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Abstract

Osteoarthritis (OA) is a multifactorial, painful and disabling disease that affects millions of
people globally, with a largely unknown aetiology. OA remains undiagnosed until it
becomes symptomatic with advanced structural alterations evident, thus joint replacement
may be required. OA is now considered a whole-joint inflammatory disease, associated
with synovitis of the fibroblast-like synoviocytes (FLS). FLS are sentinel cells that
contribute to OA pathogenesis, through secretion of various catabolic and pro-
inflammatory mediators, though the downstream stimuli which initiate and propagate the
inflammatory pathway remain poorly defined. Activation of the innate immune Toll-Like
Receptors (TLRs) leads to the induction of inflammatory mediators and cellular infiltration
seen in most of the joint arthropathies, though the role of TLRs in OA is poorly

understood.

The aim of this research work was to characterise the role and functionality of TLRs
in OA and to identify the key TLRs that modulate OA pathology. Interestingly, we found
that TLR3, activated by dsRNA and endogenous alarm signals contained in the OA
synovial fluid (SF), plays a key role in OA and this was confirmed by neutralisation of
TLR3 expression which shifted the balance from pro-inflammatory to an anti-inflammatory
cytokine milieu. Next using a proteomic approach, we found that prohibitin 1 (PHB1), an
anti-proliferative molecule, was drastically down-regulated in FLS upon Poly(l:C)
stimulation and this was validated through confocal and immunoblot analysis. Thus, PHB1
may be considered as a potential biomarker for tracing RNA borne synovial hyperplasia,
indicative of synovitis which directly implies for OA severity and progression. Following
proteomic analysis of grade-specific whole synovial tissue, suppression of key complement
C3b in grade-2 OA, was evident.

Furthermore, grade-specific OA-SF showed an ability to predominantly induce
IFNB in FLS and in HEK293-TLR3 cells in a TLR3 dependent manner. Neutralisation of
TLR3 significantly inhibited IFNB production, probably through regulation/blockade of
downstream signalling cascades of OA-SF-induced persistent TLR3 activation. Further,
luciferase reporter gene assays have suggested that, this effect may be mediated through the
transcription factors IRF3 and IRF9, leading to sustained activation of IFNf genes.
Therefore, TLR3 blockade in FLS may inhibit OA-SF-induced activation of TLR3 and
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concomitant induction of IFNP. Likewise, TLR3 blockade also inhibited RANTES
production, primarily through blocking of NF-kB. Together, these data indicate that TLRS3,
expressed on the plasma membrane of FLS, may be a critical target for OA disease

intervention.

In conclusion, our data suggests, for the first time that, TLR3 hyper-activation
plays a key role in perpetuating synovial inflammation in OA and suggests that therapeutic
intervention of OA may be achieved through TLR3 blockade. Despite the significant
advances in the understanding and management of OA, significant research must still be
undertaken before clinicians can guarantee a quality of life for OA patients, which is free
of the debilitating pain. We hope that our efforts would, at least in part, contribute to a
better understanding of the pathogenic molecular mechanisms that drive this chronic
inflammatory disease. The provision of better treatments will thereby improve the quality

of life for patients whose lives are marred by OA and related inflammatory diseases.
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Chapter 1

General Introduction
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1.1. The immune response

Immunity to disease may be defined as the body’s ability to mount an effective defence
against a pathogen to prevent such an organism from infiltrating, proliferating and
resulting in damage to the host. The key role of immune response is to prevent the
infiltration of pathogens and aid in their clearance. This response can be divided into two
parts owing to their distinctive characteristics, namely the adaptive and the innate immune
response and both these responses communicate and modulate with each other to mount an
effective immune response. The innate immune response serves as the first line of defence
against invading organism and the adaptive or acquired immune response essentially abet a
prolonged pathogen specific defence. Further, adaptive response also establishes
immunological memory which allows for a quick resurgence of the pathogen specific
response in the event of any recurring challenges to the body by the pathogenic organism.
The acquired immune response is centred upon T and B lymphocytes whose activation is
dependent upon innate immune cells (Medzhitov and Janeway, 1997b). These lymphocytes
are specific for antigens from the pathogen. The adaptive immune response is mediated by
these effector cells, wherein, few of these cells expand into dormant memory cells that
quickly proliferate and mount a rapid effective immune response, once presented with a
specific pathogen derived antigen. Such establishment of potent memory response serves

key for successful vaccination (Burgio et al., 1975).
1.2. Innate Immunity

The innate immune response is the non-adaptive first line of defence against a pathogen
and is also required to initiate and educate an acquired immune response against the
pathogen (Hornef et al., 2002). The innate defences primarily consist of physical barriers to
pathogens including the skin and mucosa and also the cilia of the trachea that function to
maintain a clear respiratory system. The cells of the mucosa form a tight barrier that
prevents the entry of large macromolecules, such as large peptides, viruses, parasites and
bacteria, into sensitive somatic sites (Cario et al., 2002). Many pathogens, however, do
breach the physical barriers of the epithelium, which results in the mobilisation of innate
effector cells to the site of infection to assist in the elimination of such invading organism
(Cassatella, 1995). The innate response is mediated to a large extent by phagocytic cells,
which include macrophages, dendritic cells (DCs) and polymorphonuclear cells that have
direct effector functions in the clearance of pathogens and in the initiation of an adaptive
immune response and further, these cells constantly sample their environment by
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phagocytosis and may themselves engulf and destroy pathogens (Janeway Jr and
Medzhitov, 2002). They also play an important role by secreting a large variety of soluble
signalling proteins such as cytokines and chemokines that can regulate the function of the
innate phagocytic cells and signal for the infiltration of more innate cells to assist in
clearance of the infection (Cassatella, 1995, Melchjorsen et al., 2003). These soluble
proteins are also important in the regulation and activation of the adaptive immune
response against the pathogen (Melchjorsen et al., 2003, Luster, 2002). Mediators of the
innate immune system also induce upregulation of co-stimulatory molecules on dendritic
cells (DCs), resulting in recruitment of cells of the adaptive immune system (Janeway Jr
and Medzhitov, 2002, Medzhitov and Janeway, 1997b, Cooper et al., 2004). The adaptive
immunity detects non-self through recognition of peptide antigens using antigen receptors

expressed on the surface of B and T cells (Takeda et al., 2003).
1.3. DCs

The innate and adaptive arms of the immune response function to eliminate pathogens and
to generate protective and long lasting immunity against infectious diseases. Innate cells,
such as macrophages, neutrophils and DCs, not only play an important role as phagocytic
effector cells but also function as sentinels, constantly sampling for pathogens and
pathogen-derived molecules such as lipopolysaccharide (LPS), CpG motifs in bacterial
DNA and double-stranded RNA from viruses, which are recognised by pattern recognition
receptors (PRRs) including Toll Like Receptors (TLRs) (Banchereau and Steinman, 1998,
Medzhitov and Janeway, 2000), which are discussed in detail in this chapter. Also, recent
studies have even showed that the plasma proteins of the complement system are able to
directly target and destroy pathogens and facilitate their phagocytosis (Sarma and Ward,
2011). The stimulation of TLRs by pathogen derived molecules result in DCs maturation.
DCs are the most potent of the antigen presenting cells and generate an antigen specific
immune response by directing the differentiation of naive CD4" T cells into functionally
distinct T helper type Thl, Th2, Thl7 or regulatory T (Tr) cell subtypes, which secrete
regulatory cytokines and chemokines (Akira et al., 2001, Kaisho and Akira, 2001,
Medzhitov and Janeway, 1997a). Subsequently, these cells aid in activation of the adaptive
immune system and thus signify the critical role for TLRs in linking innate and adaptive
immunity (Kaisho and Akira, 2001). Apart from random sampling of their external milieu,

these phagocytic innate cells also possess specific receptors for the recognition of
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conserved pathogen associated molecular patterns (PAMPs) (Medzhitov and Janeway,
2000, Banchereau and Steinman, 1998, Kaisho and Akira, 2001).

1.4. PRRs

It was thought that the innate immune system largely functions in a non- specific manner
However, Janeway et al in 1989, reported that the innate immune system specifically
detect pathogens via germ line-encoded receptors termed pattern recognition receptors
(PRRs) (Janeway Jr, 1989). Hence the cellular recognition of pathogens is thus mediated
by a conserved set of receptors that are referred to as PRRs and these receptors recognise
conserved pathogen-associated molecular patterns (PAMPSs), that are shared by a large
group of microorganisms and other pathogens and thereby initiate an immune response
(Medzhitov and Janeway Jr, 1999, Medzhitov and Janeway, 1997a). These receptors,
which include mannose binding protein, TLRs, integrins and complement receptors, each
bind a specific motif shared by a variety of pathogens and the resulting intracellular
signalling cascades cause the innate cell to initiate a defensive immune response against
the invading microorganism (Medzhitov and Janeway, 1997a, Gordon, 2002). The first
proof of specificity in innate immunity came with the discovery of the Drosophila protein
Toll (dToll), which was critical for effective immune response to fungus Aspergillus
fumigatus in the adult fly (Lemaitre et al., 1996). Soon after that, a human homologue of
Toll (hToll, later called Toll-like receptor 4 -TLR4) was discovered (Medzhitov and
Janeway, 1997a). Consequently the TLRs form an intensely studied group of PRRs.

1.5. Toll-Like Receptors

To date 13 mammalian TLRs have been identified and have been shown to be required for
the activation of responses against pathogens (Takeda et al., 2003). Both humans and mice
express TLRs 1-9. In addition humans, but not mice, express TLR-10. Mice, but not
humans, express TLR-11, -12, and -13 (O'Neill and Dinarello, 2000, Takeda and Akira,
2005). A large group of cells such as, certain subsets of T cells, B cells, hematopoietically
derived sentinel cells such as neutrophils, macrophages and DCs and stromal cells such as
fibroblasts, nonhematopoietic epithelial and endothelial cells express TLRs (West et al.,
2006).

TLRs are type | transmembrane receptors, consisting of N-terminal leucine-rich repeats
(LRR) in the extracellular domain, a Toll/interleukin (IL)-1R (TIR) domain in the
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conserved C-terminal cytoplasmic domain and a transmembrane domain (Figure 1.1)
(O'Neill and Dinarello, 2000, Takeda and Akira, 2005, Bell et al., 2003). The LRR domain
with 24 amino acids aids in PAMP recognition (West et al., 2006).. The TIR domain is
analogous to the intracellular cytoplasmic domain of the IL-1R and is highly homologous
among individual TLRs. Multiple LRRs are present in the extracellular N terminal domain
of TLR’s while immunoglobulin (Ig)-like domains are to be found in the extracellular
domain of the IL-1R (O'Neill and Dinarello, 2000, Takeda and Akira, 2005) (O'Neill and
Dinarello, 2000, Takeda and Akira, 2005). The TLR expression in various cell types can be
differentiated depending upon their ligand specificity, cellular responses they induce,
signalling adaptors they utilise (Iwasaki and Medzhitov, 2004, Chaturvedi and Pierce,
2009). TLRs are activated by a broad array of PAMPs (Takeda et al., 2003). TLRs 1-9 are
well categorized and can be generally specified into two groups depending on their PAMP
specificity (Medzhitov and Janeway, 2000). The first group consist of the cell surface TLR
1, TLR2, TLR4, TLR5 and TLR6. The second group includes TLR3, TLR7, TLR8 and
TLR9 which are localised to intracellular compartments. A brief illustration of TLR
signalling is depicted in Figure 1.2. TLRs have been subject to intensive characterisation as

they are key recognition receptors of the innate immune system.
1.5.1. TLR1, TLR2 and TLR6

TLR1, TLR2 and TLR6 are expressed on the plasma membrane (West et al., 2006). Cell
wall components including peptidoglycan (PG), lipoproteins and lipoteichoic acid (LTA)
from Gram-positive and Gram-negative bacteria are recognised by homo- and
heterodimers of TLR2 (Akira et al., 2006). For example, a study reported that gram
positive bacteria such as Staphylococcus aureus rapidly and effectively caused infection in
TLR2 deficient mice (Takeuchi et al., 2000). Further, interaction of PG with cluster of
differentiation 14 (CD14) activates TLR2 and supports the hypothesis that CD14 aids in
transferring PG to TLR2 thereby facilitating subsequent signalling (Sellati et al., 1998,
Vasselon et al., 2004).
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Figure 1.1:  General structure of a toll like receptor (Adapted from (Bell et al., 2003)).

Triacyl lipopeptides such as Pam3zCSK, (a synthetic bacterial lipopeptide) are sensed by
TLR1/2 heterodimers, whereas diacyl lipopeptides such as MALP2 are sensed by TLR2/6
heterodimers (Takeda et al., 2003, Akira et al., 2006, Akira, 2003). This was confirmed by
a study which showed that TLR6 deficient mice respond normally to triacylated
lipoproteins stimulation, but could not produce tumour necrosis factor alpha (TNF-a) in
response to diacylated lipoprotein stimulation (Takeuchi et al., 2000). The sorting adaptor
TIRAP and signalling adaptor MyD88 are recruited by TLR2 upon ligand recognition,
initiating the MyD88-dependent signalling pathway and inflammatory cytokine production
(O'Neill and Bowie, 2007, O'Neill et al., 2003).

1.5.2. TLR3

TLR3 is expressed in DCs, intestinal epithelial cells, uterine, airway, corneal, astrocytes,
glioblastoma cells and in as well in stromal cells such as fibroblasts (Akira et al., 2006).
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TLR3 is localised both intracellularly on the membranes of intracellular vacuoles as in

immature
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Membrane

Nucleus
AN A N A\ A\ Y AW A WV A\YE 7D DI™UTV
Type | IFN genes Inflammatory cytokine genes Type | IFN genes
IFN inducible genes IFN inducible genes

Figure 1.2:  Schematic representation of human TLR signalling, showing ligand-induced
TLR pathways employing specific adaptor molecules to transduce inflammatory cytokines

or type I IFN gene expression (Adopted from (Lin et al., 2011).

DCs, and on the plasma membrane, e.g. fibroblasts (Sun et al., 2006). TLR3 detects
dsRNA, a critical intermediary during viral replication (West et al., 2006). Though TLR3
is primarily associated with detection of dsRNA and viruses, it also senses
polyriboinosinic: polyribocytidylic acid (Poly (1:C), a synthetic form of dsSRNA. TLR3 has
also been shown to sense RNA released from necrotic cells (Brentano et al., 2005). The
extracellular portion of TLR3 is glycosylated. However, one face is glycosylation free and
facilitates its interaction with its ligand whereby the negatively charged dsRNA binds to
the positively-charged residues that are present in the form of two distinct patches on this

glycosylation-free face (Choe et al., 2005). Ligand binding interaction rapidly increases
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TLR expression and recruitment of TRIF which leads to late phase nuclear factor k B (NF-
kB) and early interferon (IFN) regulatory factor- (IRF)-3 activation (Akira et al., 2006).
This results in the production of type I IFNs, and inflammatory cytokines, as well leading
to the upregulation of co-stimulatory molecules (Akira et al., 2006). Ligation of TLR3
using poly(l:C) and RNA released from necrotic cells resulted in production of
inflammatory mediators by synovial fibroblasts in the joint (Brentano et al., 2005).
Interestingly, arthritis was induced following intra-articular administration of viral dSRNA
in mice, thus supporting the importance of TLR3 in arthritis (Zare et al., 2004). While its
expression in epithelial and intestinal epithelial cells was found to act as efficient barrier to
infection (Akira et al., 2006), inflammatory diseases such as West Nile virus-driven CNS
inflammation are associated with excessive TLR3 activation (Wang et al., 2004). More
recent studies have reported that cytoplasmic receptors such as retinoic acid—inducible
gene (RIG-1) and melanoma-differentiation-associated gene 5 (MDAS) recognise dsRNA
independent of TLR3 (Yoneyama and Fujita, 2009, Yoneyama et al., 2004).

1.5.3. TLR4

TLR4 was the first TLR to be cloned and it has been extensively studied. It recognises
endotoxin or lipopolysaccharide (LPS), which is a main component of the outer membrane
of gram-negative bacteria (Medzhitov and Janeway, 1997a). It is expressed on
monocytes/macrophages, mast cells, myeloid DCs (mDCs) and the intestinal epithelium
(Sallusto and Lanzavecchia, 2002). LPS is composed of Lipid A and a polysaccharide
joined by a covalent bond and it is the Lipid A that is recognised by TLR4 (Akira et al.,
2006). Lipid A, a distinctive phosphoglycolipid, is highly conserved among species
(Tsubery et al., 2002). However, the presence of phosphate substituents, phosphorylation
status and the number and position of the acyl groups leads to alterations in Lipid A
(Tsubery et al., 2002). LPS from Gram-negative bacteria associates with the acute phase
protein, LPS-binding protein (LBP) which serves to present LPS to TLR4 and the co-
receptor, CD14 (Schumann et al., 1994).. CD14 functions as a receptor for the LPS/LBP
complex as LPS/LBP complex is delivered to CD14 following this association.
Subsequently, CD14 associates with myeloid differentiation protein 2 (MD-2) and TLR4
since CD14 is deficient of intracellular signalling domain. MD-2 is a small accessory
protein belonging to the MD-2 related lipid-recognition family. The extracellular domain
of TLR4 is found associated to this MD-2 (Shimazu et al., 1999). The significance of MD-

2 in TLR4 ligand recognition has been demonstrated (Schromm et al., 1996). A recent
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study reported that, even in the absence of CD14, rough LPS is capable of initiating signals
by binding to TLR4-MD2, however these signals can be limited to MyD88- dependent
pathway and on the contrary smooth LPS could not initiate signals without co-receptor
CD14, yet both rough LPS and smooth LPS can activate MyD88-dependent and
independent pathways with CD14 (Akashi-Takamura and Miyake, 2008).

As well as being activated by molecules derived from pathogens several endogenous
molecules have been identified which can activate the immune system by signalling along
the TLR4 pathways. It has been suggested that these endogenous TLR ligands act as
danger signals for the activation of the innate immune system and could be released by
dying or stressed cells (Gallucci and Matzinger, 2001). Fibronectin, a molecule that is
released from damaged tissue, has been shown to bind TLR4 (Okamura et al., 2001). Heat
shock protein (HSP) 60 has also been shown to activate the TLR4 pathway (Vabulas et al.,
2001). Cells, including pathogens, produce HSP-60 during stress and may signal the need
for an innate response to be directed to the site of stress. Such innate immune system
activation by the damage associated molecular patterns (DAMPSs) has been demonstrated
in OA joint, where binding of Hyaluronan (from tissue damage) to TLR4 initiated the
inflammatory signalling cascade (Scanzello et al., 2008). Two important intracellular
signalling pathways, the MyD88-dependent and TRIF-dependent (MyD88-independent)
pathways are initiated by TLR4 and its vital co-receptor MD2, upon LPS recognition
(Miggin and O’Neill, 2006, Fitzgerald et al., 2004). TRIF-dependent pathway primarily
induces the expression of type | IFNs along with upregulation of co-stimulatory molecules,
while inflammatory cytokines such as IL-6, IL-12, and TNFa, are mostly expressed as a
result of MyD88-dependent pathway downstream of TLR4 (Fitzgerald et al., 2004,
Takeda, 2005, Miggin and O’Neill, 2006).

1.54. TLRS5

TLR5 recognizes an evolutionarily conserved site on bacterial flagellin that is required for
flagellar filament assembly and motility (Andersen-Nissen et al., 2005). Various immune
cells as monocytes, T cells, DCs and NK cells all express TLR5. Expression of TLR5 on
epithelial cells provides a sensing mechanism for flagellated bacteria that attempt to cross
the epithelium (Akira, 2003). Flagellin-induced TLR5 responses have been detected in
various cells types such as DCs, T cells, macrophages, epithelial and endothelial cells
(Akira, 2003).
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1.5.5. TLR7, TLRS, and TLR9

TLR7 and TLR8 are structurally highly conserved proteins and recognize ssRNA moieties
(Wang et al., 2006). Whilst mice express both TLR7 and TLR8, numerous reports suggest
that murine TLR8 is non-functional (Zhu et al., 2008). TLR7 recognises resiquimod
(R848) which is a synthetic RNA homolog of vesicular stomatitis virus (VSV), an sSRNA
virus. R848 is also detected by TLR8 in humans, but not mice (Demaria et al., 2010).
Following stimulation with R848 the synthetic antiviral imidazoquinoline compound,
TLR7 is overexpressed in TLR8-deficient DCs and enhanced NF-kB activation was
observed (Demaria et al., 2010). Nucleosides, uridine or guanosine are extensively found
in viral sSSRNA and TLR7 cannot differentiate viral RNA or self because these nucleosides
are not exclusive to viruses. Also, any sSRNA detected in the endosome triggers a TLR7
triggered inflammatory response (Diebold et al., 2006). Host nucleic acids can still initiate
TLR signalling despite the fact that they are not present in endosomal compartments,
breaking self-tolerance, and resulting in autoimmunity should the apoptotic debris not be
removed efficiently (Midwood et al., 2009). Similarly, autoantibodies produced against
self-nuclear antigens such as chromatin, initiates systemic lupus erythematosus (SLE)
(Somarelli et al., 2011). TLR9 expression is considered to be restricted to the endoplasmic
reticulum and upon recognition of its respective ligand, it is recruited to late endosomes or
lysosomes (Leifer et al., 2004). Whilst host DNA does not enter the endosomal
compartments, microbial DNA does. Thus, the endosomal localisation of TLR9 is very
crucial in discerning self and non-self DNA. Studies have shown that blockade of
endosomal acidification by agents completely abate CpG-induced TLR9 activation and
signalling (Hé&cker et al., 1998). Unmethylated CpG motifs and as well synthetic CpG
oligonucleotides in bacterial and viral DNA are recognised by TLR9 (Kandimalla et al.,
2003). TLR9 along with TLR7 is highly expressed in plasmacytoid DCs (pDCs)
(Bekeredjian-Ding et al., 2005). TLR7 and TLR9 undergo stimulation through viral nucleic
acids and this induces the production of inflammatory cytokines along with rapid secretion
of large amounts of I[FNa (Kandimalla et al., 2003) via a MyD88-IRAK4 pathway. A study
reported that upon TLR7 and TLR9 interaction, TLR9 antagonises TLR7 signalling (Wang
et al., 2006).

1.5.6. TLR10, TLR11, TLR12 and TLR13

Human TLR10 expression was primarily identified in lymphoid tissues e.g. spleen, lymph
nodes, tonsil and thymus (Chuang and Ulevitch, 2001) and TLR10 is non-functional in
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rodents. Also, the ligand for TLR10 is unknown. Regarding expression, TLR10 expression
in human T regulatory (Tregs) was found to be regulated by the transcription factor
forkhead box P3 (FOXP3) (Bell et al., 2007). It is believed that TLR10 can both
homodimerise and heterodimerise with TLR1 and TLR2 (Hasan et al., 2005). This implies
that, TLR10 stimulation can have lipoproteins e.g. as Pam3CSK,; as probable target
(Govindaraj et al., 2010).

TLR11 is structurally similar to TLR5 and was identified in mice (Zhang et al., 2004).
TLR11 was found to be expressed abundantly in bladder and kidneys, recognising
uropathogenic bacterial components. Studies have shown that TLR11-deficient mice were
susceptible to infections caused by these bacteria (Zhang et al., 2004). However, the exact
nature of these ligands has yet to be identified. The presence of a premature stop codon in
the gene makes TLR11 dysfunctional in humans and this explicates the cause for human
susceptibility to urinary tract infections. Protozoans such as Toxoplasma gondii express a
class of prolin-like molecules and these can be identified by TLR11 of mouse (Plattner et
al., 2008).

Little information exists regarding the expression of TLR12 and TLR13 and their ligand
recognition. Macrophages in kidney, bladder epithelial cells and liver were found to
express TLR12 and TLR13 (Tabeta et al., 2004), and thus may signify a potential role for
TLR12 in preventing urogenital system internal organ infections. Interestingly, in response
to murine neurocysticercosis infection, murine TLR12 and TLR13 expression was
upregulated in the brain (Mishra et al., 2008). The same group has reported that the
endothelial cells of pial blood vessels and astrocytes of the brain expressed TLR13 (Mishra
et al., 2008).

1.6. Cytosoilic PRRs

Cytosolic pathogen recognition is mediated by cytosolic PRRs, such as RLRs. They are
key players in the recognition of viral nucleic acids (Loo et al., 2008). Viral protein
expression and mMRNA metabolism along with the cytosolic phase of genome amplification
form part of the replication program of all viruses (Wilkins and Gale Jr, 2010) and these
molecules are recognised by cytosolic PRRs (Yoneyama and Fujita, 2007). These PRR—
PAMP interactions result in PRR-dependent recognition of non-self along with

downstream induction of both proinflammatory cytokines and type I IFN (Yoneyama and
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Fujita, 2009) which serve to trigger the innate immune signalling programs including
inflammation and the maturation of the adaptive immune response (Yoneyama and Fujita,
2007). The RIG-I-like receptors, RIG-1 and MDADS, have been identified as vital PRRs for
host recognition of a range of RNA viruses (Yoneyama and Fujita, 2009). Although RIG-I
and MDADS are structurally similar, they are activated by distinct viruses (Loo et al., 2008).
RIG-I is activated by both positive and negative stranded viruses, including vesicular
stomatitis virus, respiratory syncytial virus and related paramyxoviruses, Hepatitis C virus,
and influenza A virus (Kato et al., 2006). Conversely, MDA5S recognises picornaviruses
and serves as the primary sensor of the dSRNA mimetic poly(l:C) (Kato et al., 2006, Loo et
al., 2008). Both RIG-I and MDAS5 detect positive stranded RNA viruses, including
reoviruses (a segmented dsRNA virus), West Nile virus and Dengue virus (positive
stranded RNA viruses) (Loo et al., 2008, Schmidt et al., 2009). Definite RNA structure or
nucleotide composition recognized by each of the PRR concludes greatly the virus
specificity (Wilkins and Gale Jr, 2010).
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Figure 1.3: TLR and RLR antiviral signalling

TLR3 signals through the TRIF adaptor protein in the presence of dsRNA, whereas,
TLR7/8 and TLR9 signals through MyD88 adaptor protein in the presence of sSRNA and
DNA respectively. RLRs signals through the receptors RIG-I and MDAS in the presence

cytoplasmic RNA, which as well require mitochondrial localisation and IPS-1 downstream.
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In all the events a type | IFN and inflammatory cytokine response is mediated by
translocation of IRF and NF-kB transcription factors. Reproduced from (Kawai and Akira,
2008).

1.7. TLR signalling pathways

When highly—conserved PAMPs/ligands are recognised by TLRs, downstream activation
of signalling occurs and inflammatory cytokines and chemokines are released. Potent
inflammatory responses occur as a result of TLR engagement and the response is
characterised by the activation of IFN regulatory factors (IRF), include IRF3, IRF5, and
IRF7, and NF-[1B thereby inducing the release of pro-inflammatory cytokines (Taniguchi
and Takaoka, 2002, Taniguchi et al., 2001) such as TNF-a, IL-1p IL-6, IL-12 and IL-18
and IFNs (Schoenemeyer et al., 2005, Gautier et al., 2005, Taniguchi et al., 2001). NF-xB,
Is a major transcription factor because of its role in inducing pro-inflammatory molecules
such as TNF-a and IL-1p towards the elimination of viral infection (Gautier et al., 2005,
Taniguchi and Takaoka, 2002). IRFs induce Type | IFNs such as IFN-a and —, wherein
IFN-a is produced as a result of IRFS5 activation (Schoenemeyer et al., 2005, Taniguchi and
Takaoka, 2002). IFN-a and IFN-B can be induced by IRF7, however IFN-f is chiefly
induced by IRF3 (Sato et al., 2000). When the active IRFs translocate into the nucleus,
they bind to promoters which contain the interferon stimulated response element (ISRE),
nad induce type | IFNs (Schoenemeyer et al., 2005, Gautier et al., 2005, Sato et al., 2000).

1.8. TLR Adaptors

TLR adaptors play significant role and serve as platforms in organizing downstream
signalling events, resulting in specific cellular responses. To date, a total of five adaptor
proteins have been discovered, namely MyD88 adaptor-like (Mal, also referred to as TIR-
domain containing adaptor protein (TIRAP)), myeloid differentiation protein-88 (MyD88),
TIR-domain-containing adaptor inducing interferon (TRIF also known TIR-containing
adaptor molecule (Ticam-1)), Trif-related adaptor molecule (TRAM also called TIR-
containing adaptor molecule-2 (Ticam-2) and SARM. (Takeda and Akira, 2004).

1.8.1. MyD88

MyD88 was first implicated in TLR signalling in 1998 (Medzhitov et al., 1998), although
MyD88 was initially identified in 1990 (Lord et al., 1990). Following IL-1 stimulation,
MyD88 recruits IRAK-1 (IL-1R associated protein kinase) to the Interleukin-1 receptor
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(IL-1R) complex which results in NF-xB activation (Wesche et al., 1997). MyD88 is 296
amino acids in length and consists of three domains, an N-terminal death domain, an
interdomain and a C-terminal Toll/Interleukin-1 receptor (TIR) domain. The C-terminal
Toll/Interleukin-1 receptor (TIR) domain enables homotypic interaction with other TIR-
containing proteins, while the N-terminal death domain facilitates interactions with the
IRAKs (Medzhitov et al., 1998). MyD88 is shared by all the TLRs as it serves as a
universal adaptor, except for TLR3 which exclusively recruits TRIF. A study reported that
MyD88-deficient mice and macrophages were unable to secrete the pro-inflammatory
cytokines TNF-o and IL-6 in response to LPS stimulation (Kawai et al., 1999). Moreover,
in LPS-induced cell death events, MyD88 deficient mice were able to survive for longer
periods when compared to wild type mice, thus showing that MyD88 plays a fundamental
role in TLR signalling (Kawai et al., 1999). It was noted that MAPK and NF-«B activation
was still present, albeit delayed in the MyD88 deficient mice in response to LPS but not
IL-lor IL-18 signalling and this served as an initial sign for occurrence of MyD88-
independent pathways in LPS signalling (Kawai et al., 1999). Other studies conducted
using MyD88-deficient macrophages, showed that they were totally unresponsive to TLR2,
TLR7 and TLR9 ligands.

Members of the IRAK family are recruited by MyD88 upon stimulation, by means of
homotypic interaction via their death domains (Martin and Wesche, 2002, Kollewe et al.,
2004), with IRAK1 being of fundamental importance in terms of the ability of LPS to
induce NF-xB activation (Li et al., 2002, Swantek et al., 2000). IRAK-4 also plays a
significant role in NF-«xB activation as it leads to the recruitment and phosphorylation of
IRAK-1 (Kollewe et al., 2004, Li et al., 2002, Suzuki et al., 2002). Tumour necrosis factor
(TNF)-receptor associated factor 6 (TRAFG6) recruitment then occurs a result of the
phosphorylation of IRAK-1 (Suzuki et al., 2002). TRAF6, an ubiquitin E3 ligase, works
toward the polyubiquitinate of target proteins, including itself (Chen, 2005). Following
activation, TRAF6 recruits transforming growth factor activated kinase 1 (TAK1) along
with TAK1 binding protein 2 (TAB2). This complex interacts with the upstream kinases
for p38 and JNK and with the inhibitor of NF-kB kinase (IKK) complex leading to the
activation of NF-xB and subsequent activation of NF-xB dependent genes, including the
pro-inflammatory cytokines IL-1, IL-6 and TNFa (Akira and Sato, 2003, Sato et al., 2005,
Akira and Takeda, 2004). In pDCs, the activation of TLR7, TLR8 and TLR9 results in
IFNa production. This pathway is MyD88 dependent and involves the nuclear
translocation of IRF-7 (Honda et al., 2005, Kawai et al., 2004, Honda et al., 2004).
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MyD88short (s), IRAK-M and transforming growth factor-b (TGF-[J]) have been shown to
negatively regulate the MyD88 pathway. MyD88s is a splice variant of MyD88 which
lacks the interdomain between the DD and TIR (amino acids 110-157). Continuous
stimulation with pro-inflammatory cytokines or bacterial products induces MyD88s
expression (Burns et al., 2003, Janssens et al., 2003). Studies have shown that TLR2,
TLR4 and TLR5 ligand induced NF-«B activation and cytokine production were blocked
by TGF- B and this was mediated through suppression of MyD88 protein without affecting
MRNA levels (Naiki et al., 2005). Moreover, IRAK-M downregulates MyD88 signalling
by preventing the dissociation of IRAK-1 and IRAK-4, which results in IRAK-1 being
unable to interact with TRAF6 and is therefore unable to induce a signalling cascade
(Kobayashi et al., 2002). Previous published study in our lab have shown that MyD88
inhibits TLR3 ligand-induced IFN- production (Siednienko et al., 2011a), thus implying a
regulatory role for MyD88 in TLR3 signalling.

1.8.2. Mal

Mal, also termed Toll/interleukin-1 domain-containing adaptor protein (TIRAP was the
second TLR adaptor protein to be described (Fitzgerald et al., 2001, Horng et al., 2001). It
consist of C-terminal TIR domain and N-terminal PIP2 (phosphatidylinositol 4, 5-
bisphosphate) binding domain and is 235 amino acids in size (Horng et al., 2001, Nufiez
Miguel et al., 2007). Initially, it was identified as a protein that specifically associates with
TLR4 (Fitzgerald et al., 2001, Horng et al., 2001)]. Similar to MyD88, over expression of
Mal was found to activate NF-kB and JNK (Fitzgerald et al., 2001). Further, Mal was also
found to interact with MyD88 in co-immunoprecipitation assays as well as in a yeast two-
hybrid screen (Fitzgerald et al., 2001). Whilst Mal-deficient conditions mice responded
normally to TLR5, TLR7 and TLR9 ligands (Horng et al., 2002, Yamamoto et al., 2002a),
Mal-deficient mice exhibit defects in TLR4 and TLR2 ligand induced cytokine production,
activation of NF-xB and MAPK. Like MyD88 deficient mice, Mal-deficient mice showed
total resistance to LPS-induced shock. Also, NF-kB and MAPK activation was found to be
delayed in response to LPS (Horng et al., 2002). The localization of Mal to the plasma
membrane determines its capability to act as a bridging adaptor for MyD88 and this
localization is facilitated by its PIP2 binding domain. Distinctively, Mal but not MyD88,
contains a putative TRAF6-binding motif (Mansell et al., 2004). Mal is also negatively
regulated. For example, polyubiquitination of Mal is mediated by SOCS1 and it occurs on
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two N-terminal lysine residues, whereby it mediates the Mal degradation via the 26S
proteasome (Mansell et al., 2006). Also, a published study from our lab reported that Mal
negatively regulates TLR3-mediated IFNB gene induction, thus implying a negative
regulatory role for Mal in TLR signalling (Siednienko et al., 2010).

1.8.3. TRIF

TRIF was identified during a screen for TIR-containing proteins (Yamamoto et al., 2002b,
Oshiumi et al., 2003a). TRIF contains a receptor-interacting protein (RIP) homotypic
interaction motif (RHIM) and is 712 amino acids long, large in size compared to other
TLR adaptors (Oshiumi et al., 2003b). In contrary to Mal and MyD88, TRIF can activate
NF-xB and the IFNPB promoter. Upon examining the interaction of TRIF with various
TLRs, it was established that it interacts with TLR3, not TLR2 or TLR4, using a yeast two-
hybrid screen and a co-immunoprecipitation assay (Oshiumi et al., 2003b). TRIF was also
found to interact with IRF-3. TLR3 activation of NF-kB and IFNP was inhibited by a
dominant negative version of TRIF, but not MyD88 or Mal, and this indicates the
distinctive role of TRIF in TLR3 signalling. However, it was also reported that TRIF
interacts with both TLR2 and TLR4 in overexpression co-immunoprecipitation assays
(Yamamoto et al., 2002b). TRIF-deficient mice failed to produce IFN in response to
TLR3 and TLR4 ligands and this confirmed the role of TRIF in the MyD88-independent
pathway (Yamamoto et al., 2003b). Further, TRIF deficient mice displayed normal LPS-
induced MyD88-dependent activation of IRAK-1, NF-kB and MAPK, demonstrating that
TRIF is not involved in the TLR4 MyD88-dependent pathway.

Studies have shown that both the MyD88-dependent and MyD88-independent pathways
are required for proinflammatory cytokine production (Yamamoto et al., 2003b). It was
observed that activation of NF-xB and JNK was entirely suppressed in embryonic
fibroblasts from MyD88 and TRIF double knockout mice in response to LPS,
substantiating the idea that TRIF is involved in the late activation of NF-xB which was
observed in MyD88-deficient mice  (Yamamoto et al., 2003a, Kawai et al., 1999). A
TRAF6-binding motif was showed to be present in TRIF and it was demonstrated that
TLR3-TRIF can activate NF-xB via association with TRAF6 (Sato et al., 2003, Jiang et al.,
2004). Various molecules were found to negatively regulate TRIF pathway. SRC
homology 2 (SH2) domain containing protein tyrosine phosphatise-2 (SHP2) binds to the
kinase domain of TBK1 and was found to restrict the TRIF dependent pathway. SHP2
negatively regulates pro-inflammatory cytokine production in response to TLR3. However,
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this was not the case for TLR2, TLR7 or TLR9 ligands. Also, SHP2 was shown to
negatively regulate TLR3 and TLR4 ligand induced IFNP production (An et al., 2006).
Consistent with other negative regulators, the knockdown of SHP2 was found to increase
TLR3 and TLR4 induced IFNf production. SARM can also negatively regulate the TRIF,
but not the MyD88 pathway (Carty et al., 2006a). A serine protease NS3- 4A expressed by
Hepatitis C virus has been shown to lead to proteolysis of TRIF leading to concomitant
inhibition of NF-xB and IRF-3, and may possibly attenuate the innate immune response to
the virus (Li et al., 2005). Also, a vaccina virus protein called A46R has been shown to
interact with all TLR adaptors, excepting SARM (Stack et al., 2005). Interestingly,
interaction of A46R with TRIF leads to the inhibition of IRF3 and leads to a suboptimal
immune response to the virus (Stack et al., 2005).

1.8.4. TRAM

TRAM, also known as TIR domain-containing adaptor molecule (TICAM-2) and TIR
domain-containing protein (TIRP) was identified in 2003 (Oshiumi et al., 2003b, Bin et al.,
2003, Fitzgerald et al., 2003). TRAM, a 235 aa protein, is composed of a C-terminal TIR
domain (73-232 aa) which functions as a bridging adaptor between TRIF and TLR4 in the
MY D88-independent pathway (Yamamoto et al., 2003b). TRAM interacts well with TLR4
and it was also found that TRAM interacts well with TRIF, but not with Mal or MyD88
(Oshiumi et al., 2003b, Fitzgerald et al., 2003). RNAI studies confirmed that both TRAM
and TRIF are essential for LPS induced IFN[] production (Oshiumi et al., 2003b). TRAM
was reported to be exclusively involved in the TLR4 signalling pathway. Initially it was
thought that TRAM was localised to the plasma membrane, and, like Mal, this specific
localisation was believed to be necessary for signalling (Rowe et al., 2006). However,
recent studies have shown that TRAM is comprised of a bipartite sorting signal which
controls its trafficking between the plasma membrane and endosomes and also that TRAM
is not involved in inducing TRIF-dependent signalling from the plasma membrane (Kagan
et al., 2008). The same group also showed that TRAM along with TLR4 must be delivered
to the endosomes to facilitate the activation of IRF-3 signalling events(Kagan et al., 2008).
Phosphorylation of the serine 16 by protein kinase C[] (PKC[J) was found to be critical for
its signalling potential and mutation of this phosphorylation site to Alanine resulted in the
loss of TRAM phosphorylation and its ability to mediate TLR4 signalling (McGettrick et
al., 2006).
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1.8.5. SARM

SARM, 690 amino acids in length, contains two sterile [J-motif (SAMs) domains, a C-
terminal TIR domain and a N-terminal heat Armadillo repeat motif (ARM) (O'Neill et al.,
2003). It was established that human SARM acts as a negative regulator of TRIF-
dependent TLR signalling. Also, suppression of endogenous SARM expression enhanced
TRIF dependent cytokine production (Carty et al., 2006b).
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Figure 1.4:  Toll-like receptor adaptors family. Toll/interleukin-1 receptor (TIR),
Intermediary domain (ID), Death domain (DD), Receptor interacting protein (RIP),
Homotypic interaction mMotif (RHIM) (O'Neill and Bowie, 2007).

1.9. Activation of transcription factors

Since the discovery of MyD88, extensive research has been performed towards
understanding the dynamics of the TLR signalling pathways. A range of signalling
transduction cascades are initiated through individual TLRs and result in the selective
recruitment of distinct adaptor molecules. Ultimately, several transcription factors
including IRFs and NF-kB are activated and may either act alone or together towards the

regulation of gene expression.
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1.9.1. NF- kB

Since its discovery, it has become increasingly appreciated that NF-xB is a crucial
mediator of the inflammatory signalling pathway and is a central regulator of cell survival
(Sen and Baltimore, 1986). Initially, NF-xB was identified in a DNA-binding complex that
controlling the Ig light chain gene in mature B cells and nuclear transcription-enhancing
factor (Sen and Baltimore, 1986). Since, gene promoters that were not B cell specific were
also identified as contained NF-kB binding sites. Thus, ubiquitous NF-kB expression was
established, as was the role of NF-kB as a crucial modulator in regulating many
inflammatory related gene expressions. Studies have also confirmed that an extrinsic
stimulus such as LPS or phorbol ester is required in certain cell types for NF-xB activation
(Sen and Baltimore, 1986).

NF-kB is structurally and evolutionarily conserved and consists of five family members
namely pl100/52, p105/p50, p65 (RelA), c-Rel and RelB. Whilst RelB only forms
heterodimers, all the other subunits occur as homo and heterodimers in the cytoplasm of
resting cells (Ghosh et al., 1998). A Rel homology domain (RHD) is present in each of the
NF-kB subunits at its N terminus and serves to modulate nuclear localisation, dimerisation
and cytoplasmic retention by IxB (Ghosh et al., 1998). The DNA-binding domain is
located in the N terminal part of the RHD, while the C terminal region of the RHD
contains the dimerisation domain. Notably, only the C terminus of p65, c-Rel, and RelB
subunits contain the transcription activation domain (TAD) which is essential for target
gene expression (Ghosh et al., 1998). The immature precursors, p105 and pl00 are
cleaved to p50 and p52, respectively, through the action of the ubiquitin/proteasome
pathway. As p50 and p52 lack a TAD, they act as transcriptional repressors (Moynagh,
2005). However, p50 and p52 do not act as transcriptional repressors if they heterodimerise
with RelB, p65 or c-Rel. Mice lacking RelA, c-Rel or RelB are highly susceptible to
Streptococcus pneumoniae and Toxoplasma gondii infections (Ghosh et al., 1998). We
have recently showed that the NF-xB subunits RelB and c-Rel negatively regulates TLR3-
mediated IFN-B production via induction of the transcriptional repressor protein YY1
(Siednienko et al., 2011b).

IL-1R or TLR ligand stimulation results in downstream activation of the IKK signalosome

and this causes further phosphorylation and trafficking of the inhibitory IkBs to the 26S
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proteasome for degradation (Hacker and Karin, 2006). The NF-«xB complex is then
liberated for consequent nuclear translocation and target gene transcription. Two catalytic
subunits, IKKa, IKKf are present in the IKK signalosome complex in conjunction with a
regulatory subunit, NFkB essential modulator (NEMO) also known as IKKy. Previous
studies using IKKf3 and IKKa-deficient cells established that canonical NF-xB activation is
modulated primarily by IKKp. Also, NEMO-deficient cells failed to activate NF-«kB in
response to the ligand stimulation by TNFa, IL-1p, and LPS, indicating the significance of
NEMO in NF-«xB activation (Israél, 2006). 1[1Bs serve to sequester NF-[1B dimers, via the
ankyrin repeats sequences contained in I[1Bs. By virtue of their ankyrin repeat domains,

the IxB proteins mask the nuclear localization signals (NLS) of NF-kB proteins and keep

them sequestered in an inactive state in the cytoplasm (Hoffmann and Baltimore,
2006).The IkBs family is comprised of IkBa, -B, -€ and Bcl-3, though the best studied is
I00BLI. Notably, due to the presence of ankyrin repeats in their C-terminal portion of p105

and p100, they too function as I[1B proteins.

Upon stimulation of cells, activation of the NF-xB is initiated by the signal-induced
degradation of IkB proteins, through activation of the IKK signalsome. The IKK complex
phosphorylates two serine residues located in an IkB regulatory domain. When
phosphorylated on these serines (e.g., serines 32 and 36 in human IkBa), the IkB inhibitor
molecules are ubiquitinated and degraded. With the degradation of IxB, the NF-xB
complex is free to enter the nucleus where it can activate gene transcription through
interaction with the NF-[JB transcription factor binding sites (Hoffmann and Baltimore,
2006). The canonical NF-xB pathway includes both TLRs and TNF receptor (TNFR)
pathways stimulation and finally converges on the IKK complex. In contrast, stimulation
of a subset of TNFR superfamily members, including the B cell activating factor (BAFF)
receptor, induces NF-xB activation through a non-canonical pathway involving the
activation of NFkB-inducing kinase (NIK) and the IKKa subunit. The non-canonical
pathway is crucial in the maturation of B cells, regulation and survival (Pomerantz and
Baltimore, 2002), as defects of NIK or IKKa in B cells impairs their ability to mature or

survive.

1.9.2. IRFs

Interferon inhibition of viral replication was discovered originally in 1954 (Nagano and

Kojima, 1954), and the word "interferon™ was coined and used for the first time in 1957 by

Isaacs and Lindenmann, whose work attained wider recognition (Lindenmann et al., 1957).
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Exposure to various infectious agents initiates type | IFN expression and these are
multigene family evolutionarily conserved in vertebrates. Considering their capability to
interfere with virus replication, type | IFNs are thought as characteristic of an antiviral
response (Samuel, 2001). Among cytokine families, type | IFNs are found to be quite
variant with multiple subtypes including IFN-a, - and type II IFNs including IFN—y are
currently identified. Type | IFN secretion is induced in various cell types, primarily pDCs,
macrophages and other haemopoietic cells and these cell types are recognised as the main
IFN-producing cells (IPCs) (Taniguchi and Takaoka, 2001). Constitutive low level IFN-
o/ production by these cells provides cells ready-to-go for the enrichment of cellular

responses to external stimuli.

The transcription of multiple types I IFN genes is induced by viral infection and activation
of the IRFs mediates this response, at least in part. Recently IRF1 and IRF2 have been
included in the family of nine IRFs (Taniguchi et al., 2001). IRF3, IRF5, and IRF7 have
been implicated as positive-feedback regulators of type I IFN expression (Tamura et al.,
2008). IRFs contain two domains, a C-terminal IRF related domain (IAD) (also termed a
regulatory domain (RD)) modulates signal transduction and the N-terminal contains a
DNA-binding domain (Mamane et al., 1999, Taniguchi et al., 2001). The DNA-binding
domain facilitates binding to 5'-GAAA-3" and 5'-AANNGAAA-3’ sequences within ISRE,
and all promoters of all genes activated by IRFs, respectively (Taniguchi et al., 2001). The
C terminal IAD domain also contains a cyclic AMP-response element binding protein
(CREB)-binding protein (CBP)/p300 interaction surface, an autoinhibitory domain and
various phosphorylation sites. The autoinhibitory domain was found to suppress the
transcriptional activity of IRF3, IRF5 and IRF7 (Barnes et al., 2002) and is the mechanism
usually used in resting cells to prohibit their activation. Ligand induced phosphorylation
activates the IRFs, causing a conformational change, dimerisation and nuclear
translocation of the IRFs. Whereas IRF3 contains two autoinhibitory domains, at N and C
termini (Lin et al., 1999), the N terminus of IRF5 and IRF7 contain one autoinhibitory
domain (Marie, Smith et al. 2000; (Barnes et al., 2002). The N terminus of IRF3, IRF5 and
IRF7 contains a NLS to direct their nuclear translocation (Chen and Royer Jr, 2010).

Type | IFN gene expression in response to viral infection is critically regulated by IRF3
and IRF7. The Epstein Bar Virus (EBV) Qp promoter, which regulates expression of the
EBV nuclear antigen 1 (EBNA1) was initially described to be bound and repressed by
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IRF7 (Zhang and Pagano, 1997 (Zhang and Pagano, 1997). Nuclear accumulation, DNA-
binding, dimerization and transcriptional transactivation occur following a conformational
change in the transcription factor which is induced by virus-mediated phosphorylation of
IRF7 at Ser483 and Ser484 (Yang et al., 2003). Furthermore, phosphorylation of IRF3
induces IFN-B expression, whereas, IRF7 preferentially induces IFN-a (Noppert et al.,
2007). Whilst IRF7 expression is very low and cell type dependent, IRF3 expression is
pervasive and constitutive in various cell types (Izaguirre et al., 2003). Nevertheless, IRF7
is constitutively expressed by pDCs leading to TLR7 and TLR9 activation, and thus
causing rapid induction of type I IFN production through MyD88-dependent pathway
(Izaguirre et al., 2003).

Also, IFN-B and IFN-a4 activation mediated via IRF3 can signal through the type I IFN
receptor (IFNAR), which activates the Janus activated kinase (JAK)-signal transducer and
activator of transcription (JAK-STAT) pathway (Noppert et al., 2007). Such activation of
the JAK-STAT pathway leads to activation of IFN-stimulated gene factor 3 (ISGF3)
transcriptional regulator, which can induce IRF7 expression. Similar to IRF3, the
phosphorylated IRF7 translocates to the nucleus, wherein, binds to positive regulatory
domain (PRD) on the IFN-a promoter. Additionally, the biological action of Type I IFNs
are also mediated through a well characterised IFNAR signal transduction pathway that
elicits the recruitment of a JAK1 and inturn phosphorylation of STAT, STATL1, STAT2
and Interferon regulatory factor (IRF)-9 (Schindler and Brutsaert, 1999, Stark et al.,
1998).The phosphorylated STAT1, STAT2 and IRF9 form heterodimers that translocates
to the nucleus also leading to the formation of IFN-stimulated gene factor 3 (ISGF3) and
culminates in the regulated transcription of many Type | IFN-regulated genes. Therefore, a
positive feedback loop ensues due the induction of type I IFN, which aids in production of
large amounts of IFN-o/f by cells during viral infection and which if unchecked or
dysregulated may as well lead to chronic inflammatory pathologies.

Given that, TLRs and their signalling pathways play a key modulatory role in the innate
immune system, their dysregulation can often lead to chronic inflammatory diseases,

including Osteoarthritis.
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Figure 1.5:  Schematic representation of TRIF dependent and MyD88 dependent
signalling pathways. Reproduced from (Boo and Yang, 2010).

1.10. Osteoarthritis

Osteoarthritis (OA) is a progressive, debilitating disease of diarthrodial (synovial) joints,
previously associated with the aging process and with no known interventions proven to
restore cartilage (Harris Jr, 2001, Samuels et al., 2008). At molecular level, OA is
characterised by an imbalance between anabolic (i.e. extracellular matrix biosynthesis) and
catabolic (i.e. extracellular matrix degradation) pathways, in which articular cartilage and
inflammatory synovial processes contribute to OA progression, and OA is now considered
as a whole joint disease (Figure 1.6) (David J, 2011, Sellam and Berenbaum, 2010a). It is
the most common form of musculo-skeletal disease encountered across all countries of the
globe (Table 1.1). In Europe, a joint is replaced due to OA every 1.5 min and the situation

is more prevalent in the United States, where a total of nearly 500,000 joint replacements
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are performed per annum (Millennium, 2003). According to conservative estimates, the

diagnosed symptomatic cases of OA alone represent a huge population (Merx et al., 2003).
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Figure 1.6:  Schematic representation of the normal knee joint (to left) and depicting the
synovial joint tissues affected in OA (to right). Consistent with the theory that OA is a

disease of the whole synovial joint. Reproduced from (David J, 2011).
1.11. Epidemiology and pathology of OA

OA is the most prevalent form of arthritis distressing millions of people globally. OA
largely affects joints of the knee, foot, hip and hands, however OA can also affect other
joints in the body, but to a lesser extent. Radiological changes such as subchondral bone
sclerosis, loss of joint space and presence of osteophytes can be seen in patients suffering
with severe OA, which results in joint stiffness, joint pains and loss of function (Samuels et
al., 2008, Brandt et al., 1998). However these symptoms may differ with age, time and
joint sites and as well individuals, thus the incidence and prevalence of OA is therefore
difficult to determine. Age, obesity and joint trauma are considered as important risk
factors associated with OA (Wieland et al., 2005). However, a genetic component was also
identified (Spector and MacGregor, 2004). Also, OA is common in individuals born with

bone and joint disorders e.g. individuals with incorrect joint movement/fitting associated
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with congenitally abnormal hip/bowlegs (Carson-DeWitt). OA is expected to increase
especially in the developed world due to an aging population. However, the universal
feature of ageing cannot be attributed to OA prevalence as many aged people around the
world are unaffected by OA (Wieland et al., 2005). Decreased participation in daily
activities, limitation of activity coupled with joint or bone pains are the foremost health
issues associated with OA. OA in young and middle aged people has become a huge
burden due to loss of significant working time and early retirement (Millennium, 2003).
Various aetiological risk factors and pathophysiological processes have been attributed to
OA (Figure 1.7) (Wieland et al., 2005). Interestingly, RA surprisingly has attracted
significantly more scientific and public attention, despite the fact that it is less frequent
than OA (Millennium, 2003, Wieland et al., 2005) (Table 1.1).

Table 1.1:  Osteoarthritis Epidemiology

Country 2002 2007 2012
United States 13.2 144 15.0
Europe 14.5 16.2 158
Japan 6.6 6.9 7.2
OA total prevalent cases  34.3 36.5 38.6
RA total prevalent cases 2.8 3.1 3.4
*Number (in millions) of diagnosed total prevalent casas of O

Reproduced from Decision Resources, Inc., Waltham, Massachusetts, 2004.

Degenerative cartilage breakdown with episodic synovitis observed in OA patients appears
to be the primary morphological characteristic of OA (Figure 1.8). Gross knee joint (e.g.
Genu varum and genu valgum) deformities are a predisposing factor towards advanced OA
and symptoms for this include bone remodelling and attrition, severe cartilage loss and
osteophyte formation (Brandt et al., 1998, McDermott et al., 1988).

Increasing evidence suggests that cytokines, growth factors, proteases and other

inflammatory mediators which are largely implicated with OA progression are produced
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by the synovium, bone and cartilage and OA and all these factors increase the severity of
disease by affecting the three constituents of diarthrodial / synovial joints initiating

progressive changes in synovium, muscle and bone (Samuels et al., 2008).
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Figure 1.7:  Representation of vicious osteoarthritis cycle. A simplified scheme
showing the intricate relationship between aetiological factors (left), pathophysiological
processes (central) and disease outcome (right). The dysregulation of certain biochemical
factors shown in the inner cycle drives the disease process that finally leads to joint
destruction. The individual trigger of disease onset is often unknown. Reproduced from
(Wieland et al., 2005).

1.12. Inflammation and OA

Although there is an ample evidence supporting the hypothesis that synovial inflammation
plays a role in OA disease pathology, OA is still considered as a non-inflammatory
disorder owing to the lower than threshold level of leukocytes in the synovial fluid that
may be expected in an inflammatory disorder like RA (Dougados, 1996). The synovial
membrane plays a protective role in the inflamed joint, by removing unwanted metabolites
and products of matrix degradation. Metabolically active synoviocytes are present in the
synovial membrane and the serves to nurture the chondrocytes of the joint cartilage (Sutton
et al., 2009). Studies within the last 5 years have established that synovial inflammation
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and proliferation are key components in OA and play a significant role in disease
progression (Sutton et al., 2009, Sellam and Berenbaum, 2010a). Synovial inflammation
that develops in OA leads to synovitis and can be identified by arthroscopy, imaging and
histology (Figure 1.9) (Samuels et al., 2008).
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Figure 1.8:  Articular structures affected in OA. (a) Healthy tissue showing normal
cartilage without synovial inflammation (b) OA tissue showing synovitis and other
associated symptoms. Adopted from (Wieland et al., 2005).

Significant variances were found between knee pain and radiographically diagnosed OA of
the knee in population-based study (Hannan et al., 2000). Structural variations are
asymptomatic in some patients while joint pain in the absence of radiographically
detectable alterations were recorded in a few other patients (Attur et al., 2010). Structural
variations cannot be made based on joint-space width alone and this could be the central
cause for discrepancies observed in the latter case (Attur et al.,, 2010). More precise
measurements such as magnetic resonance tomography (3T-MRI) may be very helpful in
the future towards trying to determine the correlation between structural processes and
symptoms (Figure 1.10) (Attur et al., 2010). Thus, pathological, arthroscopic and imaging
substantiate the hypothesis that synovitis is an integral component of progressive OA

(Ayral et al., 2005). It remains to be determined whether synovitis contributes to cartilage
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destruction and, therefore, whether drugs targeted at synovial inflammation can slow
disease progression (Attur et al., 2010).
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Figure 1.9:  Representation of end stage OA knee, showing knee radiograph (A, left)
and an intra-operative view of associated synovitis (B, right). Reproduced from (Samuels
et al., 2008).

1.13. Role of the synovium in OA pathogenesis

Until recently, OA was believed to be non-inflammatory disease. However, convincing
evidence has been provided to support the notion that OA is as inflammatory disease
involving synovitis (Sellam and Berenbaum, 2010c). Synovial inflammation produces
various catabolic and pro-inflammatory mediators that instigate OA pathogenesis, thus
altering the balance between cartilage matrix degradation and repair (Bondeson et al.,
2010). The synovium increases matrix metalloproteinase production following pro-
inflammatory cytokine stimulation. In the future, anti-inflammatory therapies may

facilitate the dampening of pro-inflammatory cytokine induced MMP production.
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1.13.1. Physiology of the synovial joint

A minimum of two articulating bones, the joint capsule and the articular cartilage form the
synovial joint. The two articular surfaces are held in place by surrounding ligaments and

the fibrous joint capsule.

Synovitis

BML

X-ray 3T-MRI

Figure 1.10: Representation of knee OA, showing left panel (A) radiograph of routine
semi-flexed AP (anteroposterior) knee and right panel (B) 3 T-MRI of the same patient’s
knee, showing extensive synovitis and a large bone marrow lesion (BML), demonstrating
that the degree of OA is underappreciated on the radiograph. Reproduced from (Attur et
al., 2010).

Internally, the capsule is made up of synovial membrane which is a large cellular layer of
tissue and externally includes fibrous layer, which is a continuance of the periosteum. The
joint capsule is highly innervated and vascularised. The articular surfaces of the joint bones
are covered by an avascular supportive connective tissue namely hyaline cartilage tissue.
Hyaline cartilage is made up of chondrocytes positioned in extracellular matrix (ECM),
and mainly comprise of type Il collagen, aggregating proteoglycan and aggrecan, while
these components principally provide strength and viscoelasticity (Watanabe et al., 1998).
Sulfated glycosaminoglycans (GAGs) such as chondroitin sulfate aid cartilage to stand
against compressive forces (Murray et al.,, 2001). Glycoproteins such as cartilage

oligomeric matrix protein (COMP) play a vital role in holding ECM components adhered
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(Chen et al., 2007). Furthermore COMP acts as an aggrecan binding protein whereby
support cartilage ECM interactions (Smith et al., 2006).

