1.1.2.3 Cells in the RA synovium

T cells have traditionally been implicated in RA pathogenesis. Their role is suggested
by genetic susceptibility factors to RA such as the HLA system, PTPN22 and CTLAA4.
Additionally, abatacept (a selective co-stimulation modulator that inhibits T cell
activation) has demonstrated efficacy in the treatment of RA further emphasising the
role of these cells in disease. In RA synovial tissue, CD4 T cells tend to locate around
perivascular cuffs whilst CD8 T cells are located throughout synovial tissue (Kurosaka
et al. 1983). Historically RA has been considered a predominantly type 1 T helper cell
(Thl) disease. This stemmed from the observation that arthritis could be induced in
mice by inoculation with IL-12, a cytokine that promotes differentiation of naive T cells
into Th1 cells (Germann et al. 1995). However, it was later shown that it was IL-23 and
not IL-12 that played an important role in arthritis induction. IL-12 is composed of p35
and p40 subunits whilst 1L-23 is composed of pl9 and p40 subunits. To assess the
relative contribution of each cytokine to disease, three types of mice were created: one
specifically lacking p35 (IL-12 deficient), another lacking p19 (IL-23 deficient) and a
third type lacking p40 (IL-12 and IL-23 deficient) and collagen induced arthritis (CIA)
induced. IL-23 and combined IL-12 /IL-23 deficient mice were protected against
arthritis development whilst 1L-12 deficient mice developed severe arthritis. This
suggested that IL-23 had a central role in the development of arthritis whilst IL-12 had a
protective role. IL-23 and IL-12/IL-23 deficient mice developed no IL-17 producing T

1-11



cells whereas IL-12 deficient mice developed an increased number of these cells
(Murphy et al. 2003). I1L-23 is a cytokine produced by macrophages and dendritic cells
that, together with other cytokines, supports type 17 T helper cell (Th17) differentiation

whilst suppressing regulatory T cell (Treg) differentiation.

Thus, Th17 responses and IL-17 production by these cells have been implicated in RA
pathogenesis. Th17 cells have a key role in the development of autoimmunity in several
animal models. For instance, IL-6 deficient mice are resistant to antigen induced
arthritis and autoimmune encephalitis owing to altered Th1l7 activation and
differentiation whilst treatment with anti-1L-17 antibodies ameliorates the severity of
CIA (Stockinger et al. 2007). IL-17 levels are very low in the sera of healthy individuals
but elevated in the sera of RA patients. Co-culture of IL-17 producing T cells with RA
synovial fibroblasts induces production of pro-inflammatory cytokines by fibroblasts
whilst IL-17 production by T cells is increased in co-culture (Cho et al. 2004).
Infiltrating IL-17 producing T cells can be seen in RA synovial tissues (Chabaud et al.
1999) and IL-17 blockade suppresses inflammation in the CIA model (Lubberts 2008).
The potential role of IL-17 blockade as a therapeutic target in RA is currently being

investigated (Kellner 2013).

In contrast, the regulatory function of RA synovial Treg cells is limited. Tregs have a
central role in the maintenance of immune tolerance and prevention of autoimmune
disease. They exert this function through secretion of inhibitory cytokines (i.e. 1L-10)
and reduction of T cell activation through down-regulation of co-stimulatory molecules
on antigen presenting cells (Broere et al. 1999). Tregs found in the rheumatoid

synovium appear to have limited regulatory function and are unable to suppress
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production of pro-inflammatory cytokines by monocytes and activated T cells
(Ehrenstein et al. 2004). This limited regulatory function has been associated with their
reduced expression of CTLA4 (Flores-Borja et al. 2008). Furthermore, RA synovial
fluid effector T cells are less susceptible to suppression than peripheral blood effector T
cells (van Amelsfort et al. 2004) which concurs with the observation that strongly

activated CD4 T cells are resistant to Treg suppression (Baecher-Allan et al. 2002).

The pathogenic role of B cells in RA is supported in clinical practice by the success of
the CD20-B cell depleting therapy rituximab (Edwards et al. 2004). Three distinct
patterns of B cell organisation in the RA synovium have been described. In a study of
64 synovial tissue samples, diffuse T and B cell infiltration was seen in 56% of patients.
T and B cells formed aggregates lacking follicular dendritic cells and germinal centers
in 20% of patients whilst a third subset of patients (24%) showed T and B cell
aggregates with germinal center-like structures (Takemura et al. 2001). For years, a role
for these cells in disease pathogenesis was proposed owing to their ability to produce
antibodies. It is now proposed that their role in disease also extends to antigen
presentation and cytokine production. In the RA synovium, B cells produce IL-6, IFNy
and lymphotoxin B which indicates that they may have a pro-inflammatory role and

support B cell development (Pistoia 1997).

Neutrophils are present in relatively low numbers in synovial tissue but are the most
abundant cell type in synovial fluid. Although their role in disease is not fully elucidated
they produce prostaglandins, proteases and reactive oxygen species thought to promote
synovial inflammation (Cascao et al. 2010). Very recently, their role has taken centre
stage with the description of aberrant NETosis in neutrophils from synovial fluid and
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peripheral blood of RA patients (Khandpur et al. 2013). NETosis is a process by which
neutrophils release chromatin fibers producing networks termed neutrophil extracellular
traps (NETSs) that have the capacity to bind pathogens. This process has been described
in a number of autoimmune conditions where it is thought to play a pathogenic role by
promoting autoimmunity (Woodman 2013). In RA NETs have been shown to contain
citrullinated vimentin that is recognised by autoantibodies in these patients.
Furthermore, ACPA and RF as well as pro-inflammatory stimuli can induce NETosis in
neutrophils. These observations have led to the proposal of NETosis as a key event in
disease pathogenesis that promotes and perpetuates autoimmunity and abnormal

adaptive and innate immune responses (Khandpur et al. 2013).

Macrophages are very abundant in the lining and sublining layers of RA synovial tissue.
Their role in disease pathogenesis is supported by reduction of sublining layer
macrophage numbers following successful therapy and positive correlation between this
reduction and response to treatment as measured by DAS28 (Haringman et al. 2005).
Macrophages in RA produce chemokines including macrophage inflammatory protein 1
and monocyte chemoattractant protein, that attract leucocytes into the joint (Kinne et al.
2000). They also produce pro-inflammatory cytokines such as TNFa and a wide range
of members of the interleukin family including IL-1 and IL-6 and the granulocyte
macrophage colony stimulating factor (GM-CSF) (Chu et al. 1991;Chu et al. 1992)
hence supporting their role in chronic inflammation. Of note, production of some of
these factors has been localised to the pannus-cartilage junction suggesting a role in
joint destruction. Indeed, it has been proposed that they exert a direct cartilage
destructive role through their production of matrix degrading enzymes, an effect that is

amplified by co-culture with synovial fibroblasts in murine models (Kinne et al. 2000).

1-14



The role of synovial fibroblasts in disease is discussed under a separate heading later in

this chapter.

1.1.2.4 Epigenetic regulation

An important role for epigenetic mechanisms in the pathogenesis of RA has been
described. Initially coined by developmental biologists to refer to the study of how
genotypes give raise to phenotypes during development, the term epigenetics was
subsequently used by molecular biologists to refer to heritable changes in gene
expression that do not arise from changes in the underlying DNA sequence (Bird 2007).
In recent times, the idea that all epigenetic changes are heritable has been the subject of
debate (Cortessis et al. 2012) and a broader definition has been proposed that includes

non-heritable, environmentally induced and reversible modifications (Bird 2007).

A Dbroad range of epigenetic mechanisms have now been described including DNA
methylation, post-translational modification of histones, microRNAs and long non-
coding RNAs. Epigenetic marks that are associated with specific cellular gene
expression repertoires and are responsible for their maintenance have been defined. At
the same time, other epigenetic marks can be dynamic and affected by environmental
interactions. Exposure to environmental agents such as cigarette smoke, organic
chemicals, metals, nutritional sources and the microbiome have been associated with
marked changes in cellular epigenomes, particularly when exposure occurs during key

developmental periods (Cortessis et al. 2012). Hence, the epigenome may not only
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provide a tool to understand disease pathogenesis but may also explain environmental

interactions and provide a powerful tool to modify disease course.

DNA methylation is one of the best studied epigenetic modifications. Addition of a
methyl group in position 5 of the cytosine ring within cytosine-phosphate-guanine
dinucleotides is associated with gene silencing. RA synovial tissue and cultured RA
synovial fibroblasts display global DNA hypomethylation that is associated with up-
regulation of disease relevant genes such as adhesion molecules and matrix
metalloproteinases (MMPs). Additionally, treatment of normal synovial fibroblasts with
the DNA methylation inhibitor 5-aza-2-deoxycytidine leads to up-regulation of disease
relevant genes (Karouzakis et al. 2009). A distinct DNA methylation signature has
subsequently been demonstrated for RA synovial fibroblasts that is associated with
several biological pathways including cell migration, focal adhesion and transmigration

(Nakano et al. 2013).

The study of non-protein coding genes that act as modulators of gene function has also
attracted attention. Non-coding RNAs are mRNA molecules transcribed from DNA that
do not code for proteins. Instead, they are involved in post-transcriptional regulation of
gene expression through their ability to regulate the stability of protein coding mMRNA
(Perkins et al. 2005). Long non-coding RNAs and microRNAs are amongst the most

studied non-coding RNAs.

MicroRNAs (miRNAs) are short (21-23bp) RNA fragments that regulate protein
translation trough RNA-RNA interactions. They exert their regulatory role through

complementarity of 6-8 nucleotides in the miRNA sequence to the same number of
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nucleotides in the 3’ untranslated region of their target MRNA. The ability to interact
with target mMRNA on the basis of a small number of nucleotides allows a large number
of possible interactions which explains how a single miRNA is able to regulate
hundreds of target mMRNAs (Strietholt et al. 2008). Several studies have identified
altered miRNA expression in plasma of RA patients compared to healthy individuals
(Ceribelli et al. 2011) and their study also extends to RA synovial fibroblasts. Increased
expression of miR-155 and miR-146a has been described in cultured established RA
synovial fibroblasts with the former also being overexpressed in RA synovial tissue and
blood monocytes. Whilst overexpression of miR-155 was associated with decreased
expression of MMPs (Stanczyk et al. 2008), overexpression of miR-146a has recently
been associated with inhibition of osteoclastogenesis in collagen induced arthritis
(Nakasa et al. 2011). However, overexpression of miR-146a is not specific to RA and
has also been described in osteoarthritis (Yamasaki et al. 2009). Overexpression of
miR-203 by RA synovial fibroblasts has also been demonstrated. In this study forced
expression of miR-203 in these cells led to up-regulation of MMP1 and IL-6 production

via the NF-kB pathway (Stanczyk et al. 2011).

Very recently a potential role for long non-coding RNAs (IncRNAs) in RA
pathogenesis has also been proposed. LncRNAs are large (>200bp) RNA molecules that
have been implicated in a variety of processes including gene expression regulation and
regulation of biological processes such as cell migration, proliferation and invasion
(Umekita et al. 2014). Using microarray technology, gene expression patterns of RA
and OA synovial fibroblasts were analysed. Two hundred and twenty five differentially
expressed transcripts were identified between groups, a hundred of which were

InNcRNAs. Overexpression of two of these INCRNAs in the RA group was confirmed by

1-17



polymerase chain reaction (PCR). The validated IncRNAs were small nucleolar RNA
host gene 1 (SNHG1) and RP11-39708. The function of either INCcRNA remains
unknown at present (Bertoncelj et al. 2013). To assess the effect of pro-inflammatory
stimuli on INcRNA expression, the authors subsequently analysed expression levels of
IncRNAs following synovial fibroblast stimulation with TNFa and IL-13 for 24 hours.
The expression of several INcRNAs was influenced by pro-inflammatory stimulation in
vitro but this response did not differ between RA and OA synovial fibroblasts.
Silencing of one of these INcCRNAs, antisense long non-coding RNA in the INK4 locus
(ANRIL), resulted in decreased expression of MMP1 and MMP3 mRNA and protein,
suggesting a role for ANRIL in the invasive characteristics of RA synovial fibroblasts
(Bertoncelj et al. 2014). Although the study of IncRNAs in this context is on its early
days and no definite conclusions can yet be drawn from these studies further work

continues to be done to determine the role of IncCRNAS in RA.

In summary, progression to RA is a multistep process that involves numerous factors. It
is postulated that in the earliest phases of disease (before the onset of symptoms)
environmental factors affecting susceptible individuals may lead to post-translational
modification of self-proteins (i.e. citrullination). These processes are likely to take
place in a variety of locations including the lungs, periodontal tissue, the joint and the
bone marrow. Such processes may lead to loss of tolerance and development of
autoantibodies including RF and ACPA antibodies which can be present years before
the onset of clinical disease. Over time and presumably mediated by an as yet, unknown

trigger, loss of tolerance progresses to symptomatic disease (Mclnnes et al. 2011).
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1.1.3 Changing concepts: early disease and the window of
opportunity

As knowledge of disease pathogenesis has advanced, the management of RA has

experienced a parallel shift.

For many years, RA was considered a relatively benign disease where damage occurred
late (Raza et al. 2006) Under this premise, aggressive treatment with drugs that, at the
time, were felt to be very toxic was not warranted. Instead, cautious introduction of
sequential monotherapy with non-steroidal anti-inflammatories as first line and disease
modifying agents (DMARDSs) as second line was favoured. This invariably resulted in

introduction of the most efficacious treatments late in disease (Cush 2007).

Subsequently, longitudinal population based studies changed this perception by
revealing a high risk of joint damage, disability and mortality in patients with
uncontrolled RA. Of special importance was a seminal publication by Wilske and Healy
in 1989 where they proposed “reversing” the treatment pyramid and advocated early
disease treatment (Wilske et al. 1989). More recently the concept of a window of
opportunity in early disease has been proposed. This suggests that a very early, and yet
not fully defined, phase in disease exists in which treatment leads to significantly better
outcomes (van der Linden et al. 2010). Using cancer as an analogy, it is postulated that
during this early phase, the number of diseased cells is smaller and pathogenic
mechanisms may not be fully established hence providing a window of time when cells

may be more responsive to treatment (Boers 2003).
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Since these concepts were proposed, many clinical trials have proved that early
aggressive treatment leads to significantly better clinical outcomes without an
unacceptably high adverse side effect profile (Boers et al. 1997;Mottonen et al. 1999).
Additionally, bone erosions (an important feature of joint destruction) have been found
to occur in early disease and as a result of active synovitis emphasising the need for
early aggressive treatment (Raza et al. 2006). Nevertheless the concept of early disease
remains poorly defined. Whilst most initial clinical trials assessing aggressive
combination therapy defined early RA as disease of less than 2 years symptom duration
(Boers et al. 1997;Goekoop-Ruiterman et al. 2005) some lines of evidence suggest that
the window of opportunity may be limited to the first few months of disease (Raza et al.
2005). An added difficulty here is the lack of consensus on how disease onset is
defined. Various definitions of disease onset have been used in the literature including
symptom onset, start of joint swelling, time of fulfilment of classification criteria for
RA and time of diagnosis by physician (Raza et al. 2012). Consequently, what might be
meant by the first 3 months of disease will be very different depending on how disease

onset is defined (Figure 1.3).
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Figure 1.3 Schematic representation of differing definitions of the “first 3 months of disease”
depending on how disease onset is defined. Reproduced with permission from Raza et al. 2012.