OA leads to fissure development leads to decreased ECM and weakening of the
chondrocytes ability to regulate apoptosis and collagen gene transcription (Izumisawa et
al., 1996). The joint health and condition are mainly controlled by synovial tissue (ST) as it
supplies important nutrient sources and signalling factors to cartilage. Normal synovium,
in addition to its role of controlling synovial fluid volume and composition, also
contributes to the lubricant characteristics of the synovial fluid by synthesizing and
secreting glycosaminoglycans such as hyaluronic acid, into the articular cavity (Firestein et
al., 1994, Edwards, 2000). Depending on their cellular composition tissue is arranged such
that, it may be segregated into two parts as a sub-lining (subintimal) layer supporting a
specialised lining layer or intima. The intima layer of OA hyperplastic synovial tissue
mainly consists of type B-synoviocytes or fibroblast-like synoviocytes (OA-FLS), that are
usually called as OA synovial fibroblasts and synovial macrophages (type A synoviocytes)
(Figure 1.11).
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Figure 1.11: Representation of a normal synovium. The intima contains specialised
fibroblasts expressing vascular cell adhesion molecule-1 (VCAM-1), decay accelerating
factor (DAF) and uridine diphosphoglucose dehydrogenase (UDPGD) (dark blue), and the
specialised macrophages expressing FcyRIIla (dark red). The deeper subintima contains

relatively unspecialized counterparts (pale colours). Adopted from (Edwards, 2000).
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Areolar or fibrous stromal tissue beneath the surface of the synovium contains a rich
microvascular network (Edwards, 2000). Lymphocytes and mast cells are usual, while
chondroitin-4-sulphate-containing proteoglycans and collagen are present in distributed
state and rather with small amounts of hyaluronic acid. Nutrient diffusion into cartilage of
the articulating surfaces of the joint from rich capillary network of the sublining layer
enables synovial lining layer nutrition Additionally, the synovial blood provides a channel
for influx of inflammatory cells in to the joints in several inflammatory joint diseases.

1.13.2. Features of the inflamed synovium

Hypertrophy (increase in volume) and hyperplasia (abnormal proliferation of cells) are the
most significant histological changes occurring in OA and these result in increased number
of synovial lining cells. Studies have established a correlation between the
histopathological of the inflamed joint and MRI of the synovium, especially in early OA
stages (Fernandez-Madrid et al., 1995). The essential features of inflamed synovial tissue
in OA have been described and include an increase in the SF volume (Ayral et al., 1996).
The typical synovium consists of small amounts of translucent, slender villi with a fine
vascular network whilst the reactive synovium consists of thick compact villi and the
vascular network becomes undetectable because of loss of transparency. as Also,
hypervascularisation of synovial membrane along with propagation of hypertrophic and

hyperaemic villi may also be evident (Sutton et al., 2009).

Inflammation in OA generally appears only within a confined area within the joint.
However, few biomarkers of inflammation may be traced detected in the circulation. It is
believed that inflammatory mediators are released into the circulation from synovium due
to the probable release of synovial molecules from inflamed synovial tissue or due to
triggering of systemic inflammatory response by damaged cartilage (Sellam and
Berenbaum, 2010a). A rise in inflammatory cell infiltration of the synovial tissue is
correlated with an increased concentration of C-reactive protein (CRP), and is also
associated with increased levels of IL-6 in the SF (Pearle et al., 2007). In OA, the IL-6
concentration is positively correlated with the total leukocyte count (Nishimoto et al.,
2008). Rapid disease progression in early knee OA is indicated by large concentrations of
high-sensitivity CRP (Spector et al., 1997). In addition, hsCRP is also related to clinical
severity, number of involved joints, pain level, and disability. Since hsCRP level correlates
with pertinent characters of OA, comprising of structural alterations and clinical
inflammatory symptoms, the hsCRP level can be measured as a biomarker of synovial
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inflammation in OA patients (Stirmer et al., 2004). Yet, few others studies reported a
positive correlation between CRP concentration and body mass index (Pearle et al., 2007).
Furthermore, this capability to indicate OA progression is complicated by factors such as
BMI, age, and serum concentration of IL-6. Cartilage glycoprotein-39 (CGP-39), secreted
by chondrocytes and synoviocytes, has been shown to positively correlate with CRP in OA
patients. Thus, it was suggested that CGP-39 could be applied as a surrogate marker of
joint inflammation in OA (Conrozier et al., 2000). Typically, aggrecans which are the type
Il collagen fragments, can act as potential biochemical markers for the synthesis and
degradation of these proteins which are highly abundant in OA cartilage matrix (Tabassi
and Garnero, 2007). Increased volumes of matrix metalloproteases (MMPSs) were detected
in synovial cells of patients with rapidly destructive hip OA. It was found that the measure
of these enzymes was also elevated in synovial fluid, sera and plasma of these patients
(Masuhara et al., 2002).

In contrast to RA, synovial inflammation is not a diffusive process in OA. Synovial
inflammation dispersion is patchy and is limited to areas close to cartilage damage sites in
OA (Ayral et al., 2005). However, in late primary OA associated with infiltration of
macrophages, neovascularisation within the joint becomes indistinguishable from that
observed during RA, microscopically. Also, secondary OA is radiographically attributed to
deposition of calcium pyrophosphate dehydrate (CDDP) crystals. CDDP itself is an
extremely potent proinflammatory agent. Yet, the relationship between CDDP crystals in
the joint and the incidence of histological synovitis is yet to be proved (Walsh et al.,
2007). Whilst early stage OA present with less extensive cartilage, pathological changes
have occurred and this implies that synovium is involved early in the disease process.
However, it is yet to be established that, if the morphological changes arising in OA
synovial membrane are primary or they occur just because of cartilage degradation, lesions
of the subchondral bone and joint inflammation. Degenerative cartilage is not constantly
and entirely related to synovitis even though it was noticed purely at the sites adjoining to
degenerative cartilage and this implies that cartilage-breakdown products may trigger the
inflammation (Sutton et al., 2009). CD4" are the key T cells that infiltrate the synovium,
however they are complemented by CD8" T cells and B cells (Fernandez-Madrid et al.,
1995). CD3 expression is receded on CD4" T cells and it appears to be an indicator of their
activation suggesting involvement of local chronic T-cell stimulation in OA. A study
reported on reactivity of T cells towards chondrocyte membranes and it specifies that

products of cartilage breakdown serve as source of antigens for these T cells (Alsalameh et
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al., 1990). Synovial membranes rarely show B cells, but those present, show an activated
state. CXC chemokine ligand (CXCL-a potent chemoattractant of B-cells) can exist in the
synovial membrane lymphoid aggregates and its presence could attract activated B-cells
(Shi et al., 2001, Luster, 2002). Breakdown products of type Il collagen, antibodies against
autoantigens were recognised and their presence indicates that synovium-infiltrating B
cells produced these antibodies locally (Jasin, 1985).

1.13.3. Mediators of Inflammation and joint destruction

Clinical symptoms, such as joint swelling, inflammatory pain and synovitis are observed in
OA due to synovial inflammation. The inflamed synovium produces catabolic and
proinflammatory mediators such as cytokines, prostaglandin E2, neuropeptides and nitric
oxide. These products then affect cartilage destruction and repair, triggering excessive
proteolytic enzyme production that intensifies the cartilage breakdown (Figure 1.12)
(Sellam and Berenbaum, 2010a). Synovial inflammation is further amplified by increased
cartilage catabolism; as a result a vicious circle is created. Activated synovial T cells, B
cells and infiltrating macrophages further exaggerate the inflammatory response. Since
synovitis reflects joint deterioration in OA, and is also related with clinical symptoms,
synovium-targeted therapy may be helpful in assuaging the disease symptoms and prevent
structural progression. Structural progression of the disease can be determined by synovitis
as it is identified to be subject for various clinical symptoms. Owing to the action of
numerous soluble mediators, it appears to be a significant component in OA
pathophysiology. Hence it is believed that, developing synovitis targeted treatment would
be very useful for both structural changes that occur in OA and disease symptoms (Sellam
and Berenbaum, 2010a).

In addition, MMPs are produced by OA chondrocytes and synovial cells and serve to break
down cartilage. Immunohistochemistry has been used to detect MMP-3 and the level of
staining of MMP-3 is directly interrelated to the infiltration of inflammatory cells into the
synovium (Yuan et al., 2004). Inflammation in OA synovial membrane was thought less
pronounced than RA, but studies reported that OA patients both in early and advanced
stages have revealed significant amounts of cellular infiltration and neovascularisation
(Walsh et al., 2007). It was also noted that activation markers such as CD69 were often
expressed by infiltrating lymphocytes.
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Figure 1.12: Representation of the synovium involvement in OA pathophysiology and
progression, showing pro- and anti-inflammatory mediators, cartilage degradation products
and adhesion molecules perpetuating the chronic inflammatory milieu prevalent in the OA

joint. Reproduced from (Sellam and Berenbaum, 2010a).

The three factors, inflammation, macrophage infiltration and endothelial cell proliferation
are found to be closely inter-related as these were noted to be in higher extent in OA
patients compared to healthy controls (Walsh et al., 2007). These processes may also
influence pain severity and disease progression. Angiogenesis facilitates inflammation, as
inflammation actuates angiogenesis. Angiogenesis in the synovium may appear at all
stages of OA and is intently associated with chronic synovitis (Haywood et al., 2003).
Neovascularisation is specified by increased production of the proangiogenic factor VEGF
in the OA synovium. Angiogenesis in the OA synovium can also be brought about by
hypoxia through the production of hypoxia inducing factor-la. Endothelial cell
proliferation measures are higher in RA compared to OA. However, vascular densities are
same in both diseases (Haywood et al., 2003). In the recent times, it is considered that by
potentiating and perpetuating rather than initiating inflammation, angiogenesis contributes

to the progression from acute to chronic inflammation (Haywood et al., 2003).
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1.13.4. FLSs in the joint

An altered arthritic fibroblast-like synoviocyte (FLS) phenotype was reported in 1983
(Fassbender and Simmling-Annefeld, 1983). Since then, increasing evidences suggest that
FLS are significant contributors for joint destruction in various arthriditis (Fassbender and
Simmling-Annefeld, 1983). FLS in healthy joints aid in matrix remodelling and supplies
lubricating molecules such as hyaluronic acid and nutrients to the joint cavity and nearby
cartilage. Various studies have recognised FLS transition from mesenchymel cells to
destructive cells (Firestein, 1996, Ritchlin, 2000), whereby the synovial cells proliferate,
adhere and consequently invade the joint structures prior to migration of inflammatory
cells into the synovium (Gay et al., 1993). Another study reported that in the severe
combined immunodeficient (SCID) mouse model of cartilage destruction, in the absence of
inflammatory cells, implanted human RA-FLS degraded co-implanted human cartilage,
thus confirming inflammation-independent RA-FLS activation (Miller-Ladner et al.,
1996). Various studies have reported high invasive phenotypes and low proliferative
indices in RA-FLS (Seemayer et al., 2003), whereas, OA-FLS have been shown to possess
high proliferative indices (Benito et al., 2005, Fernandez-Madrid et al., 1995, Sutton et al.,
2009) and very little or no information exists regarding the invasive phenotype of OA-FLS.
It may be speculated that OA-FLS at a similar end stage disease to RA-FLS may also

exhibit an invasive phenotypes upon activation by endogenous/exogenous stimuli.

An inflammatory microenvironment within the joint impairs apoptotic pathways and has
been proposed to be responsible in part for the survival and invasive phenotype of RA-FLS
cells; a similar mechanism may be shown in OA-FLS. Microbial fragments stimulate FLS
through TLRs and, as sentinel cells, are considered to contribute significantly to various
inflammatory pathways in the joint. FLS behave as effector cells in the synovium,
secreting chemokines to mediate the chemoattraction of leukocytes (Muller-Ladner et al.,
2007, Buckley et al., 2001). T-cell migration towards fibroblasts is enhanced by stromal
cell derived growth factor-1. This growth factor-1 production as well CXCL16 production
by FLS rapidly intensifies CD4" T cells influx into the synovium (Ruth et al., 2006).
Furthermore, various chemotactic molecules such as macrophage inflammatory protein
(MIP), monocyte chemoattractant protein (MCP), IL-8 and RANTES can be produced by
FLS following cell-cell contact with T lymphocytes (Sutton et al., 2009). Direct contact
between fibroblast and macrophage leads to the activation of inflammation processes and

tissue damage and consequential production of proinflammatory cytokines such as IL-6,
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IL-8 and GM-CSF (Sutton et al., 2009, Sellam and Berenbaum, 2010a, Kapoor et al.,
2010). Regulatory cytokines such as IL-10, IL-13 and the IL-1 receptor antagonist (IL-
1RA) are also induced and serve to downregulate or enhance proinflammatory cytokine
production (Sellam and Berenbaum, 2010a). Using an in vitro monocyte-synoviocyte
interaction model, induction of IL-6 was seen and this was regulated by the monocyte
specific cell surface marker, CD14 (Chomarat et al., 1995). Another in vitro study on
cartilage degradation reported that the degradation is promoted by the synergistic
interaction of mouse macrophages and fibroblasts in a co-culture model (Janusz and Hare,
1993). Thus, FLS play a significant role in synovial joint homeostasis through the direct
secretion of proinflammatory cytokines and through their synergistic effects on other cells
within the joint.

1.14. Inflammatory cytokines in OA

Cytokines, non-structural proteins between 8 to 50 kDa, modulate cell replication,
differentiation, survival, cell death, tissue repair and fibrosis (Westacott and Sharif, 1996,
Goldring and Goldring, 2004). Cytokine secretion from the inflamed tissue, may act in an
autocrine (acting on the same cell), juxtacrine (via cell-cell contact) or paracrine (on
surrounding cells) dependent manner. Various processes such as articular destruction,
inflammation, and the co-morbidities associated with disease are triggered and affected by
active cytokines in the arthritis joint (Sellam and Berenbaum, 2010a). However, the exact
instigators that bring about the local inflammation in synovium and leads to activation of

downstream pathways require further investigation.

Numerous studies have shown that ccytokines modulate OA pathogenesis by impacting on
cartilage, synovial membrane and the bone during disease progression (Figure 1.12 and
1.13) (Kapoor et al., 2010, Sutton et al., 2009, Sellam and Berenbaum, 2010a). Further,
these cytokines are thought to induce the production of other cytokines and degenerative
proteases by stimulating chondrocytes and synoviocytes in the cartilage (Sellam and
Berenbaum, 2010a, Kapoor et al., 2010). Since TNFa inhibition was successful in abating
RA, cytokines have attained significance as prognostic biomarkers to determine other joint
diseases such as OA and a search for probable targets for therapeutic intervention began.
IL-1B, TNFa and IL-6 have been linked with OA pathogenesis (Sellam and Berenbaum,
2010a). These cytokines are primarily produced by activated synovial fibroblasts,

macrophages, mononuclear cells, and articular cartilage (Kapoor et al., 2010). Significant
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quantities of IL-6 and IL-10 along with various chemokines are present in OA synovium
(Furuzawa-Carballeda et al., 2008). High levels of IL-1B and TNFo were detected in
synovial fluid of patients with early OA compared to late OA patients. These stage specific
distinctions in released cytokines and mediator profiles are now considered to be linked to
alterations in mononuclear cell infiltration level (Benito et al., 2005). IL-1p and TNFa can
stimulate their own products in an autocrine manner because synovial fibroblasts bear high

concentration of the IL-1p and the TNF receptors.
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Figure 1.13: Representation of the role of proinflammatory cytokines in the
pathophysiology of osteoarthritis, showing secretion of inflammatory cytokines by
synovial fibroblasts and their action on cartilage degradation. Adopted from (Kapoor et al.,
2010).

These cytokines can also induce other cytokines as IL-6 and IL-8 by stimulating synovial
cells and chondrocytes. Further, these proinflammatory cytokines can then diffuse into the
synovial fluid and act on the cartilage matrix and chondrocytes (Sadouk et al., 1995). IL-15
is produced by innate immune response and higher concentrations of IL-15 levels were

detected in synovial fluid of patients with early OA compared to late-stage OA, for which
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IL-15 is linked to early OA. Cells of outer synovial lining and the endothelium hold the IL-
15 receptor. This IL-15 may actuate MMP production, as well the recruitment or survival
of CD8" T cells within the OA joint (Scanzello et al., 2009).

Regarding the IL-1 superfamily, most of these cytokines are associated with various
arthropathies such as OA and RA. IL-la and IL-1p are produced as precursors of
approximately 35kDa and are encrypted by two distinct genes. In addition to natural IL-1
receptor antagonist (IL-1ra), IL-1a and IL-1p are extensively expressed within the synovial
membrane (Dayer, 2003, Fernandes et al., 2002, Firestein et al., 1992). IL-1 is synthesised
by various cell types following cytokine stimulation, they include synovial cells,
endothelial cells, mononuclear phagocytic cells, neutrophils and keratinocytes and
particularly by OA-FLS (Sadouk et al., 1995). This results in IL-1-directed regulation of
the inflammatory response, such as stimulation of further cytokines and chemokines, the
up-regulation of adhesion molecules, and the synthesis and secretion of MMPs and growth
factors (Dinarello, 1998, Abramson and Yazici, 2006, Goldring and Goldring, 2004). For
example IL-1pB was reported to be the major autocrine cytokine involved in the stimulation

of metalloproteases and IL-6 synthesis in OA synovium (Pelletier et al., 1995).

TNFa is synthesised by various cell types such as activated NK cells, neutrophils,
monocytes, lymphocytes, macrophages and fibroblasts (Sadouk et al., 1995). Research
studies demonstrating the capability of TNFa to degrade both bone (Bertolini et al., 1986,
Martel-Pelletier et al., 1999) and cartilage (Dayer et al., 1985, Loeser et al., 2005)
confirmed its significant role in arthritis. TNFa acts as autocrine stimulator and also as
powerful paracrine inducer of various other pro-inflammatory cytokines as IL-1, IL-6, IL-8
and GM-CSF (Choy and Panayi, 2001, Sutton et al., 2009). Furthermore, TNFa is
chemotactic for leukocytes, is a potent inducer of angiogenesis (Frater-Schroder et al.,
1987, Leibovich et al., 1987, Frater-Schroder et al., 1987, Walsh et al., 2007), stimulates
adhesion molecule expression in OA and RA FLS in vitro (Marlor et al., 1992, Sakurada et
al., 1996, Furuzawa-Carballeda et al., 2008) and lymphoid migration into inflamed

synovial tissue in vivo (Wahid et al., 2000).

IL-6 is produced by B lymphocytes, T lymphocytes, and fibroblast and levels are elevated
in the synovial tissue of OA and RA patients (Asquith and Mclnnes, 2007, Sutton et al.,
2009). It is now established that IL-6 facilitates various functions and the maturation and
activation of B and T cells, chondrocytes, endothelial cells, osteoclasts, and macrophages,

are significantly affected by IL-6 in RA (Brennan and Mclnnes, 2008). IL-6 receptor (IL-
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6R) is a heterodimeric receptor of IL-6a and gp130 subunits and it aids in I1L-6 signalling
as IL-6 signals via this receptor (IL-6R) (Nishimoto and Kishimoto, 2006a).

1.15. Therapeutic treatment in OA — past, present and future

Numerous factors including mechanical, biochemical and genetic factors contribute to OA
pathogenesis, thus makes it demanding to determine definitive target for the therapy. As
mentioned earlier, the present pharmacological interventions mainly emphasise on
enhancing disease symptoms (Schulte et al., 1994). With the exception of anti-
inflammatory corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs) which
inhibit cyclooxygenase-2 (COX2), the enzyme responsible for prostaglandin biosynthesis
in inflammation, no specific therapy based on fundamental intracellular pathways of
chondrocytes and synoviocytes exists for the medical management of OA (Malemud,
2004). Typically, simple analgesics such as acetaminophen, and the NSAIDs were used in
the medical management of OA so far, where primary focus being signs and symptoms for
the disease treatment (Flower, 2003, Topol, 2004, Petit-Zeman, 2004, Felson, 2004).
Though COX2 agents and NSAIDs are widely used, their usage is limited due to side
effects such as gastrointestinal, cardiovascular and renal effects in many patients (Figure
1.14) (Hannan et al., 2000, Flower, 2003).

Articular injections of corticosteroids and hyaluronans have been adopted as secondary
therapies and were found to yield symptomatic benefits in a few patients. However,
approved disease-modifying OA drugs (DMOADs) that can restore functional integrity to
the diarthrodial joint or reverse cartilage destruction are not currently available.
Symptomatic treatment is the only existing oral drug therapy for OA, where analgesics or
anti-inflammatory agents, such as acetaminophen (also known as paracetamol) or COX2
inhibitors are used. However, in September 2004, the COX2 inhibitor, Rofecoxib (Vioxx;
Merck) was withdrawn from the market (Flower, 2003). In some countries, intra-articular

hyaluronic acid preparations

are used as drugs for symptomatic relief. Symptom modifying treatment focuses on non-
specific relief of pain. However, a therapeutic approach towards curtailing the progressive
joint destruction associated with OA must be central for DMOAD therapy (Petit-Zeman,
2004, Topol, 2004, Flower, 2003). Considering the complexity of OA, pharmacological or
biological interventions that can target key biochemical and molecular pathways involved
in OA are essential towards the development of DMOADs.
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Figure 1.14: Representation of current OA treatment options, as issued in the guidelines
from the American College of Rheumatology, which are fairly limited. As no drugs exist
that prevent or halt OA joint destruction, the ultimate measure is joint replacement. COX-
2, cyclooxygenase 2; Gl, gastrointestinal; NSAID, non-steroidal anti-inflammatory drug.
Reproduced from (Wieland et al., 2005).

1.15.1. Cytokines as potential targets for biological therapy in OA

Increased cytokine levels in the affected synovial joint regulate cartilage extracellular
matrix (ECM) biosynthesis and suppression of chondrocyte ECM degradation. Initially OA
was considered as a ‘noninflammatory arthropathy’, but the Ilatest studies have
demonstrated that increased inflammatory cytokines and growth factor production are
evident in all the joint components namely cartilage, synovial membrane and subchondral
bone (Clegg et al., 1997, Samuels et al., 2008, Sellam and Berenbaum, 2010Db, Sutton et al.,
2009). The contribution of specific joint components to OA pathology in a patient at a
definite disease stage is still not yet fully delineated. Given that synovial inflammation
plays a critical role in OA pathogenesis and progression through producing inflammatory
mediators leading to series of complex variations such as hypertrophy, proliferation, and
catabolic alterations, ultimately resulting in irreversible joint damage, it is essential to
target the molecular pathways in synovial tissue, inducing such dysregulation in joint
homeostasis. Various in vitro and in vivo studies have shown that advanced articular

cartilage destruction is chiefly instigated by pro-inflammatory and catabolic cytokines such
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as IL-1pB, IL-6 and TNF-a and this provides the basis to consider anti-cytokine therapy for
OA treatment (Martel-Pelletier et al., 1999). Considering the fact that increased levels of
IL-100 and TNF-[J, serve to elevate levels of prostaglandins, catabolic enzymes, nitric
oxide and other markers in OA fluids and tissues, anti-cytokine therapy may prove useful
for the molecular intervention of OA (Dudhia, 2005). In fact, the latest research focusing
on OA pathology indicates that cytokine inhibitors (especially active IL-1B, TNFa, IL-6
which mostly are the major cytokines involved in articular cartilage destruction) may hold

high potential for disease modification therapy in OA (Dudhia, 2005).

A reduction in inflammation and articular damage was reported in rodent models of
arthritis following the molecular targeting of IL-1 and the receptor for IL-1 (Joosten et al.,
1999, Berg et al., 1994). In contrast, 1L-17 produced from activated T cells developed
spontaneous arthritis in an IL-1ra deficient mouse (Nakae et al., 2003). Though not as
efficacious as anti-TNFa therapy in RA, Anakinra (a recombinant human 1l-1ra drug) was
found to abate bone erosion and inflammation in RA patients (Furst et al., 2005). However
local IL-1 blockade was noted to be not very efficient in OA till now (Sellam and
Berenbaum, 2010b). Regarding anti-TNFa therapies, about one quarter of patients fail to
obtain a significant clinical response as per ACR20 criteria (20 % improvement in disease
activity). Research is underway in determining the impact of systemic TNFa-blocking
agents in OA (Sellam and Berenbaum, 2010b)

Regarding IL-6, substantial suppression of inflammation and clinical disease was noted
upon blocking IL-6R activity in RA (Choy et al., 2002, Nishimoto and Kishimoto, 2006b).
Clinical trials for IL-6 have now reached phase Ill, where tocilizumab, a human mAb
specific for IL-6R, has been shown to suppress disease activity and erosive progression in
patients with RA that is resistant to disease modifying anti-rheumatic drugs (DMARDS)
(Smolen et al., 2008) and systemic-onset juvenile idiopathic arthritis (Yokota et al., 2008).
Given the significance of IL-6 in OA, it may be an exciting approach for OA treatment
according to latest research studies. Hence, it may be possible to treat clinical symptoms
and impede the structural alterations associated with OA by focusing on the synovial
membrane, as it appears to be a novel strategy for future treatments. Anti-TNF[J agents,
anti-fibrotic compounds and anti-proteases interfere with specific targets and these may
form part of the new OA therapies (Figure 1.15) (Berenbaum, 2010, Malemud, 2010).
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Figure 1.15: Representation of current DMOAD developments, targeting synovial-joint

tissue structures including bone, cartilage and synovium. Consistent with the theory that
OA is a disease of the whole synovial joint. Some of the agents that target these relevant
tissues are listed (left panels). BMP, bone morphogenetic protein, DMOAD, disease-
modifying OA drug; FGF, fibroblast growth factor. Reproduced from (Hunter, 2010).

The strategy to retard the progression of a multifactorial and complex disease by targeting
a single, dominant cytokine mirrors that adopted for the successful treatment of rheumatoid
arthritis, psoriatic arthritis and ankylosing spondylitis. Therapeutic interventions are
mainly aimed at blocking or reversing structural damage and are most efficient in the early
stages, especially if the possibility of preserving normal homeostasis still remains, hence
identifying the methods for early diagnosis is very crucial. In the later stages, anti-cytokine
therapy may be necessary following cartilage tissue engineering with or without gene
therapy, to prevent further mutilation to newly repaired cartilage (Goldring, 2001) and to
understand the molecular pathways that are critical towards decreasing synovial

inflammation.
1.16. Innate immune system activation in OA

Synovial inflammation is established to be an important pathophysiologic process in OA
(Scanzello et al., 2008). Inflammatory mediators and specific cellular infiltrates linked

with OA are induced through activation of the innate immune system in response to
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various pathogens and endogenous signals (Scanzello et al., 2008). Given this,
understanding the role of TLRs and their signaling pathways in the context of OA is of

importance (Scanzello et al., 2008).

The inflammatory response to tissue injury (such as that seen in OA) resembles the early
inflammatory response to infection, mediated in response to PAMPs and DAMPs. For
example, high mobility group box (HMGB)-1 (Tsung et al., 2005), hyaluronan (Jiang et
al., 2007), and various heat-shock proteins (Ohashi et al., 2000) are thought to act as
DAMPs. These have all been shown to bind to TLRs or to the receptor for advanced
glycation end products (RAGE) which has been associated with cartilage catabolism in OA
(Loeser et al., 2005). Hyaluronan is a significant component of the SF and the ECM of
many tissues, comprising the joint, and is a large linear carbohydrate polymer. In cartilage
injury diseases such as in OA and RA patients, the hyaluronan level was found to be
reduced and this suggests that its metabolism has been altered (Belcher et al., 1997).
Numerous proteins, including hyaluronidases, the cell surface receptor CD44, and
lysosomal enzymes are activated involving hyaluronan breakdown (Knudson et al., 2002,
Csoka et al., 2001).

Proangiogenic and immunostimulatory response were also noted to be elicited upon
binding to various receptors namely, CD44 and TLR-2 and TLR-4 from certain sized
Hyaluronan fragments (Taylor et al., 2007). Hyaluronan upon interaction with TLR-4 is
noted to be very effective in activating DCs (Termeer et al., 2002). It was found that
murine macrophages and human endothelial cells can also be activated by Hyaluronan
through TLR-2 (Scheibner et al., 2006). As TLR-2 and TLR-4 are receptors for bacterial
lipopeptides and LPS during innate responses to pathogens it has been questioned whether
the in-vitro effects demonstrated by hyaluronan could be mediated by bacterial
contaminants. However, it was found that, though overlapping was generated by LPS and
hyaluronan, definite patterns of gene expression in macrophages were noted (Taylor et al.,
2007). Additionally, CD14 and CD44 are also involved in hyaluronan mediated TLR-4
responses (Takeda and Akira, 2005). The capability of hyaluronan species produced within
the OA joint to activate TLR signalling requires further investigation. In addition,
fibronectin, another ECM component, may drive TLR signalling. In contrast to normal
adult tissue, during aging, inflammation and wound healing, several splice variants of
fibronectin are expressed. Particular splice variants showed increased expression in OA

when compared to normal cartilage (Chevalier et al., 1996). Further, fibronectin fragments
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have been shown to activate chondrocytes causing cartilage damage, wherein, the isoforms
of fibronectin are found to activate TLR pathway. A recent study showed that MMP-9
expression was induced by the extra type Il domain A (EDA) domain of fibronectin,
probably through TLR4 pathway in monocytic cells. Unlike hyaluronan, it is still unclear
whether the fibronectin fragments produced in the joint could stimulate TLR pathways in
OA (Okamura et al., 2001). Even in the absence of pathogens, both hyaluronan and
fibronectin activate the innate immune (TLR signalling) response and serve as endogenous
damage/danger signals during normal wound healing process. It is now proposed that both
of these ligands might have their involvement during aging and injury by altering the

biology of OA joint tissue.

Given the association between TLRs, inflammation and proinflammatory cytokine
production, it is highly likely that TLRs may play significant role in OA development and
progression (Matsumura et al., 2003). Moreover, molecular signals of tissue damage
trigger the innate immune response in OA, and this model represents a framework for
future inflammation research in this joint disease (Ojaniemi et al., 2006). A range of
immune cells including macrophages and monocytes were found to express TLRs.
Regarding the OA and RA synovial joint, expression of TLR2 and TLR4 implies that may
play a role in these diseases (Radstake et al., 2004, Ospelt et al., 2008). OA synovial
membrane showed TLR2 and TLR4, but comparatively these were more highly expressed
in the synovial membrane of RA (Radstake et al., 2004, Ospelt et al., 2008). Remarkably,
RA and OA synovial cells showed a similar responsiveness to the TLR4 ligand, LPS and
the TLR2 ligand, peptidoglycan (Kyburz et al., 2003). In end stage OA patients, lesional
areas of cartilage showed up regulated TLR2 and TLRA4. It is now assumed that both TLR2
and TLR4 are involved in synovial activation and inflammation, particularly, given that the
DAMPs fibronectin and hyaluronan are prevalent in the OA cartilage matrix (Scanzello et
al., 2008).

The activation of TLR2 and TLR4 initiates a signalling cascade which eventually results in
the activation of transcription factors such as IRFs, AP-1 and NF-«kB which increase the
transcription of inflammatory associated genes (Akira and Sato, 2003). The transcription
factor NF-kB is found to be central to all TLR pathways except for TLR3 (Akira and Sato,
2003). It has been proposed that unchecked NF-[JB may lead to chronic inflammatory
conditions (Takeda and Akira, 2005, Abdollahi-Roodsaz et al., 2011). Recent studies have
reported that NF-kB plays a significant role in OA and found that NF-«kB significantly
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affected the production of IL-6, IL-8, MCP-1, and MMP-13 in OA-FLS. Also, it has been
shown that NF-kB regulated the baseline and IL-1 stimulated levels of A Disintegrin and
Metalloproteinase with Thromospondin Motifs (ADAMTS)-4, a destructive cartilage
aggrecans (Scanzello et al., 2008, Bondeson et al., 2007, Amos et al., 2006). Although
these two studies implicate NF-[JB in mediating OA disease progression, the relative
contributions of specific stimuli such as TLR or cytokine activity at different stages of
disease is still unclear. The implication of the published data pertaining to TLR activation
in OA s still unclear, but points to the complexity of TLR responses in vivo and their
possible interaction with other signaling pathways. Although, the innate immune system
activation through TLRs is well defined in RA, further research is needed to determine the
same in OA pathogenesis.
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1.17. Specific aims of the study

1. In-vitro characterisation of OA synovial fibroblasts through gene and protein

expression profiling.

2. Ex-vivo characterisation of synovial tissue, fluid and fibroblasts and investigation
of the therapeutic potential of TLRs in OA.

3. Proteomic analysis of OA synovial tissue and fibroblasts.
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Chapter 2

General Methods and Materials
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2.1. General Materials and Suppliers

Biosera

Foetal Bovine Serum, Cat. # S1810-500

ECACC

Synoviocyte basal growth media and a supplement, Cat. # 06091516

Gibco®

Dulbecco’s modified eagle medium + GlutaMAX ", Cat. # 61965026
OPTI-MEM + GlutaMAX™, Cat. # 51985026

RPMI 1640 + GlutaMAX ™", Cat. # 61870010

Dulbecco’s phosphate buffered saline, Cat. # 14190094

HyClone Europe, Northumberland, UK.
Dulbecco’s minimal essential medium, Cat. # B-7501
RPMI 1640, Cat, # B9006-L

Minimal essential medium, Cat. # B-2071-L

Invitrogen
TRIzol, Cat. # 15596-018
InvivoGen'"

Normocin, Cat. # ant-nr-1
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Life Technologies Inc., Gaithersburg, MD., U.S.A.
Random hexamers, Cat. # 48190-011

2.5 % Trypsin solution, Cat. # 25090-010

New England Bio Labs
Prestained protein marker Broad range, Cat. # 977085

dNTP Nucleotide Solution Mix, Cat. # N04475

Nunc A/S., Roskilde, Denmark.
Cryovials, Cat. # 363401

96 well Nunc-Immuno™ MaxiSorp plates, Cat. # M9410-1CS

PAA laboratories Ltd., Kingston Upon Thames, UK.
Foetal calf serum (FCS), Cat. # A-15042

Foetal bovine serum (FBS), Cat. # A-15045

Promega Corporation, Madison, WI., U.S.A.

Mouse moloney leukaemia virus (MMLYV) reverse transcriptase (RT), Cat. # M1701
Recombinant RNasin® ribonuclease inhibitor, Cat. # N2511

DNA polymerase | Large (Klenow) fragment, Cat. # M2201

RQ DNase I, Cat. # M6101

Deoxynucleotode triphosphates, Cat. # U1240
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Thermophillic DNA poly 10 x buffers, Cat. # M190A
MgCl,, Cat. # A351B
Random primers, Cat. # C118A

M-MLV RT 5x Buffer, Cat. # M513A

Roche Molecular Biochemicals, Sussex, U.K.
Tag DNA polymerase (1 unit/ul), Cat. # 1647679

Cytotoxicity Detection Kit™"® (LDH), Cat. # 04744926001.

Sigma®

N, N, N’, N’,-tetramethylethylenediamine (TEMED), Cat. # 036K0694
Ammonium persulphate (APS), Cat. # 105K0700
Albumin bovine, Cat. # A2153-506

Albumin from bovine serum, Cat. # A7030
DMEM high glucose Cat. # D5796

Potassium phosphate, Cat. # P0662

PenStrep 100 x Cat. # P4333

Sodium phosphate, Cat. # S0751

Trypan Blue Solution (0.04 %), Cat. # T8154
Trypsin EDTA solution, Cat. # T4174

Tween®-20, Cat. # P1379

Sarstedt Ltd. Drinagh, Wexford, Ireland
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96 well tissue culture plate, Cat. # 83.1835
24 well tissue culture plate, Cat. # 83.1836
175 tissue culture flasks, Cat. # 83.1813
100 mm cell culture dishes, Cat. # 83.1813
60 mm cell culture dishes, Cat. # 83.1801
10 ml blow-out pipettes, Cat. # 83.1802

1 ml blow-out pipettes, Cat. # 86.1251-001

Filtropur S Plus filtration units, 0.2 uM, Cat. # 83.1826. 102

Thermo Fisher Scientific

Nalgene™ Cryo freeze container, Cat. # 5100

Cryogenic vials, Cat. # 5000
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2.2. General Laboratory Procedures
2.2.1. Centrifugation

All bench top centrifugations were performed using a Hettich Mikro 120 centrifuge.
Ultracentrifugations were performed using an Eppendorf centrifuge 5810R refrigerated
ultracentrifuge. Unless stated otherwise, all centrifugations were performed at RT.

2.2.2. Spectrophotometry

All spectrophotometric determinations were performed using a Nanodrop ND-1000
spectrophotometer or Hitachi U2000 UV/VIS spectrophotometer.

2.2.3. Measurement of pH

All pH measurements were performed using a pH meter (Hanna Instruments, Singapore)
with a combination electrode (AgCl sealed internal reference). Prior to use, the pH meter

was calibrated using standard reference buffers, pH 4.0, pH 7.0, and pH 10.0 (Sigma).
2.2.4, PCR

PCR was performed using an inputted PCR programme on an Eppendorf Mastercycler
personnal. Real time PCR (gPCR) was performed using an inputted PCR programme on a
DNA Engine OPTICON system; MJ Research.

2.2.5. ELISA

ELISA was performed using BioTek® ELx800 plate reader. Meso Scale multi-plex
ELISAs were performed using Meso Scale Discovery (MSD) SECTOR imager with MSD
Discovery Workbench analysis software.

2.2.6. General sterility

All plasticware, pipette tips, microfuge tubes and solutions were sterilised by heating at
121 °C for 15 min. Plasticware was subjected to oven-drying for 5-6 h. Where appropriate,
solutions were sterilised using a 0.2 puM Filtropur filtration unit (Sarstedt). Aseptic
techniques were employed when handling TLR ligands and sterile inflammatory
mediators. All cell culture work was performed in a class Il sterile laminar flow cabinet

using at-most aseptic measures.
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2.2.7. Cryopreservation

All mammalian cells were detached from the flask and subjected to centrifugation at 3000
rom for 5 min at 4 °C. The supernatant was removed and the cell pellet was gently
resuspended in the appropriate culture medium containing 10 % FCS and 10 % DMSO
(Sigma). The cell suspension was transferred into cryovials (NUNC) and incubated at -70
°C for 4 h in an isopropanol box. Thereafter, the vials were transferred to liquid phase N,
for long time storage. To confirm cell viability, a cryovial was taken on a subsequent day
from liquid phase N; and allowed to quick thaw at RT. Next, the cell suspension was
immediately transferred into a 15 ml falcon containing 10 ml of appropriate culture
medium and was centrifuged at 1200 rpm for 2 min to remove the DMSO used for
cryopreservation. Subsequently, the supernatant was discarded and the cell pellet was
resuspended in appropriate culture medium supplemented with 10 % FCS, and was then
transferred to a sterile tissue culture flask. Next, these flasks bearing cells were incubated
at 37 °C humidified atmosphere with 5 % CO; overnight to allow cells to adhere. The
following day the medium was aspirated to remove any trace amounts of DMSO, followed
by replenishment with new medium. Finally, the cell viability was determined using either

trypan blue exclusion assay or lactate dehydrogenase (LDH) cytotoxicity assay.
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2.3. General Experimental Methods
2.3.1. Cell culture technique

All mammalian cells were grown at 37 °C in a humid environment with 5 % CO; in the
appropriate culture medium. FLS were grown in complete synoviocyte medium (ECACC)
made up using basal synoviocyte growth medium supplemented with growth supplement
(ECACC), 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml fungizone. The FLS
were cultured and propagated until passage 6 and utilised for all the experiments between 2
to 6 passages. The FLS were then seeded appropriately either in tissue culture plates or 8-
well chamber slides or T125 tissue culture flasks until confluent. Prior to stimulation FLS
were rendered quiescent by maintaining the cells in serum free Opti-MEM for 24 h. Further,
all the cell stimulations were carried out in Opti-MEM for 24 h using the agonists as
described in (table 2.2) or grade-specific osteoarthritic fluid (OA-SF). The cell free
supernatants were collected for ELISA analysis and the adherent cells on the culture plates
were either utilised for RNA extraction with TRIzol reagent or for protein extraction with

lysis buffer for western blot analysis.

Furthermore, the adherent cells in the T125 culture flasks were utilised for protein
extraction with lysis buffer for 2D-proteomic analysis and the cells on the 8-well chamber
slides were utilised for confocal microscopy analysis. Prior to performing the above
experiments, the cell viability of cultured FLS was quantified using trypan blue exclusion
assay or LDH cytotoxicity assay. Moreover, all the cell types employed in this study were
also routinely tested for Mycoplasma contamination using the MycoAlert kit (MycoAlert®;
Lonza), which if unchecked can activate TLR2/6 and thus compromise TLR signalling
events. Furthermore, given that endotoxin contamination can acutely affect our TLR
signalling studies, we routinely used certified endotoxin-free reagents where possible.
Similarly, all other reagents used in this study were tested for endotoxin levels using the
HEK-Blue™ LPS detection kit (Invivogen).

2.3.2. Quantification of FLS cell viability
2.3.2.1. Trypan blue exclusion assay

Trypan blue exclusion assay was performed to quantify the number of viable cells (data not
shown). Briefly, FLS were seeded at 1 x 10° cells/well in triplicates in a 6-well tissue

culture plate and were left till confluent at 37 °C in a humid environment with 5 % CO,.
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Prior to stimulation, FLS were rendered quiescent by maintaining the cells in serum free
Opti-MEM for 24 h. Further, all stimulations were carried out in Opti-MEM for 24 h, using
the agonists as mentioned in table 2.2. Next, the supernatant was discarded and the cells
were washed with 500 ul PBS. Then, 150 ul/well of trypsin was added to the plates and
were incubated for 5-10 min at 37 °C until the cells had detached from the plates. Next,
500 pl of complete synoviocyte medium was added to the cells and this solution was
collected in micro-centrifuge tubes, which were then centrifuged at 1200 rpm for 5 min at
RT. The supernatant was disposed and 50 pl of complete synoviocyte medium was added
to re-suspend the pellet. Thereafter, 50 ul of the cell suspension and 50 ul of 0.4 % trypan
blue was pipetted into an eppendorf tube and mixed by gentle pipetting (to give a final
concentration of 0.2 % trypan blue). A haemocytometer and cover slip were cleaned with
70 % ethanol and 10 pl of this suspension was allowed to flow under the cover slip of the
haemocytometer by capillary action, to fill the measuring compartment. The percentage of
viable cells was calculated by counting the viable cells which appeared yellow/orange in
appearance whilst dead/non-viable cells appeared blue in colour.

2.3.2.2. LDH cytotoxicity assay

To assess cell death in FLS cells following stimulation with TLR/RLR ligands and
osteoarthritis synovial fluid (OA-SF), a Cytotoxicity Detection Kit™® (Roche; Lactate
dehydrogenase (LDH)) was used (data not shown). LDH is an enzyme located almost
exclusively in the cytoplasm and is used as a measure of cell integrity and has some
advantages over trypan blue staining. Thus, FLS were seeded at 1 x 10° cells/ml in a 24-
well tissue culture plate and were grown till confluent at 37 °C in a humid environment
with 5 % CO,. Prior to stimulation, FLS were rendered quiescent by maintaining the cells
in serum free Opti-MEM for 24 h. Further, all stimulations were carried out in Opti-MEM
for 24 h, using the agonists as mentioned in table 2.2 and as well with OA-SF. Next, total
LDH release was achieved by adding Triton X-100 (1 % solution) to untreated control
cells. Treatment values were then expressed as a percent of the total LDH release. The
supernatants were removed and centrifuged at 2200 rpm for 5 min at 4 °C. Then, 50 pl of
cell-free supernatant was added to a 96-well plate followed by 100 pl of reaction mixture
(provided in the kit). The plate was then incubated at RT for 30 min in dark. Next, 50
ul/well of stop solution (provided in the Kit), was added to the plate and was left on a
shaker for 10 seconds. The plate was then read using a BioTek® ELx800 plate reader at

490 nm OD. Percentage cytotoxicity was calculated as follows: % Cytotoxicity =
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{[(Sample — BC) — (low control - BC)] / [(high control — BC) — (low control — BC)]} 100,
where BC = Background control (i.e. assay medium; Opti-MEM), low control =
supernatant from untreated cells and high control = supernatant from 1 % Triton treated
cells. For ease of comparison with the Trypan blue exclusion method, % cytotoxicity as
determined by LDH cytotoxicity assay was converted to cell viability using the formula: %
Viability = 100 — % Cytotoxicity.

2.3.3. RNA extraction and quantification

Total RNA was extracted from 1 x10 cells using 1 ml of Trizol reagent per well (1
ml/well in 6 well plate) was added and the cells were thus lysed passing through the
pipettes several times with the reagent. 200 ul of chloroform was added to 1 ml of Trizol
and mixed vigorously by hand and incubated at RT for 10 min. The cells were then
centrifuged at 14,000 rpm for 15 min at 4 °C. The upper phase (60 % volume) around 400-
500 pl of colourless liquid was then transferred into a sterile eppendorf tube. To this, equal
volumes of isopropyl alcohol was added and mixed well. This mixture was left for 10 min
at RT to precipitate RNA and was then centrifuged at 14,000 rpm for 15 min at 4 °C, and
the supernatant was discarded. To the RNA pellet, 500 ul of 75 % ethanol was added
followed by centrifugation at 14,000 rpm for 15 min at 4 °C. The supernatant was
discarded and the pellets were then air-dried for 5 min at RT. The RNA pellets were re-
suspended in 10-50 pl of RNAse free water. The concentration of RNA, thus extracted was
measured using a Nanodrop spectrophotometer, pre-blanked using 1 pl of RNAse free

water and A260/280 nm was determined. RNA was stored at -80°C until further use.
2.34 Reverse transcription and first strand cDNA synthesis

To 1 pg of RNA in a total volume of 11 pl was added 1 pl of random hexamers (100
pM/ul). This solution was mixed well and placed at 70 °C for 5 min, followed by 5 min
incubation on ice. To this solution, the other components/reagents were added in the
following order, 4 pl of 5 x RT buffer, 2 pl of ANTP (10 mM), 1 ul of RNasin and 1 ul of
MMLV Reverse transcriptase and mixed well. The samples were placed at 37 °C for 40
min, followed by 42 °C for 40 min and finally at 80 °C for 5 min. The first strand cDNA

was stored at -20 °C until further use.

2.3.5. Quantitative real time PCR
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Total first strand cDNA was used as a template for real-time PCR quantification using a
DyNAmMoHS SYBR Green kit (Finnzymes) and a real-time PCR system (DNA Engine
OPTICON® system; MJ Research). For the amplification of TLRs, cytokines, MMPs the
respective primers were used as described in table 3.1 (chapter 3). For each TLR mRNA
quantification, the housekeeping gene hypoxanthine phosphoribosyl transferase (HPRT)

was used as a reference point using the respective primers.
2.3.6. Enzyme-linked immunosorbent assay (ELISA)

Cells were seeded at 1 x 10° cells/well in triplicate in a 6-well tissue culture plate until
confluent. Prior to stimulation, cells were rendered quiescent by maintaining the cells in
serum free Opti-MEM for 24 h. Further, all stimulations were carried out in Opti-MEM for
24 h, using the agonists described in table 2.2. The cell free supernatants were then
collected and stored at -80 °C for ELISA analysis. Subsequently, the supernatants were
analysed for TNFo, IL-1PB, IL-6, IL-15, RANTES, IL-10 and IFNP levels utilising the
ELISA Kits as described in table 2.1. Briefly, 96-well NUNC-Maxisorb plates were coated
with respective capture antibodies (dilutions as per table 2.1) in PBS, and were incubated
overnight at RT. Next, plates were washed three times with wash buffer (PBS with 0.05 %
(v/v) Tween-20) and dried. Plates were then blocked for 1 h with 200 pl/well of PBS
containing 1% (w/v) bovine serum albumin (BSA). Next, the plates were washed three
times with wash buffer and were pat dry. Subsequently, 100 ul/well of samples or
standards (dilutions as in table 2.1) were diluted in reagent diluent (0.1 % (w/v) BSA, 0.5
% (v/v) Tween in 10 mM Tris—HCI, pH 7.5 containing 150 mM NacCl in Tris-buffer saline
(TBS) were added. Wherein, a 8 point standard curve was prepared with assay range 4000
to 0 pg/ml for IFNp, 500 to 0 pg/ml for IL-1f, 1200 to 0 pg/ml for IL-6, 3000 to O pg/ml
for IL-10, 1000 to O pg/ml for IL-15, 3000 to O pg/ml for RANTES and 3000 to 0 pg/ml
for TNFa respectively. Plates were incubated with 100 pl/well of samples or standards for
2 h and then the series of washes with wash buffer was repeated and was pat dry. Next, 100
ul/well of the respective detection antibodies (biotinylated anti-human antibody, dilutions
as in table 2.1) diluted in reagent diluent was added and incubated for 2 h at RT, followed
by series of wash steps with wash buffer. Next, 100ul/well streptavidin-horseradish
peroxidase (HRP) conjugate (dilutions as in table 2.1) was added to each well and
incubated in dark for 20 min followed by repeated was steps and was pat dry.
Subsequently, 100 pl/well of 3, 3°, 5, 5’-TeTRAMethylbenzidine liquid substrate (TMB,

1.25 mM/L) solution was added to all plates and were incubated in dark for 20 min.

86



Immediately, 50 pl/well of 1N sulphuric acid (H2SO.) was used to stop the reaction and the
absorbance was read at OD 450 with a BioTek® ELx800 plate reader. The concentrations
of cytokine/chemokine in each sample were extrapolated from a standard curve that related
the OD of each standard amount to the known concentration. Standard samples were

assayed in duplicate to generate the standard curve, while all samples were assayed in

triplicate.
2.3.7. Western blot analysis
2.3.7.1. Cell lysis and sample preparation

Cells were seeded at 1 x 10° cells/well in triplicates in a 6-well tissue culture plate until
confluent. Prior to stimulation, cells were rendered quiescent by maintaining the cells in
serum free Opti-MEM for 24 h. Further, all stimulations were carried out in Opti-MEM for
various time points, using the agonists described in table 2.2. The cell free supernatants
were collected and stored at -80 °C for further ELISA analysis and the adherent cells were
then washed with 500 ul of ice cold PBS. Next, 65 ul/well of sample buffer (10 % B-
mercaptoethanol, 2 % SDS, 30 % Glycerol, 0.025 % bromophenol blue, 50 mM Tris-HCL
pH 6.8, 1 mM dithiothreitol and 0.1mM phenyl methyl sulfonyl fluoride) was added and
the cells were thus lysed on ice for 10 min. The lysed cells were then pipetted into a
microfuge tube followed by centrifugation at 13,000 rpm for 5 min to pellet the cell debris.
The supernatant containing the protein was pipetted into a sterile microfuge tube followed
by boiling for 10 min at 100 °C and subsequent SDS-polyacrylamide gel electrophoresis
(SDS-PAGE).

2.3.7.2 SDS-PAGE

The protein 1D-gel casting apparatus was assembled using glass plates that were cleaned
with 70 % ethanol. Next, the 10 % resolving gel solution (5 ml Acrylamide, 3.8 ml 1.5M
Tris-HCL pH 8.8, 5.9 ml water, 150 pl 10 % SDS, 15 pl 10 % APS and 6 pl TEMED)
was prepared and was poured into the assembled glass plates. The gel was overlaid with
500 pl of water and allowed to polymerise for 40 min. Following polymerisation the
overlaid water was decanted and the resolving gel was overlaid with 5 % stacking gel (1 ml
Acrylamide, 1.5 ml 0.5 M Tris-HCL pH 6.8, 3.35 ml H,0, 60 pl 10 % SDS, 60 ul 10 %
APS and 6 pl TEMED). A 12-well plastic comb was then inserted and the gel was allowed
to polymerise before being assembled in the SDS-PAGE apparatus (BioRAD). The upper
and lower chambers of this apparatus was filled with running buffer (0.3 % Tris base, 1.44
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% glycine and 0.1 % SDS). Appropriate samples (20 pl) and prestained protein marker (5
ul) were loaded into separate wells and electrophoresis was performed at 80 V through the
stacking gel and then 100 V through the resolving gel for approximately 3 h, depending on

the size of the proteins being electrophoresed.
2.3.7.3. Immunoblotting

Following separation by SDS-PAGE, the proteins were transferred electrophoretically to
polyvinyl difluoride (PVDF) membrane in a Bio-Rad wet-blot transfer unit with transfer
buffer (25 mM Tris-base, 0.2 M glycine, 20 % (v/v) methanol. Briefly, one piece of PVDF
membrane was cut to a similar size as the gel and pre-wet with methanol followed by
rinsing with distilled water. The PVDF membrane, four pieces of chromatography paper
(cut to similar size as gel) and two pieces of Scotch Brite padding were soaked in transfer
buffer prior to use. The transfer apparatus was then assembled as follows: One layer of
Scotch Brite padding was overlaid with two pieces of chromatography paper. The gel was
placed on top of the chromatography paper followed by the PVDF membrane, two more
pieces of chromatography paper and one piece of Scotch Brite padding then followed. The
transfer was then clamped together and placed in the wet-blot transfer apparatus (Bio-Rad).
Next, the chamber was filled with transfer buffer and the transfer was performed at a
constant voltage of 100 V for 1 h, after which the PVDF membrane was retrieved.
Following transfer, non-specific binding was blocked by incubating the PVDF membrane
at RT for 2 h (or overnight) in TBS (20 mM Tris-HCI pH 7.5, containing 0.05 % (v/v)
Tween 20 and 0.5 M NacCl) containing 5 % (w/v) skimmed milk powder. The membranes
were then washed 3 times for 10 min each in TBS prior to incubation at 4 °C overnight
with the primary antibodies diluted in TBS containing 2.5 % (w/v) skimmed milk powder.
The membranes were subsequently subjected to 5 x 10 min washes in TBS prior to
incubation with secondary antibody (1:5000 dilution) specific for the primary antibody in
question (anti-rabbit or anti-mouse) for 1 h at RT. The membranes were then washed a
further 5 times for 10 min each in TBS. Blots were then developed using a 1:1 mixture of
enhanced chemiluminescent substrate (Pierce) for detection of horse radish peroxidise and
visualised through CCD imaging. Molecular weight marker was used to calculate

molecular weights of proteins represented by immunoreactive bands.

2.3.8. Immunofluorescent Assay
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Cells were seeded at a density of 0.5 x 10° cells/ml in 8-well chamber slides and grown for
24 h till confluent. Prior to stimulation cells were rendered quiescent by maintaining the
cells in serum free Opti-MEM for 24 h. Further, all the cell stimulations were carried out in
Opti-MEM using the agonists. Following stimulations cells were fixed in 4 % para-
formaldehyde, permeabilised with 0.2 % Triton X-100 in PBS for 10 min at RT followed
by blocking with 10 % goat serum for 2 h. Next, cells were treated overnight at 4 °C with
primary antibody on a rotary shaker with gentle agitation. Cells were then washed and
incubated with secondary antibody for 1 h at RT with gentle shaking in dark, followed by
incubation with DAPI (1.5 pg/ml) in PBS for 30 min at RT. Slides were washed and
mounted using antifade mounting media (Vectashield; Vector Laboratories), and were

visualised under confocal microscopy.
2.3.9. Statistical Analysis

All the data presented are representative of at least three independent experiments
performed in triplicate and all the data are expressed as mean + standard error of the mean
(S.E.M.) (mean + S.E.M). Statistical comparisons were performed either using parametric
(Student T-test) or non-parametric statistical tests (Mann Whitney U test), unless stated
otherwise. Differences with a p value less than 0.05 were denoted with (*), values less than
0.01 as (**) and values less than 0.001 as (***), and were considered statistically

significant.
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Table 2.1:

Human cytokine and chemokine ELISA Kits

The human cytokine and chemokine ELISA Kits employed in this research were purchased

from the companies detailed in the table below. The table indicates the working antibody

dilutions used for the research, upon optimisation using human monocytic leukaemia cells
(THP1) and Immortalised K4 synovial fibroblast (K4 FLS) cell lines as the model cell

lines.
Company | Catalogue | Capture | Standard | Detection | Streptavidin-
ELISA kit Number | antibody | antibody: | antibody HRP
dilution top dilution conjugate
factor | working factor dilution
standard factor
dilution
factor
Human IL- R&D Dy 201 1:180 1:100 1:180 1:200
1B system
Human IL-6 R&D Dy 206 1:180 1:30 1:180 1:200
system
Human IL-15 R&D Dy 247 1:180 1:110 1:180 1:200
system
Human TNF- | Peprotech | 900-K25 1:100 1:333.3 1:200 1:2000
o
Human IL-10 | Peprotech | 900-K21 1:100 1:333.3 1:200 1:2000
Human Peprotech | 900-K33 1:100 1:333.3 1:200 1:2000
RANTES
Human IFN- PBL 41410 1:180 1:50 1:180 1:200
] Interferon
Source
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Table 2.2:

TLR and RLR agonists utilised during the study

The human primary fibroblast like synoviocytes (FLS) and whole synovial tissue explants

were stimulated with the indicated working concentrations of the ligands. The

concentrations of these ligands were initially optimised using K4 FLS cells.

Stock
Ligand Optimised
TLR/RLR | Concentr | Working Ligand Catalogue
TLR/RLR Ligand ation Concentration Company Number
EMC
TLR 1/2 Pam3;CSK, 1 mg/ml 1 pg/ml microcollection L2000
EMC
TLR 2/2 Pam,CSK, 1 mg/mi 1 pg/mi microcollection L2020
TLR 3 Poly (I:C) 1 mg/mi 10 pg/ml Invivogen tlrl-pic
LPS 1 mg/mi 1 pg/mi Invivogen tlrl-pelps
TLR 4 g MY g pelp
Flagellin 1 mg/mi 1 pg/mi Invivogen tlrl-bsfla
TLRS g g MY g
162-027-
MALP-2 5 uM/ml 20 nM/ml Alexis C050
TLR 2/6
CLO-97 1 mg/ml 1 pg/ml Invivogen tlrl-c97
TLR 7/8
MWG-Biotech
CpG 3 mg/ml 3 pg/mi AG ODN2216
TLR9 P : HO
RIG-I 5’ppp-dsRNA | 1 mg/mi 1 pg/mi Invivogen tlrl-3prna
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Chapter 3

In-vitro characterisation of Osteoarthritic
synovial fibroblasts through gene and
protein expression profiling
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3.1. Introduction

The complexity of the human immune system, their critical regulators like TLRs, and their
adaptor molecules continues to intrigue researchers, despite being studied for over a
decade. Ever since the discovery of the first mammalian TLR, TLR4 (Medzhitov and
Janeway, 2000), significant research has been carried out towards characterising these
receptors and their fundamental role in the innate and adaptive immune response. TLRs are
a class of pattern recognition receptors (PRRs) whose recognition of varied
microorganisms initiates intricate signalling pathways ultimately leading in to the
induction of various transcription factors like NF-xB, IRFs, AP-1 and CREB and pro-
inflammatory cytokine production (Takeda et al., 2003, Miggin and O’Neill, 2006).
However, improper regulation of the same pathways can result in the onset of various
chronic inflammatory and autoimmune diseases like asthma, atherosclerosis, cancer (Li,
2004), sepsis, SLE (Roelofs et al., 2008) and rheumatoid arthritis (McGettrick and O'Neill,
2010, Roelofs et al., 2008). Recently, convincing studies have showed that the activation
of TLR pathways in osteoarthritis plays a central role in disease development and
progression (Scanzello et al., 2008). Thus, TLRs may play a significant role in modulating
Osteoarthritis (McCormack et al., 2009). Despite this, little background information exists
regarding the TLR receptors, their ligands, mediators and indeed, the OA pathophysiology
itself.

Regarding OA and RA, various inflammatory mediators such as cytokines, chemokines
and MMPs are induced upon innate immune system activation (Scanzello et al., 2008,
McCormack et al., 2009, Roelofs et al., 2008). Hence, TLRs and their signalling pathways
are of particular interest towards understanding arthritis progression. Specific TLRs
(e.0.TLR2, TLR3, TLR4 and TLR9) have been associated with diverse inflammatory
arthropathies (Abdollahi-Roodsaz et al., 2008). Growing evidence suggest that TLRs may
also be activated by endogenous non infectious signals called damage associated molecular
patterns such as hyaluronan and fibronectin (Scanzello et al., 2008).This makes the study
of TLRs more interesting as they are significant inducers of cytokines in diseases with no
palpable infection, such as OA.

Various TLRs are constitutively expressed by a range of immune cells, including

monocytes and macrophages but are found to be up-regulated on other cells in response to
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both IL-1 and TLR-4 (Ojaniemi et al., 2006). TLR-2 and TLR-4 are found to be present in
OA synovial membrane, but are more highly expressed in the RA synovial membrane
(Ospelt et al., 2008). Interestingly, synovial cells from both disorders have been shown to
have equal responsiveness to the TLR-4 ligand LPS and the TLR-2 ligand peptidoglycan
(Kyburz et al., 2003). TLR-2 and TLR-4 have been found to be upregulated in lesional
areas of cartilage in patients with advanced OA (Kim et al., 2006). Murine models of auto-
immune arthritis showed that TLR-4 deficiency resulted in reduced disease severity,
reduced levels of cellular influx, cartilage damage and bone erosion was seen (Abdollahi-
Roodsaz et al., 2008). In contrast, TLR-2 deficient mice developed a more severe disease,
suggesting a protective role for this receptor in this particular model (Abdollahi-Roodsaz et
al., 2008). Together, these data demonstrate the complexity of the TLR signalling
pathways in vivo in the context of RA and suggest the possible interaction of TLRs with
other signalling pathways (Abdollahi-Roodsaz et al., 2008). Both hyaluronan and
fibronectin may act as endogenous damage signals in the process of normal wound healing
by activating the innate immune (TLR signalling) response even in the absence of
pathogens within the joint (Okamura et al., 2001). Both of these ligands are now suspected
to be involved in the altered biology of joint tissues that occurs during aging and injury in
OA (Scanzello et al., 2008). Taken together, these findings have perpetuated an increasing
interest in investigating TLR-mediated activity in OA.

Primary OA is considered as idiopathic with no particular defined aetiology. Conversely,
secondary OA is induced as a result of traumatic injury to the joint (Martel-Pelletier et al.,
1999). OA is a chronic degenerative disease occurring as a result of an imbalance between
extracellular matrix destruction and repair leading to destruction of articular cartilage
components, predominantly cartilage specific proteoglycans and type Il collagen
(Todhunter, 1996). Besides the cartilage, the disease also harms the complete joint
structure along with the subchondral bone, joint capsule and, synovium. OA is frequently
classed as a non-inflammatory disease and the precise cause for the disease is unknown.
However, various studies have identified inflammation of the synovium as playing a
crucial role in the OA pathogenesis (Fell and Jubb, 1977, Ghosh and Cheras, 2001, Pearle
et al., 2007, Fiorito et al., 2005, Pelletier et al., 2001). Synovial inflammation is typified by
an incursion of monocytes, T lymphocytes and neutrophils, along with synovial
vascularisation and hyperplasia (De Clerck et al., 1995, Schulte et al., 1994). Synovitis is

considered to perpetuate pain, cartilage degradation and joint inflammation in OA (Sutton
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et al., 2009). Together with synoviocytes (type A macrophages- 20 % and type B
fibroblasts- 80 % ), chondrocytes and infiltrating leukocytes are also involved in OA
pathogenesis (Fiorito et al., 2005). Acute synovitis may be one of the initial changes to
occur, as inflammatory mediators such as cytokines are detected in synovial fluid from
early OA patients (Sutton et al., 2009).

During the disease process, pro-inflammatory cytokines like TNF-o and interleukin IL-1§
are produced particularly by synoviocytes (Sutton et al., 2009). MMPs and lysosomal
enzymes are released by the chondrocytes, synoviocytes and infiltrating leukocytes leading
to cartilage proteoglycan, collagen and matrix degradation (Clegg and Carter, 1999).
Additionally, other biologically active substances prostaglandin E2 (PGE_), nitric oxide
(NO) and chemokines are induced by these pro-inflammatory cytokines and all of these
contribute to the pathogenesis of OA (Von Rechenberg et al., 2000). In addition, a range of
anti-inflammatory substances molecules modulate OA including IL-4, IL-10, IL-13 and IL-
1B receptor antagonist (IL-1Ra) (Pelletier et al., 2001).

Thus, synovial inflammation or synovitis is commonly observed in the osteoarthritic joints.
It promotes OA pathogenesis by the creation of catabolic and pro-inflammatory mediators
towards altering the balance between cartilage matrix degradation and repair. However, the
stimuli and downstream pathways involved in this process have yet to be clearly identified
(Scanzello et al., 2008, Pelletier et al., 2001). In recent years, research focused on
chondrocytes and synovial macrophages and their role in OA disease progression.
However, the relative contributor of synovial fibroblasts and fibroblast like synoviocytes
(FLS) and their contribution to OA pathology has not been studied in detail. During the
inflammatory episodes associated with OA and RA, the activated synovial fibroblasts or
FLS, secrete a wide variety of proinflammatory cytokines, chemokines, and matrix-
degrading enzymes like MMPs-1, 3, 9, 13 (Sutton et al., 2009, Firestein, 1996), which
perpetuate the chronic inflammatory state and lead to progressive, irreversible damage of
the affected joint (Sutton et al., 2009, Pelletier et al., 2001, Ghosh and Cheras, 2001,
Fernandes et al., 2002). Among the proinflammatory cytokines that are present at high
levels in the synovial fluid of inflamed joints are TNFa and IL-6 (Sutton et al., 2009,
Fernandes et al., 2002). Notably, proinflammatory cytokines such as TNF-a, IL-6 and IL-1
have proven to be excellent therapeutic targets for diseases such as RA (Arend and Dayer,

1990). Moreover, in recent times, mechanisms whereby the cytokines are induced have
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become a primary area of interest for researchers. The recognition of TLRs as key drivers
of cytokine production in RA was recently demonstrated (Roelofs et al., 2009). Such
progress in signalling receptor research has led to a renewed interest in innate immunity

particularly TLRs, among immunologists.

To this end, we have assessed TLRs, cytokines, chemokines and MMP functionality in
OA, RA and normal N FLS in response to PAMPs and inflammatory mediators like
cytokines and chemokines and DAMPs like Hyaluronan using real-time mRNA profiling
and ELISA cytokine profiling. We found that differences exist between OA/RA FLS, when
compared to N-FLS in terms of their cellular responses to various TLR ligands and to
inflammatory mediators and DAMPs. These differences give an insight into the disease
mechanisms that perpetuate the pathological processes associated with OA and offer a

greater understanding of the molecular mechanisms involved in chronic inflammatory

pathology.
3.1.1. Specific aims of chapter 3
1. To evaluate the optimal concentration of TLR agonists, sterile inflammatory

mediators and DAMPs using a defined immortalised synoviocyte cell line —-K4 FLS.

2. To characterise basal and TLR, RLR and cytokine induced expression of TLRs,
RLRs and cytokines in FLS following stimulation with TLR agonists, inflammatory
cytokines and chemokines.

3. To analyse the gene expression profile of major proinflammatory cytokines and
chemokines in N, OA, RA FLS treated with inflammatory cytokines and DAMPs.

4. To quantify the effect of TLR/RIG-I agonists on proinflammatory MMP 1, 3, 9, 13
protein and gene expression profiles in OAVs N FLS.
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3.2 Experimental Materials and Suppliers

Axis-Shield, Norway
Lymphoprep, Prod. no.1114544

Gibco®
Dulbecco’s modified eagle medium + GlutaMAX™, Cat. # 61965026
OPTI-MEM + GlutaMAX™, Catalog No. 51985026

Invitrogen
Alexa Fluor 546 Donkey Anti-Rabbit 1gG, Cat. # A10040

Peprotech
Recombinant human IFN-B, Cat. # 300-02BC
Biotinylated polyclonal rabbit anti-human IFN-B antibody, Cat. # 500-P32BBt

Pro Sci Inc

Rabbit Polyclonal TLR2 Antibody (NT), Cat. # 3135 (50u0).
Rabbit Polyclonal TLR3 Antibody (CT), Cat. # 3643 (50uQ).
Rabbit Polyclonal TLR4 Antibody (NT), Cat. # 3141 (50ug).

Santa Cruz Biotechnology, INC

Mouse monoclonal antibody rose against IFN- of human origin, Cat. # sc-57203

Sigma-Aldrich

Agarose, Cat. # A5304

Tris Acetate-EDTA buffer, Cat. # T4038

Ethylene diamine tetra acetic acid (EDTA), Cat. # E9884
Trypsin-EDTA Solution 10X, Cat. # 59418C
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3.3. Experimental Methods

3.3.1. Culture of immortalised human FLS cells

Immortalised K4 synovial fibroblasts (K4 FLS) (a generous gift from Dr. Evelyn Murphy,
UCD, Ireland), were maintained in Dulbecco‘s Modified Eagle Medium (DMEM), which
was supplemented with 10 % (v/v) foetal bovine serum (FBS), 100 U/ml penicillin and 100
pg/ml streptomycin. Cells were maintained in a 37 °C humidified atmosphere with 5 %
CO,. Cells were passaged every 2 to 3 days using 1 % (w/v) Trypsin/EDTA solution in
phosphate-buffered saline (PBS). K4 FLS were subcultured and maintained at 1.0 x 10°
cells/ml and seeded at 1 x 10° cells/well in triplicates in a 6 well tissue culture plate at the
23" passage until confluent. Prior to stimulation K4 FLS were rendered quiescent by
maintaining the cells in serum free Opti-MEM (Minimum Essential Media) for 24 h.
Further all the cell stimulations were carried out in Opti-MEM using the agonists/ligands
as described in table 2.2 (chapter 2). The cell free supernatants were collected for ELISA

analysis.

3.3.2. Sub culturing of human primary FLS

Cryopreserved FLS isolated from the synovial tissues obtained from patients with RA, OA
or from normal tissue (N) were purchased from ECACC at passage two. The FLS were
grown in complete synoviocyte medium (ECACC) made up using the following
components-basal synoviocyte growth medium supplemented with growth supplement
(ECACC), 100 U/ml penicillin and 100 pg/ml streptomycin. The FLS were cultured and
propagated until passage 6. N, OA, RA FLS utilised for this study were passage 2 to 6.
Confluent cell monolayers were detached from the tissue culture flasks with the aid of 0.25
% trypsin. Briefly, the complete medium was removed and the cells were washed with
phosphate buffered saline (PBS) and 1 mM EDTA pH 8.0. An aliquot (1 ml/T75 flask) of
the trypsin solution (0.25 % trypsin in PBS, 1 mM EDTA pH 8.0) was added to the cell
monolayer. After 30 seconds, 9 ml of complete medium was added to the detached cells.
After gentle mixing, an aliquot (500 ul) of the detached cells were removed for estimation
of cell number. The cells were then seeded at 1 x 10° cells/well in triplicates in a 6 well
tissue culture plate until confluent. Prior to stimulation FLS were rendered quiescent by
maintaining the cells in serum free Opti-MEM (Minimum Essential Media) for 24 h.
Further, all the cell stimulations were carried out in Opti-MEM using the agonists/ligands

as described previously (table 2.2). The cell free supernatants were collected for ELISA
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analysis and the cells adherent on the culture plates were utilized for RNA extraction with
TRIzol reagent.

3.3.3. PBMC isolation, mMRNA extraction and quantification

Human primary peripheral blood mononuclear cells (PBMCs) were isolated from
heparinised peripheral blood from healthy donor by centrifugation in the density gradient
(Lymphoprep, Axis-Shield, Norway). Total RNA was extracted from 1 x10” PBMCs using
1 ml of Trizol reagent per well (1 ml/3.5 cm) was added and the cells were thus lysed
passing through the pipettes several times with the reagent. 200 pl of chloroform was
added to 1 ml of Trizol and mixed vigorously by hand and incubated at RT for 10 min. The
cells were then centrifuged at 14,000 rpm for 15 min at 4 °C. The upper phase (60 %
volume) around 400-500 pl of colourless liquid was then transferred into a sterile
eppendorf tube. To this, equal volumes of isopropyl alcohol was added and mixed well.
This mixture was left for 10 min at RT to precipitate RNA and was then centrifuged at
14,000 rpm for 15 min at 4 °C, and the supernatant was discarded. To the RNA pellet, 500
ul of 75 % ethanol was added followed by centrifugation at 14,000 rpm for 15 min at 4 °C.
The supernatant was discarded and the pellets were then air-dried for 5 min at RT. The
RNA pellets were re-suspended in 10-50 pl of RNAse free water. The concentration of
RNA, thus extracted was measured using a Nanodrop spectrophotometer, pre-blanked
using 1 pl of RNAse free water and A260/280 nm was determined. RNA was stored at -
80°C until further use.

3.3.4. Synthesis of first strand cDNA of PBMCs from mRNA

To 1 pl of random hexamers (100 pM/ul), was added 1 pg of RNA in a total volume of 16
ul. This solution was mixed well and placed at 70 °C for 5 min, followed by 5 min
incubation on ice. To this solution, the other components/reagents were added in the
following order, 4 ul of 5 x RT buffer, 2 pul of ANTP (10mM), 1 ul of RNasin and 1 pl of
MMLV Reverse transcriptase and mixed well. The samples were placed at 37 °C for 40
min, followed by 42 °C for 40 min and finally at 80 °C for 5 min. The first strand cDNA
was stored at -20 °C until further use.

3.3.5. Quantitative real time PCR
Total first strand cDNA was used as a template for real-time PCR quantification using a
DyNAmMoHS SYBR Green kit (Finnzymes) and a real-time PCR system (DNA Engine
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OPTICON® system; MJ Research). For the amplification of TLR 1-10, the respective
primers were used as described in table 3.1. For each TLR mRNA quantification, the
housekeeping gene hypoxanthine phosphoribosyl transferase (HPRT) was used as a

reference point using the respective primers.

3.3.6. Agarose gel electrophoresis

An agarose gel (0.8 %) was prepared by melting 0.8 g of agarose in 100 ml of 1 x TAE in
the microwave for approximately three min until it appeared clear. This solution was
allowed to cool until hand hot and then poured in to a casting tray and a plastic comb was
inserted to create the wells. The molten agarose was allowed to solidify. The plastic comb
was removed and the gel was placed in the gel electrophoresis base unit (Hoefer Scientific
Instruments) filled up with 1 x TAE, so that the gel was completely submerged. Next, 7 pl
of PCR product in 2 ul of DNA loading buffer (6.25 ml of H,0O, 25 mg of Xylene Cyanol,
25 mg of Bromophenol Blue, 1.25 ml of 10 % SDS and 12.5 ml of glycerol in 1 pl of TE
(0.04 Tris-acetate, 1 mM EDTA, pH 8.0) or the 100 bp DNA ladder were loaded on to the
gel. After the complete assembly of the gel unit, the electrophoresis was run at constant
volts (100 V DC, 250 mA and 20 W) for approximately 30 min. Care was taken to ensure
that the samples did not run off the end of the gel. The gel was removed and placed in
ethidium Bromide for 10 min. The gel was de-stained in water and visualised using the

Eagle Eye camera system/ UVPGDS8000 gel documentation system.

3.3.7. Meso Scale Human MMP 3-Plex Assay

Cell free supernatants were used for measuring MMP 1, MMP 3, and MMP 9 using Meso
Scale 96-Well MMP 3-plex ultra sensitive assay kit (Meso Scale Discovery (MSD)). The
Human MMP 3-Plex assay detected MMP 1, 3, 9 in a sandwich immunoassay format. The
MSD supplied a 96 well ultra sensitive plate pre-coated with MMP 1, 3, 9 capture
antibodies on spatially distinct spots on the plate. First, the pre-coated MMP 3-plex plate
was incubated with 25 pl/well of Diluent 2 (R51BB-4) supplied with the kit for 30 min at
room temperature (RT) with vigorous shaking at 1000 rpm. Next, the samples (cell free
supernatants) or appropriate dilution of Calibrator (highest calibrator point was obtained
by diluting the stock by 10 fold in Diluent 2 and from this an 8 point standard curve with
4-fold serial dilution was prepared-assay range 500,000 to O pg/ml) was added to separate
wells of the MSD plate in duplicates. The plate was sealed with an adhesive seal and
incubated for 2 h with vigorous shaking (1000 rpm) at RT. Next, the plate was washed
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three times with wash buffer (PBS-T) and was pat dry. The SULFO-TAG Detection
Antibody Blend provided as 50 x stock solution was diluted to a final working
concentration of 1 x, by mixing 60 ul of stock antibody blend with 2.94 ml of Diluent 3
(R51BA-4) supplied with the kit. Further, 25 pl/well of the 1 x detection antibody solution
was added to each well of the MSD plate and the plate was sealed and incubated for 2 h
with vigorous shaking (1000 rpm) at RT. Next, the wash step was repeated and 150
pl/well of 2x diluted Read Buffer T (R92TC-3) was added in to each well of the MSD
plate. The plate was immediately read on the SECTOR Imager and the data was analysed

using the MSD Discovery Workbench analysis software.

3.3.8. Human IFN-B ELISA design and optimization

To detect human IFN-B levels in the cell free supernatants, a sandwich ELISA method was
designed and optimized using an anti-human IFN-[J mouse monoclonal capture antibody
(sc-57203-A; Santa Cruz Biotechnology), human recombinant IFN-[] standard (300-02BC,;
Peprotech) and an affinity purified polyclonal antibody biotinylated rabbit anti-human
IFN-B detection antibody (500-P32BBt; Peprotech). First, the 96-well NUNC Maxisorb
ELISA plate was coated with 100 pl/well of mouse anti-human IFN-B capture antibody
1:100 diluted in PBS followed by incubation overnight at RT. The following day, the plate
was washed three times with wash buffer (PBS with 0.05 % (v/v) Tween-20) and pat dried.
The plate was blocked for at least 2 h with 200 pl/well of PBS containing 3 % (w/v)
bovine serum albumin (BSA) and 1 % Tween (v/v). Next, the wash step was repeated for
three times and the plate was pat dried. Next, the samples (cell free supernatants) or
standard (the recombinant human IFN-B, 100 pl diluted in reagent diluent (0.1 % (w/v)
BSA, 0.5 % (v/v) Tween in 10 mM Tris—HCI, pH 7.5 containing 150 mM NaCl in Tris-
buffer saline (TBS) ) was added at 100 pl/well. The IFN-B standard concentrations were
between 0 and 2000 pg/ml. The plate was incubated with samples or standards for 2 h at
RT and washing of the plate was repeated. The detection antibody (100 ul per well;
biotinylated rabbit anti-human IFN-B antibody diluted 1:200 in reagent diluent) was added
to each well and the plate was incubated for 2 h at RT and washed. Next, the streptavidin-
horseradish peroxidase (HRP) conjugate (100 ul) was added to each well and the plate was
further incubated in the dark for at least 30 min at RT and then the wash step was repeated.
Next 100 ul of substrate, Tetra methyl benzidine liquid substrate (TMB, 1.25 mM/L) was
added to each well of the plate and incubated in the dark for 20 min. After 20 min, 50 pl of

1N sulphuric acid (H,SO,4) was used to stop the reaction and the OD was measured for
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each well at 450 nm and 590 nm using an ELx800TM microplate reader with Gen5 Data
Analysis Software. The concentration of IFN-B in each sample was extrapolated from a
standard curve that related the OD of each standard amount to the known concentration.
Standard samples were assayed in duplicate to generate the standard curve, while all

samples (cell supernatants) were assayed in triplicates.

3.3.9. Statistical Analysis

All the data presented are representative of at least three independent experiments
performed in triplicate and all the data are expressed as mean + standard error of the mean
(S.E.M.) (mean = S.E.M). Statistical comparisons were performed using an unpaired
Student’s t-test. Differences with a p value less than 0.05 were denoted with (*) and the

values less than 0.01 as (**) and were considered statistically significant
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Table 3.1:

Human real time PCR Oligonucleotides used for the amplification of human genes (TLR, cytokine/chemokine, adaptor, RLR, MMP) and
HPRT-housekeeping gene.

Human Gene Gene accession Forward primer sequence (5’-3°) Reverse primer sequence (5°-3°) Predicted Annealing
number fragment Temperature
size (bp) (T, °C)

HPRT NM_000194.2 AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 104 60
TLR1 NM_003263.3 TATTCCTCCTGTTGATATTGCTGCT TAAATGGTGAACTGCGACCCGAAG 135 60
TLR2 NM_003264.3 ACCTGTCCAACAACAGGATCACCT TGTTCAAGACTGCCCAGGGAAGAA 139 60
TLR3 NM_003265.2 AAGAACTCACAGGCCAGGAATGGA AAGAGGCTGGAATGGTGAAGGAGA 182 60
TLR4 NM_138554.3 GCCGAAAGGTGATTGTTGTGGTGT TACCAGCACGACTGCTCAGAAACT 108 60
TLR5 NM_003268 GTTGCAACTTGCCTGGGAAACTGA AGCCTGTTGGAGTTGAGGCTTAGT 162 60
TLR6 NM_006068.2 TGAGGTTAGCCTGCCAGTTAGAGA TTTGGGAAAGCAGAGTGGAGAGGA 126 60
TLR7 NM_016562 TATTCCCACGAACACCACGAACCT GCAGCCTCTTGATGCACATGTTGT 164 60
TLRS8 NM_138636 TGTCTCAGAGGCTGCAATGTAGGT AGGCTCGCATGGCTTACATGAGTA 136 60
TLR9 NM_017442 CCACAACAACATCCACAGCCAAGT TGGGACAAGTCCAGCCAGATCAAA 162 60
TLR10 NM_030956 CTGGCAACATGTCACACCTGGAAA AAGATGGGCAGGCTACCTTCTTCA 151 60
IL-6 NM_000600.3 AGCCACTCACCTCTTCAGAACGAA CAGTGCCTCTTTGCTGCTTTCACA 121 60
TNF-a, NM_000594.2 CACCACTTCGAAACCTGGGA CACTTCACTGTGCAGGCCAC 115 60
IFN-B NM_002176.2 AACTGCAACCTTTCGAAGCC TGTCGCCTACTACCTGTTGTGC 123 60
RANTES/CCL5 NM_002985.2 TGCCTGTTTCTGCTTGCTCTTGTC TGTGGTAGAATCTGGGCCCTTCAA 92 60
IP-10/CXCL10 NM_001565.3 ATTATTCCTGCAAGCCAATTTTG TCACCCTTCTTTTTCATTGTAGCA 127 60
TRIF NM_182919.2 AGCTCCAGAAACCAGCACCAACTA TGAAAGCTGAGTGGTCTATGGCGT 166 60
MYD-88 NM_001172567.1 TCCACAGTGATGCCTACTGATGCT ATGCAGATGAGAGGTGGACCCATT 154 60
RIG-1/DDX58 NM_014314.3 ATTGCCACCTCAGTTGCTGAT ACATACTCATAAAGGATGACAAGATTG 149 60
MDA-5/IFIH1 NM_022168.2 AGGCACCATGGGAAGTGATTCAGA TGGGCAACTTCCATTTGGTAAGGC 99 60
MMP-1 NM_004530.4 AGAAGGATGGCAAGTACGGCTTCT AGTGGTGCAGCTGTCATAGGATGT 125 60
MMP-3 NM_002422.3 AGTGGTGCAGCTGTCATAGGATGT ACAAGGTTCATGCTGGTGTCCTCA 191 60
MMP-9 NM_004994.2 TACCACCTCGAACTTTGACAGCGA GCCATTCACGTCGTCCTTATGCAA 193 60
MMP13 NM_002427.3 AGTTTGCAGAGCGCTACCTGAGAT TCGTCAAGTTTGCCAGTCACCTCT 145 60
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3.4. Results

In this study, a quantitative Real time RT-PCR based approach was developed and
optimised to screen for and determine the relative gene expression profiles of major OA
related cytokines and chemokines like IL-6, IFN3, TNFa, RANTES/CCLS5, IP-10 (Sutton
et al., 2009, Fernandes et al., 2002). Additionally, the role of key innate immune receptors
namely TLRs 1-9 and cytosolic RIG-I and MDA-5 receptors and their respective adaptor
proteins, MyD88 and TRIF, in OA pathology was investigated. Furthermore, the
modulation of matrix degrading enzymes such as MMP 1, 3, 9, 13, which are attributed to
cartilage destruction (Yamanishi et al., 2002) and synovitis in OA were also studied in this
chapter. Also, immunofluorescent staining for major TLR proteins was performed and the
specific immunoreactivity was visualized using confocal microscopy. Where possible, to
compliment our hypothesis that key TLRs may induce OA related inflammatory
cytokines/chemokines/MMPs secretion, we employed a relevant cell model namely FLS
derived from Normal (N), Osteoarthritis (OA) and Rheumatoid Arthritis (RA) patients,
where RA-FLS were primarily used for comparative purposes, as they have a well
established role in RA progression (Kim et al., 2007, Firestein, 1996). Screening of N-FLS
Vs OA-FLS Vs RA-FLS, for basal TLR gene expression profiles or by measuring the
spontaneous cyto-chemokine secretions or by stimulating the above cell types with
synthetic TLR specific agonists/ligands (Roelofs et al., 2008) or with inflammatory
mediators like IL-6, IL-B, IFNB, TNFa, RANTES/CCLS5 (Martel-Pelletier et al., 1999) or
by DAMPs such as hyaluronan (Scanzello et al., 2008) was undertaken. The read outs for
the above mentioned screening studies were either in the form of levels of protein (pg/ml
of cytokines (IL-6, IFNB, TNFa, IL-10, IL-1p, IL-15) / chemokines (RANTES/CCLS5, IP-
10) / MMPs (MMP-1, 3, 9, 13)) measured through ELISA or relative mRNA expression /
fold gene induction of basal or induced TLRs 1-9, RLRs (RIG-I, Mda5), TLR adaptor
molecules (e.g. TRIF, MyD88) gene expression and as well OA related inflammatory

cytokines, chemokines and MMPs as indicated above.

3.4.1. Analysis of basal expression profile of TLRs 1-9 in FLS

Given the increasing evidence that TLR activation may play a crucial role in OA
progression (Scanzello et al., 2008) by mediating synovitis, it was essential to investigate
the basal expression profiles of TLRs 1-9 in FLS, given that very little is known about the
role of FLS in OA progression. This was achieved by employing a real time RT-PCR
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approach whereby total RNA isolated from FLS was used as a template for RT-PCR
analysis of TLR expression using TLR1-TLR9 specific oligonucleotides. Accordingly
basal TLR gene expression profile in these three types of FLS (N, OA, and RA) is
presented in the Figure 3.1. No significant differences in TLR 1, 5, 6 and 8 expression
among N, OA and RA FLS was observed (Figure 3.1, panels A, E, F, H, n=3). Whereas, a
two fold increase in TLR-2 expression in RA-FLS was observed in (Figure 3.1, panel B,
n=3), when compared to OA and N FLS, and this correlates with previous studies
(Abdollahi-Roodsaz et al., 2008, Seibl et al., 2003). A similar two fold increase in TLR-4
expression was observed in RA-FLS, when compared to N-FLS (Figure 3.1, panel D,
n=3), and this correlates with previous findings (Ospelt et al., 2008). OA-FLS showed a
trend towards increased TLR-4 expression compared to N-FLS, but was not significant.
Furthermore, a similar increase in TLR-9 expression in RA-FLS was detected (Figure 3.1,
panel 1, n=3). Regarding TLR3, a 2.5 fold induction was detected in OA-FLS when
compared to RA and N FLS (Figure 3.1, panel C, n=4). This is in contrast to previous
publications (Ospelt et al., 2008). A 0.7 fold induction of TLR-7 was observed in OA-FLS
when compared to RA and N-FLS (Figure 3.1, panel E, n=3). Thus N, OA, RA FLS
express all the TLRs 1-9, however significant differences were observed in the basal
expression magnitude of few TLRs like TLR-3 in OA (p <0.05) and TLR-2, 4,9 in RA (p
< 0.05) relative to N-FLS, which might signify a probable role for TLR activation

downstream the arthritis progression.

3.4.2. Analysis of TLR agonist induced and time dependent expression profile
of TLR 1-9 genes in FLS

Given the evidence that activation of innate immune system, particularly the TLR
pathways may play a central role in OA progression (Scanzello et al., 2008, McCormack et
al., 2009) and synovitis, it was critical to further assess the TLR activation and
functionality in FLS cells. While it is know that TLRs on various cell types can be
selectively activated by specific agonists/PAMPs (Takeda et al., 2003, Miggin and O’Neill,
2006), herein, an attempt was made to characterise ligand-induced TLR gene expression
profiles in FLS. Hence, N, OA, RA FLS were stimulated with TLR ligands for different
time points, followed by analysis of
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Figure 3.1:  Basal expression profile of TLRs 1-9 in FLS. Total RNA was isolated from
unstimulated N-FLS, OA-FLS and RA-FLS (n=3 for each cell type) and used as a template
for quantitative real-time RT-PCR to assay the basal mMRNA expression levels of TLR1 (A),
TLR2 (B), TLR3 (C), TLR4 (D), TLRS5 (E), TLR6 (F), TLR7 (G), TLR8 (H) and TLR9 (1).
The levels of the relevant mMRNAs were normalised relative to the housekeeping gene HPRT
and are expressed relative to normalised values from unstimulated cells. All the data
presented are representative of at least three independent experiments performed in triplicate
(mean = S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05 denotes the

level of significance relative to N-FLS.
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TLR mRNA expression. Stimulation of N, OA, RA FLS with Pam3zCSK, (1pug/ml), induced
a maximum of 4-fold increase in TLR-1 expression at 16 h in OA-FLS and a 2-fold
increase in RA-FLS at 3 h when compared to N-FLS (Figure 3.2, panel A, n=3). Similarly
upon stimulation with MALP-2 (20nM), a significant 8-fold increase in TLR6 expression
in OA-FLS and a 4-fold increase in RA-FLS at 60 min, was evident when compared to N-
FLS (Figure 3.2, panel F, n=3). Alternatively, Flagellin (1pg/ml) induced a 16-fold
increase in TLR-5 mRNA expression in RA-FLS when compared to OA and N-FLS at 60
min and a consistent 10-fold increase in RA-FLS at 30 min, 3 h and 16 h respectively
(Figure 3.2, panel E, n=3, p < 0.05). Likewise, stimulation with CLO-97 (10ug/ml) for 60
min, induced a 6-fold increase in TLR-8 mMRNA expression in RA-FLS relative to N-FLS
(Figure 3.2, panel H, n=3, p < 0.05). Whereas, upon stimulation with CLO-97 (1pg/ml) for
3 h, a significant 12-fold induction in TLR-7 mRNA expression was observed in OA-FLS
relative to RA and N FLS (Figure 3.2, panel G, n=3, p < 0.05). Moreover, a significant 14-
fold increase in TLR-9 mRNA expression was evident in RA-FLS, when treated with CpG
(3pg/ml) for 60 min (Figure 3.2, panel I, n=3, p < 0.05).

Interestingly, the highest and most significant difference in TLR mRNA expression was
observed in OA-FLS upon Poly(l:C) stimulation. Stimulation with Poly(l:C) for 60 min
induced an 80-fold induction of TLR-3 mRNA in OA-FLS (p < 0.001), and a 20-fold
increase in TLR3 mRNA in RA-FLS (p < 0.05) when compared to N-FLS (Figure 3.2,
panel C, n=3). As expected, a 30-fold increase in TLR-2 mRNA expression was detected
upon stimulation with Pam3CSK, for 3 hr (1ug/ml) in RA-FLS (p < 0.01) and this was
sustained even at 16 h relative to N-FLS. In OA-FLS (p < 0.05), a 12-fold induction of
TLR-2 was detected at 3 hr (Figure 3.2, panel B, n=3). Moreover, a 70-fold increase in
TLR-4 mRNA expression was detected in RA-FLS (p < 0.001) and a 50-fold increase in
OA-FLS (p < 0.01), respectively, upon stimulation with LPS (1pg/ml) for 60 min, and a
trend towards TLR-4 mRNA at 3 h and 16 h in both RA and OA-FLS relative to N-FLS
was detected (Figure 3.2, panel D, n=3), which was in contrary to the TLR-2 mRNA,
which showed an increasing trend line at 3 h and 16 h. These data correlate with previous
studies demonstrating a time dependent differential induction of TLR-2 and TLR-4 mRNA
expression in RA-FLS (Ospelt et al., 2008, Kim et al., 2007). In contrast to a previous
study (Ospelt et al., 2008), TLR-3 mRNA induction was higher in OA-FLS compared to
N-FLS upon Poly(1:C) stimulation.
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Analysis of TLR agonist induced and time dependent expression profile

of TLRs 1-9 genes in FLS. (A-1) N-FLS, OA-FLS and RA-FLS (n=3 for each cell type)
were treated with Pam3CSK, (1 pg/ml; TLR1/2 ligand), Pam,CSK, (1 pg/ml; TLR2 ligand),
Poly(I:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), Flagellin (1 pg/ml; TLR5
ligand), MALP-2 (20nM/ml; TLR2/6 ligand), CLO-97 (1 pg/ml; TLR7/8 ligand) and CpG
(3 pg/ml; TLR9 ligand) for 30 min, 60 min, 3 h and 16 h respectively. Total RNA was then
isolated from control and stimulated N-FLS, OA-FLS, RA-FLS and used as a template for
guantitative real-time RT-PCR to assay the mRNA expression levels of TLR1 (A), TLR2
(B), TLR3 (C), TLR4 (D), TLRS5 (E), TLR6 (F), TLR7 (G), TLR8 (H) and TLR9 (I). The
levels of the relevant mMRNAs were normalised relative to the housekeeping gene HPRT and

are expressed relative to normalised values from unstimulated or control cells. All the data

presented are representative of at least three independent experiments performed in triplicate

(mean + S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01

denotes the level of significance relative to respective cell type control.
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3.4.3. Agarose gel electrophoresis quantification of RT-PCR products for
TLR 1-10in FLS

Routinely, to substantiate the above TLR mRNA expression studies in FLS and to further
validate the accuracy and TLR oligonucleotide specificity of the RT-PCR amplified TLR
products in FLS, agarose gel electrophoresis was performed using the RT-PCR generated
products from N-FLS (Figure 3.3, panel A), OA-FLS (Figure 3.3, panel B) and PBMCs
(Figure 3.3, panel C). Wherein, PBMCs served as positive cell controls, as these cells were
previously shown to express all TLRs (Siednienko and Miggin, 2009). The relevant PCR
products were qualitatively identified for correct TLR amplicon sizes as indicated on the
Figure 3.3, using a 100 bp DNA ladder (denoted as M), where HPRT served as a house
keeping gene to ascertain whether the RT-PCR procedure itself was successful. The RT-
PCR generated TLR mRNA amplicons were of correct size, as the mRNA lacks an intronic
region, and should genomic DNA contamination have occurred, an incorrect and much
larger amplification product would have been amplified. Moreover, increased levels of
TLR2, 3 and 4 RT-PCR products were detected in OA-FLS relative to N-FLS and PBMCs
(Figure 3.3, panel B).

3.4.4. Analysis of TLR 2, 3, 4 protein expression in FLS using confocal
microscopy

To substantiate the finding that TLR 2, 3, 4 mMRNA expression was more predominant in
OA-FLS relative to N-FLS, indirect immunofluorescent staining using anti-TLR2, anti-
TLR3 and anti-TLR4 antibodies was performed. Appropriate TLR specific
immunoreactivity was visualised by confocal microscopy using an Alexa Fluor 546
fluorescent labelled secondary antibody which was observed as red staining in N-FLS
(Figure 3.4, panel A) and OA-FLS (Figure 3.4, panel B) and cell nuclei were stained in
blue using DAPI.. Firstly, it was clear that TLR 2, 3, 4 protein is expressed in N and OA-
FLS and secondly a marked increase in basal TLR 2, 3, 4 immunofluorescence was
detected in OA-FLS relative to N-FLS. This is consistent with the TLR2, 3, 4 mRNA
expression studies and supports the notion that TLR 2, 3, 4 may play a role in OA
development.
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Figure 3.3:  Agarose gel electrophoresis quantification of RT-PCR products for
TLRs (1-10) in FLS. Total RNA was isolated from N-FLS (panel A) and OA-FLS (panel
B). Also, total RNA was isolated from peripheral blood mononuclear cells (PBMCs, panel
C) from healthy donors. The RNA was used as a template for RT-PCR to assay the basal
MRNA expression levels of TLR1-10. Correct RT-PCR product size was confirmed using

the 100 bp DNA molecular weight marker (M; from Promega).
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Figure 3.4:  Analysis of TLR2, 3, 4 expression in FLS using confocal microscopy. N-

OA-FLS-TLR 4

FLS (A) and OA-FLS (B) were grown on glass cover slips and were permeabilised, fixed
and probed for immunoreactivity with anti-TLR2 (1:100 dilution), anti-TLR3 (1:100
dilution) and anti-TLR4 (1:100 dilution) antibodies. Immunoreactivity was visualized by
confocal microscopy using an Alexa Fluor 546 (1:500 dilution) labelled secondary
antibody seen as red staining. DAPI staining of nuclei is also included and seen as blue
staining, and confirmed no off-target binding by the fluorescent secondary antibody (DAPI
panels in A and B are DAPI + Alexa Fluor 546). Confocal images were captured using an
Olympus FluoView FV1000 System laser scanning microscope equipped with the
appropriate filter sets. Data analysis was performed using the Olympus FV 1.6 b imaging
software. All results are representative of at least three independent experiments.
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3.4.5. Analysis of basal expression profile of major proinflammatory cytokine
and chemokine genes in FLS

During the inflammatory episodes associated with OA and RA, the activated FLS secrete a
wide variety of proinflammatory cytokines and chemokines (Sutton et al., 2009, Firestein,
1996), which may perpetuate the chronic inflammatory state and lead to progressive,
irreversible damage of the affected joint (Sutton et al., 2009, Pelletier et al., 2001, Ghosh
and Cheras, 2001, Fernandes et al., 2002). Also, the proinflammatory cytokines, TNFo and
IL-6, are present at high levels in the synovial fluid of inflamed joints (Sutton et al., 2009,
Fernandes et al., 2002). Given this, an attempt was made to characterise the actual/basal
MRNA expression profiles of key cytokines that may be linked with OA and RA, namely,
TNFa, IL-6, IFNB and chemokines, namely, RANTES/CCLS5 and IP-10 in N, OA and RA-
FLS. Interestingly, a significant 2-fold increase in basal IFN mMRNA expression was
detected in OA-FLS relative to N-FLS (Figure 3.5, panel E, n=3, p < 0.05). A similar
increase in basal 1L-6 mMRNA expression was observed in OA-FLS (Figure 3.5, panel B,
n=3) and as well a significant increase in TNFa mRNA expression was detected in OA-
FLS relative to N-FLS (Figure 3.5, panel A, n=3, p <0.05).

In contrast, a trend towards increased levels of basal IFNp, IL-6, TNFa mRNA expression
was observed in RA-FLS relative to N-FLS respectively, though this was not significant
(Figure 3.5, panels E, B, A). Also, a non significant increase in basal RANTES/CCL5 was
detected in OA-FLS and RA-FLS relative to N-FLS (Figure 3.5, panel C, n=3). Also, a
non-significant decrease in IP-10 mMRNA expression was detected in OA-FLS relative to
N-FLS (Figure 3.5, panel D, n=3) and this correlates with recent findings (Saetan et al.,
2011), but is in contrast to a previous publication (Hanaoka et al., 2003). Hence, the
differential basal cytokine and chemokine mRNA expression levels in OA-FLS may
signify a critical role for inflammatory mediators in OA pathogenesis. Moreover, the
stimuli that serve to modulate such differences in expression are not yet fully known, thus
further investigation of the cytokine and chemokine signalling pathways in the contest of

OA is indispensable.
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Figure 3.5:  Analysis of basal expression profile of cytokine/chemokine genes in
FLS. Total RNA was isolated from unstimulated and stimulated N-FLS, OA-FLS and RA-
FLS (n=3 for each cell type) and used as a template for quantitative real-time RT-PCR to
assess the mRNA expression levels of TNFa (A), IL-6 (B), RANTES/CCLS5 (C), IP-10 (D)

and IFNPB (E). The levels of the relevant mRNAs were normalised relative to the

housekeeping gene HPRT and are expressed relative to normalised values from

unstimulated cells. All the data represented are representative of at least three independent

experiments performed in triplicate (mean + S.E.M). Data was subjected to an unpaired

Student’s t test. * p < 0.05 denotes the level of significance relative to N-FLS.
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3.4.6. Analysis of TLR or RLR (RIG-I) ligand induced expression profile of
major pro-inflammatory cytokine or chemokine genes in FLS

Many research groups have shown that inflammation of the synovium plays a crucial role
in OA pathogenesis (Fell and Jubb, 1977, Ghosh and Cheras, 2001, Pearle et al., 2007,
Fiorito et al., 2005, Pelletier et al., 2001) and FLSs have been described as the major
effector cell type in the synovium (Mdller-Ladner et al., 2007). These cells have been
attributed with the production of proinflammatory cytokine and chemokines in the OA
joint (Sutton et al., 2009). Given that FLS may become activated by exogenous pathogenic
stimuli like the synthetic TLR agonists (Ospelt et al., 2008), and our previous observation
that TLRs are modulated in OA (Figure 3.2), it was essential to further investigate pro-
inflammatory cytokines and chemokines that may be secreted by FLS upon TLR
activation. As there is a possibility that the RLRs may also be involved in OA, FLSs were
also stimulated with a RIG-1 ligand namely, 5’ triphosphate double stranded RNA (5’ ppp-
dsRNA) as described previously (Hornung et al., 2006), in conjunction with the previously
described TLR ligands (section 3.4.2). Accordingly, N, OA and RA-FLS were stimulated
with the following TLR ligands: Pam3sCSK, (1 pg/ml; TLR1/2 ligand), Pam,CSK, (1
pg/ml; TLR2 ligand), Poly(I:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand),
Flagellin (1 pg/ml; TLR5 ligand), MALP-2 (20nM; TLR2/6 ligand), CLO-97 (1 pg/ml,
TLR7/8 ligand), CpG (3 pg/ml; TLRO ligand) and 5” ppp dsRNA (1 pg/ml; RIG-I ligand)
followed by analysis of TNFa, IL-6, RANTES/CCLS5, IP-10 and IFNB mRNA expression
(Figure 3.6).

Predominantly Poly(I:C) (10 pg/ml) stimulation significantly increased TNFa mRNA
expression by 17-fold in OA-FLS (p < 0.01) and by 7-fold in RA-FLS relative to N-FLS.
In contrast, LPS and Pam,CSK, induced a 6-fold and 2-fold increase in TNFo. mRNA
expression, respectively, in OA-FLS relative to N-FLS. Other TLR ligands and the RIG-I
ligand did not induce TNFa mRNA expression in FLS (Figure 3.6, panel A, n=3).
Regarding, IL-6 mRNA expression, a significant 16-fold increase in IL-6 expression was
detected in OA-FLS (p < 0.05) relative to N-FLS upon Poly(l:C) stimulation. Similarly, a
significant 15-fold increase in 1L-6 expression was detected in RA-FLS (p < 0.05) upon
Pam,CSK, stimulation. Likewise, a significant 13-fold increase in IL-6 expression in RA-
FLS (p <0.05) was evident with Pam3CSK, stimulation, while other TLR or RIG-I1 ligands
failed to induce IL-6 mRNA expression in FLS (Figure 3.6, panel B, n=3). Furthermore, a
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Figure 3.6:  Analysis of TLR/RIG-I ligand induced expression profile of major pro-
inflammatory cytokines/chemokine genes in FLS. (A-E) N-FLS, OA-FLS and RA-FLS
(n=3 for each cell type) were treated with Pam3CSK, (1 pg/ml; TLR1/2 ligand, Pam,CSK,
(1 pg/ml; TLR2 ligand), Poly(l:C) (10 pg/ml; TLR3 ligand), LPS (1 pug/ml; TLR4 ligand),
Flagellin (1 pg/ml; TLRS ligand), MALP-2 (20nM; TLR2/6 ligand), CLO-97 (1 pg/ml;
TLR7/8 ligand), CpG (3 pug/ml; TLR9 ligand) and 5’ ppp dsRNA (1 ug/ml; RIG-I ligand)
for 16 h. Total RNA was then isolated from control and stimulated N-FLS, OA-FLS, RA-
FLS and used as a template for quantitative real-time RT-PCR to assay the mRNA
expression levels of TNFa (A), IL-6 (B), RANTES/CCLS5 (C), IP-10 (D) and IFN (E). The
levels of the relevant mMRNAs were normalised relative to the housekeeping gene HPRT and
are expressed relative to normalised values from unstimulated or control cells. All the data
presented are representative of at least three independent experiments performed in triplicate
(mean = S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01
denotes the level of significance relative to respective cell type control.
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significant 6.5-fold increase in RANTES/CCL5 mRNA expression was detected in OA-
FLS (p < 0.05) relative to N-FLS upon Poly(l:C) stimulation. A nonsignificant 4.5-fold
increase in RANTES expression in RA-FLS was evident upon Pam,CSK, stimulation.
Other TLR or RIG-I ligands were without effect on RANTES mRNA expression in FLS
(Figure 3.6, panel C). A significant 7-fold increase in IP-10 mRNA expression was
detected upon Poly(l:C) stimulation in OA-FLS (p < 0.05) relative to N-FLS. A
nonsignificant 3.5-fold increase in IP-10 expression was observed in RA-FLS upon
stimulation with Pam,CSK, stimulation and other TLR or RIG-I ligands did not affect IP-
10 mRNA expression in FLS (Figure 3.6, panel D). Correspondingly, a significant 9-fold
increase in IFNB mRNA expression was detected in OA-FLS (p < 0.05), and a 4-fold
increase in RA-FLS relative to N-FLS upon stimulation with Poly(l:C). Similarly, a
significant 8-fold increase in IFNp expression in RA-FLS (p < 0.05) relative to N-FLS was
evident upon Pam,CSK, stimulation and no significant increase in IFNf expression in RA-
FLS was detected upon Pam3CSK, stimulation (Figure 3.6, panel E). Other TLR or RIG-I
ligands had little or no effect on IFNB mRNA expression in FLS (Figure 3.6, panel E).
These data suggest that TLRs rather than RLRs might play a key role in modulating OA by
inducing proinflammatory cytokine and chemokine cascades in FLS, as suggested
previously (McCormack et al., 2009). The cytokine and chemokine cascades may work
both in an autocrine and a paracrine fashion and may serve to perpetuate synovial
inflammation, ultimately leading to joint destruction and OA progression (McGettrick and
O'Neill, 2010, Roelofs et al., 2008). The findings suggest a probable role for TLR-3
activation in OA disease perpetuation, though further validation at the protein level is
required.

3.4.7. Analysis of TLR agonists or sterile inflammatory mediators induced
cytokine or chemokine production using human immortalised K4 FLS

K4 FLS represents a valuable and unique tool to study the mechanisms that induce and
maintain synoviocyte activation (Aicher et al., 2003, Biniecka et al., 2011). K4 FLS were
employed for preliminary investigations towards the optimisation of TLR/DAMP ligand
concentrations (data not shown) and to study the cytokine and chemokine profiles in
synoviocytes upon stimulation with various TLR agonists, sterile inflammatory mediators
and DAMPs, as growing evidence suggest that TLRs may also be activated by endogenous
non infectious signals called DAMPs namely hyaluronan (Scanzello et al., 2008), and
cytokines namely IL-1p and TNFa (Zhu et al., 2011). Herein, we investigated the effect of
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TLR 1-9 ligands and inflammatory mediators namely, hyaluronan, IL-1p and TNFa on the
secretion of vital cytokines and chemokines in a joint using K4 FLS by ELISA. K4 FLS
were stimulated with various TLR ligands and sterile inflammatory mediators for 16 h.
Notably, unstimulated control cells also secreted small amounts of cytokines and
chemokines, which showed the spontaneous cytokine secretion ability of synoviocytes, and
this correlates with previous findings (Arend and Dayer, 1990). More specifically, K4 FLS
secreted notable amounts of pro-inflammatory cytokines namely, I1L-6, IFNB, TNFa, IL-
15, IL-1B, chemokine RANTES/CCLS5 and an anti-inflammatory cytokine IL-10 (Figure
3.7, panels A, B, D, E, G, C and F). It was clear from Figure 3.7, that Poly(Il:C) (10 pg/ml)
induced highest amounts of IL-6 secretion in K4 FLS (4401.1 + 222.2 pg/ml from basal
3479.1 + 207.1 pg/ml), IFNB (4736.1 £ 233.5 pg/ml from basal 3968.6 + 133.2 pg/ml),
RANTES (6427.0 + 311.6 pg/ml from basal 2929.7 £ 204.1 pg/ml). Hyaluronan (20ug/ml)
was found to induce the highest TNFa secretion in K4 FLS (1573.8 + 145.4 from basal
203.3 £ 9.7 pg/ml). Stimulation with IL-1p induced its own secretion (399.1 £ 9.7 from
basal 33.3 = 0.7 pg/ml). Stimulation with MALP-2 (20 nM) induced the highest levels of
IL-15 secretion in K4 FLS (88.0 £ 6.8 from basal 25.5 + 3.5 pg/ml). MALP-2 also induced
IL-10 secretion in K4 FLS (2443.0 + 239.0 from basal 886.3 + 14.9 pg/ml). Together,
these data provide evidence that FLS can be activated specifically by the selected
concentrations of TLR ligands and DAMPs in-vitro, which in turn, induces the recurrent
secretion of inflammatory mediators which may aid in perpetuating synovitis and joint

destruction.

3.4.8. Analysis of spontaneous and TLR or RIG-I ligand induced secretion of
cytokines and chemokines in FLS

To further corroborate our the cytokine/chemokine mRNA expression studies (Figure 3.5)
and to substantiate the observations of Figure 3.6, we aimed to further investigate the
protein expression profiles of these cytokines/chemokines using the optimised
concentration of the PAMPs or DAMPs as described (Figure 3.7) and N, OA and RA-FLS
as models. Initially, to examine whether perturbations in the spontaneous cytokine
production as evident in earlier K4 FLS study, occur as a consequence of disease
pathology and to define how prevalent these mediators are in the disease, the actual
cytokines or chemokines secreted by the FLS without any external stimuli were examined
and illustrated in (Figure 3.8, panel A). Accordingly, it was evident that N.OA.RA.FLS,
spontaneously secreted IL-6, IFNB, TNF-0, RANTES, IL-10, IL-1p and IL-15 to varying
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Figure 3.7: Analysis of TLR agonists or sterile inflammatory mediators induced
cytokine/chemokine production using immortalised human K4 FLS. The concentrations
of TLR ligands or sterile inflammatory mediators were initially optimised using the
immortalised synoviocyte cell line K4 FLS. Immortalized synoviocytes were cultured from
23" passage and were seeded at 1 x 10° cells/well density in a 6 well tissue culture plate.
These K4 FLS were either treated only with TLR agonists, Pam3CSK, (1 pg/ml; TLR1/2
ligand, Pam,CSK, (1 pg/ml; TLR2 ligand), Poly(l:C) (10 pg/ml; TLR3 ligand), LPS (1
pg/ml; TLR4 ligand), Flagellin (1 pg/ml; TLR5 ligand), MALP-2 (20nM; TLR2/6 ligand),
CLO-97 (1 pg/ml; TLR7/8 ligand), CpG (3 pg/ml; TLR9 ligand or with known sterile
inflammatory mediators like Hyaluronan (25 pg/ml), IL-1B (100 pg/ml), TNFa (1 ng/ml) for
16 h. Cell free supernatants were analyzed for (A) IL-6, (B) IFN B, (C) RANTES/CCLS5, (D)
TNFa, (E) IL-15, (F) IL-10, (G) IL-1 by ELISA. All the data presented are representative of
at least three independent experiments performed in triplicate (mean £+ S.E.M). Data was
subjected to an unpaired Student’s t test. * p<0.05 denotes the level of significance relative to

control.

118



Spontaneous cyto-chemokine
secretion (pg/ml)

IFNB (pg/ml)

Spontaneous cyto-chemokine secretion IL-10
001 9 N i [ Y *
700 Ml OA Il oA
O RA 00 ORrRA
600
500 E 30
o
400 &
o
—
300 3 200
200
100
100 ’_v_"l
0 © S S Y ) 0 A
; \J ¢ ,w ) ¥ & o % & o 4 v
\; & N & v N v & &P Y F e
& @) Q¥ QY Q&A‘ P N QO QQQ
&R
IFNB w00 RANTES/CCL5
2100 D N D N *%
il OA Il OA
17504 B RA 4000 & RA
E
1400 g
o 3000
]
1050 8
* =
*
* @ 2000
700 E
& 1000
350
o= N
PO Q@ NN &
& PSPt ) ((\'bq & §

Figure 3.8:  Analysis of spontaneous or TLR/RIG-I ligand induced secretion of
cytokines/chemokines in FLS. (A-C) N-FLS, OA-FLS and RA-FLS (n=3 for each cell
type) were treated with Pam3;CSK, (1 pg/ml; TLR1/2 ligand, Pam,CSK, (1 pg/ml; TLR2
ligand), Poly(I:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), Flagellin (1
pg/ml; TLR5 ligand), MALP-2 (20nM; TLR2/6 ligand), CLO-97 (1 pg/ml; TLR7/8
ligand), CpG (3 pg/ml; TLRO ligand) and 5” ppp dsRNA (1 pg/ml; RIG-I ligand) for 16 h.
Cell free supernatants were analyzed for (A) IFNB, (B) RANTES/CCL5, (C) IL-10 by
ELISA. The panel (D) denotes spontaneous cytokine/chemokine (IL-6, IFNB, TNFa,
RANTES/CCL5, IL-10, IL-1pB, and IL-15) secretion by FLS in serum free opti-MEM
subsequently measured by respective ELISAs. All the data presented are representative of
at least three independent experiments performed in triplicate (mean = S.E.M). Data was
subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of

significance relative to respective cell type control.
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amounts in the joint, and this correlates with previous publications (Ultaigh et al., 2011,
Katsikis et al., 1994). A significant secretion of IL-6 was evident in OA-FLS relative to N-
FLS (OA: 493.6 = 24.6 pg/ml vs. N: 140.1 £ 10.3 pg/ml). Similarly, OA-FLS secreted
significantly higher levels of IFN secretion relative to N-FLS (OA: 569.8 + 55.3 pg/ml vs.
N: 136.4 = 7.3 pg/ml, p < 0.05). OA-FLS also secreted high levels of RANTES relative to
N-FLS (OA: 513.0 + 13.2 pg/ml vs. N: 199.2 + 9.4 pg/ml). RA-FLS also showed
significant secretion of RANTES relative N-FLS (RA: 595.9 + 33.4 pg/ml vs. N: 199.2 +
9.4 pg/ml, p < 0.05). IL-6 secretion by RA-FLS was not significantly different relative to
N-FLS (RA: 277.2 £ 17.8 pg/ml vs. N: 140.1 + 10.3 pg/ml). IL-1p secretion was barely
detectable in N, OA and RA-FLS (N: 2.4 + 0.1, OA: 7.0 £ 0.1, RA: 3.4 £ 1.2 pg/ml
respectively). Similarly, modest IL-15 secretion was observed with minor differences
detected between N, OA and RA-FLS (N: 32.9 £ 6.7, OA: 54.9 + 6.9, RA: 62.0 + 2.7
pa/ml). Thereafter, TLR/RLR ligand induced expression of anti-inflammatory cytokine
IL-10 (Figure 3.8, panel B, n=3), anti-viral cytokine IFN( (Figure 3.8, panel C, n=3) and a
pivotal chemokine RANTES/CCL5 (Figure 3.8, panel D, n=3) were examined in N, OA
and RA-FLS. It was evident that CpG (3ug/ml) significantly induced IL-10 levels in N-
FLS (443.5 + 23.4 pg/ml from basal 89.9 + 11.8 pg/ml, p < 0.05) (Figure 3.8, panel B). In
OA-FLS, the highest induction of IL-10 levels was evident upon 5’ ppp dsRNA
stimulation (238.2 £ 27.3 pg/ml from a basal 20.7 £ 5 pg/ml). Flagellin stimulation induced
the highest levels of IL-10 in RA-FLS (235.0 + 11.8 pg/ml from a basal 66.3 + 11.8
pg/ml). These data indicate a protective role for these ligands in FLS by inducing IL-10, a
previously known anti-inflammatory cytokine, which is thought to have an important
immunoregulatory role in the cytokine network of OA and RA probably by regulating
monocytes and in some cases T cell cytokine production (Katsikis et al., 1994).

Furthermore, it was evident that Poly(l:C) stimulation significantly induced IFNf levels in
OA-FLS (1843.9 + 46.7 pg/ml from a basal 219.8 + 5.2 pg/ml, p < 0.01) (Figure 3.8, panel
C). Similarly, CLO-97 induced IFNp levels significantly in OA-FLS (793.0 + 34.7 pg/ml
from a basal 219.8 + 5.2 pg/ml, p < 0.05). in RA-FLS, Pam,CSK,4, LPS and CpG
significantly induced IFN levels (1132.2 £ 219.6 pg/ml, 859.0 + 25.8 pg/ml, 800.8 £+ 6.3
pg/ml respectively from a basal 219.8 £ 5.2 pg/ml, p < 0.05). However, Poly(I:C) induced
notable IFNP levels in RA-FLS (724.0 = 50.3 pg/ml from a basal 219.8 + 5.2 pg/ml) and
N-FLS (563.6 219.8 £ 34.51 pg/ml from a basal 136.4 + 7.3 pg/ml). Thus, these findings
corroborate our previous IFNB mRNA expression study (Figure 3.6, panel E) which
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demonstrated a TLR3 dependent trend in inducing this potent anti-viral cytokine, a
molecule that is currently considered to be a pro-inflammatory cytokine owing to the
studies in rats following pristine induced arthritis (Meng et al., 2010, Zhu et al., 2011).
Type | IFNs have also been shown to behave as crucial participants in disease
amplification in autoimmunity by a feed-forward mechanism employing IFNAR1 and
IFNAR2 receptors (Hall and Rosen, 2010). Further, IFN was also shown to play a role in
other chronic inflammatory diseases by prolonged T-cell survival (Buckley et al., 2001).