In a prospective observer blinded case control study, patients with very early RA (of
less than 3 months symptom duration) in whom DMARD treatment had been initiated at
a median disease duration of 3 months were compared with patients with late early RA
(of 12-42 months duration) in whom DMARD therapy had been started at a median
disease duration of 12 months. Significantly improved clinical and radiographic scores
were found in the very early RA group compared to the late early RA group (Nell et al.
2004). At a molecular level, synovial fluid from patients with one or more swollen
joints and inflammatory joint symptoms of three months or less duration was
characterised revealing a distinct and transient cytokine profile (Raza et al. 2005). At a
histological level, changes in microvasculature and synovial tissue have been identified
in patients with synovitis of less than 6 weeks duration (Schumacher, Jr. et al. 1994).

This expanding knowledge is reflected in a recent survey of rheumatologists where the
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majority (84.5%) defined early RA as disease of symptom duration of less than 3

months (Aletaha et al. 2004).

Widespread acceptance of these concepts amongst health care professionals has led to a
step change in the management of RA. Early arthritis clinics have been created and
identification and treatment of early RA has become a clinical priority. Indeed, current
research efforts can be divided into those directed to the development of new therapies
and better understanding of disease mechanisms and those dedicated to understanding
and bridging barriers to early treatment initiation. Limitations to effective early
treatment still exist and issues such as delayed patient presentation and delayed referral
to rheumatologists are still being addressed (Raza et al. 2011). In parallel, the search for
predictors of disease outcome in early undifferentiated inflammatory arthritis and
response to treatment continues in order to achieve early treatment strategies that are
tailored to individual patients. In this respect, one of the remaining challenges is the
correct early identification of patients that present with undifferentiated arthritis but will
go on to develop RA and their distinction from patients with undifferentiated arthritis
that will resolve. Whilst the use of the 2010 ACR/EULAR criteria to aid patient
diagnosis has led to increased identification of patients with RA at an early stage, it is
also recognised that this approach may lead to overdiagnosis of RA in patients with

undifferentiated arthritis that is destined to resolve (Cader et al. 2011).
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1.1.4 Pre-clinical rheumatoid arthritis and disease chronology

It is not only early RA, but the various phases preceding the clinical manifestations of
disease that have attracted interest over the last few years. The observation that raised
inflammatory markers and autoantibodies can be present in the sera of patients for some
time before the onset of clinical symptoms has led to the suggestion that the preclinical
phases leading up to disease may represent important therapeutic windows in their own

right.

To facilitate research in this area, unifying terminology has been proposed to describe
the phases leading up to the development of RA (Gerlag et al. 2012). These phases are
not necessarily sequential and patients do not go through all phases before developing
RA. The initial phases (A and B) comprise the presence of susceptibility alleles and
exposure to environmental factors such as smoking. Phase C corresponds to
asymptomatic autoimmunity. This phase can precede disease onset by up to fifteen
years and is characterised by the presence of RF or ACPA in the absence of clinical
disease. During this phase systemic inflammation can be detected by the presence of
raised inflammatory markers (CRP) and pro-inflammatory cytokines such as TNFa and
IL-6 (van Steenbergen et al. 2013). Asymptomatic autoimmunity is sometimes followed
by a period of symptoms without clinical or radiological evidence of arthritis (phase D).
Alternatively, other individuals may suffer from asymptomatic synovitis characterised
by absence of symptoms but presence of histological synovitis (Kraan et al. 1998).
Unclassified arthritis and RA complete these phases (phases E and F). A schematic

representation of these phases is shown in Figure 1.4.
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Figure 1.4 Recommendations for terminology to be used to describe specific phases up to the
development of RA. The following definitions are recommended when describing individuals in
prospective studies: (a) genetic risk factors for RA, (b) environmental risk factors for RA, (c)
systemic autoimmunity associated with RA, (d) symptoms without clinical arthritis, (e)
unclassified arthritis, (f) rheumatoid arthritis.

1.2 The role of synovial fibroblasts in rheumatoid arthritis

Synovial fibroblasts are one of the most abundant cell types in the RA synovium.
Traditionally considered to have a landscaping function, they have emerged as key

players in disease pathogenesis over recent years.

Synovial fibroblasts are characterised by their spindle-shaped morphology, ability to
adhere to plastic in vitro and the absence of macrophage and endothelial lineage
markers (Wilkinson et al. 1992). Although no specific surface marker for synovial
fibroblasts has been identified, antibodies against non-specific markers such as cluster
of differentiation 90 (CD90), cluster of differentiation 44 (CD44), decay accelerating
factor (DAF), vascular cell adhesion molecule 1 (VCAML1), uridine diphosphoglucose
dehydrogenase (UDPGD) and prolyl-4-hydroxylase are commonly used for positive

synovial fibroblast identification (Zimmermann et al. 2001).
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In recent years, other putative synovial fibroblast markers have been described and the
expression of some of these makers has been associated with synovial fibroblasts in
different areas of the synovium, suggesting that these may represent distinct
subpopulations with specific functions (Figure 1.5). Whilst VCAM1 marks lining layer
fibroblasts, CD90 and the recently described endosialin (CD248) mark fibroblasts in the
sublining layer. Prolyl-4-hydroxylase and podoplanin (GP38) are expressed by
fibroblasts in both layers (Filer 2013). Cadherin-11 is expressed by synovial fibroblasts
in the lining layer where it mediates homotypic fibroblast adhesion. Overexpression of
cadherin-11 in cultured RA synovial fibroblasts increases their invasiveness in vitro an
effect that is ameliorated by treatment of cells with antibodies against cadherin-11
(Kiener et al. 2009). Cadherin-11 knockout mice display ameliorated joint inflammation
when inflammatory arthritis is induced (Lee et al. 2007). A brief description of these

markers is given in Table 1.3.
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Figure 1.5 Confocal microscopy image of the RA lining and sublining layers. For reference,
the histological structure of the synovium is shown in (@), nuclear staining in (b) and
macrophage staining in (c). GP38 (d) and prolyl-4-hydroxylase (e) are expressed by fibroblasts
in lining and sublining layers. VCAM-1 is only expressed by synovial fibroblasts in the lining
layer (f) whilst CD248 only stains sublining layer fibroblasts (g). CD90 is expressed by
sublining layer synovial fibroblasts and endothelial cells (h). Reproduced with permission from

Filer 2013.

Table 1.3 Description of cell surface markers.

Symbol Synonyms Name Description

CD90 Thy-1 Cluster of differentiation 90 Stem cell marker

CD44 HCAM Cluster of differentiation 44 Cell-cell interactions

DAF CD55 Decay accelerating factor Complement system
regulation

VCAM1 CD106 Vascular cell adhesion protein 1 Cell adhesion molecule

UDPGD Uridine diphosphoglucose Synthesis of hyaluronan

dehydrogenase

CD248 Endosialin Cell-cell adhesion & host
defence

Gp38 Podoplanin Tumour invasion

Cadherin-11 Cadherin-11 Homotypic cell adhe-

sion
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1.2.1 RA synovial fibroblasts as mediators of persistent
inflammation

The presence of an organised chronic inflammatory infiltrate in the diseased RA
synovium has been discussed earlier. Our group and others have suggested that stromal
cells may play a central role in the molecular basis for the persistence of this
inflammatory response. Just as cancer stroma regulates growth, survival and metastasis
of transformed clonal cells (Micke et al. 2004) it was proposed that synovial fibroblasts
would play a similar role in the dynamics of the chronic inflammatory infiltrate

observed in RA (Buckley et al. 2001).

Normal inflammatory responses are tightly controlled, dynamic processes characterised
by rapid response to the inflammatory/infectious trigger, highly specialised interactions
between humoral, cellular and connective tissue elements and expansion of effector
cells. In the resolution phase of inflammation, the expanded effector cells are cleared
and normal tissue homeostasis is resumed. Thus, chronic inflammation can be viewed
as a failure of this resolution phase resulting in inappropriate accumulation of cells

within tissues (Figure 1.6).
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Figure 1.6 Inflammatory response. Following an insult, an acute inflammatory response takes
place. Once the pathogen has been cleared, normal tissue homeostasis is restored by an active
process that involves clearance of effector cells. If this resolution phase becomes distorted,
persistent chronic inflammation ensues.

RA synovial fibroblasts promote leucocyte recruitment into the joints and are involved
in the persistence of inflammatory infiltrates through their role in leucocyte survival and
retention. High levels of neutrophil attracting chemokines including CXCL8 (IL-8),
CXCL5 (ENA-78) and CXCL1 are expressed by stimulated cultured RA synovial
fibroblasts (Koch et al. 1991;Koch et al. 1994;Koch et al. 1995). Their involvement in
monocyte recruitment is supported by constitutive as well as induced expression of
monocyte chemoattractant protein 1 (MCP1=CCL2) by cultured RA synovial
fibroblasts (Villiger et al. 1992). Synovial fibroblasts also produce CCL4, CCL5
(RANTES) and CXCL16, indicating a role in monocyte, lymphocyte and T cell
recruitment (Hosaka et al. 1994;Nanki et al. 2005;Patel et al. 2001). In addition to
leucocyte recruitment, synovial fibroblasts support leucocyte survival and accumulation
in the joint by a variety of mechanisms including inhibition of T cell apoptosis and
expression of pro-survival and pro-retentive signals. Seminal work in this area includes

the observation that activated T cells from synovial fluid from RA patients show no
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evidence of apoptosis despite having a phenotype suggestive of high susceptibility to
this process (CD45RB™! CD45RO™ Bcl-2'° Bax"" Fas"9") (Salmon et al. 1994).
Interestingly, apoptosis could be induced in vitro indicating that the lack of T cell
apoptosis observed ex vivo was not an intrinsic feature of these cells but rather may be
mediated by the microenvironment these cells were in contact with. Indeed, T cells
could be rescued from induced apoptosis in vitro by co-culture with RA synovial
fibroblasts. Subsequently, type 1 interferons produced by RA synovial fibroblasts and
macrophages were identified as the main factors mediating this survival (Pilling et al.
1999). In vitro, B cell survival is mediated by the expression VCAM1 and CXCL12
(SDF1) (Burger et al. 2001). RA synovial fibroblasts also express B cell activating
factor (BAFF) and a proliferation inducing ligand (APRIL) constitutively and in
response to toll-like receptor 3 (TLR3) stimulation which further supports their role in B
cell function and survival (Bombardieri et al. 2011). RA synovial fibroblasts are also
able to support NK cell and neutrophil survival in vitro (Chan et al. 2008;Filer et al.
2006). Expression of the constitutive chemokine CXCL12 by RA synovial fibroblasts
contributes to T cell retention in a process that involves up-regulation of CXCR4

receptors in T cells (Buckley et al. 2000).

1.2.2 RA synovial fibroblasts as mediators of cartilage and bone
destruction

The most compelling piece of evidence supporting a role for RA synovial fibroblasts in
cartilage invasion and destruction comes from in vivo studies (Lefevre et al.

2009;Muller-Ladner et al. 1996). In their landmark paper, Muller-Ladner and colleagues
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cultured RA, OA and normal synovial fibroblasts and dermal fibroblasts and co-
implanted them with normal human cartilage under the kidney capsule of severe
combined immunodeficient (SCID) mice. As these mice lacked a functional immune
system, it provided an optimal environment for the study of interactions between human
fibroblasts and human cartilage obviating the risk of transplant rejection. They
demonstrated that RA but not OA, normal synovial or dermal fibroblasts attached to and
invaded normal cartilage. This work is important for a number of reasons. First, it
demonstrates that invasion of cartilage by synovial fibroblast is disease specific. Whilst
all RA synovial fibroblast implants (n=5) showed intense invasion into cartilage, OA
implants (n=5) only showed small isolated regions of superficial cartilage destruction
and neither normal synovial (n=2) nor dermal (n=3) implants showed cartilage
destruction. Second, it demonstrates that RA synovial fibroblasts have an intrinsically
activated phenotype as they are able to exert their deleterious functions in the absence of
cells and cytokines of the immune system. Third, it supports the notion that this
phenotype is stable as synovial cells had been cultured for three to six passages prior to
co-implantation with cartilage. Following on from this work, the authors have
demonstrated that RA synovial fibroblasts are able to transmigrate and invade
contralateral intact cell-free cartilage (Lefevre et al. 2009). This has been taken to
suggest that synovial fibroblast, at least partly, mediate the well-known clinical feature

of disease “spreading” to different joints.

Synovial fibroblasts produce matrix degrading enzymes including cathepsins B, D and
L that have been found at sites of invasion in the SCID mouse model (Muller-Ladner et
al. 1996). These cells also secrete MMPs including MMP1, 3, 9, 10 and 13 together

with aggrecanases all of which have been associated with cartilage destruction (Lindy et
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al. 1997;0kada et al. 1989;Tolboom et al. 2002). Production and secretion of some
MMPs is regulated by pro-inflammatory stimuli and MAP kinase signalling pathways.
MMP1 secretion is regulated by JNK following IL-1 stimulation of cultured synovial
fibroblasts (Han et al. 1999). MMP1 and MMP13 secretion is stimulated by IL-1 and
TNFa and, in the case of MMP1, mediated by ERK (Pillinger et al. 2003). Additionally,
down-regulation of the tumour suppressor gene phosphatase and tensin homolog
(PTEN) has been demonstrated to be associated with cartilage invasion. This gene
encodes a protein that has tyrosine phosphatase activity. Mutations in this gene have
been associated with cancer invasion. The study of PTEN in RA synovial fibroblasts did
not reveal gene mutations but demonstrated lack of PTEN expression in the lining layer
of RA synovial tissue. This was in contrast with staining of normal synovial tissue that
revealed uniform PTEN expression in the lining and sublining layers. The lack of PTEN
expression at the sites of invasion (i.e. lining layer) together with the observation of
negligible PTEN expression by cartilage invading RA synovial fibroblasts in the SCID
mouse model led to the suggestion that PTEN down-regulation contributes to cartilage

invasion (Pap et al. 2000a;Pap et al. 2000b).

The pathogenic role of RA synovial fibroblasts extends to bone erosions where they are
proposed to play a dual role in promoting bone destruction and preventing bone
formation. Osteoclasts have long been implicated as effectors of bone resorption in RA
(Fujikawa et al. 1996). Receptor activator of nuclear factor kappa-B ligand (RANKL), a
TNF superfamily member, is the only known ligand for the RANK receptor and is a key
effector of monocyte to osteoclast differentiation. RANKL mRNA is expressed in RA
synovial tissue in the lining layer and at sites of bone destruction and levels of RANKL

protein expressed by cultured RA synovial fibroblasts correlate with their ability to
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induce monocyte to osteoclast differentiation, thus strongly supporting a central role in
joint destruction in RA (Shigeyama et al. 2000).

Dickkopf related protein 1 (DKK1), an inhibitor of the wingless (Wnt) signalling
pathway, directly impairs osteoblast differentiation and indirectly enhances bone
destruction by increasing RANKL induced osteoclastogenesis (Goldring et al. 2007).
Synovial tissue sections of patients with established RA display strong DKK1
expression that localises to synovial fibroblasts (Diarra et al. 2007). Indeed, our group
has shown that DKK1 expression by RA synovial fibroblasts is tightly regulated by
glucocorticoid metabolism in vitro (Hardy et al. 2012). Taken together, these data

support a role for Wnt signalling inhibition in RA bone destruction.

1.2.3 RA synovial fibroblasts and synovial hyperplasia

Synovial hyperplasia is associated with overexpansion of synovial fibroblast
populations in the lining and sublining layers. Consequently, it has been proposed that
RA synovial fibroblasts undergo increased proliferation. In favour of this hypothesis are
up-regulation of genes that are associated with cell cycle and mitosis regulation such as
ERK and early response gene 1 (EGR1) (Aicher et al. 1994;Schett et al. 2000) and the
overexpression in RA joints of a number of growth factors that have been shown to
drive synovial fibroblast proliferation in vitro (Melnyk et al. 1990). c-myc, a proto-
oncogene that has a very important role in cell proliferation, is expressed in RA
synovium, especially in areas of cell proliferation and proximity to cartilage suggesting
an important role for this gene in synovial fibroblast proliferation and activity (Qu et al.
1994). Nevertheless, increased RA synovial fibroblast proliferation in RA synovial

tissue could not be demonstrated (Nykanen et al. 1978), and RA and OA synovial
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fibroblasts showed similar growth rates that were slower than that of control dermal
fibroblasts in vitro (Jacobs et al. 1995). The latter finding is in keeping with our own
experience of synovial fibroblast in culture (Chapter 3). Therefore, decreased synovial
fibroblast apoptosis has been proposed as an alternative/complementary mechanism to
explain fibroblast expansion and dysregulation of several apoptosis pathways has been

demonstrated.

Although RA synovial fibroblasts express Fas receptor and are able to undergo Fas
mediated apoptosis in vitro, Fas-induced apoptosis is rarely observed in vivo (Nakajima
et al. 1995). Subsequently, TNF induced expression of the anti-apoptotic protein FLIP
by synovial fibroblasts has been observed to protect RA synovial fibroblasts from
apoptosis. Additionally, down-regulation of FLIP resulted in increased Fas mediated
apoptosis (Palao et al. 2004). The proto-oncogene B cell lymphoma 2 (Bcl-2) has anti-
apoptotic effects and is expressed in RA synovial tissues where it has been associated
with increased cell survival (Perlman et al. 2000). Expression of mutants of the tumour
suppressor protein p53 has been demonstrated in RA synovial tissue and cultured
synovial fibroblasts that was absent in OA and dermal tissues. Expression was
associated with fibroblast survival by preventing apoptosis (Firestein et al. 1996).
Furthermore, inhibition of p53 expression in normal and RA synovial fibroblasts
resulted in increased cell numbers and enhanced invasive capabilities when these cells
were co-implanted with normal cartilage in the SCID mouse model (Pap et al. 2001).
These findings suggested important contributions of p53 mutations to synovial
hyperplasia and RA synovial fibroblast invasiveness. However, later studies by the
same group demonstrated that p53 mutations were present only in a small number of

synovial fibroblasts in the lining layer of the RA synovium (Yamanishi et al. 2002).
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Subsequent analysis of invasive versus non-invasive synovial fibroblasts revealed no
differences in the frequency of p53 mutations. It was thus concluded that it was the
proximity to cartilage, as opposed to the presence of p53 mutations, what might

determine fibroblast invasiveness (Yamanishi et al. 2005).

The study of TNF induced apoptosis through TNF related apoptosis ligand (TRAIL) has
produced somewhat conflicting results. TRAIL can bind to a number of receptors
including the death receptors TRAIL-R1 and TRAIL-R2 and the decoy receptors
TRAIL-R3 and TRAIL-R4. Some authors have described a lack of TRAIL surface
receptors in RA synovial fibroblasts and resistance to apoptosis upon TRAIL
stimulation (Perlman et al. 2003) whilst others have found expression of TRAIL-R1
and TRAIL-R2 with low apoptotic rates upon TRAIL stimulation (~30%) and a
paradoxical increase in TRAIL mediated proliferation of surviving cells through ERK,
p38 and PI3 kinase mediated mechanisms (Morel et al. 2005). Others have reported
TRAIL induced apoptosis only when RA synovial fibroblasts are sensitised with the
histone deacetylase inhibitor Trichostatin A (Jungel et al. 2006). In contrast, apoptosis
rates of up to 80% upon TRAIL stimulation have been reported (Ichikawa et al. 2003).
Differences in study design including cleavage of cell surface receptors during
trypsinisation and differing reagents could explain the discrepancies between these

studies.

1.2.4 Signalling pathways

The altered behaviour of synovial fibroblasts has been associated with changes in

signalling pathways and expression of disease related genes.
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Evidence for the activation of the transcription factor nuclear factor-xB (NF-kB) in
synovial fibroblasts is supported by animal and human studies (Marok et al.
1996;Miagkov et al. 1998). NF-kB is activated by pro-inflammatory stimuli and its
activation induces transcription of genes encoding adhesion molecules, pro-
inflammatory cytokines and MMPs (Vincenti et al. 1998). NF-kB activation has also

been implicated in inhibition of synovial fibroblast apoptosis (Miagkov et al. 1998).

Members of the MAP kinase family have also been shown to be activated in RA
synovial fibroblasts. Apart from the above mentioned role of JNK and ERK in MMP
expression, JNK and p38 kinases are activated in cultured fibroblasts by pro-
inflammatory cytokines and have been implicated in the inflammatory process (Bradley
et al. 2004;Sundarrajan et al. 2003). Expression of activated JNK, ERK and p38 MAP
kinases in RA synovial tissue has also been demonstrated (Schett et al. 2000). More
recently, increased JNK, ERK and p38 activity has been shown in synovial tissues of
patients with treatment naive early RA (<1 year symptom duration) compared to PsA
and undifferentiated arthritis. In this study, JNK activation predicted the development of
RA (de Launay et al. 2012). Of particular interest is the role of MAP kinases in
activator protein 1 (AP-1) system regulation. AP-1 is a heterodimeric transcription
factor composed of proteins from the c-fos, c-jun, ATF and JDP families. AP-1
regulates gene expression in response to pro-inflammatory stimuli and has been
implicated in up-regulation of MMPs expression by synovial fibroblasts. The study of
adherent cell extracts from RA synovial tissues demonstrated high AP-1 binding
activity compared to OA tissues. AP-1 binding correlated with c-fos and c-jun

expression and disease activity (Asahara et al. 1997).
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1.2.5 Known transcriptional profile

RA synovial fibroblasts display an altered transcriptional profile characterised by up-
regulation of a number of oncogenes, proto-oncogenes and MMPs together with down-
regulation of tumour suppressor genes. Examples have already been described under

some of the preceding headings and include c-myc, EGR1 and PTEN to name but a few.

Recent advances in microarray expression profiling technology have been applied to the
study of RA synovial tissues and synovial fibroblasts, significantly expanding
knowledge in this field. Initial microarray profiling of RA synovial tissue showed
significant tissue heterogeneity allowing identification of two major pathogenic
subclasses. One of these classes was characterised by expression of genes involved in
adaptive immune responses whilst the other featured expression of stromal cell genes
(van der Pouw Kraan et al. 2003a;van der Pouw Kraan et al. 2003b). Subsequent
analysis of gene expression profiles of 19 cultured RA synovial fibroblasts also
identified two main subgroups that matched the tissue findings. Group | synovial
fibroblasts showed overexpression of oncogenes and genes involved in complement
activation whilst group Il showed expression of collagen related genes and smooth
muscle actin. These results provide evidence for heterogeneity within RA synovial
cultures which may relate to differing clinical pictures and levels of inflammation
(Kasperkovitz et al. 2005). Other authors have confirmed observations of heterogeneity
within RA tissues and identified relationships between certain RA subsets and response
to biologic therapy (Dennis et al. 2014). The transcriptional response of cultured RA

and normal synovial fibroblasts to hypoxia has subsequently been examined proving
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that hypoxia induces significant changes in transcriptional signatures in both groups

(Del Rey et al. 2010).

1.2.6 Unanswered questions: the study of early inflammatory
arthritis and the comparison between early and established
RA

From the preceding discussion it is clear that the extensive study of the functional and
transcriptional characteristics of synovial fibroblasts in patients with established RA
strongly implicates them in disease persistence and joint damage. However, the
potential involvement of synovial fibroblasts during the early phases of inflammatory

arthritis has not been addressed.

When designing this study we took a clinical perspective and focused on the chronology
of inflammatory arthritis. A patient presenting with early inflammatory arthritis would
have previously had non-inflamed healthy joints. At some point in their life and for
incompletely understood reasons they developed an inflammatory arthritis. The natural
history of this arthritis may follow a number of paths: (i) it may resolve spontaneously
(ii) it may persist as RA or (iii) it may persist as another type of chronic arthritis (Figure

1.7).
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Figure 1.7 Chronology of inflammatory arthritis. A patient that presents with early
inflammatory arthritis (IA) would have had disease free (healthy) joints for years before
presentation. At a given point in time (time 0) IA develops which can result in a number of
different clinical outcomes. 1A may resolve spontaneously and not recur or it may persist in the
form of chronic arthritis amongst which RA is included (other types of arthritis excluded from
the diagram for simplicity).

It would thus be very informative to compare and contrast synovial fibroblasts from
individuals and patients at these different stages. Owing to the known contribution of
synovial fibroblasts to failed resolution of inflammatory infiltrates in established RA, it
is tempting to speculate that cells in early disease may play a crucial role in the early
stages of inflammatory arthritis and may be involved in critical decisions regarding
persistence versus resolution of inflammatory arthritis. At the same time, it is important
to define the functional and transcriptional characteristics of fibroblasts from patients
with early inflammatory arthritis that persists as RA. In particular, the study of cells
from patients during the first three months of disease would help define their

characteristics during the early window of opportunity.
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Furthermore, as the precise definition of early RA remains elusive, synovial fibroblasts
from patients with early RA of more than three months duration will also be studied.
The study of cells in individuals with non-inflammatory joint symptoms as well as
patients with established RA completes the design. A schematic representation of the
five distinct clinical outcome groups to be compared is shown in Figure 1.8. A

comprehensive description of these patient groups is provided in Chapter 2.
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* Spontaneous resolution ¢ Persistence as RA  * Persistence as RA

Figure 1.8 Clinical outcome groups. Schematic representation of the five clinical outcome
groups studied in this work. The main differentiating characteristics between groups are shown.

1.3 Hypothesis and aims

The central hypothesis of this thesis is that synovial fibroblasts from patients in different
clinical outcome groups will display different functional characteristics and

transcriptomic profiles.

The two subhypotheses of greatest interest that | will test in this thesis are:

(@) That functional and transcriptomic differences exist between synovial fibroblasts in

the Resolving and VeRA groups. This comparison is of particular interest as it may
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result in identification of key differences between the resolution and persistence of early

inflammatory arthritis.

(b) That functional and transcriptomic differences exist between synovial fibroblasts in
the VeRA and Established RA groups. With this comparison | aim to gain insights into

the progression from early RA to established, destructive disease.

To address these subhypotheses | plan to:

(1) Undertake functional characterisation of synovial fibroblasts in the five clinical

outcome groups with a special interest in the comparisons outlined in (a) and (b).

Functional characteristics that will be determined include: migration, invasion and

proliferation.

(2) Perform transcriptomic analysis of synovial fibroblasts in the five clinical outcome

groups, with a special interest in the comparisons outlined in (a) and (b).

1-40



2 Patients, materials and methods

2.1 Patient cohorts, sample collection and selection

2.1.1 Patient and outcome group selection

To further our understanding of molecular mechanisms underpinning early
inflammatory arthritis, | set out to compare the functional and transcriptional
characteristics of synovial fibroblasts in five distinct clinical outcome groups. This
approach assumes that any existing differences between samples within each outcome
group will not outweigh those differences between samples in different outcome groups,
hence allowing identification of clinically significant phenotypes. Thus, outcome groups
needed to be composed of clinical cases that were as similar as possible with regards to
clinical presentation and biochemical parameters. At the same time, these groups should
be representative of the population studied so that results could be generalised back to
that population. Appropriate patient sample selection was thus central for the success of

this project.

Samples from patients in one of the following five clinical outcome groups were used in
this project: Normal, Resolving, very Early RA (VeRA), Early RA and Established RA.
Normal controls were defined on the basis of non-inflammatory symptoms in patients
undergoing exploratory knee arthroscopy. Resolving arthritis was diagnosed in patients
whose arthritis resolved and did not recur at 18 months follow up. The diagnosis of RA
was based on fulfilment of the 1987 ARA classification criteria (Arnett et al. 1988).
Within the RA groups, further distinctions were made according to disease duration at

the time of sample collection. The VeRA group included patients with treatment naive
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inflammatory arthritis of <3 months symptom duration at sample collection whilst the
Early RA group comprised patients with treatment naive inflammatory arthritis of
symptom duration between 3 months and 3 years at the time of sample collection. A
third RA group was composed by patients with longstanding disease of many years
duration that were undergoing joint replacement and who had received multiple
treatments (Established RA). This group corresponds to the same type of clinical
samples upon which most of the synovial fibroblast literature is based. These five

outcome groups and their main characteristics are represented in Figure 2.1.
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Figure 2.1 Clinical outcome groups. Schematic representation of the five clinical outcome
groups studied in this work. The main differentiating characteristics between groups are shown.

2.1.2 Patient cohorts

Patient samples originated from one of three patient cohorts described below. At the
time of initiation of experiments, all samples had already been collected and were
available for use. All participants gave informed, written consent before taking part in
the studies and all studies had appropriate ethical approval (LREC references

07/H1203/57, 07Q2706/2 and 07/H1204/191). At the time of sample collection clinical,
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biochemical and radiological parameters were recorded including 66 tender and 68
swollen joint counts, ESR and CRP values, RF and anti cyclic citrullinated peptide

(CCP) antibody status, 38 joint ultrasound and hand and foot radiographs.

2.1.2.1 Birmingham Early arthritis cohort (BEACON)

Patients were recruited from the rapid access clinic for early arthritis at Sandwell and
West Birmingham Hospitals NHS Trust, Birmingham, UK. Treatment naive patients
with early (<3 months symptom duration) inflammatory arthritis were selected on the
criteria of one or more swollen joints and inflammatory symptoms (inflammatory joint
pain and/or early morning stiffness and/or joint related soft tissue swelling). Patients
with arthralgia but no clinical evidence of joint swelling (assessed by physician) and
those with evidence of previous inflammatory joint disease were excluded. Patients
were followed up for 18 months at which point they were assigned to their final
diagnostic group (Resolving, VeRA or non-RA persistent inflammatory arthritis). The
diagnosis of VeRA was based on fulfilment of 1987 ARA criteria (Arnett et al. 1988).
Resolving arthritis was defined as no clinically apparent joint swelling at final follow up
with no NSAIDs or steroids having been used in the previous three months. Samples
from patients with non-RA persistent inflammatory arthritis were not analysed in this
work. Treatment naive patients with RA (as defined by the 1987 ARA criteria) of more
than 3 months but less than three years duration were also recruited to this cohort. The
same inclusion and exclusion criteria as above were used. Samples originating from this

patient group comprised the Early RA group in the work presented in this thesis.
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Synovial samples from all patients in this cohort were taken by ultrasound guided

synovial biopsy.

2.1.2.2 Established RA cohort

Patients with longstanding RA fulfilling the 1987 ARA classification criteria who were
undergoing joint replacement under the care of Mr. Andrew Thomas at the Royal
Orthopaedic Hospital NHS Trust were included in the study. Synovial samples were

obtained intra-operatively. This was designated the Established RA group.