Poly(I:C) also induced significant levels of RANTES secretion in OA-FLS (4425.0 £ 235.1
pg/ml from a basal 513.0 £ 13.2 pg/ml, p < 0.01) (Figure 3.8, panel D). Similarly, a
significant increase in RANTES secretion was observed in RA-FLS upon Poly(l:C)
stimulation (3411.9 + 3829 pg/ml from a basal 2459 = 16.6 pg/ml, p < 0.05).
Furthermore, Pam,CSK, and LPS also induced significant levels of RANTES in RA-FLS
(2903.6 = 61.8 pg/ml and 2762.4 = 11.0 pg/ml from a basal 245.9 £ 16.6 pg/ml, p < 0.05).
Likewise, a marked increase in RANTES secretion was observed upon Flagellin and CpG
was evident in RA-FLS (2248.2 + 34.3 pg/ml and 1824.0 £ 17.0 pg/ml from a basal 246.0
+ 17.0 pg/ml). LPS, Flagellin, MALP-2 and CLO-97 did not induce significant levels of
RANTES in OA-FLS (Figure 3.8 panel D). In N-FLS, only Poly(l:C), Flagellin and
MALP-2 induced RANTES secretion. Chemokines such as RANTES and its receptor
CCR5 may be involved in the perpetuation of chronic inflammatory joint diseases, like RA
and OA, through acting in autocrine or paracrine pathways, in which RANTES increased
the expression of its own receptor, CCR5 on FLS (Haringman et al., 2004, Vergunst et al.,
2005). Another study demonstrated that RANTES activated chondrocytes dysfunctionality
associated with joint inflammation and cartilage degradation in OA (Yuan et al., 2003,
Borzi et al.,, 2004). Given the predominant poly(l:C) driven induction of RANTES
secretion in both OA-FLS and RA-FLS, a TLR3 dependent signalling pathway may be
critical in the initiation and propagation of OA and RA pathologies.

Thus, TLR3-targeted therapies may prove useful as a therapeutic intervention towards
restoring the balance between anabolic and catabolic pathways in such diseases. Thus, FLS
may regulate the switch from acute resolution to chronic persistent inflammation (Buckley
etal., 2001).
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3.4.9. Analysis of TLR/RIG-I agonist induced pro-inflammatory cytokine
secretion in FLS

Increasing evidence suggests that synovitis may play a significant role in OA pathogenesis
through the pro-inflammatory cytokine networks (Fernandes et al., 2002). The activated
synovial fibroblasts maintain and perpetuate such inflammatory status in the joint as
marked in OA (Firestein, 1996, Miller-Ladner et al., 2007, Sutton et al., 2009). In OA and
RA, the activation of innate immune signalling cascades, like TLR activation might help
maintain the vicious inflammatory loop, however, the modulation of cytokines in response
to TLR/RLRs has not been well characterised (Scanzello et al., 2008, Kim et al., 2007,
McCormack et al., 2009, Ospelt et al., 2008, Abdollahi-Roodsaz et al., 2011). Thus, to
further assess the role of TLR activation in FLS and pro-inflammatory cytokine secretion,
we have investigated the expression profiles of critical pro-inflammatory cytokines
namely, IL-1f3, TNFa, IL-6, IL-15 induced upon stimulation with TLR ligands (TLRs 1-9)
in N, OA, RA FLS. A RIG-I ligand was employed to investigate cytosolic receptor
activation in these cells and to study whether TLRs/RIG-I may differentially contribute to
the disease progression. Upon stimulation with Poly(l:C), IL-1p secretion was significantly
induced in OA-FLS (35.1 £ 1.0 pg/ml from a basal 7.0 + 0.1 pg/ml, p < 0.05; Figure 3.9,
panel A). Similarly, CLO-97 induced high IL-1p secretion in OA-FLS (25.3 + 2.3 pg/ml
from basal 7.0 £ 0.1 pg/ml). Alternatively, Pam,CSK, (1pg/ml) or LPS (1pg/ml) were
found to significantly induce IL-1p secretion in RA-FLS (27.0 + 2.3 pg/ml and 24.0 £ 2.1
pg/ml from a basal 3.4 + 1.2 pg/ml, p < 0.05).

Likewise, stimulation with Poly(l:C), CLO-97 and CpG increased IL-1p secretion in RA-
FLS ( 16.0 £ 2.3, 18.0 £ 1.5 and 20.0%+ 1.3 pg/ml respectively from a basal 3.4 £ 1.2
pg/ml). Moreover, Pam3CSKy, Poly(l:C) and CLO-97 induced IL-1p secretion in N-FLS
(10.7 £ 1.1, 10.6 £ 1.4 and 10.0 £ 0.7 pg/ml respectively from a basal 2.4 £ 0.1 pg/ml).
Thus, dsSRNA/ssSRNA can induce IL-1B secretion in OA-FLS, whereas the similar effect
was observed in RA-FLS upon exposure to gram positive and gram negative bacterial
products. These molecules may critically mediate an imbalance in IL-1 , its receptor and
IL-1RA levels in the joint which may lead to progressive joint damage by maintaining an
inflammatory feed-forward loop aided by prolonged TLR activation (Firestein et al., 1992,
Firestein et al.,, 1994, Arend and Dayer, 1990, Abdollahi-Roodsaz et al., 2011).
Furthermore, previous studies have shown that IL-1B may be involved in joint destruction,

through induction of chemokines and other pro-inflammatory mediators secretion, namely
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Figure 3.9:  Analysis of TLR/RIG-I agonist induced pro-inflammatory cytokine
secretion in FLS. (A-D) N-FLS, OA-FLS and RA-FLS (n=3 for each cell type) were treated
with Pam3CSK, (1 pg/ml; TLR1/2 ligand, Pam,CSK4 (1 pg/ml; TLR2 ligand), Poly(1:C) (10
pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), Flagellin (1 pg/ml; TLR5 ligand),
MALP-2 (20nM; TLR2/6 ligand), CLO-97 (1 pg/ml; TLR7/8 ligand), CpG (3 pg/ml; TLR9
ligand) and 5 ppp dsRNA (1 pg/ml; RIG-I ligand) for 16 h. Cell free supernatants were
analyzed for (A) IL-1B, (B) TNFa, (C) IL-6, (D) IL-15 by ELISA. All the data presented
are representative of at least three independent experiments performed in triplicate (mean *
S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the
level of significance relative to respective cell type control.
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IL-6 and MMPs, which may aid in the maintenance of the vicious cyto-chemokine-MMP
cycle leading to prolonged synovitis in chronic inflammatory joint diseases (Pulsatelli et
al., 1999, Pelletier et al., 1995, Smith et al., 1997). Thus further understanding of the
activated receptors and their stimuli which serve to induce critical cytokines such as IL-1
may identify new venues for therapeutic targets, as, to date, single cytokine or cytokine
receptor antagonists have had limited success in the treatment of such diseases (Martel-
Pelletier et al., 1998, Pelletier et al., 1997).

Furthermore, TNFa secretion in FLS following treatment with TLR and RIG-I ligands was
investigated. It was evident that Poly(I:C) significantly induced TNFa secretion in OA-
FLS (619.5 £ 22.5 pg/ml from a basal 35.0 £ 5.9 pg/ml, p < 0.01; Figure 3.9, panel B).
Similarly, a marked increase in TNFa levels was observed in RA-FLS upon Poly(l:C)
stimulation (344.2 + 15.1 pg/ml from a basal 45.8 + 10.0 pg/ml). Likewise, Pam,CSK, and
LPS were found to significantly induce TNFa secretion in RA-FLS (375.4 = 17.7 and
469.4 + 13.0 pg/ml from a basal 45.8 = 10.0 pg/ml, p < 0.05). A notable increase in TNFa
levels in RA-FLS and N-FLS was evident upon CpG stimulation (253.0 = 10.9 pg/ml,
266.8 = 26.7 pg/ml from a basal 45.8 + 10.0 and 70.0 + 17.4 pg/ml, respectively). Likewise
5’ppp dsRNA was found to induce TNFa levels in N, OA and RA FLS relative to their
respective cell type controls. Together, these data show that Poly (I:C), a synthetic ligand
mimicking dsRNA from viruses, can significantly induce the most potent pro-
inflammatory cytokine, TNFa, a prevalent cytokine in the joint. These data suggest that
TLR3 may have a role in OA pathology and correlates with another study showing TLR3
overactivation in such joint pathologies (Ospelt et al., 2008). Given the limited success of
anti-TNFa therapy in such joint pathologies, and the increasing evidence that blockade of
certain TLRs on key cell types in the synovium, can prevent the upregulation of catabolic
mediators in the joint (Ultaigh et al., 2011), it is essential to investigate such TLR
dependent cytokine production in FLS, as cytokines play a well established active
involvement in such joint diseases (Buckley et al., 2001, Fiorito et al., 2005, Firestein,
1996, Sutton et al., 2009).

Furthermore, IL-6 was measured, as it was previously known to positively correlate with
various disease markers in many inflammatory disease pathologies (Houssiau et al., 1988,
Pearle et al., 2007). It is evident that Poly(l:C) significantly induced IL-6 secretion in OA-
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FLS (5071.7 + 87.8 pg/ml from a basal 503.6 + 14.7 pg/ml, p < 0.01; Figure 3.9, panel C).
Similarly, Poly(l:C) stimulation also induced IL-6 secretion in RA-FLS (1834.3 + 121.1
po/ml from a basal 277.2 + 17.8 pg/ml). Pam3CSK, and Pam,CSK,; were found to
significantly induce IL-6 levels in RA (2881.2 £ 101.6 pg/ml and 3834.1 + 112.4 pg/mi
from a basal 277.2 £ 17.8 pg/ml, p < 0.05). Also, comparable levels of IL-6 secretion were
evident following LPS (1pg/ml) stimulation in OA and RA-FLS (1775.0 + 67.7 and 1791.7
+ 130.7 pg/ml). Similarly, Pam,CSK,4, Pam3CSK, and CLO-97 stimulations induced a
marked increase in IL-6 levels in N and OA FLS. Also, 5’ppp dsRNA was found to
increase IL-6 levels in OA and RA FLS. Thus, it may be hypothesised that dsSRNA either
from viruses or from necrotic cells in the synovial fluid (Brentano et al., 2005b) may
potentially activate OA-FLS in the synovium towards the production of pro-inflammatory
cytokine in the joint (Guerne et al., 1989), probably through TLR3 activation.

Moreover, IL-15 was measured as it was previously detected in high levels even in early
knee OA synovial fluid and was also found to associate with IL-6 and MMP levels, thus
indicating an early innate immune response in the OA synovium (Scanzello et al., 2009).
Thus, the ability of FLSs to secrete IL-15 upon activation by various PAMPs was
investigated. It was evident that Poly (I:C) and CLO-97 significantly induced IL-15
secretion in OA-FLS (145.3 £ 6.2 pg/ml and 115.7 + 4.51pg/ml from a basal 32.9 £ 6.7
pg/ml, p < 0.05; Figure 3.9, panel D). PamyCSKg4, LPS, CpG and 5’ppp dsRNA were found
to induce significant 1L-15 secretion in RA-FLS (129.5269 + 6.087809 pg/ml, 106.3 + 6.3
pg/ml, 146.3 £ 10.6 and 124.3 £ 5.3 pg/ml respectively from a basal 54.9 = 6.9 pg/ml, p <
0.01).

In summary, owing to the predominant induction of IL-1p, TNFa, IL-6, IL-15, IFNf and
RANTES secretion in OA-FLS following Poly(l:C) stimulation, it may therefore be
concluded that a TLR3 dependent initiation of cytokine production may be associated with
synovitis observed in OA. Whereas in RA-FLS, a trend towards a TLR2 and TLR4
dependent activation of cytokines was evident. These data signify the importance of TLRs
as significant inducers of pro-inflammatory cytokines and chemokines in diseases with no

palpable infections such as in OA.
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3.4.10. Analysis of sterile inflammatory mediators induced cytokine/chemokine
secretion in FLS

TLR activation has been well documented in inducing inflammatory mediators like
cytokines and chemokines in OA and RA, as evident from Figure 3.8 and 3.9, and this
correlates with previous findings (Ospelt et al., 2008). Given the increasing evidence that
DAMPs/endogenous ligands namely, low molecular weight hyaluronan activates TLRs in
OA (Shirali and Goldstein, 2008, Scanzello et al., 2008), it was essential to explore, how
the FLS react to hyaluronan and secrete the inflammatory mediators in the joint.
Additionally, it was critical to understand how the locally prevalent cytokines namely IL-
1B, TNFa, IL-6 and IFNP in the arthritic joint act on FLS and aid in the induction of an
inflammatory loop either by synergistically inducing their own secretion or by inducing the
secretion of other inflammatory cytokines or chemokines. Hence, to unravel the crosstalk
of such interactions, the FLS were either treated with hyaluronan or other inflammatory
cytokines to measure pivotal cytokine and chemokine secretions in the joint. Upon
stimulation with IFNp, a notable induction of IFNJ secretion was evident, wherein OA-
FLS showed a maximal increase in IFNf levels compared to N and RA FLS (OA: 3773.5 +
214.2 pg/ml Vs RA: 2611.3 £ 43.7 pg/ml and N: 2393.6 + 48.5 pg/ml; Figure 3.10, panel
A). Whereas stimulation with IL-6 induced maximal IFNf in OA-FLS relative to treated N
and RA-FLS (1257.379 = 36.7 pg/ml Vs 573.3 + 5.4 pg/ml and 434.0 £ 24.0 pg/ml).
Likewise, stimulation with hyaluronan induced maximal IFN secretion in RA-FLS and
comparable levels in OA-FLS relative to N-FLS (777.0 + 36.9 pg/ml, 676.2 + 28.3 pg/ml
vs. 476.0 £ 57.4 pg/ml respectively).

Further, RANTES secretion was also measured. Hyaluronan induced the highest RANTES
secretion in RA-FLS when compared to OA and N FLS (1550.1 + 33.0 pg/ml Vs 897.1 +
37.9 pg/ml and 431.4 + 51.2 pg/ml; Figure 3.10, panel B). A similar trend was observed
with TNFa stimulation. Interestingly, stimulation with IFNB induced maximal RANTES
secretion in OA-FLS and comparably in RA-FLS relative to treated N-FLS (1406.5 £ 15.1
pg/ml and 1215.3 £ 6.0 pg/ml Vs 585.7 £ 9.4 pg/ml). Furthermore, stimulations with IL-6
or IL-1P induced a similar trend in RANTES levels in OA-FLS relative to treated RA and
N-FLS.
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Figure 3.10: Analysis of sterile inflammatory mediators induced cytokine/chemokine
secretion in FLS. (A-G) N-FLS, OA-FLS and RA-FLS (n=3 for each cell type) were treated
either with one of the known sterile inflammatory mediators like Hyaluronan (25 pg/ml), IL-
1B (100 pg/ml), TNFa (1 ng/ml), IFNB (100 pg/ml), IL-6 (100pg/ml) for 16 h or left
unstimulated. Cell free supernatants were analyzed for (A) IFNB, (B) RANTES/CCLS5, (C)
IL-6, (D) TNFa, (E) IL-1B, (F) IL-15, (G) IL-10, by ELISA. All the data presented are
representative of at least three independent experiments performed in triplicate (mean +
S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05 denotes the level of
significance relative to respective cell type control.
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Next, IL-6 was measured, wherein, stimulation with 1L-6 induced maximal IL-6 levels in
OA-FLS (OA: 2890.0 + 74.7 pg/ml, RA: 1600.1 + 10.0 pg/ml and N: 1140.9 = 14.7 pg/ml
Figure 3.10, panel C). Similarly, stimulation with IFNf induced maximal IL-6 levels in
OA-FLS relative to treated RA and N-FLS (OA: 1880.0 + 82.4 pg/ml, RA: 953.7 + 52.4
pg/ml and N: 472.8 £ 36.0 pg/ml). A similar trend in IL-6 levels was observed upon
stimulation with hyaluronan, TNFa and IL-1f, showing high IL-6 secretion from RA-FLS
than OA and N-FLS. Subsequently, TNFa secretion was measured. Stimulation with TNFa
itself induced the highest levels of TNFa secretion in RA, OA and N FLS relative to the
respective cell type controls (RA: 3897.9 + 56.8 pg/ml, OA: 2831.4 + 34.0 pg/ml, N:
1915.6 £ 63.9 pg/ml; Figure 3.10, panel D). Next, the highest levels of TNFa secretion
were evident in OA-FLS (1796.4 + 30.9 pg/ml) upon stimulation with IFNf stimulation
and in RA-FLS (1897.1 £ 42.3 pg/ml) upon stimulation with hyaluronan. Stimulation with
IL-1B or IL-6 lead to a comparable increase in TNFa levels in OA and RA FLS.

Furthermore, ligand-induced IL-1p secretion was also measured. Wherein, stimulation with
IL-1B resulted in significant and comparable levels of IL-1p in N, OA and RA-FLS relative
to respective cell type control (N: 398.2 £ 10.0 pg/ml, OA: 452.8 + 38.7 pg/ml, RA: 480.4
+ 10.2 pg/ml Figure 3.10, panel E). Stimulation with TNFao induced maximal IL-13
secretion in RA-FLS (333.1 + 12.0 pg/ml) and comparable levels in N and OA FLS.
Similarly, stimulation with IFNf induced maximal IL-1f secretion in OA-FLS (292.0 + 6.5
pg/ml) and comparable levels in N and RA-FLS. Stimulation with hyaluronan or IL-6
yielded high IL-1p levels in RA-FLS (169.4 + 14.4 pg/ml and 155.4 + 14.8 pg/ml).
Stimulation with hyaluronan or IL-6 resulted in comparable IL-1p levels in OA and N-
FLS.

Regarding IL-15, stimulation with IFNP induced the highest levels of IL-15 in OA-FLS
relative to the treated RA and N FLS (OA: 111.6 + 6.5 pg/ml, RA: 71.5 £ 2.5 pg/ml, N:
40.4 £ 1.5 pg/ml; Figure 3.10, panel F). Similarly, stimulation with IL-6 yielded the
highest levels of IL-15 in OA-FLS relative to RA and N FLS (OA: 103.3 £ 4.9 pg/ml, RA:
77.5 = 1.6 pg/ml, N: 48.2 £ 5.5 pg/ml). In contrast, stimulation with hyaluronan induced
the highest levels of IL-15 in RA-FLS relative to the treated OA and N FLS (RA: 106.2 +
6.5 pg/ml, OA: 57.8 £ 5.1 pg/ml, N: 39.5 + 2.6 pg/ml). Neither IL-1p nor TNFa induced
IL-15 secretion in N, OA and RA FLS relative to the respective cell type controls.
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Following measurement of IL-10, a trend towards decreased secretion was observed upon
stimulation with all ligands under study. In OA-FLS, a maximal decrease in IL-10 levels
was evident upon IFNP stimulation and comparable decreases in IL-10 levels were
observed in RA and N FLS (Figure 3.10, panel G; OA: from 50.6 £ 5.2 pg/ml to 13.9 + 2.7
pg/ml, RA: from 66.3 £ 11.8 pg/ml to 29.5 £ 5.8 pg/ml, N: from 94.8 = 6.7 pg/ml to 36.9 +
3.4 pg/ml). Stimulation with hyluronan induced significant decreases in IL-10 levels in
RA-FLS and N-FLS but not in OA-FLS relative to respective cell type controls (N: from
94.8 £ 6.8 pg/ml to 53.3 + 5.5 pg/ml, RA: from 66.3 + 11.8 pg/ml to 28.9 £+ 2.2 pg/ml, OA:
from 50.6 £ 5.1pg/ml to 51.3 + 1.7 pg/ml).

In summary, IFNP or IL-6 were the most potent inducers of pro-inflammatory mediators in
OA-FLS, wherein, stimulation with IFNP predominantly increased the inflammatory
milieu by inducing RANTES, IL-6, TNFa, IL-1p and IL-15 levels and by suppressing anti-
inflammatory cytokine IL-10 secretion in OA-FLS. Whereas stimulation with hyaluronan
or TNFa resulted in the induction of RANTES, IL-6, TNFa, IL-1p and IL-15 levels and
suppression of IL-10 levels in RA-FLS. Thus, OA and RA FLS are differentially activated
by various endogenous ligands, though similar patterns of inflammatory mediators are
evident, thereby leading to a comparable end stage process, though the two diseases
display distinct patterns of cytokine production upon stimulation with the various ligands.

3.4.11. Analysis of differential TLR 1-9 genes induced with major TLR
agonists or inflammatory cytokines or chemokines in FLS

Thus far, the data indicate that PAMPs and DAMPs may drive the inflammatory locale in
the joint during synovitis, by critically creating an imbalance between catabolic and
anabolic pathways, possibly through specific TLR. Next, it was essential to identify the
stimulus and the TLR which distinctively gets activated and initiates or propagates the
whole process of synovitis in the OA joint. Thus, a crossectional TLR 1-9 mRNA
expression profiling was conducted in N and OA FLS, following stimulation with TLR2,
TLR3 and TLR4 ligands as our previous experiments demonstrated that these TLRs are
relevant to OA and RA pathology (Figure 3.11). It was evident that stimulation with
Pam,CSK, induced a significant 5-fold increase in TLR-2 expression in OA-FLS (p <
0.05), and a 2-fold increase in N-FLS (Figure 3.11, panel A). Interestingly, stimulation
with Pam,CSK, was also found to induce a 2-fold increase in TLR-4 and a 3-fold increase
in TLR-6 expression in OA-FLS relative to similarly stimulated N-FLS. Similarly, a 2-fold
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increase in TLR-1 and 1-fold increase in TLR-5 expression was evident in OA-FLS
following stimulation with Pam,CSK,. In contrast, TLR3, TLR7, TLR8 and TLR9
expressions were comparably induced in N and OA-FLS with following stimulation with
Pam,CSKj,. Stimulation with Poly (I:C), as expected, induced a 6-fold significant increase
in TLR3 expression in OA-FLS (p <0.01) relative to treated N-FLS (Figure 3.11, panel B).
OA-FLS treated with Poly (I:C), displayed an insignificant 4-fold increase in TLR-4
expression, a 4-fold increase in TLR-7 expression, a 3-fold increase in TLR-9 expression
and a 2-fold increase in TLR-5 expression relative to poly(l:C) treated N-FLS. Stimulation
with LPS, as expected, induced a maximal 4-fold significant increase in TLR4 expression
in OA-FLS relative to treated N-FLS (Figure 3.11, panel C). Also, LPS induced a 3-fold
increase in TLR-3 expression, a 2-fold increase in TLR-2 expression, a 3-fold increase in
TLR-5 expression, a 1-fold increase in TLR-6 and TLR-1 expression, a 2-fold increase in
TLR-7 expression and a 3-fold fold increase in TLR9 expression relative to the respective
treated N-FLS.

Subsequently, the most pro-inflammatory cytokines and chemokine prevalent in the joint
during the OA disease process were selected and used to treat N and OA FLS, towards
understanding their effects on TLR expression. It was found that stimulation with IL-13
induced a significant 1.5-fold increase in TLR-3 expression in N-FLS relative to treated
OA-FLS (Figure 3.11, panel D). Additionally, a 0.5-fold increase in TLR-2, TLR-4 and
TLR-7 were evident in N-FLS relative to OA-FLS treated with IL-1p. Interestingly, in N
FLS, a trend towards increased TLR expression following IL-1p relative to OA FLS was
observed (Figure 3.11, panel D). This may be attributed to the fact that OA-FLS may have
already been primed for such stimulus and are thus rendered less sensitive to IL-1B
stimulation; N-FLS, being naive, thus display a tendency towards higher levels of TLR
expression. Stimulation with RANTES induced a similar trend towards an increase in TLR
expression in N-FLS when compared to OA-FLS, with TLR-1, -2 and -4 expression being
the exception, where OA-FLS showed a 0.5-fold increase in these TLR expressions
relative to N-FLS (Figure 3.11, panel H). Whereas a 1-fold maximal increase in TLR-3
expression in N-FLS was evident upon RANTES stimulation, relative to OA-FLS, wherein
a comparable 0.5-fold induction in TLR 5, 6, 7, 8 and 9 expression was observed in both N
and OA-FLS. Stimulation of FLS with TNFo, induced a significant 1.5-fold increase in
TLR3 expression in OA-FLS (p < 0.05) relative to treated N-FLS Figure 3.11, panel E.
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Figure 3.11: Differential TLR 1-9 gene analysis induced with TLR agonists /
inflammatory cytokines / chemokines in FLS. (A-C) Induced expression of TLR1 through
TLR9 mRNA treated with respective TLR agonists and (D-H) induced expression of TLR1
through TLR9 mRNA, treated with respective inflammatory cytokines/chemokine in FLS (n=3
for each cell type) from human N and OA knee synovium. N-FLS and OA-FLS were treated
with Pam,CSK, (1 pg/ml) (A), Poly(1:C) (10 pg/ml) (B), LPS (1 pg/ml) (C), IL-1B (100 pg/ml)
(D), TNFa (1 ng/ml) (E), IL-6 (100 pg/ml) (F), IFNB (100 pg/ml) (G) or RANTES/CCLS5 (100
pg/ml) (H) for 16 h or left unstimulated. Total RNA was isolated from control and stimulated
N-FLS or OA-FLS and used as a template for quantitative real-time RT-PCR to assay the
crossectional mRNA expression levels of TLR1 through TLR9 irrespective of specific ligand
based receptor stimulations. The levels of the relevant mMRNAs were normalised relative to the
housekeeping gene HPRT and are expressed relative to normalised values from unstimulated or
control cells. All the data presented are representative of at least three independent experiments
performed in triplicate (mean = S.E.M). Data was subjected to an unpaired Student’s t test. *

p<0.05, ** p<0.01 denotes the level of significance relative to respective cell type control.
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A similar trend towards increased TLR expression in OA-FLS relative to N-FLS was
observed with TNFa stimulation, except for TLR-4 and TLR-7 expression where N and

OA FLS showed comparable TLR expression levels upon TNFa treatment.

Stimulation with I1L-6 resulted in a 4-fold significant increase in TLR3 expression in OA-
FLS (p <0.01) relative to treated N-FLS (Figure 3.11, panel F). Regarding the other TLRs,
a trend towards comparably increased TLR expression in OA-FLS and N-FLS was
observed, wherein notable a 1-fold increase in TLR-4 and TLR-7 expression was evident
in OA-FLS when compared to N-FLS following stimulation with IL-6. Stimulation with
IFNp resulted in a highest 5-fold significant increase in TLR3 expression in OA-FLS (p <
0.01) relative to treated N-FLS (Figure 3.11, panel G). A similar trend towards increased
TLR expression was observed in OA-FLS relative to N-FLS following IFNf stimulation.
Stimulation with IFNP resulted in a notable 2-fold increase in TLR-2 and TLR-4
expression and a 1-fold increase in TLR7 and TLR9 expression in OA-FLS compared to
N-FLS.

In summary, it was discernible that TLR3 was the most inducible and prominent TLR
among others in FLS, being significantly induced by IFNp, IL-6 and TNFa in OA-FLS,
with induction on a par with its synthetic ligand, Poly (1:C). Therefore, these data strongly
suggest that TLR3 activation might play a critical role in perpetuating the chronic
inflammatory milieu prevalent in the OA joint, probably through the induced expression of
TLR3 on FLS in the synovium.

3.4.12. Expression profile of RLRs and the adaptor molecules TRIF, MyD88 in
FLS

Given the role of RLRs as major viral sensors in fibroblasts, in conjunction with the TLR3-
TRIF pathways (Yoneyama and Fujita, 2007), and the fact that stimulation of cells with
Poly(l:C) differentially induces TLR3, RIG-I and MDA-5 expression in FLS
(Carrién et al., 2011), it was essential to investigate the interplay between the RLRs, RIG-
I, MDA-5, and TRIF, MyD88 adaptor expression in N, OA and RA FLS. It was evident
that OA FLS basally express a 2-fold significant increase in TRIF expression and a notable
increase in MDA-5 expression than when compared to N-FLS (Figure 3.12, panel A),
whereas, RA-FLS showed a significant increase in basal RIG-I expression and a notable
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increase in MDA-5 expression when compared to N-FLS. Basal MyD88 expression levels
were comparable in N, OA, RA FLS (Figure 3.12, panel A, p <0.05).

Given that RIG-1 receptor senses PAMPs on viral RNA and triggers an antiviral immune
response by activation of type-l IFNs (Yoneyama and Fujita, 2007), it was vital to
characterise the RIG-I receptor expression following stimulation with its ligand, 5° ppp
dsRNA, as described previously (Hornung et al., 2006). Previously, we have shown that
stimulation with 5° ppp dsRNA induces a significant increase in IL-15 levels in RA-FLS
and also induced IL-6, TNFa and IL-1p in RA-FLS (Figure 3.9). In agreement with our
previous data, stimulation with 5’ ppp dsRNA significantly induced RIG-I expression in
RA-FLS by 40-fold at 60 min and by 30-fold at 16 h (Figure 3.12, panel B). Thus, an
increase in pro-inflammatory cytokine secretion by RA-FLS may be attributed to the
increased RIG-I receptor levels, whereby the viral PAMPs may be equally sensed by RIG-I
and TLRs in RA, which correlates with previous findings (Carrién et al., 2011). Whereas,
RIG-I was previously known to induce apoptosis in FLS, a vital process in RA

pathogenesis (Carrién et al., 2011).

3.4.13. Analysis of TLR 3, 4, 7 ligand induced and time dependent gene
expression profile of major TLR / cytosolic receptors / adaptor molecules in FLS
Given the pivotal role for RNA viruses in arthritis progression, and having observed the
predominant role of Poly (I:C) induced pro-inflammatory cytokines and chemokine in OA
and RA, it was critical to investigate the viral receptors and their subsequent adaptor
molecule recruitment which initiate signalling cascades leading to inflammation in OA and
RA. Therefore, the mRNA expression levels of TLR3, RIG-I, and MDA5 (which
recognizes (dsRNA)/Poly(l:C) and recruits TRIF adaptor), TLR4 (which recognizes LPS
and recruits MyD88/TRIF adaptors) and TLR-7 (which recognizes (sSRNA)/CLO-97 and
recruits MyD88/TRIF adaptors), were investigated in N, OA and RA FLS at various time
points. Though TLR4 does not recognise viral nucleic acids, it senses components of viral
pathogens and, similar to TLR3, it utilises TRIF. Herein, the differential interplay between
these molecules was investigated. Stimulation with Poly (I:C) induced a significant 20-fold
increase in TRIF expression and a notable 10-fold increase in TLR3 expression at 60 min
in N-FLS, an 18-fold increase in RIG-I expression and a 9-fold increase in MDA-5
expression at 16 h in N-FLS (Figure 3.13, panel A, p < 0.05).
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Figure 3.12: Expression profile of cytosolic receptors RIG-1 (basal and induced),
MDA-5 and the adaptor molecules TRIF, MyD88 in FLS. (A) Basal expression profile
of TRIF, MyD88, RIG-I, MDA-5 genes in N-FLS, OA-FLS, RA-FLS. (B) Time dependent
5’ ppp dsRNA (1 pg/ml) induced RIG-1 mMRNA expression in N, OA and RA FLS at 30
min, 60 min, 3 h and 16 h respectively. Total RNA was then isolated from stimulated and
unstimulated N-FLS, OA-FLS or RA-FLS and used as a template for quantitative real-time
RT-PCR to assay the basal mMRNA expression levels of TRIF, MyD88, RIG-1, MDA-5 (A)
and 5° ppp dsRNA induced RIG-I mRNA expression in N-FLS, OA-FLS and RA-FLS.
The levels of the relevant mRNAs were normalised relative to the housekeeping gene
HPRT and are expressed relative to normalised values from unstimulated cells. All the
data presented are representative of at least three independent experiments performed in
triplicate (mean + S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05

denotes the level of significance relative to respective cell type control.
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In OA-FLS, Poly(l:C) stimulation resulted in significant 28-fold induction in TLR3
expression at 30 min (p < 0.05), a 65-fold increase in TLR3 and 52-fold increase in TRIF
expression at 60 min (p < 0.01) and a 25-fold increase in TLR3 and 36-fold increase in
RIG-I expression at 3 h (p < 0.05) (Figure 3.13, panel B). Stimulation of RA-FLS with
Poly(I:C) induced a significant 20-fold induction of TLR3 expression at 30 min (p < 0.05),
a 47-fold increase in TLR3 expression and a 39-fold increase in RIG-I expression at 60
min (p < 0.05) and a 26-fold increase in TLR3 expression and a 37-fold increase in MDA-
5 expression at 3 h (p < 0.05) (Figure 3.13, panel C). Stimulation of N-FLS with LPS
resulted in a significant 12-fold increase in MyD88 expression at 30 min (p < 0.05), a
significant 14-fold increase in TRIF expression at 60 min (p < 0.05) and a significant 19-
fold increase in TLR4 expression at 3 h (p < 0.05) which was sustained even at 16 h
(Figure 3.13, panel D). Furthermore, stimulation of OA-FLS with LPS resulted in a
significant 40-fold increase in TLR4 expression and a 32-fold increase in TRIF expression
at 60 min (p < 0.01) and a sustained increase in TLR expression observed at 3 h and 16 h
(Figure 3.13, panel E).

Similarly, stimulation of RA-FLS with LPS showed a trend towards increased TLR4
expression until 3 h (Figure 3, panel F). More specifically, a significant 38-fold increase in
TLR-4 expression was observed at 60 min (p < 0.05) and a 54-fold increase in TLR-4
expression was evident at 3 h (p < 0.01). In RA-FLS, TRIF was significantly induced by
LPS at 60 min (p < 0.05), while MyD88 was significantly induced at 3 h (p < 0.05) (Figure
3.13, panel F, n=3). Following stimulation of N-FLS with CLO-97 stimulation, a trend
towards increased TLR-7 and MyD88 expression up until 60 min was detected and
followed by a trend towards decreased TLR-7 and MyD88 expression thereafter (Figure 3,
panel G). Furthermore, stimulation of OA-FLS with CLO-97 resulted in a significant 16-
fold induction in TRIF expression at 60 min (p < 0.05), and a significant 20-fold increase
in MyD88 expression at 3 h (p < 0.05) (Figure 3.13, panel H). Wherein, a trend towards
increased TLR-7 expression was observed between 30 min and 16 hr inclusive (Figure
3.13, panel H). Likewise, stimulation of RA-FLS with CLO-97 stimulation resulted in a
trend towards increased TLR-7 and TRIF expression till 60 min and a trend towards
increased MyD88 expression till 16 h (Figure 3.13, panel I). Wherein, the greatest 10-fold
increase in TLR7 and 12-fold increase in TRIF expression was observed at 60 min in RA-
FLS following stimulation with CLO-97 stimulation (p < 0.05).
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Figure 3.13:  Analysis of TLR 3, 4, 7 ligand induced and time dependent gene

expression of TLR 3, 4, 7 / cytosolic receptors / adaptor molecules in FLS. (A-C)
Expression profile of TLR3, TRIF, RIG-I, MDA-5 genes with Poly(l:C) (10 pg/ml) stimulation
for 30 min, 60 min, 3 h, 16 h in N-FLS (A), OA-FLS (B), RA-FLS (C). (D-F) Expression
profile of TLR4, TRIF, MyD88 genes with LPS (1 pg/ml) stimulation for 30 min, 60 min, 3 h,
16 h in N-FLS (D), OA-FLS (E), RA-FLS (F). (G-l) Expression profile of TLR7, TRIF,
MyD88 genes with CLO-97 (1 pug/ml) stimulation for 30 min, 60 min, 3 h, 16 h in N-FLS (G),
OA-FLS (H), RA-FLS (I). Total RNA was isolated from respective stimulated and control N,
OA, RA FLS (n=3 for each cell type) and used as a template for quantitative real-time RT-PCR
to assay the above mentioned respective mMRNA expression levels. The levels of the relevant
MRNASs were normalised relative to the housekeeping gene HPRT and are expressed relative to
normalised values from unstimulated/control cells. All the data presented are representative of
at least three independent experiments performed in triplicate (mean £ S.E.M). Data was
subjected to an unpaired Student’s t test. * p<0.05 denotes the level of significance relative to
respective cell type control.
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A 12-fold increase in MyD88 expression was evident at 3 h in RA-FLS (p < 0.05) (Figure
3.13, panel ). In summary, it is clear that a significant induction of TRIF was evident in
OA-FLS following stimulation with Poly(l:C), LPS, CLO-97 at 60 min. In contrast, RA-
FLS differentially induce RIG-1 following Poly(l:C) stimulation at 60 min. Following
stimulation of RA FLS with LPS and CLO-97, TRIF is induced at 60 min. These data
correlate with previous findings showing that Poly(l:C) induces a more substantial increase
in RIG-1 expression in RA-FLS when compared to OA-FLS, thus indicating a critical role
for RLRs in RA progression (Carrién et al., 2011).

3.4.14. Analysis of time dependent effect of Poly(1:C) on MMP 1, 3, 9, 13 gene
expression in N-FLS and OA-FLS

Given our previous observations that Poly (I:C) induces the key inflammatory mediators in
OA through TLR3 activation in FLS (Figures 3.2, 3.6, 3.8, 3.9), and having known that
MMPs 1, 3, 9 and 13 play a vital role in OA pathogenesis (Sutton et al., 2009, Firestein,
1996), it was critical to investigate whether MMP genes may be induced with Poly(l:C) in
FLS. It was found that Poly(l:C) induced a 2-fold increase in MMP-1 expression levels in
OA-FLS at 60 min, after which a trend towards decreased MMP-1 expression was evident
in OA-FLS (Figure 3.14, panel A). A trend towards increased MMP-3 expression was
observed in OA-FLS following stimulation with Poly (I:C), wherein, a significant 5-fold
increase at 3 h and 16-fold increase at 16 h in MMP-3 expression was evident in OA-FLS
(Figure 3.14, panel B, p < 0.05). Similarly, a trend towards increased MMP-9 expression in
OA-FLS was evident with Poly (I:C) stimulation. A significant 4-fold induction in MMP-9
expression was observed in OA-FLS at 16 h with Poly (I:C) stimulation (Figure 3.14, panel
C, p <0.05). Likewise, a similar trend towards increased MMP-13 expression in OA-FLS
was observed following Poly (I:C) stimulation. Wherein, a significant 5-fold induction in
MMP-13 at 3 h and a similar 7-fold increase in MMP-13 at 16 h was detected in OA-FLS
with Poly (I:C) stimulation (Figure 3.14, panel D, p < 0.05). Thus, it was clear that
Poly(I:C) induces the catabolic MMP 1, 3, 9 and 13 gene expression in OA-FLS. Given
that these MMPs are involved in extracellular matrix turnover in pathological conditions
such as in OA, and given that Poly(l:C) predominantly mediates its effects through TLR3
in OA-FLS, it proposed that TLR3 may be a potential target for therapeutic intervention
towards the ablation of OA progression.

137



3.4.15. Analysis of TLR/RIG-I agonist induced pro-inflammatory MMPs in
FLS

Given that the activated FLS secrete a wide variety of catabolic MMPs, which perpetuate
the chronic inflammatory state and lead to progressive irreversible damage of the affected
joint (Sutton et al., 2009, Pelletier et al., 2001, Ghosh and Cheras, 2001, Fernandes et al.,
2002), and having observed the role of TLR-2, 3, 4, 7, 9 and RIG-1 PAMPs in OA, it was
essential to investigate the inflammatory MMPs that could be secreted in the joint by these
PAMPs in OA-FLS. It was found that stimulation of OA-FLS with Poly (I:C) induced a
significant increase in MMP-1 levels in OA-FLS when compared to the other PAMPS
under investigation (20314.1 = 105 pg/ml from a basal 1694.43 + 55 pg/ml; Figure 3.15,
panel A, p < 0.01). Similarly, the most significant increase in MMP-3 levels was observed
following stimulation of OA-FLS with Poly(l:C) (10756.2 + 100.125 pg/ml form a basal
3091.14 + 53.68 pg/ml; Figure 3.15, panel B, p < 0.05). Likewise, a significant increase in
MMP-9 levels was observed following Poly (I:C) stimulation in OA-FLS (677.44 + 40
pg/ml from a basal 81.31 + 15 pg/ml). Thus, it is clear that Poly(I:C) predominantly
induces secretion of the catabolic MMP 1, 3, 9 in OA-FLS. This substantiates our previous
observations that these MMPs can be induced, particularly by Poly (I:C), which
exclusively employs TLR3 in OA-FLS, thus making it a critical target for OA disease

intervention.
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Figure 3.14: Time dependent effect of Poly(1:C) on MMP 1, 3, 9, 13 gene expression in
N-FLS and OA-FLS. (A-D) Expression profile of MMP 1, 3, 9, 13 genes with Poly(l:C)
(10 pg/ml) stimulation for 30 min, 60 min, 3 h, 16 h in N-FLS and OA-FLS. Total RNA
was isolated from respective stimulated and control N/OA FLS (n=3 for each cell type) and
used as a template for quantitative real-time RT-PCR to assay MMP-1 (A), MMP-3 (B),
MMP-9 (C) and MMP-13 (D) mRNA expression levels. The levels of the relevant mMRNAs
were normalised relative to the housekeeping gene HPRT and are expressed relative to
normalised values from unstimulated/control cells. All the data presented are representative
of at least three independent experiments performed in triplicate (mean £ S.E.M). Data was
subjected to an unpaired Student’s t test. * p<0.05 denotes the level of significance relative

to respective cell type control.
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Figure 3.15: Analysis of TLR/RIG-I agonists induced pro-inflammatory MMPs in
FLS. (A-C) N-FLS and OA-FLS (n=3 for each cell type) were treated with Pam,CSK, (1
pg/ml; TLR2 ligand), Poly(l:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand),
CLO-97 (1 pg/ml; TLR7/8 ligand), CpG (3 pg/ml; TLRY ligand) and 5° ppp dsRNA (1
pug/ml; RIG-I ligand) for 16 h or left unstimulated. Cell free supernatants were analyzed for
(A) MMP-1, (B) MMP-3, (C) MMP-9, by Meso Scale MMP multi-plex ELISA kit. All the
data presented are representative of at least three independent experiments performed in
triplicate (mean = S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, **

p<0.01 denotes the level of significance relative to respective cell type control.
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3.5. Discussion

Given that inflammatory episodes are associated with OA progression, it is now considered
as a chronic inflammatory disease, which is characterised by progressive destruction of the
joint architecture particularly through synovial inflammation (Pelletier et al., 2001, Ospelt
et al., 2004, Vergunst et al., 2005). Albeit inflammatory cells are detected at the site of
inflammation, OA and RA FLS are the key players in disease progression and tissue
destruction (Mdller-Ladner et al., 2007, Buckley et al., 2001). FLS are the resident cells of
the synovial lining and are the main cell type in the normal synovial tissue. The activation
of FLS in OA and RA are mediated by a variety of inflammatory cytokines (Ospelt et al.,
2004, Vergunst et al., 2005). The role of FLS in joint destruction has been extensively
studied given that they produce inflammatory cytokines, chemokines and
metalloproteinases that contribute to synovitis/synovial inflammation and cartilage
degradation, ultimately leading to irreversible OA progression (Firestein et al., 1992,
Firestein et al., 1994, Buckley et al., 2001). Although proinflammatory cytokines are
known to induce the proliferation, collagenase and aggrecanase production in FLS
(Alvaro-Gracia et al., 1993, Yamanishi et al., 2002), the downstream stimuli are poorly
established and less understood. The activation of FLS is also driven in a cytokine
independent manner, particularly through the activation of TLRs (Kim et al., 2009,
Brentano et al., 2005a). Ongoing arthritis research has shown that FLS express the innate
immune receptors such as TLRs, which upon activation by exogenous or endogenous
stimuli can secrete a plethora of inflammatory mediators like cytokines, chemokines and
MMPs critically involved in chronic joint arthropathies like OA and RA (Scanzello et al.,
2008, Ospelt et al., 2004, Scanzello et al., 2009, Vergunst et al., 2005). Recently,
convincing studies have showed that the activation of particular TLR pathways in OA may

play a central role in the disease development and progression (Scanzello et al., 2008).

Hence, in this chapter to better understand the synovial inflammation in OA molecular
pathogenesis and to explore the key trigger signals in the chronic inflammatory milieu
prevalent in OA synovium, we employed N, OA and RA FLS, which served as useful cell
type models for studying the differences in expression and regulation of TLRs,
inflammatory cytokines, chemokines, and MMPs ubiquitous in the synovial joint. In an
attempt to define whether activation of TLR signalling in FLS may be an early event in the

pathogenesis of OA, we comparatively analysed the expression and function of TLRs 1-9
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in FLS, wherein N-FLS served as experimental control and RA-FLS served as positive
inflammatory control in comparison to OA-FLS. We have shown that N, OA and RA FLS
express both basal and ligand induced upregulation of mMRNA encoding TLR 1-9, and this

is, at least in part, contradictory to a previous publication (Ospelt et al., 2008).

Although previous studies state that FLS express TLR 1-6 and poorly express TLR-5, -7, -
8 and -9 (Ospelt et al., 2004), our observations clearly show that FLS express TLR1-9.
Interestingly, we have demonstrated in the present study that the most abundant
modulatory TLR at the end stages of OA is TLR3, which showed both early basal and
ligand-induced expression in OA-FLS when compared to N and RA-FLS, and this partly
correlates with previous findings (Carrion et al., 2011). In OA-FLS, activation of TLRs
with their appropriate PAMP lead to increases in TLR4, TLR2, TLR6 and TLR7 mRNA
expression, which partly correlates with previous studies (Scanzello et al., 2008). Whereas
in RA FLS, the most prominently expressed TLRs were found to be TLR2 and TLR4,
which showed both basal and ligand-induced expression and this is in contrast to OA and
N-FLS, and correlates with previous studies (Kim et al., 2007). Following TLR ligand-
induced activation of RA-FLS, TLR5, TLR3 and TLR9 mRNA expression was detected
and this correlates with previous studies (Ospelt et al., 2008, Hornung et al., 2002, Lund et
al., 2003, Lebre et al., 2006). Thus, our findings are also consistent with several studies
using various tissues, and confirm that TLR3 is the main nucleic acid-specific TLR in non-
immune cells like FLS (Brentano et al., 2005b, Tissari et al., 2005, Tsuboi et al., 2002,
Zarember and Godowski, 2002).

Accordingly, arthritis was induced by intra-articular administration of viral dsSRNA as a
TLR3 ligand in mice supporting the importance of TLR3 in arthritis (Zare et al., 2004).
Also, ligation of TLR3 using poly(Il:C) and RNA released from necrotic cells resulted in
production of inflammatory mediators by FLS (Brentano et al., 2005b). Although TLR3
induced activation of inflammation has been demonstrated in immunological cells, its
regulation role in FLS has been poorly studied. Here in this study we have shown that Poly
(I:C) induces a significant fold increase in TLR3 mRNA expression in OA-FLS and, to a
lesser extent, in RA-FLS. Consistent with the basal TLR expression pattern in OA and RA
FLS, the most abundant of the measured TLRs in the FLS were TLR2, TLR3 and TLR4.
Of particular interest is the finding that the basal and ligand-induced expression of TLR-3

in OA-FLS is elevated when compared with levels in RA-FLS. This result suggests that the
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overexpression of TLR3 is an early event and that its levels do not change over the course
of the disease. Since TLRs can be induced within hours, as demonstrated in the in vitro
experiments, we cannot rule out the possibility that up-regulation of TLRs is a secondary
event in the course of the development of a destructive joint disease like OA. However, the
fact that specific TLRs were expressed early at elevated levels in OA-FLS demonstrates
that activation of TLR pathways is not a late event that is restricted only to the severe
destructive stages of such inflammatory and degenerative joint disorders. Given the
predominant basal and poly(l:C)-induced TLR3 expression in OA-FLS, we can speculate
that viral component may be involved in synovial inflammation leading to OA progression.
Although, it must be noted that induction of TLRs may also be due to the presence of
endogenous ligands.

It was previously demonstrated that double-stranded RNA released from necrotic cells
stimulates FLS in a TLR3—-dependent manner (Brentano et al., 2005b) and bacterial or viral
products deposited in the joints can activate RA-FLS via TLRs (Van Der Heijden et al.,
2000). Additionally, TLR activation by hyaluronan, fibrin, and heat-shock proteins has
also been shown to activate TLR-4 in FLS and other synovial cell types (Brentano et al.,
2005b, Sanchez-Pernaute et al., 2007, Scanzello et al., 2008). Since these endogenous
ligands are present in elevated amounts in inflamed joints, the TLR expression levels and
responsiveness of FLS to TLR ligands are critical factors. Based on previously published
data, it might also be hypothesised that the availability of endogenous ligands might
determine which TLRs are up-regulated in FLS (Roelofs et al., 2006, Brentano et al.,
2005b). Here, we have demonstrated that TLR3 in OA-FLS and TLR4 and TLR2 in RA-
FLS are expressed basally at high levels when compared to N FLS and stimulation of these
TLRs with their respective exogenous and endogenous ligands produced a wide range of
proinflammatory cytokines, chemokines, and MMPs. Wherein, Poly (I:C) induced
maximal amounts of IFNB, TNFa, IL-6 and RANTES in OA-FLS at both gene and protein
levels. Additionally, Poly (I:C) induced maximal amounts of IL-1p and IL-15 when
compared to that induced by other TLR ligands and poly(l:C) suppressed IL-10 secretion
in OA-FLS; these findings correlate with previous findings (Scanzello et al., 2009,
Fernandes et al., 2002, Scanzello et al., 2008). Given that the activation of RLR, namely
RIG-1 and MDA-5, with Poly (I:C) stimulation has been previously observed in various
other tissues (Yoneyama and Fujita, 2009), it was essential to investigate the role of these
receptors in activated FLS. We have shown that Poly (1:C) predominantly employed TLR3
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and TRIF to mount an early immune response in OA-FLS, whereas in RA-FLS, Poly(I:C)
concomitantly engaged TLR3 and RIG-I receptors, thus demonstrating a preference for the
TLR3 signalling pathway in OA-FLS. However, even though the constitutive expression of
TLR mRNA did not differ significantly between OA-FLS and RA-FLS, activation of these
cells with PAMPs or DAMPs resulted in differential patterns of proinflammatory
cytokines, chemokines and matrix-degrading enzymes expression. In particular, OA-FLS
with Poly (I:C) or IFNP stimulation produced significantly higher amounts of pro-
inflammatory IL-6, IFNB, TNFa, IL-15, RANTES, MMP-1, 3, 9, 13 and suppressed anti-
inflammatory IL-10 levels, whereas the similar effect was observed in RA-FLS with
Hyaluronan. These data indicate that PAMP/DAMP-induced activation of OA and RA FLS
favour a skew towards a Thl response, mediating synovial inflammation rather than a
reparative Th2 response. Therefore, our data suggest that stimulation of TLR3 pathway
occurs early in OA and TLR2 and TLR4 pathways occurs early in RA, resulting in the
activation of FLS which secrete a plethora of pro-inflammatory mediators which further
contribute to the development of synovial inflammation and joint destruction.

The imbalance between anabolic and catabolic pathways which are under the control of
cytokines play a critical role in articular cartilage degradation and synovitis in OA
(Scanzello et al., 2009). Moreover, a novel class of small cytokines, namely chemokines,
have a broad array of effects in numerous different cell types, equally inside and outside of
the immune system. There is accumulating evidence that the interaction of chemokines
with their receptors play a role in the processes underlying synovitis in RA. More recently,
a possible role for chemokines, in addition to biomechanical stress, has been suggested in
cartilage and bone damage in OA (Vergunst et al., 2005). Chemokines secreted from FLS
play an important role in disease progression in patients with OA and RA (Borzi et al.,
2004, Garcia-Vicufa et al., 2004). Activated FLS express several chemokines, including
CCL2, CCL5/RANTES and CXCL8 (Alaaeddine et al., 2001, Borzi et al., 2004,
Garcia-Vicufia et al., 2004). Here, we have demonstrated that RANTES induces TLR3
expression in both N and OA FLS and also showed that stimulation of OA-FLS with Poly
(I:C) induced significant levels of RANTES both at gene and protein levels, thus forming a
feed forward loop aiding in OA progression. Interestingly, RANTES targeted therapeutic
approaches have been used towards the amelioration of experimental RA by using the
RANTES antagonistic met-RANTES (Shahrara et al., 2005). In OA, the exact role and
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regulation of RANTES in the disease process is less established and requires more

research.

The MMP regulation in joint tissues is long known for both tissue degradation and repair.
Emerging evidence has shown that TLR pathway activation may be involved in MMP
production in joint. Most recently, TLR-2 ligands were shown to induce MMP-1 and
MMP-13 in OA chondrocytes (Zhang et al., 2008). Similarly, in RA synoviocytes a
baseline MMP-1, MMP-2, MMP-3, and MMP-13 production was observed, which was
found to be dependent on the TLR pathway adaptor proteins MyD88 and Mal/TIRAP
(Sacre et al., 2007). In yet another study, the TLR-2 ligand peptidoglycan was shown to
augment MMP-1 and MMP-3 expression on synoviocytes (Kyburz et al., 2003). Although
numerous in vitro reports have purported a link between RA synovial or chondrocyte
production of MMPs and TLR activation, very little is known about MMPs in the context
of OA. In this study, we have shown that the most prominent MMPs in OA synovium,
namely MMP-1, 3, 9 and 13 (Sutton et al., 2009, Pelletier et al., 1995), can be induced by
stimulation of FLSs with PAMPs and this promotes disease progression. In particular, we
demonstrate that stimulation of OA-FLS with Poly(l:C) induced the highest levels of these
MMPs at both the gene and protein level. Furthermore, it was previously shown that IL-1
signalling up regulates the activity of ADAMTS-4 and MMP-13 and suppresses aggrecan

and collagen synthesis in chondrocytes.

However, targeted therapy to block IL-1p in OA was tested but could not reach the
efficacy as expected (Chevalier et al., 2005). Regarding TNFa, which like IL-1 can
activate chondrocyte mediated catabolic protease production (Fernandes et al., 2002), a
study showed that TNFa-blockade for the treatment of pain and inflammation in 12
patients with erosive hand OA, did not demonstrate significant efficacy on the whole, but
improvement in pain and physical function scores was reported for some individuals
(Magnano et al., 2007). In another study, elevated levels of synovial IL-15 was evident in
patients with early cartilage damage that underwent arthroscopic procedures, compared
with end-stage knee OA patients (Scanzello et al., 2009). However, the events that
stimulate 1L-15 and other pro-inflammatory cytokines production in OA are as yet
unknown, though TLR-2/4 activation has been implicated in RA patients (Jung et al.,
2007). In this study, we have shown that stimulation of OA-FLS with Poly (I:C) induced

both the gene and protein levels of these prevalent pro-inflammatory cytokines namely IL-

145



1B, TNFa, IL-6 and IL-15 in a TLR3 dependent manner. Wherein, OA-FLS stimulated
with pro-inflammatory cytokines or chemokines prevalent in the synovium predominantly
induced TLR3 gene expression, thus indicating a possible role for enhanced TLR3
expression in OA pathogenesis. Thus, TLR3 targeted therapies may be of significant
benefit towards the amelioration of synovial inflammation observed in OA, when
compared to blocking a single dominant cytokine / chemokine / their receptors in OA.

These significant differences obtained through the mMRNA and protein profiling of OA-FLS
have shed light on the initial OA progression processes and ultimately may lead to the
better understanding of many chronic inflammatory disease pathologies. Taken together,
these data illustrate the importance of OA-FLS as sentinel cells of the innate immune
response, considering their ability to react to various PAMPs and DAMPs towards
induction of different effecter molecules according to the needs of the tissues of which they

are part.

Although RA and OA are considered to be different diseases, they sometimes show
similarities; for example, secondary OA may be seen in RA, and in OA secondary
inflammation is often observed (Vergunst et al., 2005). Unravelling pathogenic processes
underlying both cartilage degradation and synovial inflammation may provide new insights
into both diseases, leading to the identification of novel therapeutic targets. This study
shows that synovitis in OA and RA can show great similarities with regard to the early
effecter mechanisms including the cytokine, chemokine, MMP and TLR expression in OA
and RA FLS, thus dismissing earlier hypotheses that OA is purely degenerative and the

synovial inflammation observed in OA is secondary.

In conclusion, given our observations in this chapter, it can be hypothesised that the innate
immune response such as TLR3 expression in OA-FLS, is one potentially modifiable
process augmenting various pathological changes observed in OA. Thus, the future
research in this area is essential to identify the specific TLR pathways that predominate in
vivo/ex vivo, and how they relate to patient subsets, stage of disease, and OA prognosis.
Further integrated research approaches, employing patient-derived materials, isolated cells
and animal models, will enable us to develop efficient anti-inflammatory treatments to

optimise comprehensive joint care approaches for the diversity of patients with OA.
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Chapter 4
EXx-vivo characterisation of OA synovial

tissue, fibroblasts and fluid- TLR3 as a
therapeutic target for OA?
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4.1. Introduction

OA is a very common rheumatic pathology characterised by inflammation of the synovial
membrane, cartilage breakdown and alteration of the joint capsule (Sellam and
Berenbaum, 2010). It causes pain, swelling and stiffness leading to loss of joint function in
various phases of the disease particularly in the late phase (Sutton et al., 2009). The
traditional view of OA as a cartilage-only disease has been strongly disproven by recent
research and OA is now regarded as a whole-joint disease which primarily includes the
synovial tissue (Sellam and Berenbaum, 2010). Although, the cause of the disease hasn’t
been identified yet, it has been shown that inflammation of the synovial membrane plays a
key role in OA pathogenesis and disease progression (Sutton et al., 2009, Sellam and
Berenbaum, 2010, Benito et al., 2005). The main cell types involved in OA are
synoviocytes, chondrocytes and infiltrating leukocytes. Synoviocytes are the building
blocks of the synovial membrane, which consist of the three to four cells thick layer
surrounding the joint, chiefly consisting of FLS which produce the synovial fluid and the
matrix components like hyaluronic acid (Sutton et al., 2009). As we have shown in chapter
3, activated FLS release proinflammatory cytokines and catabolic mediators such as
MMPs. These perpetuate local synovitis and ultimately lead to cartilage breakdown. The
products of the cartilage damage can in turn activate the FLS and this process forms a
positive loop of inflammation (Sellam & Berenbaum, 2010). The FLS also release the
chemokines attracting the macrophages and adaptive immune system cells, which cause

amplification of inflammation (Sellam & Berenbaum, 2010).

Given that the immune system is constantly challenged by an enormous variety of
pathogens, necessitating a complex and multifaceted response, a key element of which are
the TLRs, an increased interest in the role of TLRs in OA research has arisen. TLRs, as
described earlier, are membrane bound receptors which though several activation pathways
generate gene expression in rheumatic diseases via NF-«B or the IRF family (Scanzello et
al., 2008, McCormack et al., 2009). The expressed genes result in the classic inflammatory
response of localised heat, redness, inflammation and pain. This innate immune response is
very effective and often sufficient to clear pathogens from the body and also provides the
impetus to activate and prepare the adaptive immunity though cytokine and chemokine
production and dendritic maturation (Kim et al., 2009). Nevertheless, dysregulation of such

an immune response often leads to chronic inflammatory pathologies, chiefly though
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inducing inflammatory cytokines, chemokines and matrix degrading enzymes in the joint.
It has been previously shown that the TLRs and induction of their concomitant cytokines,
chemokines and MMPs play an important role in the pathogenesis of OA, as well in other
chronic inflammatory diseases (Drexler and Foxwell, 2010). A similar finding was
demonstrated in our previous chapter wherein we demonstrated that activated OA-FLS
secreted a plethora of pro-inflammatory cytokines, chemokines and MMPs that may serve
to perpetuate the chronic inflammatory milieu prevalent in the joint in a TLR dependent
manner. Thus, the cytokines which are ephemerally produced by most cell types,
particularly FLS in OA synovium, can act though binding to their specific cytokine
receptors, thereby inducing signal transduction pathways like activation of NF-kB or IRFs,
which lead to activation of effector mechanisms like secretion of proinflammatory
cytokines, chemokines and MMPs within the responding cells (Sutton et al., 2009,
Fernandes et al., 2002). Thus, tight regulation of cytokine and TLR signalling is very
crucial for chronic inflammatory disease states, like OA. Therefore, to establish activation
of such signal transduction pathways in OA, we have employed OA-FLS isolated from
early and late OA synovium to elucidate the underlying pathological mechanisms aiding in
OA progression. Notably, it is probable to speculate that these cells may have been
activated by PAMPs/DAMPs in the synovium.

The therapeutic potential and importance of TLRs, cytokines and their blocking agents
(e.g. soluble cytokine receptors, natural antagonists and antibodies) in treating various
clinical conditions such as OA and RA has been greatly recognised and this lead to
extensive research in the field of TLRs and cytokines in the last decade (Arend and Dayer,
1990, Fernandes et al., 2002, Abramson et al., 2006, Martel-Pelletier et al., 1999, Tsuboi et
al., 2002, Ultaigh et al., 2011). The most common pro-inflammatory cytokines involved in
joint arthopathies are IL-6 and TNFa (Fiorito et al., 2005), and IFN (Akbar et al., 2000).
Given our observations in the previous chapter that increased levels of IL-6, TNFa and
IFNB secretion by OA-FLS following stimulation with Poly(l:C), and, to a lesser extent,
with Pam,CSK,, LPS and CpG stimulations, it was compelled to employ cytokine and
TLR inhibitory molecules towards understanding the regulatory effects of such
cytokines/TLRs in OA pathology. As synovial tissue mediated synovitis is associated with
clinical symptoms and also reflects joint degradation in OA, synovium-targeted therapy
may help alleviate the symptoms of the disease and may also prevent structural

degradation of the joint (Sellam and Berenbaum, 2010). Synovitis is recognised to be
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directly responsible for several clinical symptoms and reflects the structural progression of
the OA pathology. It is an important factor in OA pathophysiology due to the action of
several soluble mediators and thought that developing treatment which specifically target
synovial tissue mediated synovitis could be beneficial for both the symptoms and structural
changes that occur in OA (Sellam and Berenbaum, 2010, Sutton et al., 2009, Fiorito et al.,
2005). Furthermore, the synovial tissue primarily aids in synovitis development even in
early OA, by releasing inflammatory mediators in to the synovial fluid though
synoviocytes (Sellam and Berenbaum, 2010, Sutton et al., 2009, Fiorito et al., 2005, Benito
et al., 2005). Increasing evidence show that the activated FLS, an effecter cell type
synoviocyte in the synovium, predominantly alleviates the synovial inflammation in a TLR
dependent mode (Scanzello et al., 2008, Sellam and Berenbaum, 2010).

To better understand the molecular mechanisms and to identify pathologic mediators
involved in synovial inflammation associated with OA, we performed an ex-vivo assay,
wherein, OA whole synovial tissue explants were treated with selected PAMPs to mimic
the pathological conditions in the joint. Additionally, to better understand the inflammatory
milieu prevalent in different phases of the OA progression, OA synovial fluid (OA-SF)
taken from patients with various grades of OA were characterised in terms of
cytokine/chemokine/MMP profiles. To identify and explore the key inflammatory signals
propagated in the crosstalk between FLS and the synovial fluid in the joint, we have
performed an in-vitro assay, wherein, normal FLS were treated with grade specific OA-SF,
to mimic the intricate cell-fluid contact in the joint, which otherwise maintains the joint
homeostasis, and if unchecked may lead to chronic inflammatory disease conditions like
OA.

Given that over expression of TLR3 in FLS aids in arthritis progression (Ospelt et al.,
2008) , and given that pristane induced arthritis in rats was curtailed with TLR3 pathway
intervention using anti-TLR3 neutralising antibody (Zhu et al., 2011), we therefore
examined the ability of a TLR3 blocking antibody to modulate the OA-SF mediated
inflammatory milieu using early and late OA FLS, to better understand the underlying
molecular mechanisms in such a complex disease condition. Likewise, to further
differentiate the role of TLRs and RLRs in OA progression, we assessed the functional

ability of OA-SF to activate specific TLRs using a reporter gene assay and employing
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Human Embryonic Kidney cells (HEKS), which over express particular TLRs and MAVS-
deficient Mouse Embryonic Fibroblast cells (MEFs).

4.1.2. Specific aims of chapter 4

1. To analyse the differential cytokine, chemokine and MMP levels in OA synovial
tissue explant cultures and early/late OA-FLS following stimulation with a panel of TLR
agonists.

2. To evaluate grade-specific OA pathology in terms of histology, cytokine,
chemokine and MMP expression patterns.

3. To examine the temporal effects of cytokine and TLR neutralising antibodies on
cytokine and chemokine levels in N and OA-FLS following stimulation with respective
TLRs, cytokines and end stage OA-SF.

4. To characterise the effect of TLR3 neutralisation on gene, cyto/chemokine and
protein expression patterns in N-FLS following stimulation with grade-specific OA-SF or
early/late OA-FLS stimulated with Poly (I:C).

5. To evaluate the ability of OA-SF to activate specific TLRs using HEK293 cells
over-expressing specific TLRs and using MAVS-deficient MEFs.
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4.2, Experimental Materials and Suppliers

Bio-Rad
Precision plus protein dual core marker, Cat. # 161-0374

Biosynth®
Luciferin, Cat. # L8200

Biotium
Coelenterazine, Cat. # 10110-1

Cell Signalling

Mouse monoclonal IkBa antibody, Cat. # 4814
Rabbit monoclonal NF-«kB p65, Cat. # 4764

Rabbit monoclonal Phospho-NF-«kB p65, Cat. # 3033
Rabbit monoclonal Phospho-IRF3, Cat. # 4947
Rabbit monoclonal B-actin, Cat. # 4970

Anti-rabbit 19G, HP-linked antibody, Cat. # 7074
Anti-mouse 1gG, HP-linked antibody, Cat. # 7076

eBioscience

Anti-Human IFN-f Functional Grade Purified, Cat. # 16-9978-81

Mouse IgG1 K Isotype Control Functional Grade Purified, Cat. # 16-4714
Mouse 1gG2a K Isotype Control Functional Grade Purified, Cat. # 16-4724

Invitrogen
Lipofectamine 2000™, Cat. # 11668-019
DH5a competent cells, Cat. # 18265-017

Invivogen

Neutralising IgA monoclonal antibody to human TLR2, Cat. # maba2-htlr2
Purified monoclonal antibody to human TLR3, Cat. # mab-htlr3
Neutralising IgA monoclonal antibody to human TLR4, Cat. # maba2-htir4
Purified monoclonal antibody to TLR9, Cat. # mab-mtlr9
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Neutralising IgA monoclonal antibody to human interleukin 6, Cat. # maba-hil6
Neutralising IgA monoclonal antibody to human TNF-a, Cat. # maba-htnfa

Human IgA2 Isotype Control, Cat. # maba2-ctrl

Meso Scale Discovery (MSD), Gaithersburg, USA

Human Pro-inflammatory 7-Plex Assay Ultra Sensitive Kit, Cat. # K15008C-1
Human RANTES Ultra Sensitive Kit, Cat. # K151BFC-1

Human IFN-B Tissue Culture Kit, Cat. # K151ADB-1

Human MMP 3-Plex Ultra Sensitive Kit, Cat. # K15034C-1

Pro Sci Inc
Rabbit Polyclonal TLR3 Antibody (CT), Cat. # 3643

Sigma-Aldrich

Xylene, ACS Reagent, Cat. # 33817

10 % Formalin, Cat. # HT5011

Harris Haematoxylin, Cat. # HHS32

Eosin Y, Cat. # E4382

Potassium dichromate, Cat. # P2588

Acetyl CoEnzyme A, Cat. # A2181

4', 6-Diamidino-2-phenylindole dihydrochloride (DAPI), Cat. # 9542
Magnesium carbonate hydroxide, Cat. # 105H00101

Santa Cruz Biotechnology, INC

Rabbit polyclonal IRF-3 antibody, Cat. # sc-9082
Mouse monoclonal IRF-7 antibody, Cat. # sc-74471
Rabbit polyclonal IRF-9 antibody, Cat. # sc-10793
Anti-nucleolin antibody, C23 (H-6), Cat. # sc-55486)

Mouse monoclonal antibody rose against IFN-f of human origin, Cat. # sc-57203
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4.3. Experimental Methods

4.3.1. Research design and clinical cohorts

A total of 40 patients were recruited from the orthopaedic outpatient clinic at Aware
Global Hospital, Hyderabad, India and were followed up prospectively for 3 months. All
the subjects fulfilled the 1986 American College of Rheumatology criteria for a diagnosis
of OA (Altman et al., 1986). All participants had not previously received any biologic
therapy. Synovial tissue and fluid samples were obtained from the patients during needle
arthroscopy of the knee as part of their treatment regime (Youssef et al., 1998) and OA
patients undergoing needle arthroscopy had active synovitis or joint effusion of the knee.
Patients were not prescribed DMOADs at the time of synovial tissue/fluid sampling.
However, some patients received DMOADs in the past but were not treated with
DMOADs at the time of or up to three months prior to tissue sampling. Reasons for
discontinuation of previous DMOAD were intolerance and non-compliance. Disease
duration at the moment of tissue sampling varied from 20 days to more than 10 years.
Regarding trauma participants, patients with a history of trauma for various problems like
meniscal tears, Acl tears etc were recruited to the study. The clinical characteristics of the
patient cohorts are summarized in table 4.1 and the OA classification system employed for
grading the disease stage in these patients is depicted in table 4.2. Approval for the study
was given by the institutional ethics committee and all patients gave written informed
consent. All treatment was fully compliant with the Helsinki Declaration. The synovial
fluid and synovial tissue biopsies thus obtained from a total of 40 patients were stored at -
80 °C until further analysis.

4.3.2 Arthroscopic synovial biopsy

The entire arthroscopic procedure was performed in a standard operating theatre under
sterile conditions using a lateral infra- and supra patellar approach (Baeten et al., 1999).
Briefly, following povodine-iodine antiseptic solution wash, the knee joint was bent to 90
degrees and 10 ml of 2 % lignocaine was administered into the subcutaneous deep tissues
and capsule at the lateral infra-patellar arthroscope portal site (Figure 4.1, A). Similarly, a
further 10 ml of 2 % lignocaine was administered to the subcutaneous and deep tissues at
the lateral suprapatellar biopsy forceps portal site (Figure 4.1, B). Next, the synovial
membrane was punctured at the lateral suprapatellar biopsy portal site using a sterile

syringe and needle. Synovial fluid was aspirated for future analysis. Subsequently, 20 ml
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of 2 % Marcaine was administered intra-articularly, followed by up to 50 ml 0.9 % normal
saline. The arthroscopy was performed using a 2.7mm Hopkins rodlens telescope/ needle
arthroscope (Storz, Tuttlingen, Germany) (Baeten et al., 1999). Further, with the knee
flexed at 90 degrees, a small incision was made at the lateral infrapatellar portal site down
to the synovial membrane (Figure 4.1, C). A blunt obdurator and arthroscope sheath were
then inserted into the knee joint. Following penetration of the capsule, the knee joint was
slowly extended to allow the obdurator and sheath to pass cranially within the knee joint
between the patella and the femur. Subsequently, the blunt obdurator was removed and the
arthroscope was inserted though the sheath into the knee joint (Figure 4.1, D). A 1L bag of
irrigation fluid containing 0.9 % saline, 1 % lignocaine was then connected to the
arthroscope irrigation port. The arthroscope was then connected to the recording unit to
enable direct visualisation of the synovial membrane on a video screen. A small incision to
puncture the synovial membrane at the lateral supra-patellar biopsy portal was then made.
The biopsy portal and blunt obdurator were then inserted into the knee and a drain was
attached at the biopsy portal site (Figure 4.1, E). Once sufficient irrigation has been
performed to achieve a clear view of the synovial cavity, a survey of the synovial
membrane was performed to record the degree of vascularity and synovitis within the joint.
Synovial biopsies of representative areas of inflamed synovial membrane were obtained
through direct visualisation using grasping forceps (Figure 4.1, F). Biopsy samples were
placed on gauze soaked with 0.9 % normal saline and placed in a 30 ml sterilin container
for immediate processing or were immediately stored in a sterile cryovial at -80 °C until

further analysis.

After the procedure, the arthroscopy equipment was removed from the joint, and both
portals were closed using steri-strips and covered with a self-adhesive absorbent dressing.
The knee was then dressed with cotton wool and gentle compression bandages. The patient
was instructed to remove the bandages after 24 h but to keep the knee dry and keep the
steri-strip and self-adhesive absorbent dressing over the wound sites for 7 days. This
method was adapted, in part, from the procedure performed by Professor Douglas Veale,
Consultant Rheumatologist, St. Vincent’s University Hospital and all the pictures depicted
in this method were captured by Dr. Mary Connolly and Dr Ursula Fearon, Rheumatology
Department, St. Vincent’s University Hospital, UCD, Ireland (Youssef et al., 1998). A
similar procedure was performed by Dr. Maheshwar and Dr. Vidyasagar at Aware Global

155



Hospital, Orthopaedics Department, Hyderabad, India, to procure the synovial biopsies and
fluid for this study.

Figure 4.0: Representation of Arthroscopic Knee Surgery. (A) Lateral infra-patellar
anaesthetic administration, (B) Lateral supra-patellar anaesthetic administration, (C) Incision
of Arthroscopy Portal, (D) Arthroscope insertion into the knee joint, (E) Insertion of Biopsy
Forceps and Drain, (F) Direct visualization of inflamed synovial membrane. (Courtesy Dr
Mary Connolly and Dr Ursula Fearon, St. Vincent’s University Hospital, Dublin 4,

Ireland).
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Table 4.1:  Classification System followed for OA synovial tissue biopsy and fluid procurement
Classification System Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
(Lysholm et al., 1987)
Radiographic System
(Kellgren and Normal Joint space Grade 1 + Subchondral Grade2 + Some Grade 3 +
Lawrence, 1957) Knee narrowing sclerosis and/or cysts deformation of the edge Complete loss of
X-ray and/or of bone/deformity and joint space,
osteophytes increased joint space deformity
seen on X- narrowing (varus/valgus)
ray
Fibrillation/fragmentat Fibrillation/fragmentation
Softening ion/ [fissuring/deep ulceration
Normal and fissuring/superficial more than 0.5 inches/1.25 Full thickness
Arthroscopic System Cartilage swelling of ulceration less than 0.5 cm in diameter or more wear of cartilage
(Ayral et al., 2005) the inches/1.25 cm in than 50% depth with exposure of
cartilage diameter or less than of the cartilage not subchondral bone
50% depth of the exposing the
cartilage subchondral bone
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Table 4.2:

Baseline subject characteristics

Baseline characteristics by diagnostic category Trauma controls | OA OA OA OA
Characteristics Grade 0 (n=7) Grade 1 (n=8) Grade 2 (n=9) Grade 3 (n=6) | Grade 4 (n=10)
Age in years 26.5+4.44 39.12+9.89 48.14 + 12.26 52 +£8.17 56.3+7.86
Sex (M/F) 7/0 5/3 3/6 3/3 5/5
Duration in years 0.43 +0.37 1.071+0.18 312+21 4+0.70 5.9+2.30
OA Grading (RG/AS) 0/0 1/ /11 /i vV/Iv

OA Classification (P/S) NA P P P P

BMI (Kg/mz) 23.1+261 23.67 £4.95 23.99+2.74 26 + 4.56 27.83 £5.30
ESR (mm/h) 14.66 + 4.16 17.37 + 6.86 21.5+9.71 21.8 £ 10.05 26.7 £ 10.55
CRP (mg/L) 2.04+1.32 2.5+1.23 2.87+191 3.35+2.40 453 +3.10
Baseline Analgesics-A/ Hyaluronan Injections-1 | A A A A A

Diabetes (Y/N) N N N N N
Hypertension (Y/N) N N N N N
Hypo/Hyper Thyriodism (Y/N) N N N N N

Data are expressed as mean = S.D., RG/AS: Radiographic/Arthroscopic grading, P/S: Primary/Secondary OA, BMI. Body Mass Index, ESR:

Erythocyte sedimentation rate, CRP= C-reactive protein, Y/N: Yes/No, NA: Not applicable.
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4.3.3. Processing of arthroscopic synovial biopsies and fluid

A set of grade-specific OA synovial tissues were placed in formalin for histological
analysis as discussed in section 4.3.4, and for immediate isolation of primary synovial
fibroblast cells as discussed in section 4.3.5. The synovial fluid samples were centrifuged
at 4000 rpm for 15 min at 4°C to sediment particles and cells. The cell-free supernatants
were collected and used either for direct cyo/chemokine-MMP analysis using the MSD
Mesoscale platform as discussed in section 4.3.7, or used for N-FLS stimulation assays as
discussed in section 4.3.10. An aliquot of the synovial tissue and fluid samples were also

snap frozen in liquid nitrogen for future protein or mRNA analysis.

4.3.4. Synovial tissue histology

Grade-specific synovial tissues were marked and fixed in 10 % formalin (Sigma- Aldrich),
embedded in paraffin, sectioned and stained with haematoxylin and eosin (H&E) for
examination by light microscopy. Histopathological changes were graded according to a
semi-quantitative scoring system (Cook et al., 2010, Tsubaki et al., 2005, Kraan et al.,
2000).

4.34.1. Synovial tissue preparation

Grade-specific synovial tissue (n=3 per grade) was processed for histology using an
automated processor (Shandon Path centre, Runcorn, UK). Specifically, the tissue was
immersed in fixative and dehydrating solutions, namely formalin (x 1), ethanol (x 6),
xylene (x 3) (BDH AnalaR® Laboratory supplies, Poole, UK). Next, the samples were
embedded in paraffin wax using a Shandon Histocentre 2 (Shandon) and allowed to harden
overnight. Then, 4 pm sections were cut using a microtome (Shandon Finesse 325,
Thermo-Shandon, Waltham, MA, USA). Next, to remove any creases, the tissue sections
were placed in cold water containing ethanol followed by transfer to a hot water bath set at
42 °C. To facilitate the clearance of wax, the tissue sections were heated to 56 °C for a

minimum of 1 h prior to staining.

4.3.4.2. Haematoxylin/Eosin Staining

Synovial tissue slide sections were immersed in 2 changes of xylene, 10 min each,
followed by rehydration in 3 concentrations of ethanol ranging from 100 % to 80 %. The
sections were then placed in 2 changes of water, followed by Harris Haematoxylin (Sigma)

solution for 3 min. Slides were washed in water for 2 min, and then immersed in 1 % acid
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alcohol for 20 seconds, followed by another washing step. Slide sections were
counterstained in Eosin Y (Sigma) for 3 min and washed again. Finally, the slides were put
though a series of dehydration steps in ethanol concentrations ranging from 80 % to 100 %
for 5 min each. Slides were mounted with DPX mountant (BDH) and examined under a

light microscope.

4.3.4.3. Histopathological assessment

A validated semi-quantitative scoring system for synovial tissue was used (Cook et al.,
2010, Tsubaki et al., 2005, Kraan et al., 2000). The analysis included all areas of the
biopsy samples and a global semi-quantitative score was given for each parameter (0-3
scale where O=lowest expression and 3=highest). In cases of discordant scores, which
differed by a maximum of 1 point, the mean of the 2 scores was used. Histological
evaluation of the paraffin embedded H & E stained sections included the mean synovial
lining layer thickness (0 = 1-2 cell layers, 1 = 3-4 cell layers, 2 = 5-6 cell layers, and 3 = >
7 cell layers), degree of vascularity of the sublining layer, degree of infiltration of the
sublining layer, number of plasma cells and neutrophils, and number of lymphoid
aggregates. Comparison of histological semi-quantitative scores was performed using the
Non-parametric Mann-Whitney U test. P values less than 0.05 were considered to be
statistically significant.

4.3.5. Isolation and culture of primary OA FLS

Early (Grade 1-2) and Late (Grade 3-4) stage OA synovial biopsies were obtained from
patients attending the Rheumatology Clinic at St Vincent’s University Hospital, Dublin 4,
Ireland, in collaboration with Professor Douglas Veale and Dr. Ursula Fearon. Briefly, the
synovial biopsies were digested using 1 mg/ml collagenase type 1 (Worthington
Biochemical, Freehold, NJ, USA) in RPMI 1640 (Gibco-BRL) for 4 hs at 37 °C
humidified atmosphere with 5 % CO,. The dissociated cells were grown to confluence in
RPMI 1640 supplemented with 10 % FCS, 10 ml of ImM HEPES (Gibco-BRL), 100 U/ml
penicillin, 100 pg/ml streptomycin and 0.25 pg/ml fungi zone, before passaging. This
aspect of the project was performed in collaboration with Dr. Mary Connolly and Dr
Ursula Fearon, St. Vincent’s University Hospital, UCD, Ireland. The cells were maintained
in a 37 °C humidified atmosphere with 5 % CO, and were passaged every 2 to 3 days using
1 % (w/v) Trypsin/EDTA solution in PBS. Early and Late OA-FLS utilised for this study
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were passage 2 to 6. Similarly N and OA-FLS utilised for this study were subcultured as
described in section 3.3.2 (chapter 3).

4.3.6. OA synovial tissue explant culture

An ex vivo OA synovial tissue explant model was established to investigate the effect of
TLR agonists in early and late OA synovial joint, which maintains the synovial
architecture and cell-cell contact, and therefore more closely reflects the in vivo
environment. Briefly, synovial tissue was sectioned into 3mm cubes and cultured in 96
well plates in serum free RPMI 1640 supplemented with 100 U/ml penicillin and 100
pg/ml streptomycin for 24 h at 37 °C humidified atmosphere with 5 % CO,. To minimize
heterogeneity between biopsy specimens, individual biopsies were sectioned into smaller
pieces for each experimental condition therefore allowing cellular consistency. OA
synovial explants were either stimulated with Pam,CSK4 (1 pg/ml), Poly (I:C) (10 pg/ml),
LPS (1 pg/ml) or CpG (3 pg/ml) in serum free RPMI 1640 for 24 h or left unstimulated to
measure basal protein profiles. This aspect of the project was performed in collaboration
with Dr Mary Connolly and Dr Ursula Fearon, St. Vincent’s University Hospital, UCD,
Ireland. The supernatants were harvested and levels of IL-1B, TNFa, IL-6, IL-8, IFNy, IL-
12p70, IL-10, RANTES, IFNB and MMP-1, 3, 9 were assessed using Meso Scale
Ultrasensitive ELISA System (MSD, USA). Similarly, spontaneous release of such cyto-
chemokine-MMPs was also measured using MSD system, following 24 h culture of
synovial biopsies from OA (n=4) patients in RPMI 1640 supplemented with 10 % FCS, 10
ml of ImM HEPES, 100 U/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml

fungizone.

4.3.7. Meso Scale Human Pro-inflammatory 7-Plex Assay

Cell free supernatants were used for measuring IL-1p, TNFa, IL-6, IL-8, IFNy, I1L-12p70,
and IL-10 levels, using Meso Scale 96-Well Human Pro-inflammatory 7-plex ultra
sensitive assay kit (Meso Scale Discovery (MSD)). The Human 7-Plex assay detected IL-
1B, TNFa, IL-6, IL-8, IFNy, IL-12p70, and I1L-10 in a sandwich immunoassay format. The
7-plex assay was supplied as a 96 well ultra sensitive plate pre-coated with IL-1B, TNFa,
IL-6, IL-8, IFNy, IL-12p70, and IL-10 capture antibodies on spatially distinct spots on the
plate. First, the pre-coated plate was incubated with 25 pl/well of Diluent 2 (R51BB-4)
supplied with the kit for 30 min at room temperature (RT) with vigorous shaking at 1000
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rpm. Next, the samples (cell free supernatants) or appropriate dilution of stock calibrator
blend (highest calibrator point was obtained by diluting the stock by 100 fold in Diluent 2
and from this an 8 point standard curve with 4-fold serial dilution was prepared-assay
range 2500 to 0 pg/ml) was added to separate wells of the MSD plate in duplicates. The
plate was sealed with an adhesive seal and incubated for 2 h with vigorous shaking (1000
rpm) at RT. Next, the plate was washed three times with wash buffer (PBS-T) and was pat
dry. The SULFO-TAG Detection Antibody Blend (D2008-2) provided as 50 x stock
solution was diluted to a final working concentration of 1 x, by mixing 60 pl of stock
antibody blend with 2.94 ml of Diluent 3 (R51BA-4) supplied with the kit. Further, 25
pl/well of the 1 x detection antibody solution was added to each well of the MSD plate and
the plate was sealed and incubated for 2 h with vigorous shaking (1000 rpm) at RT. Next,
the wash step was repeated and 150 pl/well of 2x diluted Read Buffer T (R92TC-3) was
added in to each well of the MSD plate. The plate was immediately read on the SECTOR
Imager and the data was analysed using the MSD Discovery Workbench analysis software.

4.3.8. Meso Scale Human RANTES and IFNP Assay

Cell free supernatants were used for measuring RANTES and IFNP levels using a meso
scale 96-Well Human RANTES assay kit and Human IFNp assay kit respectively (MSD).
The Human RANTES assay plate (L451BFA-1) detected RANTES and Human IFNf
assay avidin plate (L15AA-1) detected IFNp in a sandwich immunoassay format. The 96
well ultra sensitive plate was pre-coated with human RANTES capture antibody on the
RANTES plate. Regarding the IFN plate, a 50x anti-hIFNp biotinylated capture antibody
was diluted to 1x working concentration in Diluent 100 (R50AA-4), and 20 pl/well of this
1 x capture antibody was manually pipetted onto the MSD plate and incubated at RT with
gentle shaking for 1 h. Subsequently, the RANTES and IFNP plates were incubated with
25 pl/well of Diluent 2 (R51BB-4) supplied with the kit for 30 min at RT with vigorous
shaking at 1000 rpm. Next, the samples (cell free supernatants) or appropriate dilution of
stock calibrators (highest calibrator point for RANTES was obtained by diluting the stock
(CO1BF-2) by 100 fold in Diluent 2 and from this, an 8 point standard curve with 4-fold
serial dilution was prepared-assay range 2500 to 0 pg/ml, and highest calibrator point for
IFNP was obtained by diluting the stock (COLAD-2) by 25 fold in Diluent 1 (R50CK-4)
and from this, an 8 point standard curve with 4-fold serial dilution was prepared-assay
range 25,000 to 1.5 pg/ml) were added to separate wells of the respective MSD plates in

duplicates. The plates were sealed with an adhesive seal and incubated for 2 h with
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vigorous shaking (1000 rpm) at RT. Next, the plates were washed three times with wash
buffer (PBS-T) and were pat dry. The SULFO-TAG Detection Antibody Blend (D21BF-2)
for RANTES and (D21AD-2) for IFNf detection, provided as 50 x stock solution were
diluted to a final working concentration of 1 x, by mixing 60 ul of stock antibody blend
with 2.94 ml of Diluent 3 (R51BA-4). Next, 25 pl/well of the 1 x detection antibody
solution was added to each well of the respective MSD plates and the plates were sealed
and incubated for 2 h with vigorous shaking (1000 rpm) at RT. Next, the plates were
washed three times with wash buffer (PBS-T) and were pat dry. Then, 150 pl/well of 2x
diluted Read Buffer T (R92TC-3) was added to each well of the MSD plates. The plates
were immediately read on the SECTOR Imager and the data was analysed using the MSD
Discovery Workbench analysis software.

4.3.9. Neutralisation Assays

N and OA-FLS were seeded at 1 x 10° cells/well in triplicate in a 6-well tissue culture
plate until confluent. Prior to stimulation, FLS were rendered quiescent by maintaining the
cells in serum free Opti-MEM for 24 h. Further, all stimulations were carried out in Opti-
MEM using the agonists/end stage OA-SF and/or blocking antibodies/isotype antibody
controls. FLS were pre-treated with the following optimised concentrations of
blocking/isotype control antibodies for 90 min prior to the respective ligand stimulation for
24 h. The cell free supernatants were then collected for ELISA analysis. Briefly, N and
OA FLS were pre-treated with an anti-TLR2 antibody (5 pg/ml) or Isotype 1gA2 antibody
(5 pg/ml) for 90 min prior to Pam,CSK, (1 pg/ml) stimulation, an anti-TLR3 antibody (20
pg/ml)/1sotype IgG1l antibody (20 pg/ml) prior to Poly (I:C) (10 pg/ml) stimulation, an
anti-TLR4 antibody (5 pg/ml)/Isotype 1gA2 antibody (5 pg/ml) prior to LPS (1 pg/ml)
stimulation, an anti-TLR9 antibody (15 pg/ml)/Isotype IgG2a antibody (15 pg/ml) prior to
CpG (3 pg/ml) stimulation, an anti-IL-6 antibody (5 pg/ml)/Isotype IgA2 antibody (5
pg/ml) prior to IL-6 (100 pg/ml) stimulation, an anti-IFN antibody (10 pg/ml)/Isotype
IgG1 antibody (10 pg/ml) prior to IFNB (100 pg/ml) stimulation and an anti-TNFa
antibody (5 pg/ml)/Isotype IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) stimulation
for 16 hs.

4.3.10. Real time PCR and ELISA analysis of N-FLS stimulated with grade-
specific OA-SFs
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N-FLS were treated with grade specific (Grade 0, 1, 2, 3, 4) OA-SF for 16 h and Poly(l:C)
acted as positive control. Briefly, N-FLS were seeded at 1 x 10° cells/well in triplicates in a
6 well tissue culture plate until confluent. Prior to stimulation N-FLS were rendered
quiescent by maintaining the cells in serum free Opti-MEM for 24 h. Cells were pre-
treated with an anti-TLR3 (20 pg/ml) antibody or Isotype IgG1 (20 pg/ml) antibody for 90
min in Opti-MEM. Next, stimulations were performed in Opti-MEM using the grade-
specific OA-SF (1:5 dilution in Opti-MEM) or Poly(l:C) (10pg/ml) for 16 h. Cell free
supernatants were collected followed by ELISA analysis. The cell pellet was utilised for
MRNA extraction to study differential TLR and TRIF expression profiles that may be
induced by the grade-specific OA-SF and Poly(l:C).

4.3.11. Western blot analysis of Poly(l:C)/OA-SF stimulated FLS

N and OA-FLS were seeded at 1 x 10° cells/well in triplicate in a 6 well tissue culture plate
until confluent. Cells were rendered quiescent by maintaining the cells in serum free Opti-
MEM for 24 h. Initially, N and OA-FLS were stimulated with Poly(l:C) (10ug/ml) for 30,
60 and 90 min respectively. Alternatively, N and OA-FLS from both early and late stages
were seeded at 1 x 10° cells/well in triplicates in a 6 well tissue culture plate until
confluent. Cells were pre-treated with an anti-TLR3 antibody (20 pg/ml)/ Isotype 1gG1
antibody (20 pg/ml) for 90 min as indicated, followed by stimulation with Poly(l:C)
(10ug/ml) or grade-specific OA-SF (1:5 dilution in Opti-MEM/grade) for 3 h (as earlier
time points did not show any transcription factor activation in N-FLS (data not shown).
The cell pellets were harvested and assayed for IkBa degradation, phosphorylation of p65
and IRF3 activation by immunoblot analysis as described in detail in chapter 2. The
antibody dilutions employed for immunoblotting in this method are as follows: B-actin
(mouse) 1:1000, phospho-IRF3 (rabbit) 1:1000, IkBa (mouse) 1:200, phospho-p65 (rabbit)
1:1000, anti-mouse and anti-rabbit 1gG secondary antibodies are used at 1:5000 dilution.

4.3.12. Luciferase reporter gene assay

HEK293-TLR2, HEK293-TLR3, HEK293-TLR4, HEK293-TLR7, HEK293-TLRY,
MAVS Wild type** and MAVS-deficient” MEFs were grown in DMEM with GlutaMAX
(Gibco-BRL) supplemented with 10 % FCS, penicillin-streptomycin, noromycin and 200
png/ml of G418, except HEK293-TLR3 where the culture medium was supplemented with
blasticidin (100 mg/ml), and maintained at 37 °C in a humidified atmosphere of 5 % CO,.

Next, cells (2 x 10* cells/well; 96 well plate) were transfected with 80 ng/well luciferase
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reporter gene plasmid for NF-xB / IFNf (p125) / PRD-11 / PRD-I-111 / PRD-IV / IRF3 /
IRF7 and IRF9 using Lipofectamine 2000 as described by the manufacturer (Invitrogen).
In all cases, 40 ng/well of phL-TK reporter gene was co-transfected to normalise data for
transfection efficiency. After 24 h, cells were either stimulated with their respective ligands
namely, Pam,CSK, (1 pg/ml; HEK293-TLR2), Poly(l:C) (10 pg/ml; HEK293-TLR3), LPS
(1 pg/ml; HEK293-TLR4), CLO-97 (1 pg/ml; HEK293-TLR7), CpG (3 pg/ml; HEK293-
TLRY), 5> ppp ds-RNA (1 pg/ml; MAVS™* and MAVS™ MEFs), or with early OA-SF
(grade-1), late OA-SF (grade-4) or grade-specific OA-SF (1:5 dilution in Opti-MEM) for
24 h as indicated. Thereafter, cell lysates were prepared and reporter gene activity was
measured using the Dual Luciferase Assay system (Promega) as described (Bowie et al.,
2000). Data was expressed as the mean fold induction + S.D. relative to control levels, for a
representative experiment from a minimum of three separate experiments, each performed

in triplicate.

4.3.13. Cellular nuclear fraction extraction assay

N-FLS, OA-FLS from early (grade 1-2) and late (grade 3-4) stage OA-FLS were seeded at
1 x 10° cells/well in triplicate in a 6 well tissue culture plate until confluent. Cells were
rendered quiescent by maintaining the cells in serum free Opti-MEM for 24 h. Cells were
pre-treated with an anti-TLR3 antibody (20 pg/ml)/ Isotype 1gG1 antibody (20 pg/ml) for
90 min as indicated, followed by stimulation with Poly(l:C) (10ug/ml) for 60 min or early
OA-SF (grade 1)/late stage OA-SF (grade 4) (1:5 dilution in Opti-MEM/grade) for 3 h (as
earlier time points did not show any transcription factor activation in N-FLS (data not
shown). The cell pellets were harvested and nuclear proteins were isolated using the
ProteoJET cytoplasmic and nuclear protein extraction kit (Fermentas) as described by the
manufacturer. Thereafter, the nuclear fraction was subjected to immunoblot analysis using
anti-IRF3 (1:100 dilution), anti-IRF7 (1:100 dilution), anti-IRF9 (1:100 dilution) and anti-
nucleolin (1:100 dilution). All the data presented are representative of at least three

independent experiments performed in triplicate.

4.3.14. Confocal Microscopy

Primary N and OA FLS were seeded at a density of 0.5 x 10° cells/ml in 8-well chamber
slides and grown for 24 h till confluent. Next, cells were pre-treated with anti-TLR3
antibody for 2 h prior to stimulation with Poly(l:C) for 1 h or OA-SF for 3h. Cells were
fixed in 4 % para-formaldehyde, permeabilised with 0.2 % Triton X-100 in PBS for 10 min
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at RT followed by blocking with 10 % goat serum for 2 h. Next, cells were treated
overnight at 4 °C with primary antibody on a rotary shaker with gentle agitation. Further,
cells were washed and incubated with secondary antibody for 1 h at RT with gentle
shaking in the dark, followed by incubation with DAPI (1.5 ug/ml) in PBS for 30 min at
RT. Slides were washed and mounted using antifade mounting media (Vectashield; Vector
Laboratories).

4.3.15. Statistical Analysis

All the data presented are representative of at least three independent experiments
performed in triplicate and all the data are expressed as mean + standard error of the mean
(S.E.M.) (mean = S.E.M). Statistical comparisons were performed using a one-way
analysis of variance using a post hoc Student‘s Newman-Keuls test. Differences with a p
value less than 0.05 were denoted with (*) and the values less than 0.01 as (**) and were

considered statistically significant.
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4.4, Results

In this study, for the first time an ex-vivo OA whole synovial tissue explant culture model
was utilised to screen for and determine the role of TLRs in inducing differential secretion
of major synovial inflammation related cytokines, chemokines and MMPs (Sutton et al.,
2009, Fernandes et al., 2002, Scanzello et al., 2009). Additionally, assessment of grade-
specific synovial tissue biopsies through histological evaluation was carried out.
Furthermore, the effect of TLR and RLR agonist-induced cytokine and chemokines in
early and late OA patient derived primary synovial fibroblasts was assayed. Likewise,
differential cytokine, chemokine and MMP analysis of grade-specific synovial fluid was
performed employing Meso Scale (MSD) multiplex ultra-sensitive ELISA assays.
Similarly, a quantitative real time PCR analysis was performed to evaluate the ability of
grade-specific OA-SF to induce specific TLR genes in N-FLS. Moreover, optimisation and
evaluation of anti-TLR and anti-cytokine neutralising antibodies was performed in N and
OA-FLS to assess the ability of these antibodies to modulate TLR/cytokine/OA-SF
mediated pro- and anti-inflammatory cyto-chemokine secretions. Subsequently, the ability
of anti-TLR3 antibody in modulating Poly(l:C) and grade-specific OA-SF induced TLR3,
TRIF, inflammatory cytokine, chemokine and MMP gene and protein expression in N-FLS
was evaluated by employing real time RT-PCR and ELISA. Essentially, the
immunomodulatory effects of TLR3 blockade using an anti-TLR3 antibody in early and
late OA patient derived FLS was evaluated through ELISA and validated by immunoblot
and confocal analysis in FLS. Furthermore, the ability of OA-SF to activate specific TLRs
was evaluated by luciferase reporter gene assay using HEK293 cells over-expressing
specific TLRs and using MAVS-deficient MEFs.

4.4.1. Ex-vivo analysis of pro and anti-inflammatory cytokines, chemokines
and MMP levels in OA synovial tissue explant cultures

Given the increasing evidence that TLR activation may play a crucial role in OA
progression by mediating synovitis, through production of pro-inflammatory cytokines in
the OA joint (Scanzello et al., 2008, Sutton et al., 2009), and given our previous
observations that upon TLR activation of OA-FLS, a plethora of pro-inflammatory
cytokines and chemokines are secreted which help facilitate the progression of synovial
inflammation (chapter 3), it was essential to investigate TLR agonist-induced

inflammatory mediator secretion in whole synovial tissue explant cultures as the
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maintenance of the synovial architecture and cell-cell contact is facilitated, and therefore

more closely reflects the in-vivo OA synovial joint environment.

44.1.1. Analysis of spontaneous and TLR agonists induced secretion of
pro-inflammatory cytokines in OA synovial tissue explant cultures ex-vivo

Initially, to examine whether perturbations in the spontaneous cytokine production, as
evident in earlier studies (chapter 3), occur as a consequence of disease pathology and to
define how prevalent these mediators are in the disease, the actual cytokines or chemokines
secreted by the OA synovial tissue explants without any external stimuli was examined as
previous findings demonstrated the spontaneous cyto-chemokine secretion ability of
synoviocytes (Arend and Dayer, 1990) (chapter 3, Figure 3.8 panel A). Furthermore, OA
synovial tissue explants were stimulated with TLR 2, 3, 4 and 9 ligands for 24 h or left
unstimulated to measure basal and TLR induced IL-6, IL-8, IL-1p and TNF-a levels
(Figure 4.1, panel A, B, C and D, n=4). Accordingly, it was evident that OA synovial
tissue explants spontaneously secreted IL-6 (4557 + 839.5 pg/ml), IL-8 ( 3646 + 511.8
pg/ml), IL-1B (2.57 = 1.11 pg/ml) and TNF-a (13.21 £+ 1.59 pg/ml) to varying amounts in
the joint (mean + standard error), and this correlates with previous publications (Ultaigh et
al., 2011, Sutton et al., 2009). Significantly, stimulation with Poly(l:C) (10 pg/ml) induced
the highest levels of IL-6 in OA synovial tissue explants (7689 + 388.3 pg/ml from basal
636.3 £ 175.2 pg/ml, p <0.001) and similarly stimulation with LPS (1 pg/ml) induced IL-6
secretion but the levels were lower when compared with spontaneous I1L-6 secretion by OA
explants and with Poly(l:C) stimulation (2269 + 335.1 pg/ml from basal 636.3 + 175.2
pg/ml, p < 0.05). Also, stimulation with Pam,CSK, (1 pg/ml) induced IL-6 levels to
minimal extent, while in contrast suppression of IL-6 levels was observed with CpG (3

png/ml) stimulation (Figure 4.1, panel A).

Correspondingly, stimulation with Poly(l:C) induced highest and significant amounts of
IL-8 secretion in OA synovial tissue explants (4982 + 410.5 pg/ml from basal 548.8 + 7.17
pg/ml, p <0.01) and stimulation with LPS induced significantly higher levels of IL-8, but
the levels were low when compared with spontaneous IL-8 secretion by OA explants and
following Poly(I:C) stimulation (1689 + 225.3 pg/ml from basal 548.8 = 7.17 pg/ml, p <
0.05). Minimal or no IL-8 induction was evident following Pam,CSK, or CpG stimulation
(Figure 4.1, panel B). Stimulation with Poly(l:C) induced the highest most significant
amounts of IL-1p (7.42 = 1.02 pg/ml from basal 1.49 + 0.76 pg/ml, p < 0.05) secretion in
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OA synovial tissue explants. However, insignificant levels of IL-1B induction was
observed following Pam,CSK, or LPS stimulations, while in contrast, suppression of IL-13
levels was evident with CpG stimulation (Figure 4.1, panel C). Furthermore, whilst
stimulation with Poly(l:C) also induced highest and significant amounts of TNFa (39.94 +
4.42 pg/ml from basal 7.94 + 2.51 pg/ml, p < 0.05) secretion in OA synovial tissue
explants, insignificant levels of TNFa induction was observed following Pam,CSK, or
LPS stimulations. Suppression of IL-1pB levels was evident following CpG stimulation
(Figure 4.1, panel D). Interestingly, the highest and most significant induction of pro-
inflammatory IL-6, IL-8, IL-1B and TNFa secretions by OA synovial tissue explants
cultures was observed upon Poly(l:C) stimulation, and this correlates with our previous
data (Chapter 3, Figure 3.6 and 3.9). Together, these data suggest a probable role for the

sustained activation of TLR3 in the synovial FLS in the synovium.

4.4.1.2. Analysis of spontaneous and TLR agonists induced IFNp and
RANTES secretion in OA synovial tissue explant cultures

Given the pivotal role for chemokines, RANTES, in cartilage degradation (Alaaeddine et
al., 2001, Borzi et al., 2004) and having observed the predominant secretion of the anti-
viral cytokine IFNP in FLS following various inflammatory stimuli (chapter 3), it was
critical to identify the stimulus which distinctively induces these inflammatory mediators
in the OA synovial tissue explants., thus propagating synovitis in the OA joint.
Accordingly, it was evident that OA synovial tissue explants spontaneously secreted
varying amounts of IFNp (36.48 + 2.97 pg/ml) and RANTES/CCL5 ( 351.6 + 9.489 pg/ml)
into the joint (Figure 4.2, panel A and B, n=4). Stimulation with Poly(l:C) (10 pg/ml)
induced the highest and most significant amounts of IFN in OA synovial tissue explants
(2011 £ 129.5 pg/ml from basal 8.89 + 0.45 pg/ml, p < 0.001) and stimulation with LPS (1
png/ml) also induced significant levels of IFNf (137.2 £ 8.53 pg/ml from basal 8.89 + 0.45
pg/ml, p < 0.05). In contrast, stimulation with Pam;CSK, (1 pg/ml) or CpG (3 pg/ml)
showed no induction of IFNP levels relative to basal (Figure 4.2, panel A).

Stimulation with Poly(l:C) induced significant levels of RANTES/CCL5 secretion in OA
synovial tissue explants (1713 £+ 188.7 pg/ml from basal 3.73 + 1.46 pg/ml, p < 0.001) and
stimulation with LPS also induced significant levels of RANTES (259.4 + 29.03 pg/ml
from basal 3.73 + 1.46 pg/ml, p < 0.05). Negligible levels of RANTES induction was
evident following Pam,CSK, or CpG stimulations (Figure 4.2, panel B). Interestingly, the
highest and most significant induction of inflammatory IFN and RANTES/CCLS5

secretions by OA synovial tissue explants cultures was observed upon Poly(l:C)
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Figure 4.1:  Analysis of spontaneous and TLR agonists induced secretion of pro-
inflammatory cyto-chemokines in OA synovial tissue explant cultures. (A-D) Whole
OA synovial tissue explants (n=4) were either cultured in complete RPMI 1640 medium
for 24 h to measure spontaneous cytokine release or treated with Pam,CSK, (1 pg/ml;
TLR2 ligand), Poly (I:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CpG (3
png/ml; TLRY ligand) or left unstimulated in serum free RPMI 1640 for 24 h to measure
TLR induced and basal protein profiles. The cell-free supernatants were harvested and
analyzed for levels of (A) IL-6, (B) IL-8, (C) IL-1B, (D) TNFa using MSD ultrasensitive
multiplex ELISA System. All the data presented are representative of at least four
independent experiments performed in duplicate (mean £ S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01, *** p<0.001 denotes the level of

significance relative to basal control.
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Figure 4.2:  Analysis of spontaneous and TLR agonists induced IFNf and RANTES

secretion in OA synovial tissue explant cultures. (A and B) Whole OA synovial tissue

explants (n=4), were either cultured in complete RPMI 1640 medium for 24 h, to measure

spontaneous cytokine release or treated with Pam,CSK, (1 pg/ml; TLR2 ligand), Poly (I:C)
(10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CpG (3 pg/ml; TLR9 ligand) or

left unstimulated in serum free RPMI 1640 for 24 h to measure TLR induced and basal

protein profiles. The cell-free supernatants were harvested and analyzed for levels of (A)
IFNB and (B) RANTES using MSD ultrasensitive multiplex ELISA System. All the data

presented are representative of at least one independent experiment performed in duplicate

(mean £ S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01,

*** n<0.001 denotes the level of significance relative to basal control.
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stimulation, and this correlates with previous data (Chapter 3, Figure 3.6 and 3.8). These
data suggest a probable role for RNA borne synovial tissue inflammation through
recurrent secretion of inflammatory mediators namely RANTES and IFNf, which may aid
in perpetuating synovitis and joint destruction.

4.4.1.3. Analysis of TLR agonists induced secretion of I1L-10, IL-12 p70
and IFNy cytokines in OA synovial tissue explant cultures

Given the increasing evidence that synovial membrane/tissue inflammation mediating
synovitis in OA is primarily through an imbalance in the levels of pro versus anti-
inflammatory cytokines/chemokines in the joint (Benito et al., 2005, Brigitte, 2002,
Martel-Pelletier et al., 1999, Kapoor et al., 2011, Sutton et al., 2009, Scanzello et al.,
2011), and having observed TLR ligand induced inflammatory cyto-chemokine induction
in OA synovial tissue explants (Figure 4.1 and 4.2), it was essential to investigate the
ability of TLR ligands to modulate key cytokines namely IL-12 p70 and IFNy and anti-
inflammatory IL-10 levels in OA synovial tissue explants. Accordingly, it was evident that
OA synovial tissue explants spontaneously secreted minimal amounts of IL-10, IFNy and
IL-12p70 relative to basal (Figure 4.3, panel A, B and C, n=4). Interestingly, upon
stimulation with Poly(l:C) (10 pg/ml), a non-significant decrease in IL-10, IFNy and IL-
12p70 relative to basal was evident in OA synovial tissue explants and a similar trend
towards decreased IL-10, IFNy and IL-12p70 relative to basal was evident upon CpG
stimulation. Stimulation with Pam,CSK, (1 pg/ml) or LPS (1 pg/ml) induced a non-
significant increase in IL-10, IFNy and IL-12p70 relative to basal levels in OA synovial
tissue explants (Figure 4.3, panel A, B and C). These data indicate that Pam,CSK, and LPS
may play a protective role in the synovium by inducing IL-10, a known anti-inflammatory
cytokine, which is thought to have an important immunoregulatory role in the cytokine
network of OA and RA probably by regulating monocytes and in some cases T cell
cytokine production (Katsikis et al., 1994).

Moreover, we found that levels of the Thl cytokines, IL-12p70 and IFNy were suppressed
upon Poly(l:C) stimulation of OA synovial tissue explants and this may be attributed to the
increased levels of IFNP in the joint during disease process or with an encounter with the
RNA from necrotic cells in the joint or Poly (I:C) stimulation (Figure 4.2, panel A), thus
constantly activating TLR3 thereby inducing excess IFNf, which has also been shown to
immunomodulate the Th1/Th2 cytokine profile by attenuating the secretion of IFNy and

IL-12p70 and IL-10 secretion (Sellner et al., 2008). Regarding IL-10, a key Th2 cytokine
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with anti-inflammatory properties, a trend towards decreased levels was observed in OA
synovial tissue explants upon Poly (1:C) stimulation, suggesting an RNA borne impairment
of anti-inflammatory mechanisms in the joint. Also, studies have shown a mutual
antagonism between IFNy and TNFa levels in FLS, wherein, paradoxical induction of
IFNy and TNFa expression was observed in FLS (Alvaro-Gracia et al., 1993, Alvaro-
Gracia et al., 1990). This might further explain decreased levels of IFNy with Poly (I:C)
stimulation, as an increased amount of TNFa levels was evident in OA synovial tissue

explants with Poly (1:C) stimulation (Figure 4.1, panel D).

4.4.1.4. Analysis of spontaneous and TLR agonists induced pro-
inflammatory MMP-1, -3 and -9 secretion in OA synovial tissue explant cultures
Given the differential expression of pro-inflammatory cytokines and MMPs in the synovial
membranes of OA patients (Wassilew et al., 2010), and having known that MMPs 1, 3 and
9 play a vital role in OA pathogenesis (Sutton et al., 2009, Firestein, 1996, Scanzello et al.,
2011), it was critical to investigate whether these MMPs may be induced with TLR ligands
in the whole OA synovial tissue explants, which more closely reflects the in-vivo OA
synovial joint environment. It was also evident that OA synovial tissue explants
spontaneously secreted MMP-1 (9.72 + 0.11 ng/ml), MMP-3 (21.04 + 2.23 ng/ml) and
MMP-9 (673.3 + 102.4 pg/ml) to varying amounts (Figure 4.4, panel A, B and C, n=4).
Also, it was found that stimulation of OA synovial tissue explants with Poly (I:C) induced
the highest and most significant levels of MMP-1 when compared to the other PAMPs
under investigation and to spontaneous secretion levels (24.51 + 0.74 ng/ml from a basal
2.62 = 0.18 ng/ml, p < 0.001, Figure 4.4, panel A, n=4).

Similarly, the most significant increase in MMP-3 levels was observed following
stimulation of OA synovial tissue explants with Poly (I:C) (30.42 + 1.95 ng/ml from a
basal 3.20 + 0.90 ng/ml, p < 0.001, Figure 4.4, panel B, n=4). Likewise, a significant
increase in MMP-9 levels was observed following Poly (I:C) stimulation of OA synovial
tissue explants (1672 £ 157.1 pg/ml from a basal 177.4 + 35.48 pg/ml, p < 0.01, Figure 4.4,
panel C, n=4). In contrast, LPS, Pam,CSK, or CpG induced minimal or non-significant
amounts of MMP-1, 3 and 9 when compared to their respective spontaneous MMP
secretions (Figure 4.4, panel A, B and C, n=4). Thus, it is clear that Poly(l:C)
predominantly induces secretion of the catabolic MMP 1, 3 and 9 in whole OA synovial

tissue explants. This substantiates our previous observations that these MMPs can be
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induced, particularly by Poly (I:C), which exclusively employs TLR3 in OA-FLS (Chapter
3, Figure 3.2, 3.14 and 3.15), thus making TLR3 a critical target for OA disease

intervention.

Together, these data provide evidence that OA synovial tissue explants can be activated
specifically by the selected concentrations of TLR ligands or DAMPs ex-vivo, which in
turn, induces the recurrent secretion of inflammatory mediators and suppression of
immune-modulatory and anti-inflammatory molecules, which may aid in perpetuating
synovitis and joint destruction in OA. Interestingly, the present data indicates that Poly
(I:C) / dsRNA / RNA from necrotic cells may drive the inflammatory locale in the joint
during synovitis by inducing inflammatory IL-6, IL-8, IL-1p and TNFa (Figure 4.1), IFNJ
and RANTES (Figure 4.2), MMP-1, 3 and 9 (Figure 4.4) and by suppressing anti-
inflammatory IL-10 and immuno-modulatory IFNy and IL-12p70 secretions (Figure 4.3),
thus critically creating an imbalance between catabolic and anabolic pathways, possibly
through sustained TLR3 activation of FLS in the joint synovium, and these data correlate

with previous publications (Brentano et al., 2005, Attur et al., 2010).

4.4.2. Histopathological evaluation of synovial inflammation in grade-specific
OA synovial tissue

Given the increasing evidence supporting the potential role of synovial tissue inflammation
or synovitis in OA progression (Scanzello et al., 2011, Myers et al., 1990, Benito et al.,
2005) and given that inflammatory mediators associated with synovitis, namely, cytokines,
chemokines and MMPs aid in OA progression (Smith et al., 1997, Sutton et al., 2009,
Wassilew et al., 2010), and given that synovitis is considered a potential predictive factor
for structural progression of OA (Ayral et al., 2005), it was critical to evaluate stage/grade-
specific OA synovial tissue biopsies to further understand the contribution of synovial
tissue inflammation in OA progression. To examine this, a histological assessment with
hematoxylin-eosin (H & E) staining of OA grade-specific (grade-0 - grade-4) synovial
tissues (n=3/grade) was performed. Patient cohorts, encompassing strict inclusion and
exclusion criteria, were recruited as described (Section 4.3.1: Experimental methods) and
the baseline subject clinical characteristics are summarised in table 4.1 whereby the OA
radiographic (Kellgren and Lawrence, 1957) and arthroscopic classification systems (Ayral
et al., 2005)) were employed for grading the disease stage in these patients and are

described in detail in table 4.2. A validated semi-quantitative scoring system for synovial
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tissue was used wherein the analysis included all areas of the biopsy samples (n=3/grade)
(Figure 4.5, panels A, B, C, D, E, F, G, H, I and J), and a global semi-quantitative score

was given for each parameter (0-3 scale where O=lowest expression and 3=highest).

Histological evaluation of the paraffin embedded H & E stained sections included the
mean synovial lining layer thickness/hyperplasia (0 = 1-2 cell layers, 1 = 3-4 cell layers, 2
= 5-6 cell layers, and 3 = > 7 cell layers), degree of vascularity of the sublining layer,
degree of infiltration of the sublining layer with mono-nuclear cells (Figure 4.5, panel K).
In cases of discordant scores, which differed by a maximum of 1 point, the mean of the 2
scores was used. Interestingly, the histological assessment revealed that, even at the early
stages namely grade-1 and grade-2 OA synovial tissues, a significant trend towards
increased thickness of the synovial lining layer and infiltration of inflammatory cells
relative to grade-O/trauma controls (grade-1: p < 0.05, (panels C, D, K); grade-2: p < 0.01
(panels E, F, K) relative to grade-0 (panels A, B, K)) and this correlates with a previous
publication (Benito et al., 2005). Similarly, a significant trend towards increased thickness
of the synovial lining layer, degree of vascularity and infiltration of inflammatory cells
relative to grade-0 was evident with grade-3 and grade-4 OA synovial tissue sections
(grade-3: p < 0.01, (panels G, H, K); grade-4: p < 0.01 (panels I, J, K) relative to grade-0
(panels A, B, K)).

Thus, these results indicate that synovitis (typically measured employing these three
parameters under study for tissues, and cyto-chemoiknes and MMP levels in the synovial
fluid) plays a critical part in progressive joint damage, and if targeted, inhibition of
synovitis in early generalised OA may limit the rates of progressive cartilage degradation
and functional impairment and may as well aid in early disease diagnosis and there by aid
in potential OA treatment (Benito et al., 2005). Synovial tissue analysis is also used in
clinical trials (Bresnihan et al., 2005), and is currently being targeted for treating OA
(Attur et al., 2010). Thus, it is very critical to understand the stimulus which perpetuates

the inflammatory mediators in the synovium ultimately aiding in OA progression.
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Figure 4.3:  Analysis of TLR agonists induced secretion of IL-10, IL-12 p70 and
IFNy cytokines in OA synovial tissue explant cultures. (A-C) Whole OA synovial tissue
explants (n=4) were cultured in complete RPMI 1640 medium for 24 h to measure
spontaneous cytokine release or treated with Pam,CSK, (1 pg/ml; TLR2 ligand), Poly (I:C)
(10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CpG (3 pg/ml; TLR9 ligand) or
left unstimulated in serum free RPMI 1640 for 24 h to measure TLR induced and basal
protein profiles. The cell-free supernatants were harvested and analyzed for levels of (A)
IL-10, (B) IFNy and (C) IL-12 p70 using MSD ultrasensitive multiplex ELISA System. All
the data presented are representative of at least one independent experiment performed in
duplicate (mean + S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, **

p<0.01, *** p<0.001 denotes the level of significance relative to basal control.
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Figure 4.4:  Analysis of spontaneous and TLR agonists induced pro-inflammatory
MMP-1, -3 and -9 secretion in OA synovial tissue explant cultures. (A-C) Whole OA
synovial tissue explants (n=4) were either cultured in complete RPMI 1640 medium for 24
h to measure spontaneous cytokine release or were treated with Pam,CSK, (1 pg/ml; TLR2
ligand), Poly (I:C) (10 pug/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CpG (3 pg/ml;
TLR9 ligand) or left unstimulated in serum free RPMI 1640 for 24 h to measure TLR
induced and basal protein profiles. The cell-free supernatants were harvested and analyzed
for levels of (A) MMP-1, (B) MMP-3 and (C) MMP-9 using MSD ultrasensitive multiplex
ELISA System. All the data presented are representative of at least one independent
experiment performed in duplicate (mean + S.E.M). Data was subjected to an unpaired
Student’s t test. * p<0.05, ** p<0.01, *** p<0.001 denotes the level of significance relative

to basal control.
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Figure 4.5:  Histopathological evaluation of synovial inflammation in grade-specific
OA synovial tissue. (A-J) Representative hematoxylin and eosin (H&E)-stained
photomicrographs of grade-specific OA synovial tissues (n=3) at 10x and 40x
magnification, and arrows indicate lining layer hyperplasia. Shown are H&E stained
Grade-0 (A, B), Grade-1 (C,D), Grade-2 (E,F), Grade-3 (G,H) and Grade-4 (1,J) synovial
tissues and (K) represents corresponding semi-quantitative score for each of the three
characteristic parameters of synovitis as indicated in the figure, in the grade-specific OA
synovial tissues (n=3). Data was subjected to an independent Student’s t test with
Bonferonni correction. * p<0.05, ** p<0.01 denotes the level of significance relative to
Grade-0 or control.
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4.4.3. Ex-vitro analysis of basal and TLR/RIG-I induced pro and anti-
inflammatory cytokines, chemokines and MMPs in early and late OA-patient derived
synovial tissue FLS

Given that FLSs are the major effector cell type in the synovium responsible for the
production of inflammatory cytokines, chemokines and MMPs in the OA joint (Sutton et
al., 2009, Muller-Ladner et al., 2007, Alsaleh et al., 2011) and owing to our previous
observations that FLS are activated by exogenous pathogenic stimuli, such as synthetic
TLR agonists (Ospelt et al., 2008) and (chapter 3), and to further corroborate our previous
observations (chapter 4, section: 4.4.1 and 4.4.2), it was essential to identify the stimulus
which distinctively induces the secretion of such pro and anti-inflammatory mediators in
stage-specific FLS, thus propagating synovitis in the OA joint.