2.1.2.3 Non-inflammatory cohort

Patients undergoing knee arthroscopy for non-inflammatory symptoms in the absence of
clinical and MRI evidence of joint inflammation under the care of Mr. Martyn Snow
from the Royal Orthopaedic Hospital were recruited. Most patients were undergoing
arthroscopy for meniscal tear repair. Patients with inflammatory arthritis and
osteoarthritis were excluded. Synovial samples from macroscopically normal areas of
synovium were obtained intra-operatively. Samples were stained with haematoxylin and
eosin and observed by light microscopy. Synovial tissue sections were evaluated at low
magnification (10X objective) and scored based on the presence and size of
mononuclear cell infiltrates. The scoring system was at follows 0: no infiltrates, 1: one
small non-focal infiltrate, 2: one diffuse inflammatory infiltrate, 3: small focal
aggregates (both perivascular and interstitial) and 4: large focal aggregates with a radial
count of at least 10 cells. Only samples with a score of O were used in experiments. For

simplicity, | will refer to samples originating from this cohort as the Normal group.
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The full demographic and clinical characteristics of patients from whom samples used
in functional characterisation, proof of concept, SAGE and microarray experiments

originated are shown in Tables 2.1 to 2.4.
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Table 2.1 Clinical characteristics of patients from whom samples used in functional characterisation experiments originated.

Clinical Code Age Gender Ethnicity Smoking Symptom Site CCP RF SJC28 TJC28 VAS DAS28 ESR CRP Baseline DMARD
diagnosis duration ESR erosions  treatment
Normal BX069 22 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX070 44 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX081 58 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX082 49 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX083 42 M Asian na na knee n n 0 0 N/A N/A na na no none
Normal BX085 38 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX089 38 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Resolving BX004 33 M Caucasian  Current 3 wks knee n n 2 1 78 3.6 9 6 no none
Resolving BX008 64 M Caucasian Ex 6 wks knee n n 2 5 46 45 24 15 no none
Resolving BX010 40 F Caucasian Never 4 wks knee n n 7 7 36 3.9 5 0 no none
Resolving BX024 32 M Caucasian  Current 7 wks knee n n 1 1 35 2.9 10 10 no none
Resolving BX038 45 F Caucasian  Current 1 wks knee n n 5 5 83 4.0 4 0 no none
Resolving BX064 35 M Asian Current 1 wks knee n n 3 1 6 1.6 2 9 no none
Resolving BX071 41 F Caucasian  Current 4 wks ankle n n 2 0 10 1.7 5 9 no none
VeRA BX003 50 M Caucasian  Current 4 wks knee p p 11 13 28 5.7 31 26 no none
VeRA BX005 70 F Caucasian Ex 5 wks knee n n 5 4 83 5.9 68 26 no none
VeRA BX013 45 F Black Current 10 wks knee n n 3 3 12 3.9 24 12 na none
VeRA BX015 48 F Caucasian Ex 2 wks knee n n 6 8 16 35 4 102 na none
VeRA BX027 44 F Caucasian  Current 5 wks ankle n n 2 3 32 3.8 18 10 no none
VeRA BX042 55 M Caucasian Never 4 wks knee p n 4 0 9 35 58 45 yes none
VeRA BX063 74 F Caucasian Ex 9 wks knee p n 3 3 62 4.4 20 32 no none
Early RA BX016 46 M Caucasian  Current 150 wks knee p p 16 13 75 6.6 38 7 na none
Early RA BX066 67 M Caucasian  Current 38 wks knee p p 1 1 74 4.2 29 48 na none
Early RA BX075 22 F Caucasian Never 52 wks knee n n 6 6 89 6.4 81 79 na none
Early RA BX086 52 F Caucasian  Current 38 wks ankle P P 8 20 69 6.5 26 52 na none
Early RA BX093 65 M Caucasian Ex 156 wks knee p p 12 3 28 5.3 72 81 yes none
Established RA RA0BSY 60 M Caucasian na 30 yrs knee na P 11 12 50 6.4 54 75 yes SSz
Established RA RA15SY 37 M Caucasian na 22 yrs knee na N 3 1 90 5.0 46 50 yes MTX,LEF
Established RA RA18SY 47 M Caucasian na 23 yrs Knee na p 1 1 10 3.8 57 45 Yes ETA
Established RA RA19SY 63 F Caucasian na 20 yrs knee na p 4 7 45 4.1 8 8 yes ETA
Established RA RA20SY 73 M Caucasian na 20 yrs knee na p 7 9 25 4.8 18 na na LEF
Established RA RA22SY 70 F Caucasian na 30 yrs Knee Na p 7 8 0 4.4 20 na yes ADA
Established RA RA23SY 58 F Indian na 11 yrs knee na p 17 13 100 6.7 23 na na MTX
Established RA RA28SY 42 F Caucasian na 20 yrs knee na n 1 0 na na na na yes Gold
Established RA RA29SY 67 F Caucasian na 7 yrs knee P p 13 9 80 6.6 57 66 yes MTX,ETA

CCP: cyclic citrullinated peptide antibody; RF: rheumatoid factor; ESR: erythrocyte sedimentation rate; CRP: c reactive protein; SJIC28: 28 swollen joint count, TJIC28: 28 tender joint count;
VAS: visual analogue score; DAS28 ESR: 28 joint count disease activity score (ESR); DMARD: disease modifying antirheumatic drug; M: male; F: female; wks: weeks; yrs: years; n:

negative; p: positive; na: not available; N/A: not applicable; MTX: methotrexate, LEF: leflunomide; ADA: adalimumab; HCQ: hydroxychloroquine; ETA: etanercept.
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Table 2.2 Clinical characteristics of patients from whom samples used in proof of concept experiments originated.

Clinical Code Age Gender Ethnicity Smoking Symptom Site CCP RF SJC28 TJC28 VAS DAS28 ESR CRP Baseline DMARD
diagnosis duration ESR erosions  treatment
Resolving BX004 33 M Caucasian  Current 3 wks knee n n 2 1 78 3.6 9 6 no none
Resolving BX008 64 M Caucasian Ex 6 wks knee n n 2 5 46 45 24 15 no none
Resolving BX010 40 F Caucasian Never 4 wks knee n n 7 7 36 3.9 5 0 no none
Resolving BX024 32 M Caucasian  Current 7 wks knee n n 1 1 35 2.9 10 10 no none
Resolving BX028 74 M Caucasian  Current 5 wks knee n n 23 0 55 4.8 45 13 na none
Resolving BX030 72 M Caucasian Never 8 wks knee n n 4 7 34 3.6 5 0 na none
Resolving BX038 45 F Caucasian  Current 1 wks knee n n 5 5 83 4.0 4 0 no none
Resolving BX048 35 M Caucasian na 2 wks knee n N 1 1 33 4.0 51 7 no none
Resolving BX064 35 M Asian Current 1 wks knee n n 3 1 6 1.6 2 9 no none
Resolving BX071 41 F Caucasian  Current 4 wks ankle n n 2 0 10 1.7 5 9 no none
Resolving BX076 28 M Black Current 6 wks knee n n 1 2 99 4.5 18 8 na none

VeRA BX003 50 M Caucasian ~ Current 4 wks knee p p 11 13 28 5.7 31 26 no none
VeRA BX005 70 F Caucasian Ex 5 wks knee n n 5 4 83 59 68 26 no none
VeRA BX011 49 F Caucasian Never 2 wks knee n n 8 9 35 4.7 12 8 na none
VeRA BX013 45 F Black Current 10 wks knee n n 3 3 12 3.9 24 12 na none
VeRA BX027 44 F Caucasian  Current 5 wks ankle n n 2 3 32 3.8 18 10 no none
VeRA BX031 43 M Caucasian Ex 9 wks knee n n 4 19 76 6.9 58 0 na none
VeRA BX040 56 M Caucasian  Current 10 wks mcp n p 21 14 50 5.2 5 0 no none
VeRA BX042 55 M Caucasian Never 4 wks knee p n 4 0 9 35 58 45 yes none
VeRA BX049 48 F Caucasian na 3 wks ankle p p 3 6 29 3.9 10 0 no none
VeRA BX059 62 F Caucasian  Current 16 wks ankle p p 2 4 16 5.32 40 5 yes none
VeRA BX063 74 F Caucasian Ex 9 wks knee p n 3 3 62 4.4 20 32 no none
VeRA BX084 49 M Caucasian Never 6 wks mcp p p 12 17 87 6.8 25 18 no none

Early RA BX016 46 M Caucasian  Current 150 wks knee p p 16 13 75 6.6 38 7 na none
Early RA BX017 61 F Caucasian Ex 30 wks knee n n 6 15 45 4.9 8 9 na none
Early RA BX021 57 M Caucasian Ex 14 wks knee p p 14 21 50 7.1 56 16 na none
Early RA BX022 58 M Caucasian  Current 16 wks knee p p 7 7 33 4.1 7 0 yes none
Early RA BX032 46 F Caucasian  Current 30 wks ankle p n 4 10 47 5.2 24 32 na none
Early RA BX055 64 M Caucasian  Current 26 wks knee n n 16 14 30 5.4 13 17 na none
Early RA BX066 67 M Caucasian  Current 38 wks knee p p 1 1 74 4.2 29 48 na none
Early RA BX075 22 F Caucasian Never 52 wks knee n n 6 6 89 6.4 81 79 na none
Early RA BX077 72 F Caucasian Never 38 wks knee n n 16 21 70 7.5 53 43 na none

CCP: cyclic citrullinated peptide antibody; RF: rheumatoid factor; ESR: erythrocyte sedimentation rate; CRP: c reactive protein; SJIC28: 28 swollen joint count, TJIC28: 28 tender joint count;
VAS: visual analogue score; DAS28 ESR: 28 joint count disease activity score (ESR); DMARD: disease modifying antirheumatic drug; M: male; F: female; wks: weeks; yrs: years; n:
negative; p: positive; na: not available; N/A: not applicable; MTX: methotrexate, LEF: leflunomide; ADA: adalimumab; HCQ: hydroxychloroquine; ETA: etanercept.
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Table 2.3 Clinical characteristics of patients from whom samples used in SAGE experiments originated.

Clinical Code Age Gender Ethnicity Smoking Symptom Site CCP RF SJC28 TJC28 VAS DAS28 ESR CRP Baseline DMARD
diagnosis duration ESR erosions  treatment
Normal BX069 22 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX070 44 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX081 58 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX082 49 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX083 42 M Asian na na knee n n 0 0 N/A N/A na na no none
Normal BX088 34 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX089 38 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX095 46 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Resolving BX004 33 M Caucasian  Current 3 wks knee n n 2 1 78 3.6 9 6 no none
Resolving BX008 64 M Caucasian Ex 6 wks knee n n 2 5 46 4.5 24 15 no none
Resolving BX010 40 F Caucasian Never 4 wks knee n n 7 7 36 3.9 5 0 no none
Resolving BX033 81 F Caucasian Never 7 wks ankle n n 11 16 50 6.7 60 52 no none
Resolving BX038 45 F Caucasian  Current 1 wks knee n n 5 5 83 4.0 4 0 no none
Resolving BX048 35 M Caucasian na 2 wks knee n N 1 1 33 4.0 51 7 no none
Resolving BX064 35 M Asian Current 1 wks knee n n 3 1 6 1.6 2 9 no none
Resolving BX076 28 M Black Current 6 wks knee n n 1 2 99 4.5 18 8 na none
VeRA BX003 50 M Caucasian ~ Current 4 wks knee p p 11 13 28 5.7 31 26 no none
VeRA BX005 70 F Caucasian Ex 5 wks knee n n 5 4 83 59 68 26 no none
VeRA BX013 45 F Black Current 10 wks knee n n 3 3 12 3.9 24 12 na none
VeRA BX014 63 F Caucasian Never 4 wks knee n n 5 1 50 51 104 9 na none
VeRA BX015 48 F Caucasian Ex 2 wks knee n n 6 8 16 3.5 4 102 na none
VeRA BX027 44 F Caucasian  Current 5 wks ankle n n 2 3 32 3.8 18 10 no none
VeRA BX031 43 M Caucasian Ex 9 wks knee n n 4 19 76 6.9 58 0 na none
VeRA BX042 55 M Caucasian Never 4 wks knee p n 4 0 9 35 58 45 yes none
VeRA BX063 74 F Caucasian Ex 9 wks knee p n 3 3 62 4.4 20 32 no none
Early RA BX016 46 M Caucasian  Current 150 wks knee p p 16 13 75 6.6 38 7 na none
Early RA BX018 69 F Caucasian Never 52 wks knee n n 7 7 52 4.6 11 0 yes none
Early RA BX022 58 M Caucasian  Current 16 wks knee p p 7 7 33 4.1 7 0 yes none
Early RA BX055 64 M Caucasian  Current 26 wks knee n n 16 14 30 5.4 13 17 na none
Early RA BX066 67 M Caucasian  Current 38 wks knee p p 1 1 74 4.2 29 48 na none
Early RA BX075 22 F Caucasian Never 52 wks knee n n 6 6 89 6.4 81 79 na none
Early RA BX077 72 F Caucasian Never 38 wks knee n n 16 21 70 7.5 53 43 na none
Early RA BX093 65 M Caucasian Ex 156 wks knee p p 12 3 28 5.3 72 81 yes none
Established RA RA0BSY 60 M Caucasian na 30 yrs knee na P 11 12 50 6.4 54 75 yes SSz
Established RA RA15SY 37 M Caucasian na 22 yrs knee na N 3 1 90 5.0 46 50 yes MTX,LEF
Established RA RA20SY 73 M Caucasian na 20 yrs knee na p 7 9 25 4.8 18 na na LEF
Established RA RA23SY 58 F Indian na 11 yrs knee na p 17 13 100 6.7 23 na na MTX
Established RA RA25SY 53 F Caucasian na 30 yrs knee na n 8 11 na na na na yes HCQ
Established RA RA28SY 42 F Caucasian na 20 yrs knee na n 1 0 na na na na yes Gold
Established RA RA29SY 67 F Caucasian na 7yrs knee p p 13 9 80 6.6 57 66 yes MTX,ETA
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Established RA RA37SY 55 F Caucasian na 23 yrs knee p n 8 5 85 5.9 45 57 yes none

CCP: cyclic citrullinated peptide antibody; RF: rheumatoid factor; ESR: erythrocyte sedimentation rate; CRP: ¢ reactive protein; SIC28: 28 swollen joint count, TJIC28: 28 tender joint count;
VAS: visual analogue score; DAS28 ESR: 28 joint count disease activity score (ESR); DMARD: disease modifying antirheumatic drug; M: male; F: female; wks: weeks; yrs: years; n:
negative; p: positive; na: not available; N/A: not applicable; MTX: methotrexate, LEF: leflunomide; ADA: adalimumab; HCQ: hydroxychloroquine; ETA: etanercept.
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Table 2.4 Clinical characteristics of patients from whom samples used in microarray experiments originated.