4.4.3.1. Analysis of TLR/RIG-1 agonist induced pro-inflammatory
cytokine and chemokine secretion in early and late OA-FLS

Initially, early (Grade 1-2) and late (Grade 3-4) stage OA synovial biopsy derived FLS
(n=3/grade), were stimulated with Pam,CSK, (1 pg/ml; TLR2 ligand), Poly(l:C) (10
pug/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CLO-97 (1 pg/ml; TLR7/8 ligand),
CpG (3 pg/ml; TLRY ligand) and 5’ppp dsRNA (1 pg/ml; RIG-I ligand) for 24 h or left
unstimulated to measure TLR/RIG-I ligand induced IL-6, IL-8, IL-1B and TNF-a levels
(Figure 4.6, panel A, B, C and D, n=3). Interestingly, of the TLR ligands utilised in the
study, stimulation with Poly(l:C) induced the most significant amounts of IL-6 in both
early and late OA-FLSs relative to their respective controls (Poly(I:C) Vs control) (Early:
3287.27 = 70.01 Vs 228.91 = 20.10 pg/ml and Late: 4125.72 + 75.02 Vs 524.71 + 25
pg/ml, p < 0.01). Whereas stimulation with LPS induced significant levels of IL-6, though
to a lesser extent when compared with Poly (I:C) stimulations (LPS Vs control) (Early:
1125.17 £ 32.5 Vs 228.91 + 20.10 pg/ml and Late: 2118.28 + 42.5 Vs 524.71 £+ 25 pg/ml, p
< 0.05), other ligands under investigation showed little or no IL-6 induction relative to
control (Figure 4.6, panel A). Correspondingly, of the TLR ligands utilised in the study,
stimulation with Poly(l:C) induced the highest and most significant levels of IL-8 secretion
in both early and late OA-FLSs relative to the respective control (Poly(I:C) Vs control)
(Early: 2912.92 + 40.03 Vs 156.12 + 30.01 pg/ml and Late: 3994.18 + 125.02 Vs 477.95 +
10.01 pg/ml, p < 0.01). Similarly, stimulation with LPS induced significantly levels of IL-
8, but to a lesser extent when compared with Poly (1:C) (LPS Vs control) (Early: 923.05 +
47.5 Vs 156.12 + 30.01 pg/ml and Late: 1575.03 + 37.5 Vs 477.95 £ 10.01 pg/ml pg/ml, p
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< 0.05). Other ligands under investigation showed little or no IL-8 induction relative to
control (Figure 4.6, panel B). Moreover, of the TLR ligands utilised in the study,
stimulation with Poly(l:C) also induced the highest and most significant amounts of IL-1p
in both early and late OA-FLSs to varying amounts relative to respective controls
(Poly(1:C) Vs control) (Early: 22.89 £+ 2.01 Vs 1.86 £ 0.50 pg/ml and Late: 31.35 + 1.02
Vs 4.27 £ 1.50 pg/ml, p < 0.05). Whereas insignificant levels of IL-1p induction was
observed following Pam,CSK, or LPS stimulations, the other ligands under investigation
showed little or no IL-1pB induction relative to control (Figure 4.6, panel C). Furthermore,
stimulation with Poly(l:C) also induced the highest and most significant amounts of TNFa
in both early and late OA-FLSs relative to respective controls (Poly(l:C) Vs control)
((Early: 33.48 + 3.03 Vs 4.74 £ 1.01 pg/ml, p < 0.05) and (Late: 60.81 = 2.5 Vs 11.13 £
0.49 pg/ml, p <0.01)). Similarly, stimulation with LPS induced significantly higher levels
of TNFa in late, but not early, OA-FLS and the levels were less when compared with Poly
(I:C) stimulations (LPS Vs control) (Late: 31.56 = 1.99 Vs 11.13 + 0.49 pg/ml pg/ml, p <
0.05). Other ligands under investigation showed an insignificant level of TNFa induction
in late OA-FLS relative to control (Figure 4.6, panel D). Interestingly, the highest and most
significant induction of pro-inflammatory IL-6, IL-8, IL-1p and TNFa secretions by early
and late OA-FLS was observed upon Poly(l:C) stimulation, and this correlates with our
previous findings (Chapter 3, Figure 3.6 and 3.9). Thus, these data suggests a probable role
for dsRNA borne activation of synovial FLS in mediating these inflammatory mediators in

the synovium, aiding in OA progression.

4.4.3.2. Analysis of TLR/RIG-I agonist induced IFNB and RANTES
secretion in early and late OA-FLS

Given the predominant secretion of IFN and RANTES in FLS following stimulation with
various stimuli (chapter 3), given the pivotal role of these cyto-chemokines in cartilage
degradation (Alaaeddine et al., 2001, Borzi et al., 2004), it was critical to identify the
stimulus which distinctively induces such inflammatory mediators in FLS, which further
propagates synovitis at different stages of OA progression. Interestingly, of the ligands
utilised in the study, stimulation with Poly(l:C) induced the highest and most significant
amount of IFNJ in both early and late OA-FLSs relative to respective controls (Poly(l:C)
Vs control) (Early: 1389.65 + 25.01 Vs 152.18 + 20.0 pg/ml and Late: 1700.66 + 29.0 Vs
255.95 + 33.50 pg/ml, p < 0.01) and similarly stimulation with LPS induced significantly
higher levels of IFNP in both early and late OA-FLSs, but the levels were less when
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compared with Poly (1:C) stimulations (LPS Vs control) (Early: 839.85 + 42.5 Vs 152.18 +
20.0 pg/ml and Late: 1115.7 + 62.5 Vs 255.95 + 33.50 pg/ml, p < 0.05). Other ligands
under investigation showed little or no IFNf induction relative to control (Figure 4.6, panel
A). Correspondingly, of the ligands utilised in the study, stimulation with Poly(l:C)
induced highest and most significant amounts of RANTES secretion in both early and late
OA-FLSs relative to respective controls (Poly(l:C) Vs control) (Early: 1409.78 + 25 Vs
123.11 + 20.01 pg/ml and Late: 2074.18 £ 50.01 Vs 267.09 + 25.01 pg/ml, p < 0.01).
Similarly, stimulation with LPS induced significantly higher levels of RANTES in late
OA-FLS and an insignificant increase in early OA-FLS was evident, however, the levels
were less when compared with Poly(l:C) (LPS Vs control) (Early: 467.04 + 22.5 Vs
123.11 £ 20.01 pg/ml and Late: 956.67 & 32.5 Vs 267.09 £ 25.01 pg/ml pg/ml, p < 0.05).
Stimulation with CLO-97 also induced significant amounts of RANTES secretion in early,
but not late, OA-FLS relative to control (CLO-97 Vs control) (Early: 690.92 + 22.5 Vs
123.11 + 20.01 pg/ml (p < 0.05), and Late: 568.66 + 32.5 Vs 267.09 + 25.01 pg/ml pg/ml).
Other ligands under investigation showed little or no RANTES induction relative to control
(Figure 4.6, panel B). Interestingly, the highest and most significant induction of pro-
inflammatory IFN and RANTES secretions by early and late OA-FLS was observed upon
Poly(I:C) stimulation, and this correlates with our previous findings (Chapter 3, Figure 3.6
and 3.8). These data suggest that RNA borne activation of synovial FLS mediates the
induction of these potent mediators, even at the very early stages of OA disease onset in

the synovium, which ultimately leads to arthritis progression.

4.4.3.3. Analysis of TLR/RIG-I agonist induced IL-10, IL-12 p70 and
IFNy secretion in early and late OA-FLS

Given the previous observation that TLR ligands induce an imbalance in the levels of pro
vs anti-inflammatory mediators in the whole OA synovial tissue explants ex-vivo (Figures
4.1, 4.2 and 4.3), it was essential to investigate the effect of TLR ligands in
inducing/suppressing the key immunomodulatory cytokines namely IL-12 p70 and IFNy
and anti-inflammatory IL-10 in stage/grade-specific OA-FLS, towards further
understanding the stimulus and the role of activated FLS at the various stages of OA
progression (Figure 4.8, panels A, B and C, n=3). Interestingly, upon stimulation with
Poly (I:C), a significant decrease in IL-10, IFNy and 1L-12p70 levels relative to basal was
evident in early OA-FLS (p < 0.05). In late OA-FLS, a similar significant decrease in IL-
10 levels was evident (p < 0.05), and a non-significant decrease in IFNy and 1L-12p70
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Analysis of TLR/RIG-I1 agonist induced pro-inflammatory cytokine and

chemokine secretion in early and late OA-FLS. (A-D) Early (Grade 1-2) and Late
(Grade 3-4) stage OA synovial biopsy derived FLS (n=3), were treated with Pam,CSK, (1
pug/ml; TLR2 ligand), Poly(1:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand),
CLO-97 (1 pg/ml; TLR7/8 ligand), CpG (3 pg/ml; TLR9 ligand) and 5’ppp dsRNA (1
pg/ml; RIG-1 ligand) for 24 h. Cell free supernatants were analyzed for (A) IL-6, (B) IL-8,
(C) IL-1B, (D) TNFa by ELISA. All the data presented are representative of at least two

independent experiments performed in duplicate (mean £ S.E.M). Data was subjected to

an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative

to respective cell type control.
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Figure 4.7:  Analysis of TLR/RIG-I agonist induced IFNP and RANTES secretion
in early and late OA-FLS. (A-B) Early (Grade 1-2) and Late (Grade 3-4) stage OA
synovial biopsy derived FLS (n=3), were treated with Pam,CSK, (1 pg/ml; TLR2 ligand),
Poly(I1:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CLO-97 (1 pg/ml;
TLR7/8 ligand), CpG (3 pg/ml; TLRO ligand) and 5” ppp dsRNA (1 pg/ml; RIG-I ligand)
for 24 h. Cell free supernatants were analyzed for (A) IFNP and (B) RANTES by ELISA.
All the data presented are representative of at least two independent experiments
performed in duplicate (mean + S.E.M). Data was subjected to an unpaired Student’s t
test. * p<0.05, ** p<0.01 denotes the level of significance relative to respective cell type

control.
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levels relative to basal was observed upon Poly(l:C) stimulation in late OA-FLS (Figure
4.8, panels A, B and C). Moreover, a similar trend towards decreased IL-10, IFNy and IL-
12p70 levels relative to basal was evident following CpG and 5’ppp dsRNA stimulation.
Stimulation with Pam,CSK,, LPS or CLO-97 induced a notable increase in IL-10, IFNy
and 1L-12p70 levels relative to basal in both early and late OA-FLS (Figure 4.3, panel A, B
and C). Thus, we found that levels of the Thl cytokines, IL-12p70 and IFNy and Th2
cytokine, 1L-10 are distinctively suppressed in Poly (I:C) stimulated early and late OA-
FLS, and this correlates with our previous observation in OA synovial tissue explants
(Figure 4.3). This finding may be attributed to the increased levels of IFNf in the joint
(Figure 4.7, panel A), whereby we propose that FLS encounter RNA from necrotic cells in
the joint or viral dsSRNA which leads to persistent activation of TLR3 in the synovial FLS,
thereby inducing excess IFNB. The secreted IFNJ immunomodulates the Th1/Th2 cytokine
profile by attenuating the secretion of IFNy and IL-12p70 secretion as previously reported
(Sellner et al., 2008). Regarding IL-10, a key Th2 cytokine with anti-inflammatory
properties, a significant decrease in IL-10 levels was evident in both early and late OA-
FLS upon Poly (I:C) stimulation, suggesting an RNA borne early and sustained
impairment of anti-inflammatory mechanism in the joint synovium. Also, studies have
shown a mutual antagonism between IFNy and TNFa levels in FLS, wherein, paradoxical
induction of IFNy and TNFa expression was observed in FLS (Alvaro-Gracia et al., 1993,
Alvaro-Gracia et al., 1990). This might further explain the decreased levels of IFNy upon
Poly (I:C) stimulation, as an increased amount of TNFa levels was evident in both early
and late OA-FLS (Figure 4.6, panel D) and as well in OA synovial tissue explants (Figure
4.1, panel D), upon Poly (I:C) stimulation.

4.4.3.4. Analysis of TLR/RIG-1 agonist induced pro-inflammatory
MMP-1, -3 and -9 secretion in early and late OA-FLS

Given the differential induction of MMPs by TLR ligands in the whole synovial tissue
explant cultures (Figure 4.4), and previous studies showing that MMPs 1, 3 and 9 play a
vital role in OA pathogenesis (Sutton et al., 2009, Firestein, 1996, Scanzello et al., 2011,
Wassilew et al., 2010), it was critical to investigate whether these MMPs may be induced
in a TLR ligand dependent manner by the stage-specific FLS in the synovium.
Interestingly, of the ligands utilised in the study, stimulation with Poly(l:C) induced the

highest and most significant amounts of MMP-1 secretion in both early and late OA-FLSs
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relative to respective controls (Poly(l:C) Vs control) (Early: 13.21 + 0.90 Vs 1.71 + 0.56
ng/ml (p < 0.05) and Late: 20.47 £ 0.57 Vs 291 £ 0.42 ng/ml (p < 0.01)). Similarly,
stimulation with LPS induced significantly higher levels of IFN in late OA-FLSs, but the
lower when compared with Poly (I:C) stimulations. Other ligands under investigation
showed little or no MMP-1 induction relative to control (Figure 4.9, panel A).
Correspondingly, of the ligands utilised in the study, stimulation with Poly(l:C) induced
the highest and most significant amounts of MMP-3 secretion in both early and late OA-
FLSs relative to respective controls (Poly(l:C) Vs control) (Early: 16.91 £ 0.25 Vs 2.4 +
0.44 ng/ml and Late: 21.88 + 0.32 Vs 3.84 + 0.42 ng/ml, p < 0.01). Similarly, stimulation
with LPS induced significantly higher levels of MMP-3 in both early and late OA-FLS, but
the levels were less when compared with Poly(1:C) stimulations (LPS Vs control) (Early:
9.44 + 0.45 Vs 2.4 £+ 0.44 ng/ml and Late: 10.57 = 0.47 Vs 3.84 + 0.42 ng/ml pg/ml, p <
0.05). Other ligands under investigation showed little or no MMP-3 induction relative to
control (Figure 4.9, panel B). Similarly, stimulation with Poly(l:C) also induced significant
amounts of MMP-9 secretion in both early and late OA-FLS relative to control (Poly(l:C)
Vs control) (Early: 762.43 + 25 Vs 88.81 + 7.5 pg/ml and Late: 919.82 + 65 Vs 141.96 +
20 pg/ml p < 0.05). Other ligands under investigation showed little or no MMP-9 induction
relative to control (Figure 4.9, panel C). Thus, it is clear that Poly(l:C) predominantly
induces secretion of the catabolic MMP 1, 3 and 9 in early and late OA-FLS (Figure 4.9)
and in whole OA synovial tissue explants (Figure 4.4). This substantiates our previous
observations that these MMPs can be induced, particularly by Poly (I:C), which
exclusively employs TLR3 in OA-FLS (Chapter 3, Figure 3.2, 3.14 and 3.15), thus making
TLR3 a critical target for OA disease intervention. These data suggest that RNA borne
activation of synovial FLS mediates the induction of these catabolic mediators, even at the
very early stages of OA disease onset in the synovium, which ultimately leads to arthritis

progression.

Together, these data provide evidence that even at early stages of OA on-set, the FLS may
be activated specifically by TLR ligands, chiefly through viral RNA or bacterial LPS, or
even DAMPs such as necrotic cell RNA, which in turn, induces the recurrent secretion of
inflammatory mediators and suppression of immune-modulatory and anti-inflammatory
molecules, which may aid in perpetuating synovitis, joint destruction and end-stage OA.
Interestingly, the present data indicates that Poly (1:C) / dsSRNA / RNA from necrotic cells

may drive the inflammatory locale in the joint during synovitis by inducing inflammatory
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Figure 4.8:  Analysis of TLR/RIG-I agonist induced IL-10, IL-12 p70 and IFNy
secretion in early and late OA-FLS. (A-C) Early (Grade 1-2) and Late (Grade 3-4) stage
OA synovial biopsy derived FLS (n=3), were treated with Pam,CSK, (1 pg/ml; TLR2
ligand), Poly(I:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CLO-97 (1
png/ml; TLR7/8 ligand), CpG (3 pg/ml; TLRY ligand) and 5’ppp dsRNA (1 pg/ml; RIG-I
ligand) for 24 h. Cell free supernatants were analyzed for (A) IL-10, (B) IFNy and (C) IL-
12 p70 by ELISA. All the data presented are representative of at least two independent
experiments performed in duplicate (mean = S.E.M). Data was subjected to an unpaired
Student’s t test. * p<0.05 denotes the level of significance relative to respective cell type

control.
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Figure 4.9:  Analysis of TLR/RIG-I agonist induced pro-inflammatory MMP-1, -3
and -9 secretion in early and late OA-FLS. (A-C) Early (Grade 1-2) and Late (Grade 3-
4) stage OA synovial biopsy derived FLS (n=3), were treated with Pam,CSK, (1 pg/ml;
TLR2 ligand), Poly(1:C) (10 pg/ml; TLR3 ligand), LPS (1 pg/ml; TLR4 ligand), CLO-97
(1 pg/ml; TLR7/8 ligand), CpG (3 pg/ml; TLRO ligand) and 5° ppp dsRNA (1 pg/ml; RIG-
I ligand) for 24 h. Cell free supernatants were analyzed for (A) MMP-1, (B) MMP-3 and
(C) MMP-9 by ELISA. All the data presented are representative of at least two
independent experiments performed in duplicate (mean £ S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative

to respective cell type control.
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IL-6, IL-8, IL-1PB and TNFa (Figure 4.6), IFNp and RANTES (Figure 4.7), MMP-1, 3 and
9 (Figure 4.9) and by suppression of anti-inflammatory IL-10 and immuno-modulatory
IFNy and IL-12p70 secretions (Figure 4.8). These data also suggest that primarily TLR3,
rather than TLR7 or TLR9 or RLRs, might play a key role in modulating OA by inducing
pro-inflammatory cytokine, chemokine and MMP cascades in FLSs even at the very early
stages of the disease on-set, as suggested previously (McCormack et al., 2009, Zhu et al.,
2011b, Zhu et al., 2011a). The cytokine, chemokine and MMP cascades may work both in
an autocrine and a paracrine fashion and may serve to perpetuate synovial inflammation,
ultimately leading to joint destruction and OA progression (McGettrick and O'Neill, 2010,
Roelofs et al., 2008). Thus, critically creating an imbalance between catabolic and anabolic
pathways, possibly through sustained TLR3 activation of FLS in the joint synovium may
facilitate OA disease progression, and this correlates with previous publications (Brentano
et al., 2005, Attur et al., 2010).

444, In-vitro analysis of pro and anti-inflammatory cytokines, chemokines
and MMPs in grade-specific OA-patient derived cell-free synovial fluid

To better understand how inflammatory cell populations at various stages of OA
progression as observed in (Figure 4.4.2) relate to the pattern of cyto-chemokine and MMP
production in the joint, a comparative analysis of the levels of these mediators in cell-free
grade-specific OA synovial fluid (OA-SF) was investigated. This study is the first of its
kind, as much of what is known about the inflammatory response in the synovial
membrane and synovial fluid of OA patients comes from studies of end-stage OA (Benito
et al., 2005, Ayral et al., 2005, Sutton et al., 2009, Wassilew et al., 2010, Kapoor et al.,
2011). In this study, we sought to characterise and quantify the pro- and anti-inflammatory
mediators in grade-specific OA-SFs using well characterised SF from early and

progressive stages of knee OA and appropriate control SF.

4.4.4.1. Analysis of pro-inflammatory cyto-chemokines in grade-specific OA
synovial fluid

Given the increasing evidence that synovitis plays a critical role in OA pathogenesis
through the induction of pro-inflammatory cyto-chemokine networks (Fernandes et al.,
2002, Kapoor et al., 2011), it was essential to quantify the levels of key pro-inflammatory
cyto-chemokines namely IL-1B, TNFa, IL-6, and IL-8 previously attributed with the
pathophysiology of OA (Kapoor et al., 2011, Scanzello et al., 2009, Sutton et al., 2009), in
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various cell-free grade-specific OA-SFs. Interestingly, a trend towards increased IL-1p,
TNFa, IL-6, and IL-8 was evident in the OA-SF, as the pathology progressed from grade-0
to grade-4 (Figure 4.10, panels A, B, C and D). It was found that the highest and most
significant levels of IL-1p relative to grade-0/healthy controls were present in grade-4 OA-
SF followed by that present in grade-3 OA-SF (grade-3: 2.5 £ 0.31 pg/ml ( p < 0.05) and
grade-4: 3.33 £ 0.29 pg/ml (p < 0.01), from basal/grade-0: 0.3 £ 0.15 pg/ml). A notable,
but non-significant, increase in IL-1B levels relative to grade-O/healthy controls was
evident in grade-1 and grade-2 OA-SFs (Figure 4.10, panel A). Similarly, the most
significant levels of TNFa relative to grade-O/healthy controls was evident primarily in
grade-4 and grade-3 OA-SFs (grade-3: 3.04 = 0.70 pg/ml (p < 0.05) and grade-4: 7.55 +
0.76 pg/ml (p < 0.01), from basal/grade-0: 0.92 £ 0.16 pg/ml). A notable, though non-
significant, increase in TNFa levels relative to grade-O/healthy controls was evident
primarily in grade-2 and then in grade-1 OA-SFs (Figure 4.10, panel B). Moreover, the
most significant levels of IL-6 relative to grade-0/healthy controls was evident primarily in
grade-4, followed by grade-3, then grade-2 OA-SFs (grade-2: 278.2 + 36.76 pg/ml ( p <
0.05), grade-3: 1706 + 367.7 pg/ml (p < 0.01), and grade-4: 2779 + 485.3 pg/ml (p <
0.001), from basal/grade-0: 48.32 + 8.35 pg/ml).

A notable, though non-significant, increase in IL-6 levels relative to grade-O/healthy
controls was evident in grade-1 OA-SF (Figure 4.10, panel C). Likewise, the most
significant levels of IL-8 relative to grade-O/healthy controls was evident primarily in
grade-4, then in grade-3 and later in grade-2 OA-SFs (grade-2: 30.74 = 3.26 pg/ml ( p <
0.05), grade-3: 107.8 + 15.49 pg/ml (p < 0.01), and grade-4: 188.4 + 25.32 pg/ml (p <
0.001), from basal/grade-0: 9.20 + 2.66 pg/ml). A notable, though non-significant, increase
in IL-8 levels relative to grade-0/healthy controls was evident in grade-1 OA-SF (Figure
4.10, panel D). Thus, significant levels of pro-inflammatory IL-6, IL-8, IL-1p and TNFa in
grade-2, -3 and -4 OA-SFs might correlate with the inflammatory cell infiltrates and
synovial hyperplasia previously observed (see Figure 4.4.2) and these data correlate with

previous publications (Scanzello et al., 2009, Sakkas et al., 1998).
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Figure 4.10: Analysis of pro-inflammatory cyto-chemokines in grade-specific OA
synovial fluid. (A-D) Cell-free grade-specific OA-SFs: grade-0 (healthy controls, n=7),
grade-1 (n=8), grade-2 (n=9), grade-3 (n=6), and grade-4 (end stage OA, n=10), were
analyzed for (A) IL-1B, (B) TNFa, (C) IL-6, (D) IL-8, using ultrasensitive MSD multiplex
ELISA system. All the data presented are representative of at least one independent

experiment performed in duplicate (mean + S.E.M). Data was subjected to a one-way

analysis of variance using a post hoc Student’s Newman-Keuls test. * p<0.05, ** p<0.01,

*** p<0.001 denotes the level of significance relative to grade-0 or healthy controls.
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Figure 4.11: Analysis of IFNp and RANTES levels in grade-specific OA synovial
fluid. (A-B) Cell-free grade-specific OA-SFs: grade-0 (healthy controls, n=7), grade-1
(n=8), grade-2 (n=9), grade-3 (n=6), and grade-4 (end stage OA, n=10), were analyzed for
(A) IFNP and (B) RANTES by ultrasensitive MSD ELISA system. All the data presented

are representative of at least one independent experiment performed in duplicate (mean +

S.E.M). Data was subjected to a one-way analysis of variance using a post hoc Student’s

Newman-Keuls test. * p<0.05, ** p<0.01, *** p<0.001 denotes the level of significance

relative to grade-0 or healthy controls.
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4442, Analysis of IFNp and RANTES levels in grade-specific OA synovial
fluid

Given that secretion of IFNf} and RANTES predominates in both early and late OA-FLS
and in whole synovial tissue explants following exposure to various stimuli (Figure 4.2 and
4.7), and given the pivotal role of these cyto-chemokines in cartilage degradation
(Alaaeddine et al., 2001, Borzi et al., 2004), it was critical to quantify such inflammatory
mediators in OA-SFs at different stages of OA progression, as a measure of synovitis and
joint destruction. Interestingly, a trend towards increased IFNP and RANTES levels was
evident with the progressive OA-grades (Figure 4.11, panels A and B). It was found that
the highest most significant IFNf levels relative to grade-0/healthy controls was evident
primarily in grade-4, then in grade-3 and later in grade-2 OA-SFs (grade-2: 655 £71.31
pg/ml ( p < 0.05), grade-3: 1193 + 191.7 pg/ml ( p < 0.01) and grade-4: 4646 + 511.9
pg/ml (p < 0.001), from basal/grade-0: 64.65 + 13.81 pg/ml), whereas a notable but non-
significant increase in IFNp levels relative to grade-O/healthy controls was evident in
grade-1 OA-SFs (Figure 4.11, panel A). Similarly, the highest levels of RANTES relative
to grade-O/healthy controls was evident primarily in grade-4, followed on by grade-3,
grade-2 and grade-1 OA-SFs (grade-1: 703.8 + 85.07 pg/ml ( p < 0.05), grade-2: 787.5
71.90 pg/ml ( p < 0.05), grade-3: 991.6 £ 160.1 pg/ml ( p < 0.01) and grade-4: 1446 +
44.95 pg/ml (p < 0.001), from basal/grade-0: 0.92 + 0.16 pg/ml). Herein, all the grades of
OA-SFs under investigation exhibited a significant increase in RANTES levels relative to
grade-O/healthy controls (Figure 4.11, panel B). As the highest and most significant
induction of pro-inflammatory IFNf3 and RANTES secretions by early and late OA-FLS
was observed upon Poly(I:C) stimulation (Figure 4.7), the increased levels of IFNf and
RANTES in grade-specific OA-SFs might signify a probable role for RNA borne
activation of synovial FLS in inducing these potent mediators even at the very early stages

of OA disease on-set in the synovium downstream OA progression.

4.4.43. Analysis of IL-10, IL-12 p70 and IFNy levels in grade-specific OA
synovial fluid

Given that imbalances in the levels of pro vs anti-inflammatory mediators in the joint may
aid in synovitis and OA progression (Benito et al., 2005, Brigitte, 2002, Martel-Pelletier et
al., 1999, Kapoor et al., 2011, Sutton et al., 2009, Scanzello et al., 2011), and having
observed the effect of TLR ligands in suppressing the key immuno-modulatory cytokines

namely IL-12 p70 and IFNy and the anti-inflammatory cytokine, 1L-10, in OA synovial
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tissue explants (Figure 4.3 and 4.8), it was essential to quantify the levels of such
regulatory molecules in grade-specific OA-SFs, to better understand their role in OA
progression. Interestingly, a trend towards decreased IL-10, IL-12p70 and IFNy levels was
evident with the progressive OA-grades (Figure 4.12, panels A, B and C). It was found that
significantly less IL-10 relative to grade-0/healthy controls was evident even at early stages
of OA progression namely grade-1 and grade-2 OA-SFs and, similarly, significantly less
IL-10 was evident in grade-3 and grade-4 OA-SFs (grade-1: 2.12 = 0.39 pg/ml, grade-2:
2.02 = 0.29 pg/ml, grade-3: 2.00 £ 0.41 pg/ml and grade-4: 2.78 £ 0.36 pg/ml from
basal/grade-0: 6.31 £ 0.9 pg/ml, p < 0.05) (Figure 4.12, panel A). Similarly, significantly
less IL-12p70 relative to grade-0/healthy controls was evident even at early stages of OA
progression namely grade-1 and grade-2 OA-SFs and, similarly, decreased levels of IL-
12p70 was evident in grade-3 and grade-4 OA-SFs (grade-1: 0.10 = 0.009 pg/ml, grade-2:
0.11 + 0.03 pg/ml, grade-3: 0.04 £ 0.01 pg/ml and grade-4: 0.05 £ 0.01 pg/ml from
basal/grade-0: 4.01 + 0.14 pg/ml, p < 0.05) (Figure 4.12, panel B). Moreover, the highest
and significantly less IFNy relative to grade-O/healthy controls was evident primarily in
grade-4 and then in grade-3 OA-SFs (grade-3: 1.12 + 0.35 pg/ml ( p < 0.05) and grade-4:
0.55 = 0.09 pg/ml (p < 0.01) from basal/grade-0: 4.97 £ 0.33 pg/ml), though notable, but
non-significant less levels of IFNy relative to grade-O/healthy controls was evident
primarily in grade-2 and then in grade-1 OA-SFs (Figure 4.12, panel C).

Thus, the significant suppression of immuno-regulatory molecules in progressive OA
grades might signify an early and sustained impairment of anti-inflammatory mechanisms
in the joint. This may also be attributed to the increased levels of IFNp in the joint during
disease process or with an encounter with the RNA from necrotic cells in the joint or Poly
(I:C) stimulation as previously observed (Figure 4.2 and 4.7, panel A), thus constantly
activating TLR3 of FLS in the synovium, thereby inducing excess IFNP secretions into
adjacent synovial fluid, wherein, IFN} has been shown to immunomodulate the Th1/Th2
cytokine profile by attenuating the secretion of IFNy, 1L-12p70 and IL-10 (Sellner et al.,
2008). Further, the trend towards decreased levels of IFNy, IL-12p70 and I1L-10 measured
in progressive OA-grades might correlate with the inflammatory cell infiltrates and
synovial hyperplasia previously observed (Figure 4.4.2); these data correlate, at least in
part, with previous publications (Scanzello et al., 2009, Sakkas et al., 1998). Moreover,
studies have shown a mutual antagonism between IFNy and TNFa levels in FLS, wherein,

paradoxical induction of IFNy and TNFa expression was observed in FLS (Alvaro-Gracia
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et al., 1993, Alvaro-Gracia et al., 1990). This correlates with the increased levels of TNFa
observed in progressive grades of OA-SFs as observed in (Figure 4.10, panel B).

4.4.4.4. Analysis of MMP-1, MMP-3 and MMP-9 levels in grade-specific OA
synovial fluid

Given the pivotal role of MMPs 1, 3 and 9 in OA pathogenesis (Sutton et al., 20009,
Firestein, 1996, Scanzello et al., 2011, Wassilew et al., 2010), and having observed the
differential induction of these MMPs by TLR ligands in the whole OA synovial tissue
explant cultures (Figure 4.4) and in both early and late OA-FLS (Figure 4.9), it was critical
to investigate the levels of such key MMPs in the grade-specific OA-SFs to further
understand their contribution to various stages of OA progression. Interestingly, a trend
towards increased MMP-1, 3 and 9 levels in varying amounts was evident with progressive
OA-grades (Figure 4.13, panels A, B and C). It was found that the highest levels of MMP-
1 relative to grade-0/healthy controls was present in grade-4, followed by grade-3, grade-2
and grade-1 OA-SFs (grade-1: 539.8 £75.93 ng/ml (p < 0.05), grade-2: 578.5 = 64.17
ng/ml (p < 0.05), grade-3: 668.4 + 76.54 ng/ml ( p < 0.01) and grade-4: 673.4 + 64.38
ng/ml (p < 0.01), from basal/grade-0: 380.7 £ 94.43 ng/ml) (Figure 4.13, panel A).
Similarly, the highest levels of MMP-3 relative to grade-0/healthy controls was present in
grade-4, followed on by grade-3, grade-2 and grade-1 OA-SFs (grade-1: 438.7 £ 90.01
ng/ml (p < 0.05), grade-2: 490.9 £+ 95.80 ng/ml (p < 0.05), grade-3: 759.7 £ 69.80 ng/ml (p
< 0.01) and grade-4: 743.0 + 50.43 ng/ml (p < 0.01), from basal/grade-0: 217.0 + 41.04
ng/ml) (Figure 4.13, panel B). Moreover, the highest and significant levels of MMP-9
relative to grade-O/healthy controls was evident in grade-4, followed on by grade-3 and
grade-2 OA-SFs (grade-2: 3.49 + 0.28 ng/ml (p < 0.05), grade-3: 4.04 £ 0.39 ng/ml (p <
0.05) and grade-4: 4.5 £ 0.2 ng/ml (p < 0.01), from basal/grade-0: 1.41 + 0.20 ng/ml) and a
notable, though non-significant, level of MMP-9 relative to grade-O/healthy controls was
evident in grade-1 OA-SFs (Figure 4.13, panel C).

Thus, owing to the previous observation that Poly(l:C) predominantly induced secretion of
the catabolic MMP 1, 3 and 9 in early and late OA-FLS (Figure 4.9) and whole OA
synovial tissue explants (Figure 4.4) and, given that Poly (1:C) exclusively employed TLR3
in OA-FLS (Chapter 3, Figure 3.2, 3.14 and 3.15), it may be proposed that a RNA borne
sustained activation of TLR3 on synovial FLS may be inducing these catabolic mediators
in to the synovial fluid, even at the very early stages of OA disease on-set thus ultimately

leading in OA progression.
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Figure 4.12: Analysis of IL-10, IL-12 p70 and IFNy levels in grade-specific OA
synovial fluid. (A-C) Cell-free grade-specific OA-SFs: grade-0 (healthy controls, n=7),
grade-1 (n=8), grade-2 (n=9), grade-3 (n=6), and grade-4 (end stage OA, n=10), were
analyzed for (A) IL-10, (B) IL-12 p70 and (C) IFNy by ultrasensitive MSD multiplex
ELISA system. All the data presented are representative of at least one independent
experiment performed in duplicate (mean + S.E.M). Data was subjected to a one-way
analysis of variance using a post hoc Student’s Newman-Keuls test. * p<0.05, ** p<0.01

denotes the level of significance relative to grade-0 or healthy controls.
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Figure 4.13: Analysis of MMP-1, MMP-3 and MMP-9 levels in grade-specific OA
synovial fluid. (A-C) Cell-free grade-specific OA-SFs: grade-0 (healthy controls, n=7),
grade-1 (n=8), grade-2 (n=9), grade-3 (n=6), and grade-4 (end stage OA, n=10), were
analyzed for (A) MMP-1, (B) MMP-3 and (C) MMP-9 by ultrasensitive MSD multiplex
ELISA system. All the data presented are representative of at least one independent

experiment performed in duplicate (mean + S.E.M). Data was subjected to a one-way

analysis of variance using a post hoc Student’s Newman-Keuls test. * p<0.05, ** p<0.01

denotes the level of significance relative to grade-0 or healthy controls.
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Together, these data provide evidence that a trend towards increased secretion of
inflammatory mediators and suppression of immune-modulatory and anti-inflammatory
molecules, might aid in perpetuating synovitis, joint destruction and OA progression.
Interestingly, the trend towards significant increase in pro-inflammatory IL-6, IL-8, IL-1P
and TNFa levels (Figure 4.10), IFNB and RANTES levels (Figure 4.11), MMP-1, 3 and 9
levels (Figure 4.13) and a significant suppression of anti-inflammatory 1L-10 and immuno-
modulatory IFNy and IL-12p70 levels (Figure 4.12) in progressive OA-grades, might
create a critical imbalance between catabolic and anabolic pathways. Hence, the levels of
pro- vs anti-inflammatory mediators measured in grade-specific OA-SFs may correlate
with the inflammatory cell infiltrates and synovial hyperplasia previously observed (Figure
4.4.2), and it may be proposed that the increased number of FLSs may participate in the
sustained activation of FLS in the hyperplastic synovium by secreting these inflammatory
cyto- chemokines into the synovial fluid. Moreover, given our previous observation
(Figure 4.4.1 and 4.4.6) that, the synovial tissue explants and early, late OA-FLS are
activated by Poly (I:C)/RNA from necrotic cells and significantly induce IL-6, IL-8, IL-1p
TNFa, IFNB, RANTES and MMPs 1, 3 and 9 levels and suppress IL-10, IFNy and IL-
12p70 levels in the synovial fluid, it may be hypothesised that sustained TLR3-induced
activation of synovial FLS in the synovium may be a contributing factor for such an
imbalance in pro vs anti-inflammatory mediators in grade-specific OA-SFs. Together,

these data provide TLR3 as a critical target for OA disease intervention.
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4.4.5. Analysis of TLR agonist/grade-specific OA-SF induced expression of
TLR genes in FLS

Given our previous observation that sustained TLR activation of FLS in the synovium may
act as a contributing factor towards generating an imbalance in the pro vs anti-
inflammatory mediators measured in grade-specific OA-SFs (Section 4.4.4), it was
essential to investigate the ability of grade-specific OA-SFs to activate specific TLRs in
FLS. To do so, an in-vitro assay was performed, wherein, N-FLS were treated with grade
specific OA-SF to mimic the intricate cell-fluid contact in the joint synovium, which
otherwise maintains the joint homeostasis, and if unchecked may lead to chronic
inflammatory disease conditions like OA, probably through TLR hyper-activation. Hence,
an attempt was made to characterise OA-SF-induced TLR gene expression profiles in N-
FLS (Figure 4.14, panels A to F, n=3). A trend towards decreased TLR-1 mRNA
expression was observed in N-FLS upon stimulation with progressive grades of OA-SFs
(grades 1-4) relative to grade-0 stimulation (Figure 4.14, panel A). Whereas, minimal
induction of TLR-2 (panel C), TLR-5 (panel E) and TLR-6 (panel F) mRNA expression,
no detectable induction of TLR-7, 8 and 9 mRNA expression (data not shown) was evident
in N-FLS upon stimulation with progressive grades of OA-SFs (grades 1-4) relative to
grade-0 stimulation (Figure 4.14). Interestingly, all the grade-specific OA-SFs (n=3/grade)
utilised in the study induced a significant expression of TLR3 mRNA in N-FLS upon
stimulation with progressive grades of OA-SFs (grades 1-4) relative to grade-0 stimulation.
Wherein, stimulation with grade-1 OA-SF induced a significant 8.5-fold increase, grade-2
OA-SF induced a significant 12.5-fold increase (p < 0.05), grade-3 OA-SF induced
significant 9-fold increase (p < 0.05), and grade-4 OA-SF induced maximal and significant
15-fold increase (p < 0.01), in TLR-3 mRNA expression in N-FLS relative to grade-0
stimulation (Figure 4.14, panel C). Moreover, though non-significant, a notable increase in
TLR-4 mRNA expression was evident in N-FLS upon stimulation with grade-1, 2 and 3
OA-SFs relative to grade-0 stimulation, while a significant 6.6-fold increase in TLR-4
MRNA expression was observed in N-FLS upon grade-4 OA-SF stimulation (Figure 4.14,
panel D). These data, at least in-part, correlate with a recent publication (Nair et al., 2012),
and also provide evidence of the ability of grade-specific OA-SFs to distinctively and
predominantly activate TLR3 in FLS. Sustained TLR3 activation of FLS in the joint
synovium may facilitate OA disease progression (Brentano et al., 2005, Attur et al., 2010,

Zhu et al., 2011) possibly through creating an imbalance between catabolic and anabolic
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Figure 4.14: Analysis of TLR agonist/grade-specific OA-SF induced expression of
TLR genes in FLS. (A-F) N-FLS (n=3), were treated with Pam3CSK, (1 pg/ml; TLR1/2
ligand), Pam,CSK, (1 pg/ml; TLR2 ligand), Poly(l:C) (10 pg/ml; TLR3 ligand), LPS (1
pg/ml; TLRA4 ligand), Flagellin (1 pg/ml; TLR5 ligand), MALP-2 (20 nM; TLR2/6 ligand),
or with grade specific (Grade 0, 1, 2, 3, 4) OA-SF, respectively, for 16 h. Total RNA was
then isolated from control and stimulated N-FLS, and used as a template for quantitative
real-time RT-PCR to assay the mRNA expression levels of TLR1 (A), TLR2 (B), TLR3 (C),
TLR4 (D), TLR5 (E), TLR6 (F). The levels of the relevant mRNAs were normalised relative
to the housekeeping gene HPRT and are expressed relative to normalised values from
unstimulated or control cells. All the data presented are representative of at least three
independent experiments performed in triplicate (mean £ S.E.M). Data was subjected to an
unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative to

control or grade-0.
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pathways, mediators and inflammatory cell infiltrates (Section 4.4.1, 4.4.2, 4.4.3 and
4.4.4).

4.4.6. In-vitro analysis of major TLR and cytokine neutralisation assays in N
and OA FLS

Given our previous observations that levels of basal and induced IL-6, TNFa and IFNf
secretions by N -FLS, OA-FLS and whole synovial tissue explant cultures predominate
following stimulation with Poly(l:C) (chapter 3 and chapter 4 : Section 4.4.1, 4.4.3), and to
a lesser extent, with Pam,CSK,, LPS and CpG stimulations, it was essential to explore
whether blockade of such cytokines/TLRs using cytokine and TLR inhibitory/neutralising
molecules may mediate regulatory effects on OA pathology. Moreover, to evaluate and
optimise the concentration and time points for effective outcome of such anti-TLR and
anti-cytokine neutralising antibodies, a screen was performed in N and OA-FLS (data not
shown). Thus, optimised neutralising antibodies were utilised to assess the ability of these
antibodies in modulating TLR/cytokine/OA-SF mediated pro- and anti-inflammatory cyto-

chemokine secretions in N and OA FLS.

4.4.6.1. Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-1p
secretion in N and OA FLS

IL-1P plays a pivotal role in joint destruction, primarily through induction of inflammatory
mediators, namely I1L-6 and MMPs, thus aiding in the vicious cyto-chemokine-MMP cycle
leading to prolonged synovitis in chronic inflammatory joint diseases like OA (Pulsatelli et
al., 1999, Pelletier et al., 1995, Smith et al., 1997, Pelletier et al., 2001, Scanzello et al.,
2009). Herein, it was critical to understand the effects of anti-TLR/anti-cytokine antibodies
on IL-1p secretion towards exploring the possibility of identifying an IL-18 regulatory
target as, to-date, single cytokine or cytokine receptor antagonists have had limited success
in the treatment of such diseases and targeted therapy to block IL-1p in OA was tested, but
could reach only some success as expected (Chevalier et al., 2005). Interestingly, of the
TLR and cytokine neutralising antibodies utilised in the study, pre-treatment with anti-
TLR3 antibody induced the highest and most significant suppression in IL-1B levels in N
and OA FLS upon Poly (I:C) or end/late stage OA-SF stimulations, relative to the
respective cell type agonist treatment controls. A significant (p < 0.05) decrease in IL-1f
levels was evident in N-FLS pre-incubated with anti-TLR3 antibody, followed by Poly

(I:C) or end/late stage OA-SF stimulations. Moreover, the highest and most significant
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suppression in IL-1B levels was evident in OA-FLS pre-incubated with anti-TLR3
antibody, followed by Poly (I:C) (p < 0.01) or late stage OA-SF (p < 0.05) stimulations
(Figure 4.15, panel D, n=3). Similarly, a significant decrease in IL-1p levels was evident in
N and OA-FLS pre-incubated with anti-IFN antibody, followed by IFNp or end/late stage
OA-SF stimulations (Figure 4.15, panel G, p < 0.05). Likewise, a significant decrease in
IL-1P levels was evident in OA-FLS pre-incubated with anti-TLR4 antibody, followed by
LPS stimulation (Figure 4.15, panel B, p < 0.05). In contrast, pre-incubation with anti-
TLR2, anti-TLR9, anti-IL-6 or anti-TNFo antibodies did not show any significant
regulation of IL-1p levels in N and OA-FLS upon respective ligand or OA-SF stimulations
(Figure 4.15, panels A, C, E and F). Interestingly, the highest and most significant
suppression of pro-inflammatory IL-1B secretion by N and OA-FLS was observed upon
pre-treatment with anti-TLR3 antibody followed by poly(l:C) stimulation and this
corroborates our previous findings showing that activation of TLR3 in synovial FLS may
induce IL-1B secretions in the joint synovium and fluid (Figure 4.1 and 4.6; panel C,
Figure 4.10; panel A).

4.4.6.2. Analysis of the effect of anti-TLR/anti-cytokine antibodies on TNFa
secretion in N and OA FLS

Given the key role of TNFa in mediating catabolic protease production in the joint
(Fernandes et al., 2002), and given the limited success of anti-TNFa therapy towards the
treatment of erosive hand OA (Magnano et al., 2007), and the increasing evidence that
blockade of certain TLRs on RA-FLS in the synovium can prevent the upregulation of
catabolic mediators in the joint (Ultaigh et al., 2011), it was essential to investigate the
effects of anti-TLR/anti-cytokine antibodies on TNFa secretion by N and OA FLS. Of the
TLR and cytokine neutralising antibodies utilised in the study, the most significant
decrease in TNFa levels was evident in N (p < 0.05), and OA-FLS (p < 0.01) pre-incubated
with anti-TNFa antibody, followed by TNFa stimulation, but not with late-stage OA-SF
stimulation (Figure 4.16, panel F, n=3). Interestingly, pre-treatment with anti-TLR3
antibody induced the highest and most significant suppression in TNFa levels in N and OA
FLS, followed by Poly (I:C) or late stage OA-SF stimulations. A significant (p < 0.05)
decrease in TNFa levels was evident in N-FLS pre-incubated with anti-TLR3 antibody,
followed by Poly (I:C) or late stage OA-SF stimulations. Moreover, the highest and most
significant suppression in TNFa levels was evident in OA-FLS pre-incubated with anti-
TLR3 antibody, followed by Poly (I:C) (p < 0.01) or late stage OA-SF (p < 0.05)
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stimulations (Figure 4.16, panel D, n=3). Likewise, a significant decrease in TNFa levels
was evident in N and OA-FLS pre-incubated with anti-IFN antibody, followed by IFNf
or end/late stage OA-SF stimulations (Figure 4.16, panel G, p < 0.05). Whereas, pre-
incubation with anti-TLR2, anti-TLR4, anti-TLR9 or anti-IL-6 antibodies did not show any
significant regulation of TNFa levels in N and OA-FLS upon respective ligand or OA-SF
stimulations (Figure 4.16, panels A, B, C and E). Thus, the data suggests that TNFa in OA-
FLS is predominantly induced by TLR3 and IFNp and this correlate with (chapter 3).
Correspondingly, apart from anti-TNFa antibody, the most significant suppression of pro-
inflammatory TNFa secretion by N and OA-FLS was evident with anti-TLR3 antibody
pre-treatment. This further substantiates our previous findings that activation of TLR3 in
synovial FLS may induce TNFa secretion in the joint synovium and fluid (Figure 4.1 and
4.6; panel D, Figure 4.10; panel B). These findings open a new avenue for a possible
combinatorial application of anti-TNFa and anti-TLR3 antibodies towards the effective
treatment of OA.

4.4.6.3. Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-6
secretion in N and OA FLS

Given that IL-6 positively correlates with various disease markers in many inflammatory
disease pathologies and OA (Houssiau et al., 1988, Pearle et al., 2007, Scanzello et al.,
2009, Kapoor et al., 2011), and given the predominant secretion of IL-6 by OA-FLS upon
Poly (I:C) stimulation (chapter 3; Figure 3.9, chapter 4; Figure 4.6), it was critical to
investigate the effects of anti-TLR/anti-cytokine antibodies on IL-6 secretion by N and OA
FLS. Of the TLR and cytokine neutralising antibodies utilised in the study, the most
significant decrease in IL-6 levels was evident in N and OA-FLS pre-incubated with anti-
IL-6 antibody followed by IL-6 stimulation (p < 0.01), or with late-stage OA-SF
stimulation in N-FLS (p < 0.05) (Figure 4.17, panel E, n=3). Interestingly, pre-treatment
with anti-TLR3 antibody induced the highest and most significant suppression in IL-6
levels in N and OA FLS, followed by Poly (I:C) or late stage OA-SF stimulations. A
significant decrease in IL-6 levels was evident in N and OA-FLS pre-incubated with anti-
TLR3 antibody, followed by Poly (I:C) (p < 0.01) stimulation. Moreover, stimulation with
late stage OA-SF also induced significant suppression in IL-6 levels in N and OA-FLS
upon pre-incubation with anti-TLR3 antibody (p < 0.05) (Figure 4.17, panel D, n=3).
Likewise, a significant decrease in IL-6 levels was evident in N and OA-FLS pre-incubated
with anti-IFNB antibody, followed by IFNP stimulation or end/late stage OA-SF
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stimulation in N-FLS (Figure 4.17, panel G, p < 0.05). Similarly, a significant decrease in
IL-6 levels was evident in N and OA-FLS pre-incubated with anti-TNFa antibody,
followed by TNFa stimulation (Figure 4.17, panel F, p < 0.05). In contrast, pre-incubation
with anti-TLR2, anti-TLR4 or anti-TLR9 antibodies did not show any significant
regulation of I1L-6 levels in N and OA-FLS upon respective ligand or OA-SF stimulations
(Figure 4.17, panels A, B and C). Thus, the data suggests that IL-6 induction in N and OA-
FLS can be induced by TLR3, TNFa and IFNf and this correlates with our previous
findings (chapter 3). In addition to the anti-IL-6 antibody, the most significant suppression
of pro-inflammatory IL-6 secretion by N and OA-FLS was evident upon anti-TLR3
antibody pre-treatment, and this further substantiates our previous findings that activation
of TLR3 in synovial FLS may induce IL-6 secretion in the joint synovium and fluid
(Figure 4.1 and 4.6; panel A, Figure 4.10; panel C); this correlates with previous
publications (Zhu et al., 2011).

4.4.6.4. Analysis of the effect of anti-TLR/anti-cytokine antibodies on IFNf
secretion in N and OA FLS

Given the key role of IFN in chronic inflammatory joint arthropathies and its possible
modulation following TLR3 blockade in pristine induced arthritis (Zhu et al., 2011, Meng
et al., 2010), it was ), it was critical to investigate the effects of anti-TLR/anti-cytokine
antibodies on IFNP secretion by N and OA FLS. Of the TLR and cytokine neutralising
antibodies utilised in the study, the most significant decrease in IFNP levels was evident in
N, and OA-FLS pre-incubated with an anti-IFNf antibody followed by IFNf stimulation (p
<0.01), or with late-stage OA-SF stimulation in N-FLS (p < 0.05) (Figure 4.18, panel G,
n=3). Interestingly, pre-treatment with an anti-TLR3 antibody induced the most significant
suppression of poly(I:C) mediated IFNB in OA-FLS (p < 0.01) and N-FLS (p < 0.05)
stimulation. Moreover, an anti-TLR3 antibody induced significant suppression of late stage
OA-SF induced IFN levels in N and OA-FLS (p < 0.05) (Figure 4.18, panel D, n=3).
Likewise, a significant decrease late stage OA-SF mediated IFN levels was evident in N
and OA-FLS following pre-incubation with an anti-IL-6 antibody (Figure 4.18, panel E, p
< 0.05). Similarly, a significant decrease in TNFao mediated IFNp levels was evident in
OA-FLS following pre-incubatation with anti-TNFo antibody (Figure 4.18, panel F, p <
0.05). In contrast, pre-incubation with anti-TLR2, anti-TLR4 or anti-TLR9 antibodies did
not show any significant regulation of IFNf levels in N and OA-FLS upon respective
ligand or OA-SF stimulations (Figure 4.18, panels A, B and C). Thus, the data suggests
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that IFNB in N and OA-FLS can be induced by TLR3, TNFa and IL-6 and this correlates
with our previous findings (chapter 3). In addition to the anti-IFNB antibody, the most
significant suppression of pro-inflammatory IFNP secretion by N and OA-FLS was evident
upon anti-TLR3 antibody pre-treatment; this further substantiates our previous findings
that activation of TLR3 in synovial FLS may induce IFNf secretion in the joint synovium
and fluid (Figure 4.2 and 4.7; panel A, Figure 4.11; panel A), and also correlates with
previous publications (Zhu et al., 2011, Meng et al., 2010).

4.4.6.5. Analysis of the effect of anti-TLR/anti-cytokine antibodies on RANTES
secretion in N and OA FLS

Given the vital role for RANTES and its receptor CCRS5 in chronic inflammatory joint
diseases, like RA and OA, through sustained induction of CCR5 in FLS (Haringman et al.,
2004, Vergunst et al., 2005) and given that RANTES induces chondrocyte dysfunctionality
associated with joint inflammation and cartilage degradation in OA (Yuan et al., 2003,
Borzi et al., 2004), it was critical to understand the effects of anti-TLR/anti-cytokine
antibodies on RANTES secretion towards exploring the exact role of RANTES in OA.
Interestingly, of the TLR and cytokine neutralising antibodies utilised in the study, pre-
treatment with anti-TLR3 antibody followed by Poly (I:C) or late stage OA-SF stimulation
induced the most significant suppression of RANTES levels in N and OA FLS relative to
the respective cell type agonist treatment controls. A significant decrease in RANTES
levels was evident in N-FLS pre-incubated with anti-TLR3 antibody, followed by
stimulation with either Poly (I:C) (p < 0.01) or end/late stage OA-SF (p < 0.05). Moreover,
significant suppression of RANTES was evident in OA-FLS pre-incubated with anti-TLR3
antibody, followed by Poly (I:C) or late stage OA-SF stimulations (p < 0.05) (Figure 4.19,
panel D, n=3). Similarly, a significant decrease in RANTES levels was evident in N and
OA-FLS pre-incubated with anti-IFNB antibody, followed by IFNp stimulation (Figure
4.19, panel G, p < 0.05). In contrast, pre-incubation with anti-TLR2, anti-TLR-4, anti-
TLRY, anti-IL-6 or anti-TNFo antibodies did not show any significant regulation of
RANTES levels in N and OA-FLS upon stimulation with respective ligands or OA-SF
(Figure 4.19, panels A, B, C, E and F). Interestingly, the most significant suppression of
RANTES secretion by N and OA-FLS was observed upon pre-treatment with an anti-
TLR3 antibody, and this corroborates our previous findings that activation of TLR3 in
synovial FLS may induce RANTES secretions in the joint synovium and fluid (Figure 4.2

and 4.7; panel B, Figure 4.11; panel B).
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4.4.6.6. Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-15
secretion in N and OA FLS

IL-15 levels were measured as it was previously detected in high levels even in early knee
OA synovial fluid and has been linked with IL-6 and MMP levels, thus indicating an early
innate immune response in the OA synovium (Scanzello et al., 2009). Thus, it was critical
to understand the effects of anti-TLR/anti-cytokine antibodies on IL-15 secretion towards
further explore the possibility that IL-15 may be a regulatory target. Interestingly, of the
TLR and cytokine neutralising antibodies utilised in the study, pre-treatment with anti-
TLR3 antibody caused the most significant suppression of IL-15 levels in N and OA FLS
upon Poly (I:C) or end/late stage OA-SF stimulation relative to the respective cell type
agonist treatment controls. A significant decrease in IL-15 levels was evident in N-FLS
pre-incubated with an anti-TLR3 antibody followed by Poly (1:C) or end/late stage OA-SF
stimulation (p < 0.05). Moreover, the most significant suppression of 1L-15 was evident in
OA-FLS pre-incubated with an anti-TLR3 antibody, followed by Poly (I:C) stimulation (p
< 0.05), and a non-significant decrease in IL-15 levels was observed with late stage OA-SF
stimulation (Figure 4.20, panel D, n=3). Similarly, a significant decrease in IL-15 levels
was evident in N-FLS (p < 0.05) and OA-FLS (p < 0.01) pre-incubated with an anti-IFN
antibody, followed by IFNp stimulation (Figure 4.20, panel G, n=3). In contrast, pre-
incubation with anti-TLR2, anti-TLR-4, anti-TLR9, anti-IL-6 or anti-TNFa antibodies did
not show any significant regulation of IL-15 levels in N and OA-FLS upon respective
ligand or OA-SF stimulation (Figure 4.20, panels A, B, C, E and F). Interestingly, the most
significant suppression of pro-inflammatory IL-15 secretion by N and OA-FLS was
observed upon treatment with an anti-TLR3 antibody, and this corroborates our previous
findings that activation of TLR3 in synovial FLS may induce IL-15 secretions in the joint

synovium (chapter 3).

4.4.6.7. Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-10
secretion in N and OA FLS

Given the pivotal role for suppressed IL-10 levels in OA (Sutton et al., 2009, Scanzello et
al., 2009, Kapoor et al., 2011), and given the key immunoregulatory role of IL-10 in OA
and RA towards the regulation of monocyte and, in some cases, T cell cytokine production
(Katsikis et al., 1994), it was critical to understand the effects of anti-TLR/anti-cytokine

antibodies on IL-10 secretion in FLS. Interestingly, of the TLR and cytokine neutralising
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antibodies utilised in the study, pre-treatment with anti-TLR3 antibody induced the most
significant increase of IL-10 levels in N and OA FLS upon Poly (I:C) or end/late stage
OA-SF stimulations, relative to the respective cell type agonist treatment controls. A
significant increase in IL-10 levels was evident in N-FLS and OA-FLS pre-incubated with
anti-TLR3 antibody, followed by Poly (I:C) or late stage OA-SF stimulations (Figure 4.21,
panel D, p < 0.05). Similarly, a significant increase in 1L-10 levels was evident in N-FLS
and OA-FLS pre-incubated with anti-IFNf antibody, followed by IFNf stimulation (Figure
4.21, panel G, p < 0.05). Likewise a significant increase in IL-10 levels was also observed
in N-FLS with anti-IL-6 antibody pre-incubation followed by IL-6 stimulation (Figure
4.21, panel E, p < 0.05). In contrast, pre-incubation with anti-TLR2, anti-TLR-4, anti-
TLR9 or anti-TNFa antibodies did not show any significant regulation of IL-10 levels in
N and OA-FLS upon respective ligand or OA-SF stimulations (Figure 4.21, panels A, B, C
and F). Interestingly, the most significant upregulation of anti-inflammatory IL-10
secretion by N and OA-FLS was observed upon treatment with an anti-TLR3 antibody, and
this corroborates our previous findings that activation of TLR3 in synovial FLS may
suppress 1L-10 secretions in the joint synovium, thus we propose that TLR3 blockade may

revert this and halt OA progression (Figure 4.3, 4.8 and Figure 4.12; panel A).