Clinical Code Age  Gender Ethnicity Smoking Symptom Site CCP RF SJC28 TJC28 VAS DAS28 ESR CRP Baseline DMARD

diagnosis duration ESR erosions  treatment
Normal BX070 44 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX081 58 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX082 49 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX083 42 M Asian na na knee n n 0 0 N/A N/A na na no none
Normal BX085 38 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX088 34 M Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX089 38 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Normal BX095 46 F Caucasian na na knee n n 0 0 N/A N/A na na no none
Resolving BX004 33 M Caucasian  Current 3 wks knee n n 2 1 78 3.6 9 6 no none
Resolving BX008 64 M Caucasian Ex 6 wks knee n n 2 5 46 4.5 24 15 no none
Resolving BX010 40 F Caucasian Never 4 wks knee n n 7 7 36 3.9 5 0 no none
Resolving BX024 32 M Caucasian  Current 7 wks knee n n 1 1 35 2.9 10 10 na none
Resolving BX028 74 M Caucasian  Current 5 wks knee n n 23 0 55 4.8 45 13 na none
Resolving BX030 72 M Caucasian Never 8 wks knee n n 4 7 34 3.6 5 0 na none
Resolving BX033 81 F Caucasian Never 7 wks ankle n n 11 16 50 6.7 60 52 no none
Resolving BX038 45 F Caucasian  Current 1 wks knee n n 5 5 83 4.0 4 0 no none
Resolving BX048 35 M Caucasian na 2 wks knee n n 1 1 33 4.0 51 7 no none
Resolving BX054 55 M Caucasian Never 6 wks ankle n n 5 4 91 35 2 6 no none
Resolving BX064 35 M Asian Current 1 wks knee n n 3 1 6 1.6 2 9 no none
Resolving BX065 37 F Asian Never 7 wks knee n n 2 8 10 3.3 7 0 no none
Resolving BX071 41 F Caucasian  Current 4 wks ankle n n 2 0 10 1.7 5 9 no none
Resolving BX072 32 M Caucasian  Current 10 wks knee n n 1 3 60 3.7 15 0 no none
Resolving BX076 28 M Black Current 6 wks knee n n 1 2 99 45 18 8 no none
Resolving BX087 27 M Asian Current 4 wks ankle n n 2 2 20 3.8 27 28 no none
VeRA BX003 50 M Caucasian  Current 4 wks knee p p 11 13 28 5.7 31 26 no none
VeRA BX005 70 F Caucasian Ex 5 wks knee n n 5 4 83 6.0 68 26 no none
VeRA BX011 49 F Caucasian Never 2 wks knee n n 8 9 35 4.7 12 8 na none
VeRA BX013 45 F Black Current 10 wks knee n n 3 3 12 3.9 24 12 na none
VeRA BX015 48 F Caucasian Ex 2 wks knee n n 6 8 16 3.5 4 102 na none
VeRA BX020 59 M Caucasian na 6 wks knee n n 20 4 50 4.9 14 22 na none
VeRA BX031 43 M Caucasian Ex 9 wks knee n n 4 19 76 6.9 58 0 na none
VeRA BX040 56 M Caucasian  Current 10 wks mcp n p 21 14 50 5.2 5 0 no none
VeRA BX042 55 M Caucasian Never 4 wks knee p n 4 0 9 35 58 45 yes none
VeRA BX045 42 F Asian Never 2 wks ankle p p 18 28 100 8.3 54 40 no none
VeRA BX049 48 F Caucasian na 3 wks ankle p p 3 6 29 3.9 10 0 no none
VeRA BX063 74 F Caucasian Ex 9 wks knee p n 3 3 62 4.4 20 32 no none
VeRA BX084 49 M Caucasian Never 6 wks mcp p p 12 17 87 6.8 25 18 no none
VeRA BX092 48 M Caucasian Ex 4 wks mcp p p 9 8 50 6.0 63 38 no none
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Established RA
Established RA
Established RA
Established RA
Established RA
Established RA
Established RA
Established RA

RAQ6SY
RA15SY
RA20SY
RA23SY
RA25SY
RA28SY
RA29SY
RA37SY

60
37
73
58
53
42
67
55

TN

Caucasian
Caucasian
Caucasian
Indian
Caucasian
Caucasian
Caucasian
Caucasian

na
na
na
na
na
na
na
na

30 yrs
22 yrs
20 yrs
11 yrs
30 yrs
20 yrs
7 yrs
23 yrs

knee
knee
knee
knee
knee
knee
knee
knee

na
na
na
na
na
na
p
p

ST T 53T T 5T

11
3
7

17
8
1

13
8

12
1
9

13

11
0
9
5

50
50
90
25
100
na
na
85

6.4
5.0
4.8
6.7
na
na
6.6
5.9

54
46
18
23
na
na
57
45

75
50
na
na
na
na
66
57

yes
yes
na
na
yes
yes
yes
yes

SSZ
MTX,LEF
LEF
MTX
HCQ
Gold
MTX,ETA
none

CCP: cyclic citrullinated peptide antibody; RF: rheumatoid factor; ESR: erythrocyte sedimentation rate; CRP: ¢ reactive protein; SJIC28: 28 swollen joint count, TJC28: 28 tender joint count;
VAS: visual analogue score; DAS28 ESR: 28 joint count disease activity score (ESR); DMARD: disease modifying antirheumatic drug; M: male; F: female; wks: weeks; yrs: years; n:

negative; p: positive; na: not available; N/A: not applicable; MTX: methotrexate, LEF: leflunomide; ADA: adalimumab; HCQ: hydroxychloroquine; ETA: etanercept.
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2.1.3 Sample collection, coding and validation of phenotype

Synovial samples collected at the time of biopsy or surgery were transferred to universal
containers and kept on ice until processing (typically within 3 hours of collection). Primary
synovial fibroblast cell lines were established from these samples as specified in the materials
and methods section. Each cell line received a unique code comprising a prefix (BX,
abbreviation for biopsy) and a number (sequentially given according to when the sample was
collected). This code was used for all lines irrespective of their clinical outcome. The only
exception to this rule was the code given to Established RA samples obtained from joint
replacement surgery where the code comprised the prefix RA (for rheumatoid arthritis) a
number (sequentially given according to when sample was collected) and suffix SY

(synovial).

The phenotype of all fibroblasts used in this work was validated to confirm that the cells
being cultured were indeed synovial fibroblasts and not other adherent cells present in
synovial tissue such as macrophages or endothelial cells. Two criteria were used for
validation. Synovial fibroblasts were identified by light microscopy on the basis of their
spindle-shaped morphology (Image 2-1). Additionally, cell surface markers were assessed by
flow cytometry. Cultured synovial fibroblasts did not express markers of macrophage (CD68)
or endothelial (CD31) lineage but expressed the synovial fibroblast marker CD90

(Zimmermann et al. 2001).
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Image 2-1 Morphology of synovial fibroblasts. Light microscopy images showing spindle-shaped
morphology. x10 and x40 images shown.

2.1.4 Testing of long term cultures for infection

Whenever cells are cultured, a risk of infection exists. Every effort is made to minimise this
risk by handling cultures under sterile conditions in laminar flow cabinets and by adding
antibiotics to culture medium. Nevertheless, the risk still exists and is particularly high if cells
remain in culture for prolonged time periods. Infections may not only affect the viability of
cultured cells, but if gone unnoticed, they may affect experimental results. Mycoplasma
species are common contaminants of cell cultures. They are resistant to commonly used
antibiotics and small and difficult to detect by microscopy, hence specific testing for these
agents is required. Thus, regular mycoplasma testing was carried out on cell cultures used in
this work. Testing was performed using a commercially available mycoplasma PCR kit as
described in the methods section. None of the cultures used in this thesis tested positive. A

typical image of a negative test is shown in Image 2-2.

2-53



1500
1000
800
600
400

200

123 4 5678

Image 2-2 Mycoplasma testing. Agarose gel image of an experiment in which seven cell lines were
tested. A positive control (lane 1) and seven samples (lanes 2 to 8) are shown. The size of the
mycoplasma DNA fragment amplified (if present) should be 270bp (represented by red arrow in the
ladder and the white band seen in lane 1). None of the samples tested positive.

2.2 Cell culture

2.2.1 Tissue culture reagents

Reagents were purchased from Sigma-Aldrich unless otherwise specified. Reagents used to
make culture medium included: RPMI 1640 (R0883), 100mM Sodium ortho-pyruvate (SOP)
(S8636), L-glutamine-penicillin-streptomycin solution (GPS) (G1146) containing 200mM L-
glutamine, 10,000 units of penicillin and 10mg/ml streptomycin, non-essential amino acids
(NEAA) (M7145) and fetal calf serum (FCS) (F7524). Other reagents used in cell culture,
recovery, maintenance and storage of cell lines included: 10x stock solution of trypsin-EDTA
(PAA, L11-003) and dimethyl sulfoxide (DMSO) (D2879). Phosphate buffered saline (PBS)

was made by dissolving PBS tablets (Oxoid BR0014) in distilled water at a ratio of 1 tablet
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per 100ml of water. PBS was autoclaved prior to use. Where required for sterilization,
solutions were filtered through 0.22um filters (Millipore SLGPO33RS). Syringes were
purchased from BD Plastipak. Tissue culture plastics, tubes and flasks were purchased from
Sarstedt. Cryovials were purchased from Grainer bio-one. For mycoplasma testing the EZ-
PCR mycoplasma test kit (Geneflow 20-700-20) was used. Amplification was performed in
the BioRad T100 thermal cycler. Materials used for gel electrophoresis included: SYBR safe
DNA staining (Life Technologies S33102), UltraPure agarose (Life Technologies 16500500),
UltraPure 10x TBE buffer (Life Technologies 15581-044) and HyperLadder 1kb (Bioline

BI0-33053).

2.2.2 Medium

Synovial fibroblasts were cultured with complete fibroblast medium composed of: RPMI

1640, 10% FCS, 1% NEEA, 1% SOP and 1% GPS.

2.2.3 Primary cell cultures

Primary synovial fibroblast cultures were established at the time of biopsy or surgery. Each
clinical sample originating from a patient gave rise to a cell line. Tissue samples were cut into
small sections of approximately Imm? using a sterile scalpel. Sections were suspended in 6ml
of complete fibroblast medium and transferred into T25 flasks. Lines were incubated at 37°C

in 5%CO0; and left undisturbed for a week. Subsequently medium was changed weekly.
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2.2.4 Cell line maintenance in culture

Synovial fibroblasts were fed once weekly and maintained in culture until confluence. At
feeding, 66% of the culture medium (referred to as conditioned medium) was discarded and

replaced with fresh complete medium. Once cells reached confluence they were trypsinised.

2.2.5 Fibroblast trypsinisation (splitting)

Conditioned medium was removed and cells washed with PBS once. The cell monolayer was
treated with trypsin (diluted 1:5 in PBS) for 5 minutes at 37°C in 5%CO,. Cells were further
detached mechanically by gently tapping the edge of the flask. They were then observed by
microscopy to ensure complete detachment from plastic and collected in fresh complete
fibroblast medium and centrifuged at 300g for 6 minutes. The supernatants were discarded
and the cell pellets re-suspended in fresh medium and seeded into new flasks. Cells were
reseeded into new flasks at a lower density applying a 1:3 ratio. Every time a culture was split

the passage number increased by 1.

2.2.6 Freezing, storage and recovery of samples

At any given time during culture, if cells were not required for immediate use, they were
stored in liquid nitrogen. Cells were trypsinised as above and washed with fresh medium and
centrifuged at 300g for 6 minutes. They were subsequently re-suspended in freezing medium
(composed of 90%FCS and 10% DMSO) and transferred to cryovials. The cryovials were
placed in a freezing tray to allow gradual temperature reduction and placed in -80°C for at

least 3 hours. Cells were subsequently transferred to the liquid nitrogen facility. Usually cells
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were stored at a 1:3 ratio, that is, cells obtained from one confluent T75 flask would be split
into three cryovials. Some lines were stored at “high density” meaning that all cells from a
confluent T75 flask would be frozen into one cryovial. Freezing at high density allowed faster

recovery of cell lines.

When required for culture, cells were retrieved from liquid nitrogen, quickly thawed in a
water bath at 37°C and re-suspended in fresh complete medium. Cells were centrifuged at
300g for 6 minutes, supernatants were discarded and cells re-suspended in fresh medium and
transferred to a T75 culture flask and incubated at 37°C in 5%CO,. Cells were left

undisturbed for a week before feeding.

2.2.7 Passage number of cells used

One of the advantages of cell culture is that it enables researchers to increase cell numbers.
However, it has been shown that the gene expression patterns of cultured synovial fibroblasts
change with increased cell passaging (Neumann et al. 2010). In consequence, all the work
presented in this thesis was undertaken at low passage numbers. Cells used in functional
assays were between passage 4 and 6 inclusive. For SAGE experiments cells were cultured to
passage 5 and stored in liquid nitrogen in preparation for the experiments. Cells used in

microarray experiments were at passage 3.

2.2.8 Testing of long term cultures for infection

To ensure that cultures were free from infection, mycoplasma testing of cultured lines was

performed regularly. The EZ-PCR mycoplasma test kit (Geneflow 20-700-20) was used to
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analyse the supernatants of cultured lines as per manufacturer’s instructions. Briefly, PCR
amplification was carried out by preparing a reaction mix containing 17.5ul of nuclease free
water, 5ul of reaction mix and 2.5l of the test line’s supernatant. Test tubes were placed in
the thermal cycler and run with the following parameters: one cycle at 94°C for 30 seconds,
35 cycles at 94°C for 30 seconds followed by 60°C for 120 seconds followed by 72°C for 60
seconds, one cycle at 94°C for 30 seconds, one cycle at 60°C for 120 seconds and a final
cycle at 72°C for 5 minutes. Amplified products were subsequently analysed using gel
electrophoresis. A 2% agarose gel was made by mixing 3g of agarose, 150ml of TBE buffer
and 135ml of double distilled water. 6l of SYBR safe DNA gel stain were added to the
agarose mixture and poured into the cassette and covered with 1XTBE buffer. 5ul of PCR
products and ladder were loaded to corresponding ports in the gel and electrophoresis run at

120v for one hour.

2.3 Methods: Chapter 3

2.3.1 Experimental set up and workflow

A minimum of 5 lines per clinical outcome group were analysed in each functional assay with
the exception of the proliferation assay where 3 lines per outcome group were assessed. To
maximise the use of cell lines and maintain passage numbers consistent within assays, a
workflow system was established whereby cells were sequentially analysed in different assays
following the same order (Figure 2.2). If after analysis in all assays, cells were still viable they

were stored at high density for any potential future experiments.
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Figure 2.2 Functional assays workflow. For each patient line, one passage 4 (P4) T75 flask was
cultured. Cells were first used in the invasion assay (at passage 4). Next cells were analysed in
parallel cell exclusion zone assay and scratch tests at passage 5. Subsequently, cell proliferation was
assessed (at passage 6). If remaining cells were viable, they were frozen at high density for future use
if needed. Between each experiment remaining cells were returned to the incubator to allow growth
prior to the next experiment.

2.3.2 Materials used in functional experiments

For both the cell exclusion zone and scratch test experiments, 6-well plates (BD Falcon
353046) were used throughout. Tissue culture inserts (Ibidi 80209) were used for creation of
cell monolayers. Tumour necrosis alpha (TNFa) (R&D systems 210-TA-010), transforming
growth factor beta (TGFB) (Peprotech 100-21) and platelet derived growth factor (PDGF)
(Peprotech 100-14B) were used for stimulation and chemoattraction. Growth factor reduced
matrigel coated invasion chambers (BD 354483) and 24-well flat bottom with low
evaporation lid plates (BD Falcon 353504) were used in the invasion assay. Staining of
invading cells was performed with Diff-Quick (Reagena 102164) after fixation with methanol
(VWR 20847.307). DIPX mounting medium (Thermo Scientific Raymond Lamb 12658646)
was used to fix membranes to microscope slides. The medium used in the invasion assay was

Dulbecco’s modified eagle medium (DMEM) (Sigma-Aldrich D6546) supplemented with 1%
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GPS and 0.5% bovine serum albumin (BSA) (Sigma-Aldrich A2153). The click-iT EdU flow

cytometry assay kit (Invitrogen C10418) was used to assess cell proliferation.

2.3.3 Methods used in functional experiments

2.3.3.1 Scratch test

Cell monolayers were seeded on 6-well plates. Grids were taped to the base of the plates to
serve as reference point. Cells were seeded at a density of 8x10* per well and cultured at 37°C
in 5% CO, for a week. At day 8 a single scratch wound was created with a sterile 20uL pipet
tip. Images of the denuded areas were taken with a digital Olympus inverted phase contrast
microscope at baseline (Time 0) and 18 hours later (Time 1). The grids at the back of the plate
were used to divide the wound into 3 longitudinal frames that were recorded. The cell-free
area was measured using Image J software analysis. The average of three frames was taken.
The percentage of area covered in 18 hours was calculated using Microsoft Excel with the

formula:

A0 — A1l 100
A0

where AO denotes area at Time 0 and Al area at Time 1. A schematic representation of this

assay is presented in Figure 2.3.
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Figure 2.3 Schematic representation of the scratch test assay. After culturing cell monolayers for
seven days a scratch was created with a sterile pipet tip. Images of the cell denuded area were taken
at baseline and 18 hours later. Image J software was used to measure the area and the percentage of
area covered was calculated using Microsoft Excel. Image of pipet tip reproduced from
http://www.usascientific.com/200ul-tipone-yellow-stacks.aspx.

2.3.3.2 Cell exclusion zone assay

Cell monolayers were created in 6-well plates by aliquoting cell suspensions either side of a
tissue culture insert. On day one, a grid was secured to the base of the plate. Culture inserts
were positioned into the centre of each well and 70pl of cells at a density of 3x10°cells/ml
were aliquoted to each port of the insert and incubated at 37°C in 5% CO, for 24 hours to
allow adherence. At day 2, inserts were removed and images were taken at Time O (baseline)
and Time 1 (18 hours later) as specified for the scratch test. A schematic representation of this
assay is shown in Figure 2.4. For the stimulated assay, the experiments were repeated
stimulating cells with TNFa. (10ng/ml) or TGFB (1ng/ml) for 48 hours. In these experiments,
cells were seeded into culture inserts as specified and allowed to adhere for 24 hours.
Conditioned medium was removed and replaced with fresh complete medium containing
stimulants. 30 hours later inserts were removed and images taken at Time 0 and 18 hours
later. Cells were stimulated for a total of 48 hours. Image analysis and area calculation was

done as specified for the scratch test.
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Figure 2.4 Schematic representation of the cell exclusion zone assay. Cells were aliquoted either
side of a culture insert and cultured for 24 hours. After removal of the insert a gap had formed
between both cell monolayers. The cell free gap was imaged at Time 0 and 18 hours later. Data were
subsequently analysed with image J and Microsoft Excel. Image of tissue culture inserts reproduced
from http://ibidi.com/xtproducts/en/ibidi-Labware/Open-Slides-Dishes:-Removable-hambers/Culture-
Insert-Family.

2.3.3.3 Assessment of cell proliferation

The Click It EdU cell proliferation kit (Invitrogen C10418) was used according to
manufacturer’s instructions. As the aim of these experiments was to assess cell proliferation
under the same conditions to which cells were subjected in the cell exclusion zone assay, the
same experimental set up was used. Hence, culture inserts were positioned in the centre of
wells in 6-well plates and 70pl of cells at a density of 3x10°cells/ml were aliquoted to each
port of the insert. Cells were incubated at 37°C in 5% CO; for 24 hours to allow adherence.
At day 2, culture inserts were removed and 2uM 5-ethynyl-2-deoxyuridine (EdU) added to
the culture medium. Cells were incubated at 37°C in 5% CO, for 18 hours and subsequently
prepared for proliferation analysis. Cells were washed with PBS, trypsinised and re-
suspended in complete fibroblast medium. They were washed with 1% BSA in PBS and fixed
with 100pl of 4% paraformaldehyde for 15 minutes. Cells were centrifuged at 500g for 5
minutes and re-suspended in 100ul of saponin wash reagent for a further 15 minutes. After
another centrifugation step, they were incubated for 30 minutes with pacific blue, washed

with saponin, filtered and analysed by flow cytometry (Dako Cyan ADP High Performance
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(Dako, Ely, UK)). Data were analysed using SUMMIT software (Dako). Cell proliferation

was expressed as percentage of stained cells.

2.3.3.4 Invasion assay

In vitro cell invasion was assessed with a transwell assay. Matrigel coated invasion chambers
were used for this purpose (Figure 2.5). They consist of a 24-well companion plate with cell
culture inserts that contain an 8um pore size membrane coated with a thin layer of matrigel
matrix. Chambers were used as per manufacturer’s instructions. Briefly, 5x10* cells
suspended in 500pl of serum free 1% GPS, 0.5% BSA DMEM were seeded into each culture
insert. The lower chambers were filled with 1%GPS, 0.5%BSA DMEM with 50ng/ml of
PDGF, the latter acting as a chemoattractant. Chambers were incubated at 37°C in 5% CO,
for 72 hours. Non-invading cells were scraped from the inside of the inserts using a cotton
bud. Invading cells on the under surface of the membrane were fixed with methanol and
stained with Diff Quick (Reagena 102164). Membranes were removed with a scalpel blade
and fixed on microscope slides using DIPX. Cells were observed and counted using a non-
inverted light microscope (Zeiss Axiostar plus). Eight ocular fields per membrane were

counted.
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Figure 2.5 Schematic representation of the invasion assay. Cells were seeded into invasion
chambers. Cells were cultured for 72 hours to allow invading cells to digest matrigel and migrate to
the bottom of the transwell. After fixing and staining cells attached to the bottom of the membrane,
membranes were cut and fixed onto microscope slides that were visualised by light microscopy.

2.4 Methods: Chapter 4

2.4.1 Candidate gene expression analysis with microfluidic cards

384-well custom made microfluidic cards were used to perform 48 gene expression assays
(Life technologies, TagMan gene expression arrays). The design of these cards is such that the
specific gene probes and primers are pre-loaded and stable in the card so that gene expression
analysis is quick and reliable. The list of gene targets selected for these cards is given in
Appendix Table 9.1 together with a brief explanation of the relevance of the assessment of

each target.

2.4.1.1 Sample preparation and RNA isolation for candidate gene analysis

All samples used in these experiments were cultured and treated under identical conditions.
When cell lines achieved confluence at passage 3, two T75 flasks were taken. Conditioned
medium was discarded and cells were washed with PBS once. Subsequently one flask was
treated with 6ml of complete fibroblast medium supplemented with TNFo (10ng/ml) whilst

the other was treated with 6ml of un-supplemented complete fibroblast medium. Cells were
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cultured at 37°C in 5% CO, for 24 hours. Following the incubation time, supernatants were
collected and stored. Cells monolayers were washed with PBS and trypsinised as described in
section 2.2.5. A series of cell aliquots was created for several purposes. Amongst these, an
aliquot was created with 1x10* cells that were suspended in 350ul of RLT lysis buffer
(containing guanidine isothiocyanate to immediately inactivate RNases) and stored -80°C for

subsequent RNA isolation and analysis using microfluidic cards.

Cells that had been stored in 350ul of RLT buffer at -80°C were thawed and RNA extracted
using the RNeasy kit (Qiagen 74104) according to manufacturer’s instructions. Briefly, cells
were thawed and 350ul of 70% ethanol added. Samples were applied to the columns and
centrifuged at 13000g for 5 minutes. Samples were washed with two wash buffers (700ul of
RW1 and 500ul of RPE) and RNA eluted in 30ul of RNase free water. Eluted RNA was
further treated with DNA free (Ambion 1906) according to manufacturer’s protocol to ensure
that only pure RNA was obtained. 1pl of DNAse and 3.5ul of DNAse buffer were added to
the eluted mMRNA sample and incubated at 37°C for 30 minutes. 5ul of DNase inactivation
reagent was added and incubated with the sample at room temperature for 2 minutes. After
centrifugation (13000g for 1 minute) the supernatant (RNA) was collected and used in the

microfluidic experiments.

2.4.1.2 Reverse transcription and real time PCR in microfluidic cards

The Quantitec Probe RT PCR kit (Qiagen 204443) was used for reverse transcription and real
time PCR according to manufacturer’s instructions. The reaction mix for each sample
contained: 15uL of RNA, 1uL of reverse transcriptase, SOpL of RT PCR master mix and

34uL of RNA free water. Each 95uL reaction was loaded into the corresponding port of the
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card. Cards were centrifuged at 300g for 1 minute, sealed and run in the Applied Biosytems
7900 HT fast real time PCR cycler. The programme used consisted of 1 cycle at 50°C for 30
minutes, 1 cycle at 94.5°C for 15 seconds, 40 cycles at 96°C for 30 seconds and 59.7°C for 1

minute.

2.4.1.3 Gene expression analysis

Three housekeeping genes were assayed in the cards: glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), 32 microglobulin and 18S ribosomal RNA (18S). The variation in
expression levels of each housekeeper was calculated using the coefficient of variation

method with the formula:

IQR
Q—lOO

where IQR represents interquartile range and M median. This coefficient of variation was
lowest for GAPDH (5.5%) followed by 18S (6.3%) and B2 microglobulin (6.4%).

Consequently, gene expression was normalised to GAPDH.

Gene expression was quantified using the 2-delta Ct method (2°%°Y). First, the threshold cycle
(Ct) value was set for each gene. Then the delta Ct (dCt) value was calculated by subtracting
the GAPDH Ct value from the Ct value of the gene of interest. Subsequently a 2% value was
calculated. Gene expression data were plotted as scattered dot plots. Differential gene
expression between groups was calculated using Kruskal Wallis and Dunn’s post-test analysis

on median values.
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2.4.2 DKK1 ELISA

DKK1 protein levels were measured using the DKK1 ELISA duo set (R&D DY1906)
according to manufacturer’s instructions. A brief description is given here. All incubations
were done at room temperature and all samples were done in triplicate. A Nunc maxisorp 96-
well plate was coated with 100ul/well of capture antibody and incubated overnight. The plate
was washed and coated with 300ul/well of reagent diluent and incubated for 1 hour.
Standards were diluted in reagent diluent and samples in complete fibroblast medium at a 25
fold dilution. 100ul/well of standard or sample were added to the plate and incubated for 2
hours. The plate was washed and 100pul/well of detection antibody were added and incubated
for 2 hours. After another washing step, 100ul/well of streptavidin/HRP were added and the
plate incubated for 20 minutes away from the light. After a wash, 100ul/well of substrate
solution were added and incubated for 30 minutes away from the light. 50ul/well of sulphuric

acid was added and the plate read at 450 nm.

Results were calculated as follows. A standard curve was created by plotting the mean
absorbance of each standard against their concentration and drawing a best fit curve. Using
regression analysis, the formula for the best fit curve was calculated and applied to each
unknown sample. Results were multiplied by the dilution factor used (x25). Data were

expressed as median and interquartile range.
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2.4.3 Osteoblast differentiation and bone nodule formation

experiments

2.4.3.1 Collection of supernatants from cultured synovial fibroblasts

One Resolving (BX010) and one VeRA line (BX040) were cultured in T75 flasks until
confluence. Conditioned medium was discarded and cells washed with PBS. Conditioned
medium was replaced with éml of fresh fibroblast medium and cells cultured for 48 hours.
Subsequently, conditioned medium was collected and stored in 200ul aliquots at -80°C for

use in osteoblast differentiation experiments.

2.4.3.2 Osteoblast differentiation experiments

Commercially available osteoblast precursors (Promocell C-12720) were used in these
experiments. 2x10%cells/well were seeded on 6-well plates with 2ml/well of mineralisation
medium (Promocell C-27020) to induce osteoblast differentiation. Cells were kept in culture
for 21 days before assessing mineralised bone nodule formation as a surrogate marker of
osteoblast differentiation. The experimental set up was as follows: positive and negative
osteoblast precursor differentiation controls were created by culturing osteoblasts precursors
with mineralisation and growth medium (Promocell Germany, C-27001) respectively. The
expected effect was for the mineralisation but not the growth medium to induce osteoblast
differentiation and mineralised bone nodule formation. A DKKZ1 positive control was created
by adding 50ng/ml of recombinant DKK1 (R&D systems 5439-DK-010) to osteoblast

mineralisation medium. Test samples were treated with osteoblast mineralisation medium
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containing 25ul of conditioned fibroblast medium from either Resolving or VeRA cell lines
as appropriate. Following culture for 21 days, cells were stained with alizarin red. Briefly, cell
medium was discarded and cells washed with PBS twice. Cells were fixed with 10% buffered
formalin (Sigma HT50-1-1) for 15 minutes and stained with 0.5% alizarin red (Sigma A5533)
in water (pH4.2) for 15 minutes. Staining was followed by a washing step (using tap water)
repeated 5 times. Direct observation under light microscopy (Leica inverted light microscope)
was performed. The number of nodules formed in a 20x field was counted in triplicate and the
mean of these triplicates taken. To confirm osteoblast differentiation, osteocalcin mMRNA
expression was measured by RT PCR using a Tagman osteocalcin gene assay (Life

Technologies Hs-01587814 g1).

2.4.4 Synovial fibroblasts-HUVEC co-cultures in flow capture assays

Synovial fibroblasts were cultured onto inverted 6-well 0.4pum transwell filter inserts at a
density of 5x10° for 24 hours. Human umbilical vein endothelial cells (HUVEC) were seeded
into the inner surface of the inserts at a concentration that would produce confluent
monolayers in 24 hours. Cells were co-cultured for 48 hours in complete fibroblast medium
prior to treatment with 100U/ml of TNFo and 10ng/ml IFNy for a further 24 hours. Inserts
were secured to a plate in a flow chamber system and lymphocytes (at a concentration of
2x10%/ml in PBS containing 0.15% bovine serum albumin and 5mM glucose) perfused for 4
minutes over HUVEC. The perfusion flow rate used was 0.099ml/min which is equivalent to
a wall shear rate of 140s ' and wall shear stress of 0.1Pa. After 2 minutes of washout, video

clips were taken of a number of fields in the central area of the flow chamber. Analysis of the

2-69



images determined whether lymphocytes were rolling adherent, firmly adherent or

transmigrating. Lymphocytes were isolated from venous blood from healthy donors.

For analysis of DKKL1 levels in co-culture supernatants the R&D systems VersaMAP
immunoassay was used as per manufacturer’s instructions. Supernatants from cell co-cultures
were diluted 1:3 in complete fibroblast medium. All incubations were done at room
temperature on a plate shaker. Briefly, plates were washed with 100ul/well of wash buffer.
50ul/well of microparticle cocktail were added and incubated for 2 hours followed by 3
washing steps. 50ul/well of standard or sample were added and incubated for 2 hours. After
another 3 washes, 50ul/well of antibody cocktail were added and the plate incubated for 1
hour. After 3 additional washes, 50ul/well of streptavidin-PE were added and incubated for
30 minutes. After three washes, 100ul/well of wash buffer were added and analysed in the
Luminex100 instrument using the following settings: 50 events/bead, minimum events: 0,

flow rate: 60pl/min, sample size: 50ul, doublet discriminator gates at 7500 and 15,500.