Together, these data provide evidence for the immunomodulatory effects of TLR3
blockade in OA. Also, our previous findings suggest that sustained activation of TLR3 is
evident in synovial FLS via the TLR ligand Poly(l:C) or via dSRNA/RNA from necrotic
cells in OA synovial fluid. Thus, TLR3 may play a key role in OA progression through
induction of inflammatory and suppression of anti-inflammatory mediators, thus
perpetuating synovitis and joint destruction (Sections 4.4.1, 4.4.3, 4.4.4 and 4.4.5).
Accordingly, our current data indicated that, of all the TLR and cytokine neutralising
antibodies utilised in this study, neutralisation of TLR3 expression utilising an anti-TLR3
antibody served to shift the balance from a pro-inflammatory to an anti-inflammatory
cytokine milieu. Thus, our data suggests that hyper-activation of TLR3 may play a key role
in perpetuating synovial inflammation in OA and suggests that therapeutic intervention of
OA may be achieved through TLR3 blockade, although further research is warranted to
validate the immuno-modulatory effects of TLR3 blockade in OA disease management.
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Figure 4.15: Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-1p
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type), were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3), or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK, (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype lgG2a antibody (15
pg/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of IL-1B by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean + S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.16: Analysis of the effect of anti-TLR/anti-cytokine antibodies on TNFa
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK, (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype 1gG2a antibody (15
pg/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to I1L-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of TNFa by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean = S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.17: Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-6
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK,; (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype IgG2a antibody (15
png/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype IgG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype 1gA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of IL-6 by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean + S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.18: Analysis of the effect of anti-TLR/anti-cytokine antibodies on IFNp
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK, (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype lgG2a antibody (15
pg/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 ng/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of IFNB by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean = S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.19: Analysis of the effect of anti-TLR/anti-cytokine antibodies on RANTES
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK, (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype lgG2a antibody (15
pg/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of RANTES by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean = S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.20: Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-15
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or lIsotype IgA2 antibody (5 pg/ml) prior to Pam,CSK,; (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or lIsotype lgG2a antibody (15
png/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype 1gA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNf antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNB (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of IL-15 by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean + S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.
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Figure 4.21: Analysis of the effect of anti-TLR/anti-cytokine antibodies on IL-10
secretion in N and OA FLS. (A-G) N-FLS and OA-FLS (n=3 for each cell type) were
either pre-incubated with the respective TLR or cytokine-blocking/isotype control
antibodies for 90 min prior to stimulation with the respective TLR ligand, cytokine or end-
stage OA-SF (1:5 dilution in Opti-MEM, n=3) or stimulated with the respective ligand or
left unstimulated for 16 h. (A) Cells were either pre-treated with anti-TLR2 antibody (5
pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to Pam,CSK,; (1 pg/ml) or OA-SF
stimulation. (B) Cells were either pre-treated with anti-TLR4 antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to LPS (1 pg/ml) or OA-SF stimulation. (C) Cells were
either pre-treated with anti-TLR9 antibody (15 pg/ml) or Isotype 1gG2a antibody (15
pg/ml) prior to CpG (3 pg/ml) or OA-SF stimulation. (D) Cells were either pre-treated
with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) prior to Poly
(I:C) (10 pg/ml) or OA-SF stimulation. (E) Cells were either pre-treated with anti-IL-6
antibody (5 pg/ml) or Isotype IgA2 antibody (5 pg/ml) prior to IL-6 (100 pg/ml) or OA-SF
stimulation. (F) Cells were either pre-treated with anti-TNFa antibody (5 pg/ml) or Isotype
IgA2 antibody (5 pg/ml) prior to TNFa (1 ng/ml) or OA-SF stimulation. (G) Cells were
either pre-treated with anti-IFNp antibody (10 pg/ml) or Isotype IgG1 antibody (10 pg/ml)
prior to IFNP (100 pg/ml) or OA-SF stimulation. Cell free supernatants were analysed for
levels of IL-10 by ELISA. All the data presented are representative of at least three
independent experiments performed in triplicate (mean = S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of significance relative
to respective ligand stimulation.

213



4.4.7. Analysis of the effect of TLR3 blockade on TLR, cyto-chemokine and
MMP gene expression and on the levels of pro-inflammatory cyto-chemokine
secretion in N-FLS

Given our previous observations of the probable immunomodulatory role of TLR3
blockade on inflammatory mediators secretion in FLS (section 4.4.6), and to further
corroborate our observation that grade-specific OA-SF predominantly induces TLR3
expression (section 4.4.5), it was critical to further investigate the mRNA and protein
expression profiles of critical inflammatory mediators in FLS upon grade-specific OA-SF
stimulations with/without anti-TLR3 antibody pre-treatment. Hence, the ability of an anti-
TLR3 antibody to modulate Poly(l:C) and grade-specific OA-SF induced TLR3, TRIF,
inflammatory cytokine, chemokine and MMP gene and protein expression in N-FLS was
evaluated by employing Real time RT-PCR and ELISA.

4.4.7.1. Modulation of TLR3 and TRIF gene expression by TLR3 blockade in
FLS

Given the pivotal role for RNA viruses in arthritis progression, and having observed the
ability of Poly (I:C)/late stage OA-SF to induce the key inflammatory cyto-chemokines
(section 4.4.6) and differential TLR3 mRNA expression in FLS (section 4.4.5), it was
essential to further investigate the effects of TLR3 blockade on the expression of viral
receptors and adaptor molecules, which facilitate the initiation of signalling cascades
which may lead to synovitis and OA. Therefore, the mRNA expression levels of TLR3,
RIG-I, MDA5, TRIF (which recognizes (dsRNA)/Poly(l:C)/OA-SF) and recruits TRIF
adaptor, was investigated in N-FLS upon grade-specific OA-SF stimulation with/without
prior anti-TLR3 antibody pre-treatment. It was found that stimulation with grade-specific
OA-SF did not induce any noticeable levels of RIG-1 or MDA-5 mRNA expression, so
they were not studied further (data not shown). Interestingly, a trend towards increased
TLR3 and TRIF mRNA expression was evident in N-FLS upon stimulation with
progressive grades of OA-SFs (grades 1-4) relative to grade-0 stimulation and also upon
Poly(l:C) stimulation relative to control(Figure 4.22, panels A and B, n=3). A trend
towards suppressed TLR3 and TRIF mRNA expression was observed in N-FLS pre-treated
with anti-TLR3 antibody, prior to Poly (I:C) or grade-specific OA-SF stimulation. A
significant 3-fold suppression in TLR3 mRNA expression was observed in N-FLS pre-
treated with anti-TLR3 antibody, prior to Poly (I:C) stimulation (p < 0.05). Similarly, in N-

FLS pre-treated with anti-TLR3 antibody, a significant 3.7-fold suppression in TLR3
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MRNA expression was evident with grade-2 OA-SF stimulation and a 2.9-fold suppression
with grade-4 OA-SF stimulation (p < 0.05). A non-significant decrease in TLR3 mRNA
expression was also evident in N-FLS pre-treated with anti-TLR3 antibody following
stimulations with grade-1 and grade-3 OA-SF (Figure 4.22, panel A). Likewise, a
significant 3.8-fold suppression in TRIF mRNA expression was observed in N-FLS pre-
treated with anti-TLR3 antibody, prior to Poly (I:C) stimulation (p < 0.05). Similarly, in N-
FLS pre-treated with anti-TLR3 antibody, a significant 3-fold suppression in TRIF mRNA
expression was evident with grade-2 OA-SF stimulation and a 3.4-fold suppression with
grade-4 OA-SF stimulation (p < 0.05), and a non-significant decrease in TRIF mRNA
expression was also evident in N-FLS pre-treated with anti-TLR3 antibody following
stimulations with grade-1 and grade-3 OA-SF (Figure 4.22, panel B). Thus, these data
provide an evidence for sustained activation of TLR3 and TRIF in FLS through dsRNA/
RNA from the necrotic cells in the OA synovial fluid and their modulation by utilising
anti-TLR3 antibody, possibly through neutralising/blocking surface bound TLR3 in FLS
and this correlates with previous findings (Zhu et al., 2011).

4.4.7.2. Modulation of pro-inflammatory cyto-chemokine gene expression by
TLR3 blockade in FLS

Given the evidence that grade-specific OA-SFs has the ability to distinctively and
predominantly activate TLR3 and TRIF in FLS and that this process is inhibited by an anti-
TLR3 antibody (Figure 4.22), it was essential to investigate the ability of grade-specific
OA-SFs to induce key TLR3 dependent inflammatory cyto-chemokines namely, IFNP,
TNFa, IP-10, RANTES (chapter 3, Figure 3.6) mRNA expression and to investigate their
modulation by TLR3 blockade in N-FLS. Interestingly, a trend towards increased IFN,
TNFa, IP-10 and RANTES mRNA expression was observed in N-FLS upon stimulation
with progressive grades of OA-SFs (grades 1-4) relative to grade-0 stimulation and also
upon Poly(l:C) stimulation relative to control (Figure 4.23, panels A, B, C and D, n=3). An
increased trend towards suppressed IFNB, TNFa, IP-10 and RANTES mRNA expression
was observed in N-FLS pre-treated with anti-TLR3 antibody followed by progressive OA
grades (grades 1-4) OA-SF stimulation or Poly(l:C) stimulation. N-FLS pre-treated with an
anti-TLR3 antibody showed a significant 11.6-fold suppression in IFN mRNA expression
upon grade-1 OA-SF stimulation, a significant 11.5-fold suppression upon grade-2 OA-SF
stimulation, a significant 10-fold suppression upon grade-3 OA-SF stimulation, and the

most significant 12.4-fold suppression upon grade-4 OA-SF stimulation relative to
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respective grade-specific OA-SF stimulations, and also a 2.7-fold suppression in IFNJ
MRNA expression was evident in N-FLS upon anti-TLR3 antibody pre-treatment
followed by Poly (I:C) stimulation (Figure 4.23, panel A, p < 0.05). Similarly, N-FLS pre-
treated with an anti-TLR3 antibody showed a significant 5.4-fold suppression in TNFa
MRNA expression upon grade-1 OA-SF stimulation, a significant 7-fold suppression upon
grade-2 OA-SF stimulation, a significant 7.2-fold suppression upon grade-3 OA-SF
stimulation, and the most significant 17.8-fold suppression in TNF[] mRNA expression
upon grade-4 OA-SF stimulation (p < 0.01), relative to respective grade-specific OA-SF
stimulations and also a 4-fold suppression in TNFo mRNA expression was evident in N-
FLS upon anti-TLR3 antibody pre-treatment followed by Poly (I:C) stimulation (Figure
4.23, panel B, p < 0.05). Likewise, N-FLS pre-treated with an anti-TLR3 antibody showed
a significant 10-fold suppression in IP-10 mRNA expression upon grade-1 OA-SF
stimulation, a significant 6-fold suppression upon grade-2 OA-SF stimulation, a highest
and most significant 12-fold suppression upon grade-3 OA-SF stimulation, and a
significant 7-fold suppression upon grade-4 OA-SF stimulation, relative to respective
grade-specific OA-SF stimulations. Also, a 3.4-fold suppression in IP-10 mRNA
expression was evident in N-FLS upon anti-TLR3 antibody pre-treatment followed by Poly
(I:C) stimulation (Figure 4.23, panel C, p < 0.05). N-FLS pre-treated with an anti-TLR3
antibody showed a significant 5.9-fold suppression in RANTES mRNA expression upon
grade-1 OA-SF stimulation, a significant 6.1-fold suppression upon grade-2 OA-SF
stimulation, a significant 6.7-fold suppression upon grade-3 OA-SF stimulation, and the
most significant 7-fold suppression of RANTES mRNA expression was evident upon
grade-4 OA-SF stimulation, relative to respective grade-specific OA-SF stimulations. Also,
a 4.3-fold suppression in RANTES mRNA expression was evident in N-FLS upon anti-
TLR3 antibody pre-treatment followed by Poly (I:C) stimulation (Figure 4.23, panel D, p <
0.05). These data suggest that TLR3 blockade in OA facilitates the suppression of key
inflammatory cyto-chemokine mRNA expression in FLS that may be induced upon contact
of the FLS with OA-SF and so mimicks the physiological cell-fluid contact that may occur
within the OA joint. These data in-part correlates with a previous finding (Zhu et al.,
2011).

4.4.7.3. Modulation of pro-inflammatory MMP 3, 9, 13 gene expression by
TLR3 blockade in FLS
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The ability of an anti-TLR3 antibody to modulate matrix degrading enzymes such as MMP
3, 9, 13, associated with cartilage destruction (Yamanishi et al., 2002) was investigated.
Previously, we have shown a TLR3 dependent induction of these MMPs in FLS (chapter 3,
Figure 3.14 and 3.15; chapter 4, Figure 4.4 and 4.9). Herein, the ability of grade-specific
OA-SFs to induce MMPs 3, 9 and 13 mRNA expression and their modulation by TLR3
blockade in N-FLS was investigated. Interestingly, a trend towards increased MMPs 3, 9
and 13 mRNA expression was observed in N-FLS upon stimulation with progressive
grades of OA-SFs (grades 1-4) relative to grade-0 stimulation and also upon Poly(l:C)
stimulation relative to control (Figure 4.24, panels A, B, and C, n=3). A trend towards
suppressed MMPs 3, 9 and 13 mRNA expression was observed in N-FLS pre-treated with
an anti-TLR3 antibody followed by stimulation with progressive grades (grades 1-4) of
OA-SF or with Poly(l:C). Herein, N-FLS pre-treated with anti-TLR3 antibody showed a
significant 9.8-fold suppression in MMP-3 mRNA expression upon grade-1 OA-SF
stimulation, a significant 11.1-fold suppression upon grade-2 OA-SF stimulation, a
significant 10.1-fold suppression upon grade-3 OA-SF stimulation, and a significant 9-
fold suppression upon grade-4 OA-SF stimulation relative to respective grade-specific OA-
SF stimulations, and also a 5.6-fold suppression in MMP-3 mRNA expression was evident
in N-FLS upon anti-TLR3 antibody pre-treatment followed by Poly (I:C) stimulation
(Figure 4.24, panel A, p < 0.05). Similarly, N-FLS pre-treated with anti-TLR3 antibody
showed a 4-fold suppression in MMP-9 mRNA expression upon grade-1 OA-SF
stimulation, a significant 7-fold suppression upon grade-2 OA-SF stimulation, a 5.8-fold
suppression upon grade-3 OA-SF stimulation, and the most significant 7.5-fold
suppression upon grade-4 OA-SF stimulation, relative to respective grade-specific OA-SF
stimulations. Also, an 8.4-fold suppression in MMP-9 mRNA expression was evident in N-
FLS upon anti-TLR3 antibody pre-treatment followed by Poly (I:C) stimulation (Figure
4.24, panel B, p < 0.05). Also, N-FLS pre-treated with an anti-TLR3 antibody showed a
significant 6-fold suppression in MMP-13 mRNA expression upon grade-1 OA-SF
stimulation, a significant 4-fold suppression upon grade-2 OA-SF stimulation, a
significant 4-fold suppression upon grade-3 OA-SF stimulation, and the most significant
7-fold suppression upon grade-4 OA-SF stimulation, relative to respective grade-specific
OA-SF stimulations and a 7.2-fold suppression in MMP-13 mRNA expression was evident
in N-FLS upon anti-TLR3 antibody pre-treatment followed by Poly (I:C) stimulation
(Figure 4.24, panel C, p <0.05).
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Thus, we propose that either Poly(1:C) or RNA from necrotic cells which may be present in
OA-SF predominantly induces secretion of the catabolic MMP3, 9,13 in FLS. These data
substantiate our previous observations that these MMPs can be induced, particularly by
Poly (I:C)/RNA in OA-SF (Figure 4.4, 4.9) through a mechanism that involves TLR3 in
FLS. Thus, TLR3 may be a critical target for OA disease intervention. These data in-part
correlates with a previous finding (Zhu et al., 2011).

4.4.7.4. Effect of TLR3 blockade on the levels of pro-inflammatory cyto-
chemokine secretion in N-FLS

Given the ability of grade-specific OA-SFs to induce key inflammatory mediator genes in
N-FLS and given the immuno-modulatory effects of TLR3 blockade on the gene
expression of TLR3 and key inflammatory mediators (Figure 4.22, 4.23 and 4.24), it was
essential to investigate the levels of pro-inflammatory cyto-chemokine secretion in N-FLS.
To this end, the ability of an anti-TLR3 antibody to modulate Poly(l:C) and grade-specific
OA-SF induced IFNB, RANTES, TNFa, IL-6, IL-10, IL-1p8 and IL-15 protein expression
profiles in N-FLS was evaluated using ELISA (Figure 4.25; panels A, B, C, D, E, F and G;
n=3). It was found that stimulation with grade-specific OA-SF induced notable levels of
IFNB, RANTES, TNFa, IL-6, IL-1B, IL-15 and suppressed IL-10 levels in a TLR3
dependent manner as the anti-TLR3 antibody utilised in this study did revert this effect of
OA-SF, thus substantiating our previous observation (section 4.4.6) that, neutralisation of
TLR3 expression utilising anti-TLR3 antibody, predominantly shifts the balance from pro-
inflammatory to an anti-inflammatory cytokine milieu. Wherein, a highest and most
significant decrease in IFNB, RANTES, TNFa, IL-6, IL-1p, IL-15 levels and increase in
IL-10 levels was evident in N-FLS upon anti-TLR3 antibody pre-treatment followed by
Poly (I:C) stimulation (p < 0.01). Interestingly, N-FLS pre-treated with anti-TLR3
antibody showed a significant suppression in IFNB, RANTES, TNFa, IL-6, IL-1pB, IL-15
levels and an increase in IL-10 levels respectively, primarily upon grade-1 and grade-4
OA-SF stimulations, although a similar, but non-significant level of modulation of these
inflammatory mediators was also evident following pre-treatment of N-FLS with an anti-
TLR3 antibody followed by grade-2 and grade-3 OA-SF stimulations (Figure 4.25, panels
A, B,C, D, E, Fand G, p <0.05). These data provide evidence to support the hypothesis
that early modulation of inflammatory milieu through TLR3 blockade may be
therapeutically beneficial and corroborates with our previous observations (section 4.4.6).
Together, these data further provide evidence for the immune-modulatory effects of TLR3
blockade in OA possibly through regulating the balance between catabolic and anabolic
pathways and mediators, through suppression of key inflammatory cyto-chemokine- MMP

MRNA and protein expression in FLS, which are otherwise induced upon contact with the
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Figure 4.22: Modulation of TLR3 and TRIF gene expression by TLR3 blockade in
FLS. N-FLS (n=3), were pre-treated with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1
antibody (20 pg/ml) for 90 min prior to Poly (I:C) (10 pg/ml) or grade-specific (grade-0, 1,
2, 3, 4) OA-SF (1:5 dilution in Opti-MEM, n=3) stimulation for 16 h. (A-B) Total RNA
was isolated from control and stimulated N-FLS and used as a template for quantitative
real-time RT-PCR to assay the mRNA expression levels of TLR3 (A) and TRIF (B)
relative to the housekeeping gene HPRT and are expressed relative to normalised values
from unstimulated or control cells. All the data presented are representative of at least three
independent experiments performed in triplicate (mean + S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05 denotes the level of significance relative to

respective ligand stimulation.
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Figure 4.23: Modulation of pro-inflammatory cyto-chemokine gene expression by
TLR3 blockade in FLS. (A-D) N-FLS (n=3), were pre-treated with anti-TLR3 antibody
(20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to Poly (1:C) (10 pg/ml)
or grade-specific (grade-0, 1, 2, 3, 4) OA-SF (1:5 dilution in Opti-MEM, n=3) stimulation
for 16 h. Total RNA was then isolated from control and stimulated N-FLS, and used as a
template for quantitative real-time RT-PCR to assay the mRNA expression levels of IFN3
(A), TNFa (B), IP-10 (C), RANTES (D). The levels of the relevant mRNAs were
normalised relative to the housekeeping gene HPRT and are expressed relative to
normalised values from unstimulated or control cells. All the data presented are
representative of at least three independent experiments performed in triplicate (mean *
S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05 denotes the level of

significance relative to respective ligand stimulation.
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Figure 4.24: Modulation of pro-inflammatory MMP 3, 9, 13 gene expression by
TLR3 blockade in FLS. (A-C) N-FLS (n=3), were pre-treated with an anti-TLR3
antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to Poly (I:C) (10
pg/ml) or grade-specific (grade-0, 1, 2, 3, 4) OA-SF (1:5 dilution in Opti-MEM, n=3) for
16 h. Total RNA was then isolated from control and stimulated N-FLS, and used as a
template for quantitative real-time RT-PCR to assay the mRNA expression levels of MMP-
3 (A), MMP-9 (B) and MMP-13 (C). The levels of the relevant mMRNAs were normalised
relative to the housekeeping gene HPRT and are expressed relative to normalised values
from unstimulated or control cells. All the data presented are representative of at least three
independent experiments performed in triplicate (mean = S.E.M). Data was subjected to
an unpaired Student’s t test. * p<0.05 denotes the level of significance relative to

respective ligand stimulation.
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Figure 4.25: Analysis of the effect of TLR3 blockade on the levels of pro-inflammatory

cyto-chemokine secretion in N-FLS. (A-G) N-FLS (n=3) were pre-incubated with an anti-

TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to Poly (1:C)
(10 po/ml) or grade-specific (grade-0, 1, 2, 3, 4) OA-SF (1:5 dilution in Opti-MEM, n=3)
stimulation for 16 h. Cell free supernatants were analysed for levels of IFNP (A), RANTES
(B), TNFa (C), IL-6 (D), IL-10 (E), IL-1B (F), IL-15 (G) by ELISA. All the data presented are

representative of at least three independent experiments performed in triplicate (mean

=+

S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the

level of significance relative to respective ligand stimulation.
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inflammatory OA-SF, thus mimicking the physiological cell-fluid contact in the joint.
These data in-part correlates with a previous finding (Zhu et al., 2011, Nair et al., 2012),
and thus provide TLR3 as a critical target for OA disease intervention.

4.4.8. Ex-vitro analysis of the effect of TLR3 blockade on Poly (1:C) induced
pro and anti-inflammatory cytokine, chemokine and MMP levels in early and late
OA-patient derived synovial tissue FLS

Given the previous observation that TLR3 blockade modulates TLR3-induced
inflammatory cyto-chemokine-MMP, mRNA and protein expression profiles in N-FLS
following Poly(l:C) and grade-specific OA-SF stimulations (section 4.4.7), it was essential
to evaluate the immunomodulatory effects of TLR3 blockade on Poly (I:C) induced
secretion of pro and anti-inflammatory mediators in stage-specific FLS. This aspect of the
study would aid in the assessment of TLR3 as a therapeutic target for the management of

early OA disease.

4.48.1. Modulation of Poly (1:C) induced pro-inflammatory cyto-chemokine
secretion by TLR3 blockade in early and late OA-FLS

Initially, early (Grade 1-2) and late (Grade 3-4) stage OA synovial biopsy derived FLS
(n=3/grade), were pre-incubated with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1
antibody (20 pg/ml) for 90 min prior to Poly (I:C) (10 pg/ml) stimulation for 24 h or non
unstimulated followed by measurement of Poly (I:C) induced IL-6, IL-8, IL-1 and TNF-a
levels (Figure 4.26, panel A, B, C and D, n=3). Interestingly, in both early and late OA-
FLS, a significant decrease in IL-6, IL-8, IL-1p and TNF-a levels were evident upon pre-
treatment of cells with an anti-TLR3 antibody followed by Poly (I:C) stimulation when
compared to non-pre-treated cells. Of the cytokines measured in this study, the most
significant anti-TLR3 antibody mediated suppressive effects were evident with IL-6 in
both early and late OA-FLS relative to Poly (I:C) stimulation (anti-TLR3 ab + Poly(l:C)
Vs Poly(1:C)) (Early: 797.43 £ 102.5 Vs 3437.27 + 220 pg/ml and Late: 1126.17 + 187.5
Vs 427572 £ 225 pg/ml, p < 0.01, Figure 4.26, panel A). Likewise, a significant
suppression in IL-8 levels was observed in both early and late OA-FLS upon anti-TLR3
antibody pre-treatment of Poly (I:C) stimulated cells (anti-TLR3 ab + Poly(l:C) Vs
Poly(I:C)) (Early: 524.69 + 67.5 Vs 3212.92 + 260 pg/ml; (p < 0.01) and Late: 1860.71 +
67.5 Vs 3944.18 £ 175 pg/ml; (p < 0.05), Figure 4.26, panel B). Similarly, a significant
suppression in IL-1pB levels was evident in both early and late OA-FLS upon anti-TLR3
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antibody pre-treatment of cells with Poly (I:C) (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C))
(Early: 6.87 = 1.01 Vs 22.89 + 2.0 pg/ml and Late: 15.07 + 1.3 Vs 31.35 + 1.0 pg/ml, p <
0.05, Figure 4.26, panel C). Also, a significant decrease in TNFa levels was evident in both
early and late OA-FLS following anti-TLR3 antibody pre-treatment of cells prior to Poly
(I:C) stimulation (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C)) (Early: 8.91 + 1.01 Vs 33.48
3.0 pg/ml; (p < 0.05) and Late: 14.75 £ 3 Vs 60.81 £ 2.5 pg/ml; (p < 0.01), Figure 4.26,
panel D). Interestingly, a significant induction of pro-inflammatory IL-6, IL-8, IL-1p and
TNFa secretions in early and late OA-FLS was observed upon Poly(l:C) stimulation and
correlates with our previous findings (section 4.4.2); this effect was modulated by TLR3
blockade utilising an anti-TLR3 antibody and further substantiates our previous
observations (section 4.4.7). Together, these data suggests a probable immunomodulatory
role for TLR3 blockade, even at the early stages of OA.

4.4.8.2. Modulation of Poly (I:C) induced IFN and RANTES secretion by
TLR3 blockade in early and late OA-FLS

Given the previous modulatory effects of TLR3 blockade on IFN and RANTES mRNA
and protein levels in N-FLS upon Poly(l:C) and grade-specific OA-SF stimulations (Figure
4.23 and 4.25), it was essential to evaluate the effect of TLR3 blockade on TLR3
dependent inflammatory mediator secretion using stage-specific OA patient-derived
synovial FLS, towards a better understand of the association between TLR3 and OA
progression. It was found that, in both early and late OA-FLS, a significant suppression in
IFNB and RANTES levels was evident upon anti-TLR3 antibody pre-treatment of Poly
(I:C) stimulated FLS compared to non-pretreated cells (Figure 4.27, panels A and B, n=3).
A significant decrease in IFNf levels was evident in both early and late OA-FLS upon
anti-TLR3 antibody pre-treatment of Poly (I:C) stimulated FLS when compared to non-
pre-treated cells (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C)) (Early: 265.21 + 48.5 Vs
1439.65 + 75 pg/ml and Late: 482.13 + 64.99 Vs 1700.66 + 29 pg/ml, p < 0.01, Figure
4.27, panel A). Likewise, a significant suppression of RANTES levels was evident in both
early and late OA-FLS upon anti-TLR3 antibody pre-treatment of Poly (I:C) stimulated
cells when compared to non-pre-treated cells (anti-TLR3 ab + Poly(I:C) Vs Poly(l:C))
(Early: 266.09 £ 45.0 Vs 1459.78 + 75 pg/ml; (p < 0.05) and Late: 423.65 £ 67.5 Vs
2124.18 + 100 pg/ml; (p < 0.01), Figure 4.27, panel B). Interestingly, a significant
induction of pro-inflammatory IL-6, IL-8, IL-1 and TNFa secretions by early and late

OA-FLS observed upon Poly(l:C) stimulation which correlates with our previous findings
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(section 4.4.2) and this effect was modulated by TLR3 blockade utilising an anti-TLR3
antibody; this further substantiates our previous observations (section 4.4.7). Thus, these
data suggest a probable immunomodulatory role for TLR3 blockade, even at the early
stages of OA. These data suggests a TLR3 dependent induction of these potent
inflammatory mediators even at the early stages of OA-onset and these cytokine levels can
be modulated by TLR3 blockade in FLS.
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Figure 4.26: Modulation of Poly (I:C) induced pro-inflammatory cyto-chemokine
secretion by TLR3 blockade in early and late OA-FLS. (A-D) Early (Grade 1-2) and
Late (Grade 3-4) stage OA synovial biopsy derived FLS (n=3), were pre-incubated with
anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to
Poly (I:C) (10 pg/ml) stimulation for 24 h. Cell free supernatants were analyzed for (A) IL-
6, (B) IL-8, (C) IL-1p and (D) TNFa by MSD ultrasensitive multiplex ELISA system. All
the data presented are representative of at least one independent experiment performed in
duplicate (mean + S.E.M). Data was Subjected to an unpaired Student’s t test. * p<0.05, **
p<0.01, *** p<0.001 denotes the level of significance relative to respective cell type Poly

(I:C) stimulation.
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Figure 4.27: Modulation of Poly (I:C) induced IFNp and RANTES secretion by
TLR3 blockade in early and late OA-FLS. (A-B) Early (Grade 1-2) and Late (Grade 3-
4) stage OA synovial biopsy derived FLS (n=3), were pre-incubated with anti-TLR3
antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to Poly (1:C) (10
png/ml) stimulation for 24 h. Cell free supernatants were analyzed for (A) IFNf and (B)
RANTES by MSD ELISA system. All the data presented are representative of at least
three independent experiments performed in duplicate (mean = S.E.M). Data was
subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes the level of

significance relative to respective cell type Poly (I:C) stimulation.
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4.4.8.3. Modulation of Poly (I1:C) induced IL-10, IFNy and IL-12p70 secretion
by TLR3 blockade in early and late OA-FLS

Given the previous observation that TLR3 ligand Poly(I:C) predominantly induces an
imbalance in the levels of pro vs anti-inflammatory mediators in early and late stage FLS
(Figure 4.8) and given the immuno-modulatory effects of TLR3 blockade in inducing IL-
10 levels in N-FLS (Figure 4.25), it was essential to investigate the effect of TLR3
blockade in inducing/suppressing the key immune-regulatory cytokines, namely IL-12 p70
and IFNy and anti-inflammatory IL-10 in stage/grade-specific OA-FLS, towards further
understanding the role of TLR3 at the various stages of OA progression. Interestingly, both
early and late OA-FLS showed a significant increase in IL-10, IFNy and IL-12p70 levels
upon pre-incubation with an anti-TLR3 antibody followed by Poly (1:C) stimulation when
compared to non-pre-treated FLS cells (Figure 4.28, panels A, B and C, n=3). A significant
increase in IL-10 levels was observed in both early and late OA-FLS upon anti-TLR3
antibody pre-treatment prior to Poly (I:C) stimulation when compared to non-pre-treated
cells (anti-TLR3 ab + Poly(I:C) Vs Poly(I:C)) (Early: 17.13 + 1.8 Vs 2.33 = 0.5 pg/ml; (p
<0.01) and Late: 14.06 = 1.49 Vs 4.28 £ 0.30 pg/ml; (p < 0.05), Figure 4.28, panel A).

Likewise, a significant upregulation in IFNy levels was observed in early OA-FLS and a
notable increase in late OA-FLS was evident, upon anti-TLR3 antibody pre-treatment prior
to Poly (I:C) stimulation (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C)) (Early: 20.73 £ 2 Vs
6.86 = Ipg/ml; (p <0.05) and Late: 12.12 + 1 Vs 5.57 = 1.02 pg/ml, Figure 4.28, panel B).
Also, a significant increase in 1L-12p70 levels was evident in both early and late OA-FLS
upon pre-treatment with an anti-TLR3 antibody prior to Poly (1:C) stimulation (anti-TLR3
ab + Poly(I:C) Vs Poly(l:C)) (Early: 20.54 + 0.99 Vs 7.08 £ 1.5 pg/ml and Late: 15.34 £
1.5 Vs 4.09 = 0.5 pg/ml, p < 0.05, Figure 4.28, panel C). Interestingly, a significant
induction of such immuno-regulatory and anti-inflammatory cytokine secretions by early
and late OA-FLS upon TLR3 blockade further substantiates our hypothesis that IL-10,
IFNy and IL-12p70 levels in OA synovium or fluid or FLS are critically modulated by
TLR3 (Figures 4.3, 4.8 and 4.12).

228



%0 Control
5 3 Control 3 Contro
@ Poly () @ Poly (:C)
] Am{TLRz ab + Poly (.C) B Anti-TLR3 ab + Poly (.C)
3 Isotype IgG1 + Poly (1:C) % 3 Isotype IgG1 + Poly (1:C)
20 — ——
— 20
g1 £
E o
2 g1
-
& z
20 L T
10:
° 5
0 — 0 S
9 9
< Qv ¢ Py
ﬁo‘? d *O? 00‘?
N ¢ R g
’Zr\ \/& 103 \/@
% 3 Control
@ Poly (1:C)
8 Anti-TLR3 b + Poly (:C)
25 3 Isotype IgG1 + Poly (1:C)
——
2 20
£ R
) ——
g
015
o
3
I T
5
0 -
Q\? Q\?
%Ov @Ov
N X
® N

Figure 4.28: Modulation of Poly (1:C) induced IL-10, IFNy and IL-12p70 secretion
by TLR3 blockade in early and late OA-FLS. (A-C) Early (Grade 1-2) and Late (Grade
3-4) stage OA synovial biopsy derived FLS (n=3), were pre-incubated with anti-TLR3
antibody (20 pug/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to Poly (I:C) (10
pg/ml) stimulation for 24 h. Cell free supernatants were analyzed for (A) IL-10, (B) IFNy
and (C) 1L-12p70 by MSD ultrasensitive multiplex ELISA system. All the data presented
are representative of at least one independent experiment performed in duplicate (mean +
S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, ** p<0.01 denotes

the level of significance relative to respective cell type Poly (I:C) stimulation.
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4.4.8.4. Modulation of Poly (I:C) induced MMP-1, MMP-3 and MMP-9
secretion by TLR3 blockade in early and late OA-FLS

Given the differential induction of MMPs 1, 3 and 9, predominantly by Poly (1:C) in whole
synovial tissue explant cultures and in early and late FLS (Figure 4.4 and 4.9), and given
the ability of an anti-TLR3 antibody to modulate these MMP gene induction in N-FLS
(Figure 4.24), it was critical to investigate the effects of TLR3 blockade in modulating
MMP levels in stage-specific OA FLS. Interestingly, it was found that, both early and late
OA-FLS exhibited a significant suppression in MMP 1, 3 and 9 levels, upon anti-TLR3
antibody pre-treatment followed by Poly (I:C) stimulation when compared to non-pre-
treated cells (Figure 4.29, panels A, B and C, n=3). A significant decrease in MMP- 1
levels was evident in both early and late OA-FLS upon anti-TLR3 antibody pre-treatment
prior to Poly (I:C) stimulation (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C)) (Early: 5.47 £ 0.56
Vs 13.21 £ 0.9 ng/ml and Late: 10.60 + 0.97 Vs 20.47 £ 0.57 ng/ml, p < 0.05, Figure 4.29,
panel A). Likewise, a significant suppression in MMP-3 levels was evident in both early
and late OA-FLS upon anti-TLR3 antibody pre-treatment prior to Poly (1:C) stimulation
when compared to non-pre-treated cells (anti-TLR3 ab + Poly(I:C) Vs Poly(l:C)) (Early:
3.47 £ 1.44 Vs 16.91 £ 0.25 ng/ml and Late: 7.90 £ 1.06 Vs 21.88 + 0.32 ng/ml, p < 0.01,
Figure 4.29, panel B). Also, a significant suppression in MMP-9 levels was evident in both
early and late OA-FLS upon anti-TLR3 antibody pre-treatment prior to Poly (I:C)
stimulation (anti-TLR3 ab + Poly(l:C) Vs Poly(l:C)) (Early: 149.06 + 36 Vs 762.43 £+ 25
pg/ml and Late: 329.82 + 48.5 Vs 919.82 + 65 ng/ml, p < 0.05, Figure 4.29, panel C).
Thus, it is clear that TLR3-dependent induction of catabolic MMP 1, 3 and 9 in early and
late OA-FLS, as previously observed in (Figure 4.9) and in whole OA synovial tissue
explants (Figure 4.4) can be modulated by TLR3 blockade even at the early stages of OA,

thus making TLR3 a critical target for OA disease intervention.

Together these data provide evidence that TLR3-dependent activation of FLS occurs
predominantly through Poly(l:C) or RNA from necrotic cells in OA-SF, leading to
induction of pro-inflammatory mediators and suppression of immune-regulatory and anti-
inflammatory mediators secretion in both early and late OA-FLS. Thus, it can be proposed
that the TLR3 dependent signalling pathway may be critical in the initiation and
propagation of OA even at initial stages of disease on-set; this may be modulated and
primarily managed by TLR3 blockade (section 4.4.8). Thus, TLR3-targeted therapies may

prove useful as an intervention towards restoring the balance between anabolic and
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Figure 4.29: Modulation of Poly (1:C) induced MMP-1, MMP-3 and MMP-9
secretion by TLR3 blockade in early and late OA-FLS. (A-C) Early (Grade 1-2) and
Late (Grade 3-4) stage OA synovial biopsy derived FLS (n=3), were pre-incubated with an
anti-TLR3 antibody (20 pg/ml) or Isotype IgG1 antibody (20 pg/ml) for 90 min prior to
Poly (I:C) (10 pg/ml) stimulation for 24 h. Cell free supernatants were analyzed for (A) IL-
10, (B) IFNy and (C) IL-12p70 by MSD ultrasensitive multiplex ELISA system. All the
data presented are representative of at least one independent experiment performed in
duplicate (mean + S.E.M). Data was subjected to an unpaired Student’s t test. * p<0.05, **
p<0.01 denotes the level of significance relative to respective cell type Poly (I:C)

stimulation.
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catabolic pathways in OA (Zhu et al., 2011). Thus, FLS may regulate the switch from
acute resolution to chronic persistent inflammation (Buckley et al., 2001).

4.4.9. Immunoblot and confocal evaluation of signal transduction modulatory
effects of TLR3 blockade in FLS

In FLS, given that TLR3 may be activated by Poly(l:C) or dsSRNA from necrotic cells in
the OA SF, and our observation that neutralisation of TLR3 expression in FLS may alter
the balance from a pro-inflammatory to an anti-inflammatory cytokine milieu (section
4.4.7 and 4.4.8), we opted to investigate the transcription factors that critically regulate
inflammatory cytokine induction through the TLRs, namely NF-«B and IRF. Interestingly,
these transcription factors were considered as potential therapeutic targets in chronic
inflammatory diseases such as OA and RA (Rosenbach et al., 1984, Matsumoto and Seya,
2008, Sweeney et al., 2010). Therefore, the effects of TLR3 blockade towards the
modulation of NF-«B and IRF3 activity in N and OA FLS following Poly(l:C) and grade-
specific OA-SF stimulation were investigated.

4.4.9.1. Immunoblot analysis of Poly (I:C) induced NF-kB and IRF3 activation
in N and OA FLS

The ability of Poly(l:C) to induce the activation of the transcription factors, IRF3 and NF-
kB, as evidenced by their increased phosphorylation and concomitant degradation of IkBa,
which is a necessary prelude to NF-«kB activation, was evaluated by western blot analysis
in N and OA FLS upon stimulation with Poly(I:C) (10pg/ml) for the indicated time points
using anti-IkBa, anti-phospho-p65 and anti-phospho-IRF3 antibodies respectively. In OA-
FLS, it was found that stimulation of cells with Poly (I:C), even at 30 min, induced the
early degradation of IkBa, when compared to treated N-FLS, which showed a delayed
degradation of IkBa at 60 min Poly (I:C) stimulation. Moreover, a strong and persistent
phosphorylation of p65 and IRF3 was detected in OA-FLS relative to N-FLS upon Poly
(I:C) stimulation (Figure 4.30, panel A). Thereafter, the ability of anti-TLR3 antibody to
modulate the transcription factor activation effect of Poly (I:C) stimulation in N and OA
FLS was examined. To do so, N and OA FLS were pre-incubated with anti-TLR3 antibody
(10 and 20 pg/ml) for 90 min prior to Poly (I:C) (10 pg/ml) stimulation for 60 min. It was
found that neutralisation of TLR3 suppressed the phosphorylation of p65 and IRF3
transcription factors in both N and OA FLS upon pre-incubation with anti-TLR3 antibody
prior to Poly (I:C) stimulation. In N and OA FLS, upon preincubation with an anti-TLR3
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antibody (20 pg/ml), prior to Poly(I:C) stimulation, a strong delay in IxBa degradation was
evident when compared with a decreased suppressive effect when cells were preincubated
with 10 pg/ml of anti-TLR3 antibody. In contrast, anti-TLR3 antibody dose dependent
differences were not observed when the ability of the anti-TLR3 antibody to suppress
poly(I:C) mediated p65 and IRF3 phosphorylation in both N and OA FLS was examined
(Figure 4.30, panel B). Therefore, 20 pg/ml of anti-TLR3 antibody was utilised for the rest
of the studies.

4.4.9.2. Confocal analysis of modulation of Poly (I:C) induced p65 translocation
by anti-TLR3 antibody in N and OA FLS

To complement our data showing that TLR3 blockade modulates p65 phosphorylation
(Figure 4.30, panel B), confocal microscopy was utilised to assess the ability of Poly(l:C)
to induce the nuclear translocation of NF-kB p65 and the effects of TLR3 blockade therein
was investigated using FLS cells. It was found that the basal p65 expression was localised
to the cytoplasmic in N and OA FLS. Following Poly (I:C) stimulation, p65 was found to
translocate to the nucleus in both N and OA FLS. Interestingly, pre-treatment of the FLS
with an anti-TLR3 antibody inhibited Poly (I:C) mediated nuclear translocation of p65,
probably through blocking Poly (I:C) mediated TLR3 activation in FLS. As a control, Poly
(I:C) mediated nuclear localisation of p65 was evident following pre-treatment with the
Isotype control (Figure 4.31, panels A and B). Therefore, we propose that TLR3 blockade
inhibits the nuclear translocation of p65 following Poly(l:C) stimulation in FLS and this
finding correlates with our immunoblot analysis of p65 activation status and suggests a
pivotal role for TLR3-dependent NF-xB activation in OA progression (Figure 4.30).

4.4.9.3. Confocal analysis of modulation of Poly (I:C) induced IRF3
translocation by anti-TLR3 antibody in N and OA FLS

To investigate the ability of TLR3 blockade to affect Poly (I1:C) mediated IRF3
phosphorylation (Figure 4.30, panel B), confocal microscopy was utilised to assess the
ability of Poly(l:C) to modulate the expression and nuclear translocation of IRF3 in FLS
and to assess the effect of TLR3 blockade therein. In unstimulated/control N and OA FLS,
IRF3 was localised predominantly to the cytoplasmic. Stimulation with Poly(l:C) induced
an increase in the expression of IRF3 with a predominant nuclear localisation in both N
and OA FLS. In N and OA FLS, pre-treatment with an anti-TLR3 antibody prior to Poly

(I:C) stimulation inhibited the nuclear translocation of IRF3 and a predominant
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cytoplasmic localisation of IRF3 was seen. Also, sustained nuclear localisation of IRF3
was seen upon preincubation of cells with Isotype control followed by stimulation with
Poly (I:C) (Figure 4.32, panels A and B). Therefore, it can be proposed that TLR3
blockade, primarily blocks the IRF3 nuclear translocation ability of Poly(l:C) in FLS, and
this also corroborates with our previous IRF3 immunoblot analysis, thus suggests a pivotal
role for TLR3-dependent IRF3 activation in OA progression (Figure 4.30).

4.4.9.4. Immunoblot analysis of Poly (I:C) or grade-specific OA-SF induced
NF-kB and IRF3 activation in N-FLS, early and late OA FLS

Given the ability of stage-specific OA-SF to activate TLR3 in N-FLS (section 4.4.6 and
4.4.7) and the distinctive ability of Poly(l:C) to induce TLR3-dependent key inflammatory
mediators in both early and late stage OA patient derived FLS, and given the immuno-
modulatory effects of TLR3 blockade in FLS (section 4.4.8), we opted to investigate the
ability of Poly(l:C) and OA-SF to activate the transcription factors, NF-xB and IRF3, and
to investigate the ability of TLR3 blockade to modulate this effect. It was found that grade-
specific (grades 1-4) OA-SFs induced activation of IRF3 via its phosphorylation and NF-
kB, as evidenced by increased phosphorylation of p65 subunit and the concomitant
degradation of IkBa. Pre-treatment of N-FLS with an anti-TLR3 antibody suppressed
grade-specific OA-SF mediated phosphorylation of p65 and IRF3 and I[1B degradation
(Figure 4.33, panel A). Also, the ability of an anti-TLR3 antibody to modulate Poly (I:C)
mediated activation of transcription factors in early and late OA FLS was examined. To
this end, early and late OA patient derived FLS were pre-incubated with an anti-TLR3
antibody (20 pg/ml) for 90 min prior to Poly (I:C) (10 pg/ml) stimulation for 60 min. It
was found that neutralisation of TLR3 prominently suppressed Poly (1:C) mediated
phosphorylation of p65 and IRF3 transcription factors and also reduced IkBa degradation
in both early and late OA-FLS (Figure 33, panel B). These data suggest an early and
persistent TLR3-mediated activation of transcription factors which may be modulated
through TLR3 blockade in FLS.

4.49.5. Confocal analysis of modulation of OA-SF induced p65 and IRF3
translocation by anti-TLR3 antibody in N-FLS

To compliment the immunoblot analysis data showing that TLR3 blockade inhibits p65
and IRF3 phosphorylation (Figure 4.33, panel A), confocal microscopy was utilised to
assess the ability of grade-4 OA-SF to induce, and TLR3 blockade to regulate, the
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expression and nuclear translocation of p65 and IRF3 in N-FLS. In unstimulated/control
N-FLS, p65 and IRF3 were localised predominantly to the cytoplasm. Upon stimulation
with grade-4 OA-SF, nuclear translocation of p65 and IRF3 was observed in N-FLS and
this effect was blocked by pre-treatment of FLS with an anti-TLR3 antibody, but not with
the Isotype control (Figure 4.34, panels A and B). Therefore, it may be proposed that OA-
SF induces the activation of NF-kB and IRF3 in FLS and this effect is inhibited by pre-
incubation of cells with an anti-TLR3 antibody; these findings support our previous
immunoblot analysis (Figure 4.33, panel A) and suggests a probable role for TLR3-
dependent signal transduction activity in OA. Also, further studies are required to explore

the ability of OA-SF to activate signal transduction pathways in FLSs.
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Figure 4.30:

in N and OA FLS. (A) N and OA FLS were stimulated with Poly(l:C) (10ug/ml) for 30,
60 and 90 min respectively, (B) N and OA FLS were pre-incubated with anti-TLR3
antibody (10 and 20 pg/ml) or Isotype IgG1 antibody (20 pg/ml) for 90 min prior to Poly
(I:C) (10 pg/ml) stimulation for 60 min. Immunoblot analysis was performed to assess
levels of IkBa degradation, phosphorylation of p65 and IRF3 activation using their
respective antibodies; anti—IkBa (1:200 dilution), anti-phospho p65 (1:1000 dilution), anti-
phosphoIRF3 (1:1000 dilution) and loading control B-actin antibody (1:1000 dilution). All
the data presented are representative of at least two independent experiments performed in

duplicate.
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Figure 4.31: Confocal analysis of modulation of Poly (I:C) induced p65 translocation

by anti-TLR3 antibody in N and OA FLS. N-FLS (A) and OA FLS (B) were either pre-
incubated with anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 2

h, prior to Poly (I:C) (10 pg/ml) stimulation for 60 min or left unstimulated. Confocal
analysis was performed using an anti-p65 antibody (1:50 dilution; red staining) followed
by incubation with an Alexa Fluor 546 (1:500 dilution) labelled secondary antibody. Actin-
phalloidin (1:25 dilution) was also employed (green staining) as a cyto-skeletal control

marker for FLS. DAPI staining of nuclei is also included and seen as blue staining.
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Figure 4.32: Confocal analysis of modulation of Poly (I:C) induced IRF3
translocation by anti-TLR3 antibody in N and OA FLS. N-FLS (A) and OA FLS (B)
were either pre-incubated with anti-TLR3 antibody (20 pg/ml) or Isotype IgG1l antibody
(20 pg/ml) for 2h, prior to Poly (I:C) (10 pg/ml) stimulation for 60 min or left
unstimulated. Confocal analysis was performed using an anti-IRF3 antibody (1:50 dilution;
red staining) followed by incubation with an Alexa Fluor 546 (1:500 dilution) labelled
secondary antibody. Actin-phalloidin (1:25 dilution) was also employed (green staining) as
a cyto-skeletal control marker for FLS. DAPI staining of nuclei is also included and seen
as blue staining.
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Figure 4.33: Immunoblot analysis of Poly (I:C) or grade-specific OA-SF induced
NF-kB and IRF3 activation in N-FLS, early and late OA FLS. (A) N-FLS were either
pre-treated with anti-TLR3 antibody (20 pug/ml) or Isotype 1gG1 (IgG) antibody (20 pg/ml)
for 90 min prior to grade-specific OA-SF: grade 1 (G1), grade 2 (G2), grade 3 (G3), grade
4 (G4) (1:5 dilution in Opti-MEM/grade, n=3) stimulation for 3 h or left unstimulated (C).
(B) Early (Grade 1-2) and Late (Grade 3-4) stage OA synovial biopsy derived FLS (n=3),
were pre-incubated with anti-TLR3 antibody (20 pg/ml) or Isotype IgG1l antibody (20
png/ml) for 90 min prior to Poly (1:C) (10 pg/ml) stimulation for 60 min. Cell pellets were
harvested and assayed for IkBa degradation, phosphorylation of p65 and IRF3 activation
using respective antibodies; anti-IkBa (1:200 dilution), anti-phospho p65 (1:1000
dilution), anti-phospho IRF3 (1:1000 dilution) and loading control B-actin antibody
(1:1000 dilution). All the data presented are representative of at least two independent

experiments performed in duplicate.
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4.4.10. Luciferease reporter gene assays to evaluate the specific TLRs and
IRFs activating ability of OA-SF and immunomodulatory effect of TLR3 blockade

To further investigate the ability of OA-SF to activate specific TLRs and TLR signalling
cascades (NF-kB, pro-inflammatory cyto-chemokine expression and IRFs activation) and
to further clarify the immunomodulatory effects of TLR3 blockade in OA, luciferase
reporter gene assays were performed utilising OA-SF obtained from patients with early
(grade-1) and late (grade-4) stage OA as a ligand. Thus, HEK293 cells over-expressing
specific TLRs and MAVS wild type and MAVS™ MEFs were used as models. To delineate
the molecular mechanisms involved in the induction of pro-inflammatory cytokines,
chemokines and downstream transcription factor activation during OA, the ability of OA-
SF (early and late OA stages) and key PAMPs to induce such inflammatory cascades was

evaluated by employing luciferase reporter gene assays.

4.4.10.1. Analysis of OA-SF induced NF-kB, IFN-B, RANTES reporter gene
activity

Given our previous observations that TLRs, namely TLR2, 3, 4, 7 and 9 and RLRs, namely
RIG-I and MDA-5 (which recruit an adaptor protein called mitochondrial antiviral-
signaling protein (MAVYS)) are involved in OA (chapter 3 and chapter 4), herein, we
sought to understand the relative contribution of the RLRs and TLRs during the early and
late stages of OA. Thus, the ability of early and late OA-SF to activate specific TLRs was
investigated using HEK293 cells over-expressing specific TLRs and. Also, towards
understanding the role of RLRs in OA, MAVS-wildtype and deficient MEFs were used.
Thus, HEK 293-TLR2, 3, 4, 7, 9 cells and MAVS Wild type™ MEFs and MAVS-
deficient” MEFs were transiently transfected with the NF-xB, IFN-B (p125-luc) and
Rantes reporter gene constructs, followed by stimulation with respective TLR or RLR
ligands and early (grade-1) or late (grade-4) OA-SF (n=3/grade), followed by harvesting of
cell lysates and assessment of luciferase reporter gene activity (Figure 4.35, panels A, B,
C, D, E, F and G). Interestingly, of all the receptors studied in this section, stimulation with
early and late OA-SF induced the highest and most significant activation of IFN (p125-
luc) and Rantes reporter genes and a notable activation of the NF-kB reporter gene in
HEK?293-TLR3 cells relative to their respective controls (Figure 4.35, panel B, p < 0.05).
Likewise, stimulation with early and late OA-SF also induced a significant activation of
IFNB (p125-luc) and Rantes reporter genes and a notable activation of NF-«B reporter

gene in MAVS-deficient” MEFs relative to their respective controls (Figure 4.35, panel G,
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p < 0.05). Moreover, minimal activation of IFNB (p125-luc), Rantes and NF-«kB reporter
genes was evident in HEK293-TLR7 cells upon stimulation with early and late OA-SFs,
relative to their respective controls (Figure 4.35, panel D). In contrast, activation of IFNf
(p125-luc) or Rantes or NF-kB reporter genes was not detected following stimulation of
HEK293-TLR2, HEK293-TLR4, HEK293-TLR9 cells and MAVS Wild type”+ MEFs
with early and late OA-SFs, when compared to their respective controls (Figure 4.35,
panels A, C, E and F respectively). These data suggest that both early and late OA-SF may
contain factors which can directly induce significant levels of inflammatory cyto-
chemokine genes, especially IFNf3 and RANTES and to lesser extent NF-kB activation in a
TLR-3 dependent manner. These data substantiates our previous observation that TLR3
activation predominates in OA, through a mechanism involving DAMPs/PAMPs contained
in the grade-specific OA-SF (sections 4.4.5, 4.4.6, 4.4.7,4.4.8 and 4.4.9) and this also
correlates with previous publications suggesting that RNA from the necrotic cells in the
OA-SF can predominantly induce TLR3 activation in FLS (Yaron et al., 1979, Brentano et
al., 2005, Karikd et al., 2004, Scanzello et al., 2011, Nair et al., 2012).

4.4.10.2. Analysis of OA-SF induced IRF-3, -5, -7, -9 and PRD-II, I-l1I, IV
reporter gene activity

Given our previous observations that OA-SF induces the activation of IRF3 in FLS (Figure
4.33 and 4.34), and given the predominant TLR3-dependent induction of IFNJ by OA-SF
(Figure 4.35), and also given the pivotal role of IRFsin TLR signalling and concomitant
induction of the IFN, it was essential to investigate the ability of OA-SF to induce the
activation of specific IRFs. To this end, the ability of inflammatory OA-SF (early and late
OA stages) to induce IRF activation was evaluated by employing luciferase reporter gene
assays, wherein, IRF3, 5 and 7 were studied as recent findings reported these IRFs as
therapeutic targets to inhibit activation of the type I IFN response in RA-FLS, and as well
are implicated for the treatment of TLR signalling associated chronic inflammatory and
autoimmune disorders (Sweeney et al., 2010, Sweeney, 2011). Moreover, IRF9 was
studied as it is widely associated with IFNP signalling-which induced experimental
synovitis in humans, and thus may also have potential implications in OA synovitis,
wherein, in this study, vast and persistent amounts of IFNf was detected in the progressive
grades of OA-SFs and also predominant and most significant levels of IFNB gene and
protein expression was detected in FLS upon TLR3 ligand-Poly (I:C) stimulation and as

well with the current hypothesised endogenous RNA from necrotic OA-SF cells, and we

242



also showed IFNP as the potent inducer of inflammatory milieu prevalent in the joint
(chapter 3), so an attempt was made to understand the role of TLR3 induced IFNf and
concomitant IRF9 induction-although may be a secondary event to the JAK-STAT IFNAR
signalling which might have already been initiated in OA-FLS owing to the excess levels
of IFNp prevalent in the joint (Rosenbach et al., 1984, Akbar et al., 2000, Schindler and
Brutsaert, 1999, Hall and Rosen, 2010, Buckley et al.,, 2001). HEK293-TLR3 and
HEK?293-TLR7 (these were used as a minimal IFNf induction was evident with OA-SF in
the previous section, Figure 4.35, panel D), cells were transiently transfected with IRF3,
IRF5, IRF7 and IRF9, followed by stimulation with early (grade-1) or late (grade-4) OA-
SF (n=3/grade), harvesting of cell lysates and assessment of luciferase reporter gene
activity (Figure 4.36, panels A and B). Interestingly, of all the IRFs studied in this section,
stimulation with early and late OA-SF induced the highest and most significant activation
of IRF3 and IRF9 in HEK293-TLR3 cells relative to their respective controls (Figure 4.36,
panel A, p < 0.05). A minimal TLR3 dependent induction of IRF7 activation and no IRF5
activation was evident in HEK293-TLR3 cells upon stimulation with both early and late
OA-SFs. Also, a similar minimal TLR7 dependent IRF3, IRF7 and IRF9 activation was
evident in HEK293-TLR7 cells upon both early and late OA-SFs stimulation (Figure 4.36,
panel B).