2.5 Methods: Chapter 5

2.5.1 Description of SAGE method

Total RNA is isolated using Trizol. Subsequently mRNA is isolated using Oligo (dT)
magnetic beads. These beads contain oligodT sequences that bind to the polyA tail of mMRNAS
enabling mRNA isolation by magnetic separation. At the same time, the oligodT sequence is
used as primer for reverse transcription and thus cDNA conversion also takes place on the
beads. Next the cDNA transcripts are digested using the enzyme Nla Ill. This endonuclease

cleaves transcripts at sites where the sequence GTAC is present. As this sequence occurs at
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approximately every 250bp this is the approximate size of the resulting fragments. Following
this, barcode adaptor A is ligated to the samples. This adaptor contains a unique barcode that
enables identification of all transcripts originating from a given sample. It also contains a
truncated internal adaptor sequence and an EcoP151 restriction enzyme recognition site.
When EcolP15I is added, it binds to the recognition sequence and cleaves cDNA 25-27bp
downstream from the adaptor hence generating a 27bp sequence. The next step is the ligation
of adaptor B that contains the primers for emulsion PCR. Samples are deposited on glass
slides where amplification by emulsion PCR takes place. Next, sequencing by ligation is
performed. This type of sequencing is based on the ability of DNA ligases to bind
oligonucleotides of complementary DNA strands. Fluorescently labelled oligonucleotides are
used to probe the unknown DNA sequences. Hybridisation of unknown nucleotides to
complementary fluorescently labelled nucleotides results in fluorescence emission. Different

bases can be identified as different colours in the emitted spectrum.

The newly obtained nucleotide sequences (called reads) are then mapped to a reference
nucleotide sequence database (Reference Sequence database, RefSeq) using specific software.
This process allows identification of the gene of origin of the tag. By quantifying the number
of reads available for a given transcript, expression levels can be determined and compared
between samples (Matsumura et al. 2005). Following sequencing experiments, independent
confirmation of results is usually performed by validating target gene expression with

quantitative methods such as real time quantitative PCR (Rajeevan et al. 2001).
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2.5.2 Reagents and materials used in Chapter 5

Preparation of samples for SAGE analysis was done with the following reagents. Total RNA
purification was performed with Trizol (Ambion 15596-018). Polyadenylated RNA was
purified by magnetic selection using pMacs mRNA isolation kits (Miltenyi Biotech 130-075-
201). Library generation was performed with the SOLID SAGE kit with barcoding adaptor
module (Life Technologies 4452811) and the SOLID RNA barcode kit, module 1-16 (Life
Technologies 4427046). Emulsion PCR was performed using the SOLID EZ bead amplifier
E20 accessories kit (Life Technologies 4453077) and the SOLID ePCR kit (Life Technologies
4400834). Bead enrichment was performed with the SOLID XD bead enrichment kit (Life
Technologies 4453663) and components from SOLID buffer kit (Life Technologies
4387918). Bead pre-deposition modification was done with SOLID pre deposition kit (Life
Technologies 4472967) and slide deposition with SOLID XD slide and deposition kit v2 (Life
Technologies 4456997) and components from SOLID buffer kit (Life Technologies
4387918). Sequencing was performed using the SOLID ToP fragment barcoded sequencing
kit, MM35/5 (Life Technologies 4452696) and components from the SOLID ToP instrument
buffer kit (Life Technologies 4452688). Other reagents used in these experiments included:
DEPC-treated and sterile filtered water for molecular biology (Sigma Life Science 95284),
formaldehyde solution 37% (Sigma-Aldrich F15587), protease inhibitor cocktail tablets
(Roche complete mini tablets 11836153001) and ethanol absolute (VWR International
20821.330). RNA quantity and quality were assessed with the Qubit dsDNA HS assay Kit
(Life Technologies Q32851) and the Quant-iT RNA assay kit (Life Technologies Q32852).

PCR tube strips of 8 (Fisher Scientific 14230210) were used for real time PCR.
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2.5.3 Cell culture and storage for SAGE experiments

Culture and processing of cell lines for SAGE experiments was performed in a standardised
fashion. Eight different cell lines were cultured from each outcome group (making a total of
40 cell lines). Cells were grown under the same conditions until a minimum of 2x10° cells per
line were obtained. To obtain the RNA quantity required for the SAGE experiments 1x10°
cells per line per experiment was required. Hence, an arbitrary minimum cell number of 2x10°
cells per line was established in order to have spare samples in case any of them were lost or
damaged during subsequent sample preparation and sequencing. All cell lines were at passage
5. Once cultured cells were ready to be processed, lines were harvested and counted. VVolumes
were adjusted to 1x10° per ml, washed with 1 ml of PBS once and stored as cell pellets at -

80°C.

2.5.4 RNA isolation, polyA RNA purification and library generation

Following the SOLID 4 SAGE protocol, total RNA extraction was performed using Trizol
followed by polyadenylated (polyA) RNA purification with puMacs columns as per
manufacturer’s instructions. Briefly, samples were thawed and homogenised with 1ml of
Trizol. They were incubated at room temperature for 5 minutes and 0.2ml of chloroform
added followed by vigorous shaking, incubation at room temperature for 3 minutes and
centrifugation at 12,0009 for 15 minutes at 4°C to obtain phase separation. The aqueous phase
was collected and RNA isolation performed by adding 0.5ml of 100% isopropanol, followed
by incubation at room temperature for 10 minutes and centrifugation at 12,0009 for 10
minutes at 4°C. Supernatants were discarded and pellets washed in 1ml of 75% ethanol,

vortexed and centrifuged at 75009 for 5 minutes at 4°C. Pellets were air dried and re-
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suspended in 20ul of RNase free water. After incubation at 60°C for 15 minutes the RNA was
used for polyA RNA purification by magnetic selection using puMacs columns. RNA was
denaturated by heating at 70°C for 5 minutes. pMacs columns were prepared by rinsing with
100l of lysis buffer and 50ul of magnetic oligodT beads were added to the samples.
Samples were applied to the column where magnetically labelled polyA RNA was isolated by
placing the columns in the MAC separator. Contaminants were removed through six washing
steps and cDNA was synthesised. 43.5ul of first strand reaction mixture was added to the
beads and incubated at 42°C for 3 minutes. 1.5ul of reverse transcriptase was added and
incubated at 42°C for 2 hours with mild mixing every 15 minutes. This first cDNA strand was
chilled in ice for 2 minutes and the second strand synthetised by adding the second strand
reaction mixture and incubating at 16°C for 3 hours. The reaction was stopped by adding
0.5M EDTA and incubated with wash buffer for 15 minutes. Next Nla Il and barcode adaptor
A ligation was undertaken followed by EcoP15I digestion and barcode adaptor B ligation. A

PCR was then performed and run to determine the optimal PCR cycles for emulsion PCR.

2.5.5 Assessment of RNA quantity and quality

RNA quantitation was performed with the Qubit fluorometer and the Quant-iT RNA Assay
kit. Firstly, calibration was undertaken using standards 1 and 2 (included in the kit). Each
sample was then quantitated sequentially in triplicate, and the mean of triplicates recorded.
For quality assessment, Agilent RNA 6000 Pico chips were set up and primed as per
manufacturer’s instructions. RNA samples were diluted to achieve concentrations between
Ing/ul and 5ng/pl. Samples were heat denaturated and 1pl of each sample was loaded,

together with the provided RNA 6000 Pico ladder into the chip. The chip was vortexed at

2-74



2400 rpm, and run on the Agilent 2100 bioanalyser. RNA quality was assessed by means of

the RNA integrity number (RIN); a RIN value between 8.0 and 10.0 was considered optimal.

2.5.6 Emulsion PCR

SAGE libraries were pooled into groups of 8, using barcodes 1-8 for two of the pooled sample
sets, and barcodes 9-16 for the other two. Pooled library sets were quantitated with the Qubit
dsDNA HS assay kit, and diluted to a concentration of 43pg/pl. Emulsion PCR was
performed in each pooled library as per manufacturer’s protocol with a library concentration
of 0.5pM. Following emulsion PCR, libraries were enriched for P2-containing beads, and the
3’ ends modified with a terminal transferase reaction. Enriched beads were quantitated with
the Nanodrop ND-100 spectrophotometer and compared to a previously prepared standard

curve.

2.5.7 Sequencing

Beads were deposited on chambers as per Applied Biosystems SOLiD 4 system instrument’s
operation guide. 132x10° beads from each pooled library were deposited on SOLID slides
using a 4-well deposition chamber. Beads were left to adhere at 37°C for 1 hour. Following
deposition, non-adhered beads were pipetted off, and the chamber flushed with deposition
buffer. Slides were washed with slide storage buffer, and fitted into a clean flow cell in the
SOLID 4 analyser, which was then filled with prepared 1x instrument buffer. All other
sequencing buffers were prepared and fitted as per protocol and a 35bp forward/5bp barcode

SAGE sequencing run initiated.
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2.5.8 Analysis of SAGE data

Tags were mapped to the Reference Sequence (Ref Seq) database using the Bioscope analysis
pipeline. Normalisation and gene expression profiling was performed using SOLID SAGE
analysis software. Statistical analysis of SAGE expression data was done using edgeR run

under Bioconductor.

2.5.9 SAGE target validation methods

Materials used for RNA isolation and reverse transcription included: pMacs mRNA isolation
kits (Miltenyi Biotech 130-075-201), isopropanol (AnalaR 102246L), sodium acetate (Sigma
71196) and glycogen (Invitrogen 10814-010). Reverse transcription was performed using
SSII reverse transcriptase (Invitrogen 100004925), 5x FS Buffer (Invitrogen y0232), Rnease
out (Invitrogen 100000840), 0.1IM DTT (Invitrogen y00147), 10mM dNTP (Invitrogen
10297-018) and oligodT beads (Invitrogen 58862). Reagents used in real time quantitative
PCR included: primer pairs designed by myself and manufactured by Eurofins Operon,
absolute qPCR SYBR green ROX mix (Thermo Scientific AB-1163/A) and water for

molecular biology (Sigma-Aldrich 95284).

2.5.10 RNA isolation, precipitation and reverse transcription for real

time PCR

RNA isolation was performed using the pMacs mRNA isolation kit as per manufacturer’s
instructions. Samples were thawed and 500ul of lysis buffer added. Samples were thoroughly

mixed to ensure complete dissolution and centrifuged at 13,000g at 4°C for 3 minutes.
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Magnetic columns were placed in the MACS separator and equilibrated by rinsing with 100ul
of lysis buffer. 50ul of magnetic oligodT beads were added to the samples and mixed.
Samples were applied to the columns where magnetically labelled polyA RNA was isolated.
Contaminants were removed with two washing steps with 200ul of lysis buffer and a further
four washes with 100ul of wash buffer. 70ul of elution buffer were added and eluted RNA
was collected in tubes and kept in ice. Subsequently, RNA was precipitated using
isopropanol. 70ul of isopropanol, 7ul of sodium acetate and 1ul of glycogen were added to
each sample and incubated at -80°C for at least 15 minutes. Samples were centrifuged at
13,000g at 4°C for 15 minutes. Supernatants were discarded and samples washed with 150ul
of 70% alcohol and centrifuged again. Supernatants were discarded and samples left to air
dry. Once dried, pellets were re-suspended in 10ul of RNase free water and 1ul of oligodT.
39ul of reverse transcriptase reaction mix containing 17ul RNase free water, 10ul 5xFS
buffer, 5ul of DTT, 5ul of ANTP, 1ul of RNase out and 1ul of reverse transcriptase were
added. Samples were run in the BioRad T100 thermal cycler with the following parameters:

25°C for 5 minutes, 42°C for 30 minutes and 85°C for 5 minutes.

2.5.11 Real time PCR primer design

For each gene to be validated, a specific primer pair was designed using the primer design
tool in the National centre for biotechnology information (NCBI) website. The unique NM
number for each gene was entered in the search area and a series of primer pairs were
obtained. In order to select a good quality primer pair a number of parameters were used
including: PCR product size of 80-250bp, primer pairs separated by at least one intron and a

GC content of approximately 55% in each strand (Chuang et al. 2013).
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Primer pairs selected according to these parameters were tested on Amplifx software

(available for free download at: http://download.cnet.com/AmplifX/3000-2054 4-

53766.html) before ordering. First, the cDNA sequence of the target gene was introduced in
the sequence tab. Next, the sequences of the forward and reverse primers were entered in the
primer list and a “virtual” PCR was run. This allowed identification of the size and position of
the product and provided information on the quality of the primers with regards to GC
content, stability and self-annealing. A screenshot of a representative example is shown in
Figure 2.6. Primer pair sequences were ordered from Eurofins Operon. The primer pair

sequences of primer pairs used in this work are shown in Appendix Table 9.2.

> AmpiX o) ® e
File Edt Pnmers PCR Help

|5¢queng¢| Primer list ||_nfo-;

[Load & primes i fie x| © petaum e -
Sequence piu] Descriptiv... Owner L g ™ ™ 81 Sesd
¥] CGGGGCCCATCAGT. .. Proool 20 81 55.5 GCpwesw 55 Good
3 end sablity 3 Good
pobX 0 Good
Saif D 14 Good
Seif End Dhmer 0 Good

-10] « * Run PCR

Figure 2.6 Screenshot showing the use of Amplifx to test primer pair quality. Primer pair sequences

can be seen in the screenshot in the primer list tab and the PCR product produced from these primer
pair can be seen at the bottom of the image in blue. On the right hand side quality control parameters
are displayed including GC content, self-annealing and primer stability. All these parameters are
satisfactory for the primer pair shown.

2-78


http://download.cnet.com/AmplifX/3000-2054_4-53766.html
http://download.cnet.com/AmplifX/3000-2054_4-53766.html

2.5.12 Real time PCR

Real time PCR experiments were performed in 384-well plates using the Light Cycler 480
PCR system (Roche). All samples were done in triplicate. Two reaction mixes were created: a
sample and a primer mix. Sample mixes contained 0.1ul of cDNA, 2.9ul of water and 5ul of
SYBR green ROX mix (which contained all components required for PCR with the exception
of the primer templates) per sample per test. Primer mixes contained 0.1ul of forward and
0.1pl of reverse primer and 1.8ul of water per test. 8l of sample mix and 2ul of primer mix
were pipetted into each well to make a total 10ul per test. As a hot-start DNA polymerase was
used, an activation step (95°C for 15 minutes) was included in the PCR reaction protocol.
The PCR reaction was carried out with the following parameters: one cycle at 95°C for 15
minutes (hot-start), 40 amplification cycles at 95°C for 15 seconds followed by 60°C for 1
minute and a final cycle for the melting curves that consisted of 95°C for 15 seconds, 60°C
for 1 minute and 95°C for 15 seconds. Gene expression was normalised to GAPDH using the
2-delta Ct method (2°%°Y) as previously described. Differential gene expression between

groups was calculated using Kruskal Wallis and Dunn’s post-test analysis on median values.

Quality control of primer pairs was performed by analysing primer pair products on a gel. For
each primer pair, a PCR using human genomic DNA (Promega G3041) and Go Taqg master
mix (Promega M7122) was performed. For each primer pair a reaction was made in a PCR
tube that contained 4ul of cDNA (diluted 1:10), 5ul of Go Tag master mix, 0.5ul of forward
and 0.5l of reverse primers. Samples were run on the BioRad T100 thermal cycler using the
following cycling parameters: 95°C for 3 minutes, 95°C for 30 seconds, 60°C for 30 seconds,

72°C for 30 seconds, 40 cycles at 95°C for 30 seconds, 72°C for 5 minutes and 4°C thereafter.
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Once complete, PCR products were run on a 2% agarose gel and run at 120v for one hour as

specified in section 2.2.8.

2.5.13 TRAIL-R4 Flow cytometry

Expression of TRAIL-R4 protein was determined by flow cytometry. Reagents used in these
experiments included: PE conjugated anti human TRAIL-R4 (R&D FAB633P), IgG isotype
control (R&D, 1C002P) and cell dissociation buffer (Gibco 13151014). Three Resolving
(BX004, BX033, BX038) and three VeRA (BX011, BX013, BX063) lines were used in these
experiments. The TRAIL-R4 expressing hepatic epithelial cell line (AKN-1) was used as

positive control.

To dissociate cells from their flasks without cleaving cell surface receptors, 12ml of cell
dissociation buffer were added to T75 flasks and cells incubated at room temperature on a
plate shaker for 35 minutes. Detached cells were re-suspended in 8ml of medium and
centrifuged at 500g for 5 minutes. Cell volumes were adjusted to 6x10%ml. 700pl of cell
suspension were transferred to a tube and washed 3 times with 0.5% BSA PBS. 100pul of
sample were transferred to each well of a flexiplate and incubated with the corresponding
TRAIL-R4 or IgG isotype at a concentration of 1:50 and incubated in the dark at 4°C for 45
minutes. Cells were washed with PBS and re-suspended in 100ul of PBS and transferred to
flow cytometry tubes containing 400ul of PBS for analysis. Cells were filtered prior to
analysis in the Dako Cyan ADP High Performance flow cytometer (Dako, Ely, UK). Data

were analysed using SUMMIT version 4.3 software (Dako).
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2.6 Methods: Chapter 6

2.6.1 Reagents and materials used in Chapter 6

For RNA isolation and preparation of samples for microarray analysis the following reagents
were used: RNeasy Mini kit (Qiagen 74106), QlAshredder (Qiagen 79656), RNA clean and
concentrator 25 (Cambridge Biosciences R1018) and 1.5ml LoBind tubes (Eppendorf
022431021). RNA quantity and quality were assessed with the Nanodrop 2000
spectrophotometer (Thermo Scientific). For labelling and creation of cRNA the Low Input
Quick Amp Labeling Kit, Two-Color (Agilent Technologies 5190-2306) was used. Samples
were hybridised onto Sure Print G3 gene expression 8x60k v2 microarrays (Agilent
Technologies 039494) and scanned in the Agilent G2505C scanner. Reverse transcription of
RNA for real time PCR was performed with the iScript cDNA Synthesis Kit (BioRad 170-

8891).

2.6.2 Cell culture, treatment and storage for microarray experiments

All samples were cultured and treated under identical conditions. When cell lines achieved
confluence at passage 3, two T75 flasks were taken. Conditioned medium was discarded and
cells were washed with PBS once. Subsequently one flask was treated with 6ml of complete
fibroblast medium supplemented with TNFa (10ng/ml) whilst the other was treated with 6ml
of un-supplemented complete fibroblast medium. Cells were cultured at 37°C in 5% CO, for
24 hours. Supernatants were stored and cells washed with PBS and trypsinised as directed.
0.5x10° cells were stored as pellets at -80°C for subsequent RNA isolation and analysis using

microarrays.
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2.6.3 RNA isolation and preparation of samples for microarray

analysis

RNA isolation was performed with the Qiagen RNeasy and QIAshredder kits as per
manufacturer’s protocol. Briefly, cell pellets were treated with 350ul of RLT buffer and
mixed thoroughly to ensure complete dissolution of pellets. Samples were transferred to
QIlAshredder columns and centrifuged for 2 minutes at 16,100g. All subsequent centrifugation
steps were performed at 10,000g. 350ul of 70% ethanol were added to lysates, mixed
thoroughly and transferred to RNeasy mini spin columns. Columns were centrifuged for
15seconds. Flow-throughs were discarded and 700ul of RW1 buffer added. Samples were
centrifuged for 15seconds. After discarding the flow-through, 500ul of RPE buffer were
added and samples centrifuged for 15seconds. This step was repeated with a further 500ul of
RPE buffer and columns centrifuged for 2 minutes. Collection tubes were replaced with new
ones and samples centrifuged for 1 minute. Columns were placed in 1.5ml LoBind tubes and
50ul of RNase free water added to elute RNA. Samples were centrifuged for 1 minute.
Columns were removed and the eluted RNA was kept in ice and subsequently treated with
RNA clean and concentrator kit as per protocol. 100ul of RNA binding buffer were added to
each sample and mixed well. An additional 150ul of 100% ethanol were added, mixed and
transferred to Zymo-spin column. Samples were centrifuged at 14,000g for 1 minute (the
same speed was used for all centrifugation steps except the last one). After discarding the
flow-through 400ul of RNA prep buffer were added and samples centrifuged for 1 minute.
This was followed by two washing steps with 800ul and 400ul of RNA wash buffer
respectively and centrifugation for 30 seconds. Columns were centrifuged again in empty

collection tubes for 2 minutes. Columns were then transferred to 1.5ml LoBind tubes and
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30ul of RNase free water added to elute RNA. Samples were left to stand at room temperature
for 1 minute and subsequently centrifuged at 10,0009 for 30 seconds. Eluted RNA was stored
at -80°C. RNA quantity and quality were measured with the Nanodrop 2000 spectrophotomer.
RNA quality was assessed by reporting the 260/280 and 260/230 ratios. 2ul of each sample
were applied to the sensor for testing with 2ul of RNase free water being applied between

readings to re-calibrate the instrument.

2.6.4 Microarray experiment

Sample labelling and microarray hybridisation and scanning were performed by Oxford Gene
Technology Ltd (Oxford, UK). Briefly, RNA was converted to cDNA and labelled with Cy3
using the Low Input Quick Amp Two-Color Labeling Kit as per manufacturers protocol. At
the same time, a control reference RNA (Stratagene human Ref) was labelled with Cy5. Equal
amounts of test and control cDNA were mixed and hybridised onto Agilent Sure Print G3
gene expression 8x60k v2 microarrays. Arrays were scanned in the Agilent G2505C scanner.
Scanned images were analysed with Agilent Feature Extraction Software 10.7.3.1. Platform
specific pre-processing and normalisation of data using loess normalisation and background
correction were performed during feature extraction. Loess normalisation is a regression
technique for dye bias correction that is used in preference to total intensity normalisation
when test mMRNA originates from samples that are closely related. Background correction is
applied to subtract background from foreground intensity. Quality control report files were
produced by the external provider and reviewed by myself. All quality control metrics were

within satisfactory ranges.
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2.6.5 Analysis of microarray data with Partek Genomic suite

Feature extracted data files were analysed with Partek Genomic suite 6.6. The gene
expression workflow was used for analysis. Files were imported on green to red ratio
processed signal and log2 transformed. Attributes for each sample were added including age,
gender, clinical diagnosis (outcome group), joint of origin and antibody status. After assessing
sources of variation in the data set, a one way fixed non nested ANOVA model was created to
identify differentially expressed probes according to different attributes. The significance of
the differential expression was given by a p value. A false discovery rate (FDR) of <0.05 was
set to control for multiple testing using the Benjamini Hochberg method (Benjamini et al.
1995). A fold change for the difference in gene expression was also obtained. Antibody status
was found not to contribute to variance in the dataset and was thus not included in the

ANOVA model.

2.6.6 Data visualisation using Genesis software

The publicly available  Genesis  platform  (available  for  download  at

https://genome.tugraz.at/genesisclient/genesisclient description.shtml) was used for

visualisation of datasets as heat maps. The green/red expression data of the samples of interest
was transformed to text format. Gene expression was normalised and genes sorted by

expression value on trend.
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2.6.7 Mapping of probes to genome of reference using Ensembl

Mapping of probes to the reference genome was performed with the Ensembl genome

database project website (available at http://www.ensembl.org/index.html). Probe unique

identification numbers were entered in the search field and the chromosomal location of the
probe was identified. Probes with multiple chromosomal locations were excluded from
candidate gene selection. Next, the chromosomal region was assessed in detail to ascertain
whether the probe corresponded to annotated genes and whether the gene associated to the
probe was protein coding (Figure 2.7). Only protein coding genes were included in candidate

gene selection.
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Figure 2.7 Detailed analysis of chromosomal region of origin of probes. In this example probe
number A_23 P214080 was mapped to the reference genome (shown as a green square at the top of
the image). Below the probe, the gene associated with this probe can be seen (yellow boxes). In this
example this corresponded to early growth response protein 1 (EGR1). Note that information
regarding transcript variant (number 001 in this case) and whether the gene is protein coding or not
is also displayed.
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2.6.8 Primer pair design and testing

Primer design was performed using Primer 3 software (available at

http://bioinfo.ut.ee/primer3-0.4.0/primer3/). Once key genes of interest were identified, their

cDNA sequence was obtained from Ensembl and entered in the corresponding search filed in
Primer 3. Where possible, primers were designed on the 3’UTR to avoid truncated sequences.
Parameters applied to primer pair design and quality testing using Amplifx were as described
in section 2.5.10. Primer pair sequences were ordered from Eurofins Operon. The primer pair

sequences of primers used in these work are shown in Appendix Table 9.3.

2.6.9 Reverse transcription and real time PCR

Reverse transcription of RNA was performed with the iScript cDNA synthesis kit as per
manufacturer’s instructions. From each sample a 10l reaction mix containing 5ul of RNA,
0.5ul of reverse transcriptase, 2.5ul of reaction mix and 2ul of water was crated. Samples
were run on the BioRad T100 thermal cycler using the following parameters: 25°C for 5
minutes, 42°C for 30 minutes and 85°C for 5 minutes. Once converted, cDNA samples were

diluted 1:5 in RNase free water. Real time PCR was performed as described in section 2.4.11.

Quality control of primer pairs was performed using the melting curve analysis method. For
each primer pair, a PCR using human genomic DNA (Promega G3041) was performed in
triplicate as specified in section 2.4.11. The melting curves for the primer pairs used in
Chapter 6 are shown in Appendix Figure 9.1 and Appendix Figure 9.2. All primer pairs

demonstrated single peak indicating that only a single PCR product was amplified.
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3 Functional characterisation of fibroblasts

3.1 Introduction

The in vitro migratory and invasive characteristics of RA synovial fibroblasts have been
explored in the published literature. In these studies, the cells characterised originated from
patients with longstanding RA who had received multiple treatments undergoing joint
replacement for severe disease. Their functional profiles were compared to that of
osteoarthritis synovial fibroblasts (with a small number of studies using normal synovial

fibroblasts as comparators).

By functionally characterising synovial fibroblasts | aimed to add to existing knowledge in
two ways. Firstly, 1 wished to compare a range of functional characteristics of synovial
fibroblasts in five distinct clinical outcome groups: Normal, Resolving, Very early, Early and
Established RA. If successful, this approach might not only allow identification of functional
differences between cells from patients with differing clinical fates but could also allow
description of new biomarkers to identify patients at risk of RA at inflammatory arthritis
onset. This in turn would allow early targeted treatment of patients at risk and avoidance of
treatment in patients with markers of resolving disease. The study of synovial fibroblasts from
patients with resolving arthritis as well as those from patients with very early and early RA is
a novel approach. Despite the wealth of evidence that treatment of RA at very early stages
results in significantly better long term outcomes, there is a distinct lack of data on the
function of synovial fibroblasts in early disease. The study of cells at these early stages has
been hampered by a number of limitations including difficulties identifying and recruiting

patients with very early and resolving arthritis and the lack of required expertise to obtain
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tissue samples from these patients. The Birmingham Early Arthritis cohort was conceived to
overcome these limitations and the systematic collection of early samples has allowed the
work undertaken in this thesis. The analysis of samples from resolving arthritis deserves
special mention as this is designed to answer a question that has not previously been posed in
the literature: what are the functional differences between synovial fibroblasts from patients

with resolving and persistent inflammatory arthritis?

Secondly, | wished to describe well defined cellular functions using well characterised assays.
Within the existing literature, several assays have been used interchangeably to describe a
given cellular function leading to confusion and sometimes contradictory results. For
instance, synovial fibroblast migration has been assessed by means of scratch tests, transwell
migration and matrigel invasion assays (Denk et al. 2010;Ng et al. 2010;Tolboom et al. 2005).
| set out to use assays that would be more suited to the cellular function under study and to
describe any differences that might be observed between cells from patients in different

clinical outcome groups.

3.2 Functional characterisation of fibroblasts: Experimental
design

To determine the in vitro migratory and invasive characteristics of synovial fibroblasts three
different assays were used. The protocols for these assays have been outlined in the methods
section and the optimisation and results of these experiments are described under subsequent

headings in this chapter.
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To ensure that differences between outcome groups could be ascertained, a minimum of five
cell lines were included in each outcome group. These lines were selected on the basis of
relative homogeneity of clinical parameters within a given outcome group and all assays were
performed on the same samples. As it will be seen below, for some groups, the number of
samples assessed exceeded this minimum. This was done in order to strengthen statistical
robustness and ensure that observed differences were indeed conclusive. The full clinical
characteristics of patients whose samples were used in these experiments are given in Table
2.1. As far as possible passage numbers were kept constant amongst all cell lines used in each
functional assay. Hence, cells used in the invasion assay were mostly at passage 4, those used
in the scratch test and cell exclusion zone assays were at passage 5 and those used in the
proliferation assay were at passage 6 (see Figure 2.2 for schematic representation). A
maximum difference of 1 passage was allowed between cell lines used in a given functional

assay.

3.3 Functional characterisation of fibroblasts: Results

3.3.1 Assessment of fibroblast migration

Cell migration is central to the development and maintenance of multicellular organisms. In
health, cell migration is central to embryonic development, immune responses and wound
healing. In contrast, abnormal or inappropriate cell migration can contribute to disease
(Horwitz et al. 2003). In RA, inappropriate migration and retention of lymphocytes leads to
persistent joint inflammation (Buckley et al. 2001). In the context of synovial fibroblasts,

migration and attachment of fibroblasts in the lining layer of the synovium to adjacent
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cartilage results in cartilage damage (Muller-Ladner et al. 1996). The description of synovial
fibroblast migration in different clinical outcome groups may thus unravel important disease
mechanisms. | studied synovial fibroblast migration by means of two different assays: a

scratch test and a cell exclusion zone assay.

3.3.2 Scratch test

Scratch tests have been used in other disciplines as models of wound healing for epithelial and
mesenchymal cells and to assess the effect of pharmaceutical compounds (Hulkower 2011). In
the context of the study of synovial fibroblasts, this test has been used to assess the effect of
hypoxia and lysophosphatidic acid stimulation and T cell derived conditioned medium on
migration rates of cultured synovial fibroblasts (Ng et al. 2010;Zhao et al. 2008;Zhu et al.
2011). The scratch test is one of the simplest approaches to the study of cell migration and
relies on mechanical disruption of a cell monolayer to create a cell free area that is
subsequently “filled” by the remaining cells in the monolayer. By measuring the surface area
of the cell-denuded zone at baseline and a fixed time later, migration rates can be assessed and
contrasted between different conditions. In these experiments, cell monolayers were seeded
on 6-well plates and cultured for seven days. At day 8, a scratch was created in the cell
monolayer with a sterile 20uL pipet tip. The cell-denuded area was recorded at baseline and
18 hours later. Cell migration was expressed as percentage of area covered in 18 hours (for

schematic representation see Figure 2.3).
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3.3.2.1 Assay Optimisation

Although the basic protocol for this assay is well described (Hulkower 2011;Zhu et al. 2011),
some optimisation steps of this protocol were required for these experiments and are
described here. Scratch tests have been performed in a variety of multi-well plates containing
96 wells or fewer. A disadvantage of plates with large numbers of wells is that, at the level of
magnification required to view the whole length of the cell-denuded area, only one field has
appropriate optical quality under microscopy for quantificat