Therefore, it was clearly evident that both early and late OA-SF can induce the
predominant activation of IRF3 and IRF9 in a TLR3 dependent manner and may induce
IFNP secretion. In order, to further probe the mechanistic basis to the differential effects of
OA-SF on the IFN-B promoter, the sensitivity of each of the PRD regions of the IFN-
promoter was then investigated in HEK293-TLR3 cells. Whilst both early and late OA-SFs
induced a significant activation of the IRF-regulated PRD I-III domain (p < 0.05), a non-
significant activation of the NF-kB-regulated PRD-Il domain was evident and OA-SF
failed to regulate the PRD-1V domain (Figure 4.36, panel C). Taken together, these data
suggest that OA-SF-mediated activation of TLR3 through IRF3 and IRF9 positively
regulates the PRD I-111 domain of the IFN-B promoter and the NF-kB-regulated PRD-II
domain of the IFN-B promoter towards the persistent expression of IFN[]J, RANTES and
other inflammatory mediators in OA.
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Figure 4.35: Analysis of OA-SF induced NF-kB, IFN-B, RANTES reporter gene
activity. (A-G) HEK293-TLR2 (A), HEK293-TLR3 (B), HEK293-TLR4 (C), HEK293-
TLR7 (D), HEK293-TLR9 (E), MAVS Wild type”* MEFs (F) and MAVS-deficient”
MEFs (G) cells were transfected with 80 ng/well of expression vectors encoding either the
reporter genes for NF-xB or full-length IFN promoter (p125) or RANTES along with 40
ng/well empty vector. In all cases, 40 ng/well of phRL-TK reporter gene was co-
transfected to normalize data for transfection efficiency. After 24 h, cells were stimulated
either with Pam,CSK, (A; 1 pg/ml), Poly(l:C) (B ;10 ug/ml), LPS (C ; 1 pug/ml), CLO-97
(D ; 1 pg/ml), CpG (E ; 3 ug/ml), 5’ ppp ds-RNA (F-G ; 1 pg/ml), or with Early OA-SF
(grade-1), Late OA-SF (grade-4) (1:5 dilution in Opti-MEM/grade, n=3) for 24 h followed
by harvesting of cell lysates and assessment of luciferase reporter gene activity. All the
data presented are representative of at least three independent experiments performed in
triplicates (mean fold induction £ S.D). Data was subjected to an unpaired Student’s t test.
* p<0.05 denotes the level of significance relative to respective cell type control.
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Figure 4.36: Analysis of OA-SF induced IRF-3, -5, -7, -9 and PRD-II, I-11I, IV

reporter gene activity. (A-B) HEK293-TLR3 (A) and HEK293-TLR7 (B) cells were
transfected with 80 ng/well of expression vectors encoding either the luciferase reporter
genes for IRF-3, IRF-5, IRF-7 or IRF-9 and HEK293-TLR3 (C) was transfected with 80
ng/well luciferase reporter genes for IFN-$ PRD-II, IFN-B PRD-I-lIl or IFN-f PRD-1V
along with 40ng/well empty vector. In all cases, 40 ng/well of phRL-TK reporter gene was
co-transfected to normalize data for transfection efficiency. After 24 h, cells were
stimulated either with Poly(l:C) (A and C ;10 pg/ml), CLO-97 (B ; 1 pg/ml) or with Early
OA-SF (grade-1), Late OA-SF (grade-4) (1:5 dilution in Opti-MEM/grade, n=3) for 24 h
followed by harvesting of cell lysates and assessment of luciferase reporter gene activity.
All the data presented are representative of at least three independent experiments
performed in triplicate (mean fold induction + S.D). Data was subjected to an unpaired
Student’s t test. * p<0.05 denotes the level of significance relative to respective cell type

control.
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4.4.10.3. Modulation of OA-SF induced IFN-B, RANTES, PRD-1I and PRDI-III
reporter gene activity through TLR3 blockade in HEK293-TLR3 cells

Given the potent ability of OA-SF to predominantly induce IFN-f through the PRDI-III
domain and RANTES through the PRD-II domain of the IFN-B promoter in a TLR3
dependent manner (Figure 4.35 and 4.36), it was critical to investigate the ability of TLR3
blockade to modulate OA-SF mediated IFN-B, RANTES, PRD-II and PRDI-III luciferase
reporter gene activity in HEK293-TLR3 cells. Thus, HEK293-TLR3 cells were transiently
transfected with the IFN-B (p125-luc), RANTES, PRD-Il and PRDI-III reporter gene
constructs, followed by pre-treatment with an anti-TLR3 antibody prior followed by
stimulation with OA-SF from patients with early or late OA. Interestingly, TLR3
neutralisation significantly inhibited TLR3-dependent and OA-SF (both early and late OA-
SF) induced activation of the IFN-B (p125-luc), RANTES and PRDI-III reporter genes and
also showed a non-significant decrease in the activation of the PRD-II reporter gene in
HEK293-TLR3 cells relative to the respective OA-SF stimulations (Figure 4.37, panels A,
B, C and D, p < 0.05). In contrast, pre-treatment with the Isotype control did not affect
OA-SF mediated activation of the IFN-B, RANTES, PRD-II and PRDI-III luciferase
reporter genes in HEK293-TLR3 cells. Therefore, it can be proposed that OA-SF primarily
activates TLR3 towards inducing the key inflammatory mediators in OA namely IFN-B
and RANTES functioning through PRDI-111 and PRD-11 domains of the IFN- promoter.

4.410.4. Modulation of OA-SF induced NF-kB, IRF-3, IRF-7 and IRF-9
reporter gene activity through TLR3 blockade in HEK293-TLR3 cells

Given the ability of OA-SF to induce activation of NF-xB, IRF-3, IRF-7 and IRF-9 in a
TLR3 dependent manner (Figure 4.35 and 4.36), it was essential to investigate the ability
of TLR3 blockade to modulate the OA-SF mediated NF-xB, IRF-3, IRF-7 and IRF-9
luciferase reporter gene activity in HEK293-TLR3 cells. Thus, HEK 293-TLR3 cells were
transiently transfected with the NF-xB, IRF-3, IRF-7 and IRF-9 reporter gene contracts,
followed by pre-treatment with anti-TLR3 antibody prior to early or late OA-SF
stimulations. Interestingly, TLR3 neutralisation significantly inhibited TLR3-dependent
and OA-SF (both early and late OA-SF) induced activation of IRF3 reporter genes, and
also showed a significant decrease in late OA-SF mediated activation of the NF-xB and
IRF-9 reporter gene in HEK293-TLR3 cells relative to the respective OA-SF stimulations
(Figure 4.38, panels A, B and D, p < 0.05). Also, TLR3 neutralisation did not affect
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activation of the NF-kB and IRF-9 reporter genes in HEK293-TLR3 cells upon early OA-
SF stimulation (Figure 4.38, panels A and D).
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Figure 4.37: Modulation of OA-SF induced IFN-B, RANTES, PRD-1I and PRDI-III
reporter gene activity through TLR3 blockade in HEK293-TLR3 cells. (A-D) HEK293-
TLR3 cells were transfected with 80 ng/well of expression vectors encoding either the
luciferase reporter genes for full-length IFN promoter (p125) (A), RANTES (B), IFN-B PRD-
I1 (C) or IFN-B PRDI-III (D) along with 40 ng/well empty vector as indicated. In all cases, 40
ng/well of phRL-TK reporter gene was co-transfected to normalize data for transfection
efficiency. After 24 h, cells were either pre-treated with anti-TLR3 antibody (20 pg/ml) or
Isotype IgG1 (IgG) antibody (20 pg/ml) for 90 min prior to Poly(l:C) (10 pg/ml), or Early
OA-SF (grade-1), Late OA-SF (grade-4) (1:5 dilution in Opti-MEM/grade, n=3) stimulation
for 24 h followed by harvesting of cell lysates and assessment of luciferase reporter gene

activity. All the data presented are representative of at least three independent experiments
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performed in triplicates (mean fold induction + S.D). Data was subjected to an unpaired
Student’s t test. * p<0.05 denotes the level of significance relative to respective ligand
stimulation.

Regarding IRF7, TLR3 neutralisation minimally affected late OA-SF mediated activation
of IRF7 reporter gene and failed to modulate early OA-SF mediated activation of IRF7
reporter gene in HEK293-TLR3 cells (Figure 4.38, panel C). Isotype control treatment did
not affect OA-SF mediated NF-xB, IRF-3, IRF-7 and IRF-9 luciferase reporter gene
activity in HEK293-TLR3 cells. Therefore, it can be proposed that OA-SF primarily
employs TLR3 in inducing such key transcription factors in OA, given the neutralisation of
TLR3 attained through utilising anti-TLR3 antibody significantly inhibited the OA-SF
induced activation of the NF-xB, IRF-3 and IRF-9 reporter genes in HEK293-TLR3 cells.
Given the ability of TLR3 blockade to inhibit OA-SF mediated activation of key
inflammatory mediators, namely IFN and RANTES, thus these data suggest a key
modulatory role for TLR3 in OA. Therefore, further studies are required to understand the

immunomodulatory role of OA-SF in FLSs.

4.4.11. Confirmatory analysis of immuno-modulatory effects of TLR3
blockade in FLS

Given the modulatory role of TLR3 blockade towards blockade of OA-SF and Poly (I:C)
induced-TLR3-mediated activation of key inflammatory mediators and the downstream
transcription factor activation in HEK293-TLR3 cells (section 4.4.10), and given the
predominant TLR3 gene inducing ability of stage-specific OA-SF in N-FLS (section 4.4.6
and 4.4.7), it was essential to evaluate the ability of TLR3 blockade to regulate such OA-
SF (early and late OA stages) and Poly(l:C) induced inflammatory cascades in FLS. In all
cases Poly (I:C) was used as a positive control. Initially, the ability of TLR3 blockade to
modulate OA-SF (early and late stages) induced expression of TLR3 and IFNp protein in
N-FLS and Poly (I:C) induced expression of TLR3 and IFNP protein in early and late OA
patient derived FLS was evaluated by western blot analysis using anti-TLR3 and anti-
IFNpB antibodies (Figure 4.39). Primarily, a trend towards increased TLR3 and IFNf

protein expression was

248



HEK293-TLR3 E HEK293-TLR3

30v@EmNFkB 45y@Em 1RF-3

N oW W B
S < 9

154

N
i~

104

-
g

Relative Luciferase Units
Relative Luciferase Units

-
=

g

5+
0
NFKB-Luc A A + ot + ot |+ IRF3-Luc o+ |+ + + | 4+ + P R
EV * - - EV +
-+ + + R . _ _ _ _ ; T "
Poly (I:C) Poly (I:C)
) ) ) St + + - - - + + +
Early OA-SF Early OASSF
Lae OASE |~ | - - - - Rl A 5 eoase | | T L ol L s+
) - - + - - + - R - N N
Anti-TLR3 ab Anti-TLR3 ab + * *
- - - - - + - - +
Isotype 1gG1 + Isotype 1gG1 + * *
HEK293-TLR3 E HEK293-TLR3
16ymmiRrr7 45S1mmIRF9
144 40
£ 23
c 12+ c
2 =]
© o 30
& 104 a
& 825
5 8+ 5
- J2
o 64 o
2 2 15
K g
g T 10
24 5
0 0
IRF7-Luc S L T L N ] |+ |RE9-Luc N T S I B e N
BV Al I - B - - il EV +
i + + N +
Poly (I:C) - - - - - - Poly (1:C)
- - - -+ + + + + +
Early OA-SF - - - Early OA-SF
lateoase | © | T | T L T T )T T ]+ + Leoasr | T | T L T L Tl LT ]
AiTiRgab | T | T | Y | | | |- L ANt-TLRS ab * * +
Isotype 1gG1 - - 3 + - - + - - + Isotype IgG1 + + +

Figure 4.38: Modulation of OA-SF induced NF-kB, IRF-3, IRF-7 and IRF-9 reporter
gene activity through TLR3 blockade in HEK293-TLR3 cells. (A-D) HEK293-TLR3 cells
were transfected with 80 ng/well of expression vectors encoding either the luciferase reporter
genes for NF-xB (A), IRF-3 (B), IRF-7 (C) or IRF-9 (D) along with 40 ng/well empty vector
as indicated. In all cases, 40 ng/well of phRL-TK reporter gene was co-transfected to
normalize data for transfection efficiency. After 24 h, cells were either pre-treated with anti-
TLR3 antibody (20 pg/ml) or Isotype IgG1 (IgG) antibody (20 pg/ml) for 90 min prior to
Poly(l:C) (10 pg/ml), or Early OA-SF (grade-1), Late OA-SF (grade-4) (1:5 dilution in Opti-
MEM/grade, n=3) stimulation for 24 h followed by harvesting of cell lysates and assessment
of luciferase reporter gene activity. All the data presented are representative of at least three
independent experiments performed in triplicates (mean fold induction £ S.D). Data was
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subjected to an unpaired Student’s t test. * p<0.05 denotes the level of significance relative to

respective ligand stimulation.

evident in N-FLS upon stimulation with early and late OA-SFs, whilst neutralisation of
TLR3 prominently suppressed this effect (Figure 4.39, panel A). Likewise, Poly(l:C)
induced the expression of TLR3 and IFNP protein expression in early and late OA-FLS,
whereby late OA-FLS showed maximal TLR3 and IFNf protein expression relative to
early OA-FLS and this effect were curtailed following neutralisation with an anti-TLR3
antibody (Figure 4.39, panel B). Furthermore, the ability of TLR3 blockade to modulate
OA-SF mediated nuclear localisation of IRF-3, IRF-7 and IRF-9 was evaluated by western
blot analysis, utilising nuclear extracts as indicated (Figure 4.39). Interestingly, a trend
towards increased nuclear translocation of IRF-3, IRF-7 and IRF-9 protein was detected in
N-FLS upon stimulation with early and late OA-SFs and this effect was suppressed
following pre-treatment with an anti-TLR3 antibody (Figure 4.39, panel A). Also,
Poly(I:C) induced the nuclear translocation of IRF-3, IRF-7 and IRF-9 in both early and
late OA-FLS and neutralisation of TLR3 prominently suppressed the Poly(l:C) induced
IRF-3 nuclear translocation and showed minimal inhibition of IRF-9 and did not affect the
nuclear translocation of IRF-7 in both early and late OA-FLS (Figure 4.39, panel B).

Taken together, these data suggest early and persistent TLR3-associated transcription
factor activation namely IRF-3, IRF-9 and NF-«kB leading to a persistent induction of
inflammatory IFNB and RANTES in the joint and so makes TLR3 a critical target for OA
disease intervention through regulation of key inflammatory mediators and cascades that

perpetuate OA progression.
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Figure 4.39: Immunoblot analysis of Poly (I:C) or Early or Late OA-SF induced
TLR3, IFNp expression and translocation of IRF3, IRF7 and IRF9 in N-FLS, early
and late OA FLS. (A) N-FLS were either pre-treated with anti-TLR3 antibody (20 pg/ml)
or Isotype IgG1l (1gG) antibody (20 pg/ml) for 90 min prior to Poly (I1:C) (10 pg/ml)
stimulation for 60 min, or Early OA-SF: grade 1, or Late OA-SF: grade 4 (1:5 dilution in
Opti-MEM/grade, n=3) stimulation for 3 h or left unstimulated. (B) Early (Grade 0-1) and
Late (Grade 3-4) stage OA synovial biopsy derived FLS (n=3), were pre-incubated with
anti-TLR3 antibody (20 pg/ml) or Isotype 1gG1 antibody (20 pg/ml) for 90 min prior to
Poly (I:C) (10 pg/ml) stimulation for 60 min. Whole cell pellets were harvested and
assayed for TLR3 and IFNP expression using respective antibodies; anti-TLR3 (1:50
dilution), anti-IFNp (1:30 dilution). Also, nuclear fractions were extracted as described in
materials and methods (chapter 4) and assayed for translocation of IRF3, IRF7 and IRF9
using the respective antibodies; anti-IRF3 (1:100 dilution), anti-IRF7 (1:100 dilution), anti-
IRF9 (1:100 dilution) and anti-nucleolin (1:100 dilution). All the data presented are
representative of at least three independent experiments performed in triplicate.
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4.5. Discussion

The traditional view of OA as a cartilage-only disease has been strongly disproven by
recent research and OA is now regarded as a whole-joint disease, encompassing the
synovial tissue. The presence of histological inflammation in the OA synovial tissue and
early cartilage lesions at the border of the inflamed synovium are strong indicators that
synovitis is critical to the pathogenesis of OA (Sellam and Berenbaum, 2010).
Accordingly, our data in this chapter showed histological evidence of persistent
inflammation in progressive grades of OA synovial tissue. Moreover, given the increasing
evidence that TLR activation may play a crucial role in OA progression by mediating
synovitis in FLS, through production of pro-inflammatory cytokines in the OA joint
(Scanzello et al., 2008, Sutton et al., 2009), and given our previous observations that OA-
FLS upon TLR activation secrete a plethora of pro-inflammatory cytokines and
chemokines which help facilitate the progression of synovial inflammation (chapter 3), it
was essential to investigate TLR agonist-induced inflammatory mediator secretion in
whole synovial tissue explant cultures as the maintenance of the synovial architecture and
cell-cell contact is facilitated, and therefore more closely reflects the in-vivo OA synovial
joint environment. Therefore, in this study, for the first time an ex-vivo OA whole synovial
tissue explant culture model was utilised to screen for and determine the role of TLRs in
inducing differential secretion of key synovial inflammation associated cytokines,
chemokines and MMPs (Sutton et al., 2009, Fernandes et al., 2002, Scanzello et al., 2009).

Interestingly, we found that, of the TLR ligands utilised in this study, stimulation with
Poly(I:C) (synthetic TLR3 ligand) induced the most significant amounts of pro-
inflammatory mediators namely, IL-6, IL-8, IL-1B, TNFa, IFNB, RANTES MMP-1, 3 and
9, and also showed suppression of anti-inflammatory IL-10 and immuno-modulatory IFNy
and IL-12p70 secretions by OA synovial tissue explants cultures. Thus, considering our
previous observations in chapter 3 showing that of the TLR ligands, the TLR3 ligand, Poly
(I:C) predominantly induces the key inflammatory mediators and MMPs which are
involved in extracellular matrix turnover in pathological conditions such as in OA, and
given that Poly(l:C) predominantly mediates its effects through TLR3 in OA-FLS, the
present data indicates that dsSRNA, or perhaps RNA from necrotic cells, may drive the
inflammatory locale in the joint during synovitis, by critically creating an imbalance

between catabolic and anabolic pathways, possibly through sustained TLR3 activation of
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FLS in the joint synovium, and this correlates with previous studies (Cavassani et al., 2008,
Brentano et al., 2005, Kariké et al., 2004).

Moreover, to better understand disease progression, attention should focus towards
understanding the factors that modulate disease onset and towards understanding the
factors that modulate the developmental phases of the disease. Herein, to better understand
OA pathology, we utilised early (grade-1) and late (grade-4) OA patient derived synovial
FLS to investigate the role of TLRs in mediating the synovitis in OA and also the grade-
specific OA synovial fluid. Surprisingly, we have demonstrated in the present study that
TLR3 is intimately linked with OA pathology as its expression is seen in early stage OA
and TLR3 is stably over-expressed in FLS exclusively at initiation and development stages
of OA and serves to mediate the inflammatory milieu in the synovium upon activation with
dsRNA/endogenous necrotic cell RNA in the synovial fluid and this correlates with
previous studies (Zhu et al., 2011, Brentano et al., 2005, Cavassani et al., 2008). Also, we
showed that, stimulation with grade-specific OA-SF predominantly induced TLR3 and
TRIF gene and protein expression in FLS at both early and late stages of OA. These data
suggests a probable role for sustained TLR3 activation of synovial FLS aiding in arthritis
progression, upon constant encounter with the necrotic cell RNA in the synovial fluid of
the joint, and this correlates with previous findings (Brentano et al., 2005, Attur et al.,
2010, Cavassani et al., 2008, Kariké et al., 2004). Thus, it may be hypothesised that TLR3
may be a potential target for the therapeutic intervention of OA towards the ablation of OA

progression.

TLR3 has been reported to be expressed mainly on dendritic cells and fibroblasts, as well
as on murine macrophages (Heinz et al., 2003). In the synovium of arthritis patients, it has
been found that TLR3 is expressed primarily by the Type B synovial fibroblasts (FLS),
rather than the Type A synovial macrophages (Brentano et al., 2005, Ospelt et al., 2008).
Consistent with previous observations in humans, in this chapter we show that, TLR3
protein expression was detected by immunoblot analysis in early and late OA-FLS treated
with Poly (I:C) and also in N-FLS treated with grade-specific OA-SFs, suggesting that
FLSs constitute a major cellular source of TLR3 production in inflamed synovial tissue. In
other words, the hyperplasia detected at the various stages of OA (as shown in this chapter)
and activation of FLSs in the synovium may be mediated by TLR3 signalling. One

possibility is that upregulated TLR3 could recognize the RNA released from necrotic
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synovial fluid cells and then activate OA-FLS to promote inflammatory cytokine,
chemokine and MMP secretions, which is as well evident in grade-specific OA-SFs and
may thereby expedite osteoclastogenesis and also correlates in-part with previous
publications (Kim et al., 2009, Brentano et al., 2005, Sutton et al., 2009, Cavassani et al.,
2008). According to the above findings, we suggest that TLR3 in FLSs may play an
important role in the local synovial inflammation of OA.

In a previous study, intra-articular treatment with poly (I:C) was found to cause a rapid and
significant synovitis in rats (Yaron et al., 1979), which suggests the involvement of TLR3
signalling in inflammation mediation. To confirm that hyper-activation of TLR3 in FLS is
functional in joint inflammation induced by necrotic cell RNA of the OA-SF, we
stimulated N-FLS with grade-specific OA-SF and evaluated its ability to induce the TLR3
TRIF, and inflammatory cyto-chemokine and MMP expression. The results showed that
grade-specific OA-SF treated N-FLS exclusively showed a predominant trend towards
increased induction in TLR3, TRIF, IFN, TNFa, IL-6, IP-10, RANTES and MMP1,3 and
9 mRNA expression and TLR3 and IFNP protein expression similar to that with Poly(I:C)
stimulation and failed to activate MAVS and also failed to respond to RIG-I ligand, thus
making TLR3 a critical target for OA intervention which was further confirmed by TLR3
neutralisation studies. TLR3 neutralisation studies in this chapter provide significant
support for both an immune and a signal transduction modulatory role of TLR3 blockade
in N-FLS and early and late OA-FLS upon grade-specific OA-SF and Poly (I:C)
stimulations. Moreover, IFNf neutralisation also showed a prominent immune-modulatory
effects in regulating the inflammatory mediators in FLS, thus further study was conducted

to explore the role of IFNf in the initiation and perpetuation of OA.

Studies have shown that IFNs are capable of stimulating prostaglandin E and hyaluronic
acid production by human FLS in vitro and of initiating an inflammatory reaction in animal
joints, and in chronic arthritis its production may result from persisting viral or other
antigenic stimulation. Thus, IFNs may enhance the immune response and mediate the
inflammatory process in the joint (Rosenbach et al., 1984). In another study, it was shown
that the majority of expanded T cells generated during an immune response are cleared by
apoptosis. Prevention of death in some activated T cells enabled the persistence of a
memory T-cell pool and both [FNa and IFNJ inhibited the activation of T-cell apoptosis,

thus enabling the memory T cells to persist without antigen, and thus excessive IFNa or
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IFNP secretion might lead to chronic inflammation (Akbar et al., 2000). In the current
study, we analysed IFNa and IFN secretions by FLS and in grade-specific OA-SFs. We
found persistent and excessive amounts of IFNf in particular in progressive grades of OA-
SF and found minimal levels of IFNa, so have studied the mechanism of IFNf induction in
detail in OA. Studies have shown that IFNf triggers experimental synovitis and may
potentiate chronic inflammatory and auto-immune diseases in humans (Rosenbach et al.,
1984, Akbar et al., 2000, Stark et al., 1998) and increasing evidence shows a role for
targeting signal transduction involving IRF3 and IRF7 transcription in inflammatory joint
pathologies towards the regulation of Type | IFN production (Berenbaum, 2004, Honda et
al., 2006, Sweeney, 2011). Moreover, the regulatory role of various members of the IRF
family such as IRF3, IRF5 and IRF7 have already been well characterised and elucidated
in TLR signal transduction pathways and numerous studies have now shown the potential
role of IRF3 and IRF7 as valuable molecular targets for therapeutic interventions to
prevent inflammatory diseases. In the current study, we propose that necrotic cell derived
RNA from the grade-specific OA-SF could potentially induce IRF3, 7 and 9, but not IRF5
in FLS. IRF9 is a cellular transcription factor with a molecular mass of 48kDa, and belongs

to the IRF family of transcription factors.

Whilst, IRF9 is known to play a crucial regulatory role in JAK-STAT IFNAR signalling
pathways for the stimulation of IFN-responsive genes (Schindler and Brutsaert, 1999), in
this study we have shown that IRF9 plays a very significant and vital role in the TLR
signalling pathway towards the production of Type | IFNs itself. To the best of our
knowledge, till date, no studies have shown the role of IRF9 in the TLR signalling pathway
in inducing Type | Interferons production and the exact mechanism and functional
characterisation of IRF9 in TLR signalling is currently being investigated in our lab.
Whilst, in this chapter, for the first time we show that IRF9 possibly gets induced equally
like IRF3 and IRF7 transcription factors in a TLR3 dependent manner upon stimulation
with the endogenous necrotic cell RNA from the grade-specific OA-SF and also with
Poly(I:C) in early and late OA patient derived FLS. Also, for the first time, in this study,
we show that IRF9 works possibly through binding to the PRDI-III domain of the IFN
promoter and potently induces IFNB expression equally like the IRF3 and IRF7
transcription factors. Herein, we also show that, TLR3 blockade in FLS could partially
regulate grade-specific OA-SF and Poly(l:C) induced IRF9 protein levels. Thus,

modification of IRF9 may provide a novel regulatory mechanism to prevent unwanted
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inflammation and prevent OA progression. A schematic representation of the effects of an
anti-TLR3 antibody on TLR3 signalling is depicted in Figure 4.5.1.

We propose that upon sensing of endogenous cell free RNA from the necrotic cells in the
synovial fluid or joint, TLR3 recruits the adaptors TRIF, TRAF6 as well as the kinases
RIP1, TBK1 and the IKKe. RIP1 and possibly TRAF6 mediated the TLR3-dependent
transcriptional activation of NF-kB probably through TAK1/TAB1, leading to the binding
of NF-xkB to the PRDII domain of the IFNP promoter. Whereas, TBK1 and IKKe
necessitated the transcriptional activation of IRF3, 7 and IRF9 (by an unknown mechanism
(dotted line-currently under investigation), IRF9 may be induced probably through the
binding of excess IFNJ already available in the synovial fluid to the IFNARs in the FLS),
leading to the binding of IRF3, 7 and 9 to the PRDI-IIl domain of the IFNB promoter.
Together, these resulted in increased expression and release of key inflammatory mediators
namely IFNB, RANTES, TNFa, IL-1p, IL-6, IL-15, IL-8, MMPs-1,3, 9 and 13 in OA-FLS.
These mediators may then constitute a second pathway in FLS (not shown), independent of
the TLR3 signalling, possibly through the respective cytokine/chemokine receptor
activation in an autocrine and a paracrine fashion which leads to excess induction of
inflammatory mediators in a feed back/feed forward mechanism in the joint and thus might
aid maintain a chronic inflammatory loop ultimately leading in OA progression.

Interestingly, in OA-FLS, neutralisation of surface bound TLR3 utilising anti-TLR3
antibody potently inhibited the translocation of IRF3 and 9 through PRDI-I1I domain and
NF-kB through PRDII domain of the IFNP promoter, thereby blocking the excess
expression and release of key OA associated inflammatory mediators in the joint. Thus,
TLR3 may be a critical target for OA disease intervention. Given this, future work holds
promise to validate and functionally characterise the role of this novel IRF9 transcription
factor in TLR3 signalling in OA upon physiologically relevant endogenous stimuli. More
investigations are also needed to define the role of TLR3 in various cell types present in
synovial tissue and the communication pathways that occur between cartilage, subchondral

bone and synovial tissue have yet to be fully elucidated in the pathogenesis of OA.

256



dsRNA

RNA from necrotic cells in
the synovial fluid & joint

Necrosis

/ Poly (I:C)/

Cell Membrane

AAALEER

SIS U

Cytoplasm

\W “ Anti-TLR3 ab

Cell Membrane

SRS NN

Cytoplasm

e

L

v A

LN NN S

i
hd

Regulated cyto-
chemokine
induction leading to
decreased synovitis
and OA progression

-

EEJ

INENNANANNNNNNY

EXxcess
inflammato v s =
ry cyto- i
chemokines 13913
induction r
leading to IL-1p,
chronic IL-6,
inflammato ! IL-15,
ry status in I H L4 J
the joint l' |‘ TNFa
leading to I \
synovitis, |' \ || RANTES
ECM \ ‘I ll 1 ', * l‘ LY
degradation \ \ 1 1 IEN N, ! \ IEN
ang OA \\\ L i Y p I \\ \\\ \ Y\ b
i . INF-kB I g\ v NEkB
A \\ 1 1 i 1 - \ \\ || \
| 1.4 1.4 w Ovl 104 IVI O | : 1.4 1.4 u 1 \I i 1.1 i “i‘ 1.1

|| 1{ PRD I\/1 PRD I-11 PRD Il 1 PRD I\/i PRD I-11 PRDII |

1 VUV UV UV WU UU UU Ul \/ ! MJan UV UV UW WU Uu W\ \/

1

1 Nucleus /v Nucleus /

‘..<l _____________________ I

Figure 4.5.1. Model of TLR3 intervention in OA. Sensing of dsSRNA/Poly (I:C)/cell free RNA
from necrotic cells in the synovial fluid or joint by TLR3 results in the assembly of a receptor
complex at least comprising the adaptors TRIF, TRAF6 as well as the kinases RIP1, TBK1 and
the IKKe. RIP1 and possibly TRAF6 mediate TLR3-dependent transcriptional activation of NF-
kB possibly through TAK1/TABI, leading to the binding of NF-kB to the PRDII domain of the
IFNB promoter. Whereas, TBK1 and IKKe seems to be essential for the transcriptional
activation of IRF3, 7 and IRF9 (by an unknown mechanism (dotted line), leading to the binding
of IRF3, 7 and 9 to the PRDI-III domain of the IFNB promoter. Together, these resulted in
increased expression and release of key inflammatory mediators namely IFNB, RANTES, TNFa,
IL-1B, IL-6, IL-15, IL-8, MMPs-1,3, 9 and 13 in OA-FLS. Neutralisation of surface bound TLR3
utilising an anti-TLR3 antibody potently inhibited the translocation of IRF3 and 9 through
PRDI-I11 domain and NF-xB through PRDII domain of the IFNf promoter, thereby blocking the
excess expression and release of key OA associated inflammatory mediators in the joint. Thus,
TLR3 is a critical target for OA disease intervention. Also, further work is on-going to place
IRF9 in the first or second wave (IFNAR) following TLR3 stimulation.

dsRNA, double-stranded RNA; IRF, interferon-regulatory factor; NF-kB, nuclear factor kappa B; IkB,
inhibitor of NF-xB; IKK, IkB kinase; IKKe, IkB kinase epsilon; TRAF6, tumour necrosis factor receptor-
associated factor 6; TANK, TRAF family member-associated NF-xB activator; TBK1, TANK-binding
kinase-1; TAK1, transforming growth factor beta-activated kinase-1; TAB1, TAK1 binding protein 1;
RIP1, receptor interacting protein; PRD, positive regulatory domain; TLR3, Toll-like receptor
3; TRIF/TICAM, TIR domain-containing molecule; TNF-o, tumour necrosis factor-a; IFNB, nterferon
beta; RANTES, Regulated upon Activation, Normal T-cell Expressed, and Secreted; IL, interleukin; MMP,
matrix metalloproteinase.
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Chapter 5

Proteomic analysis of OA synovial tissue
and FLS
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5.1. Introduction

Proteins are long considered as attractive biomarker candidates as they can be quantified to
a reasonable accuracy with various assays and play an active role in the pathogenesis of
arthritis. Furthermore, proteomics is also being used to identify the key proteins involved
in modulating the pro-inflammatory response in arthritis. Proteomics is a relatively new
research tool in the field of arthritis. Several studies have used proteomics to identify
proteins in serum and synovial fluid (Drynda et al., 2004, Gibson and Rooney, 2007,
Gibson et al., 2009). In addition, proteomics studies have examined the proteins that are
up/down regulated in cartilage or synovial tissue, such as chondrocytes and synovial
fibroblasts (Hermansson et al., 2004, Dasuri et al., 2004, Bo et al., 2009). However, these
studies can only give a certain amount of information. When analysing synovial tissue the
heterogeneity and complex interactions of the several cell types (T cells, NK cells,
fibroblasts, macrophages, B cells) suggest that protein markers need to be identified in
tissue which mimics the joint environment, and then verified in isolated cell cultures and
serum. To date, a limited number of studies have used synovial tissue samples to identify

potential diagnostic biomarkers in OA.

Therefore, to establish whether differences in relative protein expression occurs during
different stages of synovial inflammation in OA, we have performed differential in-gel
electrophoresis (DIGE) (De Ceuninck and Berenbaum, 2009) analysis using stage-specific
OA synovial explants, wherein fluorescent dyes were used to differentially label up to 3
protein samples prior to 2-dimensional gel electrophoresis (2D-GE). Next, software
analysis using ‘progenesis’ was performed to identify the differentially expressed proteins,
followed by mass spectrometry. This aspect of the project was performed in collaboration
with Dr. Edel, former Post Doctoral Fellow, Immune Signalling Lab, NUIM. The DIGE
allowed multiple samples to be co-separated and visualised on a single 2D gel and offered
fentogram sensitivity that is compatible with mass spectrometric analysis. A linear
response to variation in protein concentration over 5 orders of magnitude was permitted,

thus, low-abundant proteins were detected using small amounts of patient samples.

To better understand the molecular mechanisms and to identify pathologic mediators
involved in synovial inflammation associated with OA, we performed a preliminary

differential proteomic study to identify proteins in whole tissue synovial explants from 4
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patients with stage-specific grades of OA, critically diagnosed and graded using both the
arthroscopic and radiological grading systems. Further, to identify and understand the
inflammatory mediators involved in OA pathology, N and OA FLS were stimulated with
TLR/RLR ligands, namely Pam,CSK,4, Poly (I:C), LPS, CLO-97 and 5’ppp-dsRNA.
Additionally, FLS were stimulated with inflammatory OA synovial fluid (OA-SF).
Notably, the sample preparation protocol was designed to extract both extracellular and

intracellular proteins from the synovial explants and FLS.

A panel of distinct proteins were identified as being differentially expressed in an OA
grade-specific manner and is a TLR/RLR ligand dependent manner. Several of the
identified proteins have been implicated in OA pathophysiology previously. Additionally,
several proteins that had not been previously reported to be associated with OA pathology

were identified.

5.1.1. Specific aims of chapter 5

1. To assess the differential protein expression patterns of grade-specific OA synovial

tissue explants using DIGE.

2. To analyse the differential protein expression patterns of N and OA FLS following
stimulation with TLR/RLR ligands and OA-SF.
3. To perform confirmatory expression analysis of the selected proteins in N and OA

FLS by immunoblot analysis and confocal microscopy.
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5.2.  Experimental Materials and Suppliers

Affymetrix, Anatrace products

CHAPS, Cat. # 13361

Bio-Rad

Bradford Reagent, Cat. # 500-0006

Cell Signalling

Prohibitin Antibody, Cat. # 2426
Vimentin Antibody, Cat. # 3932
Caldesmon-1 Antibody, Cat. # 2980
Fisher Scientific

Glycine, Cat. # G/0800/60

Sodium Chloride (NaCl) GPR, Cat. # S/3120/60
GE Healthcare

IPG strips (3-10 pH), Cat. # 17-6002-44
Ampholytes (3-10 pH), Cat. # 17-6000-87
Destreak, Cat. # 17-6003-18

CyDye DIGE Fluor, minimal labeling kit, Cat. # 25-8010-65
National Diagnostics

Protogel, Cat. # EC-890

Protogel Buffer, Cat. # EC-892

Promega

Trypsin, Cat. # V511-27619702

Roche

Protease Inhibitor Cocktail Tablets (PICs) (Complete mini), Cat. # 11-836-153-001
Sigma
Brilliant Blue R concentrate, Cat. # B 8647-1EA
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Trizma Base, Cat. # 93352

Sigma-Fluka

Methanol, Cat. # 242298

Acetic acid, Cat. # 33209

Formic acid, Cat. # 06440

Acetonitrile (ACN), Cat. # 34967

LC-MS chomasolv water/HPLC grade water, Cat. # 39253
Sigma-Aldrich

Urea, Cat. # 0631

Thiourea, Cat. # T8656

D-Lysine, Cat. # L5876

Glycine, Cat. # G7126

DL-Dithiotheitol, Cat. # D9163

Idoacetamide (IAA), Cat. # 11149

Ammonium bicarbonate, Cat. # 6141

Brilliant Blue R concentrate, Cat. # B 8647-1EA
Siliconised polypropylene tubes, Cat. # T3406250EA
Thermo scientific

Coomassie Brilliant Blue G-250 Dye, Cat. # 20279
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5.2.1. Buffers for sample preparation
Lysis buffer: For 50 ml

7 M Urea- 21.021g + 20ml milliQ water (mQ)
2 M Thiourea-7.612g+ 20ml mQ

4 % CHAPS-2g / 50ml

PICs: 1tablet / 10ml, so Stablets / 50ml.
2X Dilution Buffer: For 50ml

7 M Urea-21.021g + 20ml mQ

2 M Thiourea-7.612g + 20ml mQ

4 % CHAPS-2g / 50ml

2 % Ampholytes-1ml / 50ml

2% DTT-1g/50ml

Rehydration Buffer: For 50ml

8 M Urea-24.24g + 20ml mQ

0.5 % CHAPS-250mg

0.2 % DTT (100mg) / Destreak (12ul/ ml)
0.2 % Ampholytes (100ul)

5.2.2. Buffers for In-gel trypsin digestion

100 mM Ammonium bicarbonate (AB): 395 mg of AB was weighed and the volume was

made up to 50 ml with HPLC grade water.

50 mM Ammonium bicarbonate (AB): 40 mg of AB was weighed and the volume was

made up to 10 ml with HPLC grade water.

1 M DTT:0.154g of DTT was weighed and the volume was made up to 1 ml with HPLC

grade water.

10 MM DTT: 23mg of DTT was weighed and the volume was made up to 15 ml with

100mM AB.

55 mM lodoacetamide: 153 mg of IAA was weighed and the volume was made up to 15

ml with 100 mM AB.
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1:1 AB/ACN: 7 ml of 100 mM AB was mixed with 7 ml of pure Acetonitrile (ACN).

Reconstitution Buffer: 1 ml of 100 mM AB and 1 ml of ACN was thoroughly mixed with
8 ml of HPLC grade water.

Extraction Buffer: 1 ml of 5 % Formic acid was mixed with 2 ml of pure ACN

Trypsin working solution: The reconstitution buffer (100pl) was added to the trypsin vial
(20 pg/ vial) and then aliquotted into 10 x 10 pl aliquots and was stored at -20 °C for up to
2 weeks. When ready to use, an aliquot was removed from the -20 °C freezer and 500 pl of

mM AB was added to make the working solution of trypsin.
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5.3. Experimental Methods

5.3.1. FLS stimulations and protein sample preparation

N-FLS and end stage OA-FLS were seeded at 5 x 10° cells/flask in pyrogen free T175
tissue culture flasks with 20 ml of complete synoviocyte growth medium (ECACC), and
cultured until confluent. Next, the old culture medium in the flasks was decanted and the
adherent FLS were then rinsed twice with 2-3 ml of Opti-MEM.(low/no salt present). Prior
to stimulation, FLS were rendered quiescent by maintaining the cells in serum free Opti-
MEM for 24 h. Further, cells were stimulated with Pam,CSK, (1ug/ml), Poly (I:C)
(10pg/ml), LPS (1pg/ml), CLO-97 (1ug/ml), 5° pppdsRNA (1ug/ml) and end stage OA-SF
(1:10 dilution in Opti-MEM), for 24 h or were left unstimulated prior to extraction of
protein in a final volume of 10 ml Opti-MEM. The FLS were then solubilised with 1ml of
lysis buffer as described in section 5.2.1, and were left overnight at -20 °C on a shaker to
facilitate the slow lysis of the cells. Next, the cells were scraped off the flask with a sterile
cell scraper and placed into a 50ml falcon tube. The protein sample thus obtained was
desalted and purified using the acetone precipitation method as described in section 5.3.3
and stored at -20 °C. Protein quantification was performed using a modified Bradford

Assay, as described in section 5.3.4.

5.3.2. Synovial tissue protein extraction for DIGE analysis

Whole synovial tissue biopsies were obtained from grade-specific OA patients and healthy
trauma subjects as described in section 4.3.2 (chapter 4). For differential protein analysis of
grade-specific synovial tissues, three independent synovial biopsies obtained from OA
patients (n=3 per grade) and healthy trauma subjects (n=3), were weighed and snap frozen
in liquid nitrogen prior to homogenization using a sterile motor and pestle. The extract
samples were then resuspended in DIGE lysis buffer (9.5M urea, 2 % CHAPS, 20mM
Tris), for further protein quantification using Bradford Assay and stored at -80°C until

further use.

5.3.3. Acetone precipitation

The protein samples were precipitated by adding four volumes of 100 % ice cold acetone
to the sample followed by brief vortexing. The mixture was then incubated for 1 h at -20
°C. Next, the samples were centrifuged at 4600 rpm for 20 min in a table top centrifuge

(Du Pont, U.S.A.), and the supernatant was discarded. Subsequently, the pellet was
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resuspended in four volumes of 80 % ice cold acetone and left for 1 h at -20 °C. Samples
were then centrifuged at 4600 rpm for 20 min in a table top centrifuge (Du Pont, U.S.A.),
and the supernatant was discarded. This step was repeated for a further three times. The

precipitated protein sample was then solubilised in 100 pl of lysis buffer.

5.3.4. Bradford Assay

A standard protein curve was prepared by diluting a stock solution of 5 mg/ml BSA with
lysis buffer ranging from 0-100 mg of BSA. Standard dilutions were generated using 10 pl
of lysis buffer, 80 pl of mQ, and 10 pl of 0.1 M HCI. Similarly, protein samples for the
assay were prepared using 10 ul of protein sample solubilised in 10 pl lysis buffer, 80 ul of
mQ, and 10 pl of 0.1 M HCL. Next, 3.5 ml of working Bradford reagent (1 part Bradford
reagent dye: 3 parts distilled water) was added to the samples and standards followed by
mixing and incubation at RT for 5 min. Absorbance reading for the standards and samples
was performed at 595 nm followed by determination of protein concentration from the
standard graph (Bradford, 1976). Appropriate amounts of protein sample to be utilised for
2D-PAGE LC-MS and 2D-DIGE LC-MS were thus quantified and 200 pg/24cm strip was
used for IEF and 50 mg/24 cm IEF strip, respectively.

5.3.5. Passive In-gel rehydration and IEF

Briefly, 200 ug of protein sample was diluted with an equal volume of 2x dilution buffer
(section 5.2.1), and was made-up to a final volume of 450 pl with rehydration buffer
(section 5.2.1), and 0.05 % (w/v) bromophenol blue was added as a tracking dye. This
solution was mixed well and then was applied to a 24cm linear IPG strip-pH 3-10, for
overnight passive rehydration, in a re-swelling tray (Amersham Bioscience/GE Healthcare,
Little Chalfont, Bucks, UK). Following overnight passive rehydration, the IPG strips were
loaded gel side up on an Amersham Ettan IPG-phor manifold. Cover fluid (108 ml) was
added to submerge the strips for better conduction and to avoid drying out of the strips.
IEF was performed using an Amersham IPG-phor IEF system and the following
conditions: 30 V for 1 h, 100 V for 1 h, 1000V for 1 h, 6000 V for 1 h, 8000 V for 3 h,
500 V for 4 h and finally 8000 V for 3 h as previously described (Donoghue et al., 2005).
Following IEF, the IPG strips were equilibrated in 6 M urea, 30 % (w/v) glycerol, 2 %
(w/v) SDS, 100 mM DTT for 20 min followed by equilibration in 6 M urea, 30 % (w/v)
glycerol, 2 % (w/v) SDS, 100 mM DTT, 0.25 M iodoacetamide for 20 min. The strips were
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then briefly washed in SDS running buffer (0. 0125 M Tris, 0.96 M glycine,0.1 % (w/v)
SDS) and were applied on 12 % (w/v) resolving gels for 2D-gel electrophoresis.

5.3.6. 2D-PAGE

Briefly, 1.5 mm glass plates were cleaned using 70 % ethanol, dried, and assembled in the
Dalt 6 gel caster (GE Healthcare). The 12 % gel mixture was prepared using the following
mixture: 120 ml of protogel, 78 ml of protogel buffer, 1.2 ml of 10 % APS (Sigma), 120 pl
of TEMED (Sigma) and 98.7 ml of distilled water. The mixture was mixed and
immediately poured evenly into the caster until the level of solution was approximately 0.5
cm below the top of the glass plate. A layer of water-saturated was then poured above the
gel mixture nad was removed after an h and replaced with de-ionised water. The gels were
allowed to polymerise overnight at RT. The equilibrated IPG strip were applied to the top
of the 12 % resolving gel and set in place using 1 % (w/v) agarose sealing gel. The gel
electrophoretic separation of the stimulated and control FLS proteome in the second
dimension was performed by SDS-PAGE using an Amersham Ettan DALT-Twelve system
as previously described (Doran et al., 2006). Electrophoresis was performed at 80 V for 2

h, followed by a 500 V step, until the bromophenol dye front had just ran off the gel.

5.3.7. RUBP’s gel staining and image acquisition

Following electrophoresis, the 2D-SDS-PAGE gels were fixed overnight with a solution
containing 10 % (v/v) acetic acid and 30 % ethanol. The gels were then washed for 30 min
with 20 % ethanol and the wash step was repeated a further three times. The gels are then
incubated with 1 pM RuBP’s (Ruthenium II Bathophenatholine Disulfonate Chelate)
solution for 6 h at RT in the dark with gentle agitation. Following saturation with the dye,
gels were either equilibrated with mQ or destained overnight using 10 % acetic acid and 40
% ethanol. These gels were briefly washed with mQ for visualisation. Fluorescently
labelled proteins were visualised using the Typhoon Trio variable mode imager
(Amersham Bioscience/GE Healthcare, Little Chalfont, Bucks, and UK), at a scanning
wavelength of 528 nm. The photometric tube (PMT) values for gels analysed were
between 500 V and 580 V and scanning was performed at a resolution of 100 mm and a
maximum pixel volume of 80,000 and 90,000. The 2-D images were then cropped using
Image Quant TL software. The gel images, thus obtained were analysed using Progensis

Samespots analysis software.
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5.3.8. Analysis of 2D SDS-PAGE gels using Progenesis Software

All gel images were loaded onto the Progenesis (Non-linear dynamics) samespots analysis
software, which allowed semi-automated alignment of the gel images. All the gels were
aligned to a selected reference gel. Next, the analysis proceeded via automated spot-
detection, filtration, normalisation and spot volume calculation. The gel images were then
separated into the following groups, Control and PAMPs-stimulated, and the differences in
protein expression levels between each group was detected by analysis of normalised spot
volumes and a list was then generated of those spots that had changed in abundance. An
ANOVA score and fold change parameters were utilised for each spot and any spot with an
ANOVA value above 0.5, and fold change below 2 was excluded, and the spots with a
change in abundance that met all criteria were subsequently identified by Liquid

chomatography —Mass spectrometry (LC-MS).

5.3.9. DIGE analysis

The protein samples extracted from grade-specific OA whole synovial tissue biopsies were
labelled with CyDye DIGE Fluor minimal dyes according to the manufacturer’s
instructions (GE Healthcare). Initially, Cy2, Cy3 and Cy5 DIGE dyes were reconstituted as
a stock solution of 1mM in fresh Dimethylformamide and prior to labelling; the stock
solution was diluted to a working concentration of 0.2mM. Briefly, 50 mg of grade-
specific OA protein samples were solubilised in DIGE lysis buffer (9.5M urea, 2 %
CHAPS, 20mM Tris). Each grade-specific OA sample and trauma control sample with
biological replicates were separately and minimally labelled with 200 pmol of Cy3 and
Cy5 working solutions respectively. A pooled sample was generated utilising equal
quantities of protein from all replicates in the experiment and was labelled at 200 pmol of
Cy2 working solution to 50 mg of protein and this was used as an internal standard. All
samples at pH 8.5 were labelled with the appropriate amount of dye and after brief vortex;
these labelled samples were incubated on ice in the dark for 30 min. This labelling reaction
was quenched by adding 1 ml of a 10 mM L-lysine solution (Sigma) and left on ice in dark
for 10 min. Following, quenching and labelling, grade-specific OA samples, control
trauma samples and pooled internal standard protein samples were mixed sufficiently (one
of each condition per gel) and was run in a single gel. A volume of the rehydration solution
(7 M urea, 2 M thiourea, 4 % CHAPS and 0.8 % IPG Buffer pH 3-10) containing 50 mM
DTT/100 mM DeStreak was added to the mixed samples. Proteins (150 mg total protein

per gel) were then applied onto 3-10 pH IPG strips with an equal volume of 2x sample
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buffer (7M urea, 2M thiourea, 65mM CHAPS, 2 % ampholytes and 2 % DTT) for
overnight passive rehydration. Next, the proteins were separated in the first dimension at
0.05 mA/IPG strip in the IPGphor IEF Il System (GE Healthcare) until steady state (42
kVh). Thereafter, the strips were either equilibrated and separated by SDS-PAGE on a 12
% polyacrylamide gels (26 x 20 cm) precast into low fluorescence-glass plates using an
Ettan Dalt Six device (GE Healthcare) at 2 W/gel for 1 h and 20 W/gel at 25 °C until the
tracking dye had migrated off the bottom of the gel or were alternatively frozen at -80 °C

for future use.

5.3.10. DIGE image acquisition and analysis

The DIGE gels were scanned on a Typhoon Trio variable mode Imager (GE Healthcare)
using appropriate wavelengths and filters for Cy2, Cy3 and Cy5 dyes according to the
manufacturer’s protocol. Scans were acquired at 50 mm resolution. After cropping, images
were subjected to automated Differential In-gel Analysis (DIA) and Biological Variation
Analysis (BVA) using the DeCyder Differential Analysis Software, Release 6.0 (GE
Healthcare). After manual inspection of the automatic matching, the differential protein
spots thus identified for ID were taken by parallel pick-up from a single sample colloidal

coomassie stained gel that was run simultaneously with the DIGE gel.

5.3.11. Colloidal Coomassie Staining

To visualise and pick the differential gel spots identified by Progenesis and DeCyder,
colloidal coomassie staining was performed. This procedure was performed as previously
described (Neuhoff et al., 1988). Following electrophoresis, the gels were washed twice
with mQ and placed into either Brilliant Blue R concentrate-neat staining solution or in to
Colloidal Coomassie staining solution, (1 Part Stock Solution A (5 % (w/v) coomaasie
brilliant blue (G250); 40 Parts Stock Solution B (10 % (w/v) ammonium sulphate, 2 %
(v/v) phosphoric acid ); 10 parts methanol) and left for overnight incubation at RT with
gentle agitation on a see-saw rocker. The gels were then rinsed for 1-3 min with
neutralisation buffer (0.1 M Tris-PO,4, pH 6.5). Further, a 25 % methanol wash for 1 min
was performed to reduce the gel background and the coomaasie dye in the gel was then
fixed by a wash in fixation solution (20 % (w/v) ammonium sulphate) overnight. Once
adequate protein visualisation was achieved, the gels were then scanned using Umax
Image scanner (Amersham Bioscience/GE Healthcare, Little Chalfont, Bucks, and UK).

The protein spots were then excised for LC-MS.
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5.3.12. In-Gel Trypsin Digestion and LC-MS analysis

The in-gel trypsin digestion of gel plugs was performed according as previously described
(Shevchenko et al., 2007) with minor modifications. Briefly, the prototype coomassie
stained gel slab previously identified with Progenesis and DeCyder for the differential
protein spots to be picked was rinsed in water for few h in laminar flow hood. The protein
spots were then excised using a sterile tip, and transferred to a siliconised micro-centrifuge
tube and centrifuged at high speed for 1 min. Then, destaining for coomassie gel plugs was
carried out by adding 100 ul of 100 mM AB/ACN (1:1) solution (section 5.2.2.) to each
gel plug for 30 min with occasional vortexing at RT, until stain was removed. Further, 500
pl of neat Acetonitrile (ACN) was added to the gel plugs for 10 min at RT with occasional
shaking, until the gel plugs look opaque.

5.3.12.1. Tryptic Digestion

Approximately, 30-50 pl of trypsin working solution (section 5.2.2), was added to the gel
plugs, so that the buffer covers the gel piece, to avoid drying out of the gel plug. These
plugs were then incubated at 4 °C for 30 min, followed by addition of 20 pl of 50 mM AB
buffer (section 5.2.2) to the gel plugs and incubation for 90 min at 4 °C to facilitate the
activation of the enzyme and to allow for the slow diffusion of trypsin into the gel pieces.
Following incubation, if required, an additional 10-20 ul of 50 mM AB buffer was added
to the gel plugs to avoid drying out of the plugs. Next, the gel plugs were incubated with
30 pl of working concentration of trypsin for 24 h at 37 °C to allow slow and complete
tryptic digestion.

5.3.12.2. Peptide Extraction

Extraction buffer 100ul (1:2 ratio of 5 % Formic acid: ACN) was added to the gel plugs
followed by incubation at 37 °C for 15 min on a rotary shaker. The resultant supernatants
containing the peptides were pipetted into sterile microcentrifuge tubes using gel loading
tips. The samples were then subjected to vacuum centrifugation overnight at RT to

dehydrate and concentrate the peptide fractions prior to LC-MS analysis.

5.3.12.3. LC-MS analysis
The concentrated peptide fractions were then resuspended in 10-20 ul of 0.1 % formic

acid, vortexed, and then sonicated for 2 min to ensure complete resuspension of the
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samples. Next, the samples were centrifuged at 10,000 rpm for 15 min at 4 °C to sediment
remnants of the gel plugs. The supernatants with the peptide fractions were collected and
transferred on 0.22 uM cellulose acetate filter columns and centrifuged at 10,000 rpm for
2-5 min at 4 °C. The required volume of the sample was aliquoted into the LC-MS vial
whilst ensuring that air bubbles were avoided. The vials was then subjected to LC-MS as
follows: Electrospray ionization (ESI) was employed coupled with Reverse Phase Liquid
Chomatography (RPLC) on a HPLC chip in the Agilent 6340 lon Trap LC-MS machine.
The results were collected for 15 min per spot of protein and peptide mass fingerprinting
was employed to process the raw data and further proteins were identified with Mascott
search engine (http://www.matrixscience.com), using both NCBInr and swiss-prot human
databases. The following search parameters were used: precursor-ion mass tolerance of +
1.5 Da, fragment ion tolerance of £+ 1.0 Da with methionine oxidation as variable
modification and cysteine carbamidomethylation as fixed modification, and a maximum of

2 missed cleavage sites were allowed.

5.3.13. Differential protein quantification though western blot and confocal analysis

N and OA-FLS were seeded at 1 x 10° cells/well in triplicates in a 6-well tissue culture
plate for western blot analysis and a density of 0.5 x 10° cells/ml in 8-well chamber slide
for confocal analysis and were grown until confluent. Prior to stimulation, FLS were
rendered quiescent by incubation in serum free Opti-MEM for 24 h. Cells were stimulated
with Poly(l:C) (10 pg/ml) for 2 h in OptiMEM. Subsequently, cells in the 6-well culture
plates were lysed and utilised for immunoblot analysis and the cells on the 8-well chamber
slides were subjected to confocal microscopy. The antibody dilutions employed for
immunoblot analysis were as follows: B-actin (mouse; 1:1000), Vimentin (rabbit; 1:1000),
Prohibitin (rabbit; 1:1000), Caldesmon-1 (rabbit; 1:1000) and the secondary anti-mouse
and anti-rabbit 1gG-HP antibodies (1:5000 dilution). The antibody dilutions employed for
confocal microscopy were as follows: Vimentin (rabbit; 1:50), Prohibitin (mouse; 1:100)
and Caldesmon-1 (rabbit; 1:100).
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5.4. Results

Separation of whole synovial tissue explants and FLS intracellular proteins by 2D-GE
allow their visualisation and analysis and this strategy facilitates comparative studies
between diseased, treated and control cells. Investigating the characteristics and behaviour
of synovial cells appears to be a good strategy to gain a better understanding of the
phenotypic changes that they undergo in arthitic diseases. To better understand the
proteomic changes that FLS undergo in response to TLR/RLR ligands, namely Pam,CSKg,
Poly (I:C), LPS, CLO-97 and 5’ppp-dsRNA, comparative proteomic analysis was
performed. Additionally, to understand the intricate crosstalk of FLS and the synovial fluid
in the OA joint, we have stimulated N-FLS with inflammatory OA synovial fluid (OA-SF),
to mimic the cell-fluid contact in the joint. Given that, the OA synovial tissue primarily
mimics the joint environment, and to establish protein expression patterns during different
stages of synovial inflammation in OA, we performed DIGE analysis using stage-specific
OA synovial explants. Notably, the sample preparation and protocol was optimised and
designed to extract both extracellular and intracellular proteins from the synovial explants
and FLS.

5.4.1. Differential proteomic analysis of N-FLS and OA-FLS

The 2D-GE resulted in the identification of 30 protein spots with a changed abundance in
N and OA FLS. A representative 2D-gel with electrophoretically separated N-FLS and
OA-FLS proteins is shown in Figure 5.1. An increased expression level was shown for 8
proteins and 22 proteins were found to be decreased in OA-FLS when compared to N-FLS.
Table 5.1 (Appendix), summarises the results of the mass spectrometric identification of
these 30 protein species from N and OA-FLS. The proteins with extremely altered
abundance in OA-FLS compared to N-FLS are as follows, the protein spot with the highest
6-fold decrease in protein expression was found to be phosphoglycerate kinase 1 (spot 30),
a cytoplasm localised protein with glycolytic enzyme activity (Michelson et al., 1983).
Whereas, the spots with maximal 2.8-fold increase in protein expression were found to be
vimentin (spot 45), a cytoplasm intermediate filament with cellular component
disassembly activity and host-virus interaction ability (Kang et al., 2005) and manganese
superoxide dismutase (spot 53), a mitochondrion matrix protein, which removes or
destroys superoxide radicals (MacMillan-Crow and Thompson, 1999). The majority of

identified proteins were previously shown to be constituents of key metabolic reactions,
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cytoskeletal machinery, cellular stress response and cell signalling pathways (Ruiz-Romero
and Blanco, 2009). Notably, a novel mitochondrial protein with 2.5-fold decrease in
protein expression in OA-FLS than N-FLS was identified for the first time and was found
to be prohibitin (spot 79), which has known regulatory role in proliferation, mitochondrial

respiration and aging (Coates et al., 2001).

5.4.2. Differential proteomic analysis of Poly (1:C) treated N-FLS and OA-FLS

N and OA FLS were treated with Poly (I:C) (10 pg/ml) for 24 h and the soluble protein
extract was resolved using 2D-GE (Figure 5.2), and the differential protein spots were then
identified utilising progenesis software and were then subjected to LC-MS analysis. A total
of 60 protein spots for N-FLS and a total of 54 protein spots for OA-FLS, with a changed
abundance in response to Poly (I:C) stimulations were identified though LC-MS. Among
the 60 altered protein species in N-FLS, 31 proteins showed an increased expression level
(Figure 5.2, panel B), and 29 proteins were found to be decreased (Figure 5.2, panel A),
with Poly (I:C) stimulation in N-FLS when compared to unstimulated or control N-FLS.
Table 5.2 (Appendix) summarizes these proteins. Among the 54 altered protein species in
OA-FLS, 36 proteins showed an increased expression level (Figure 5.2, panel D), and 18
proteins were found to be decreased (Figure 5.2, panel C), with Poly (I:C) stimulation in
OA-FLS when compared to unstimulated or control OA-FLS. Table 5.3 (Appendix)
summarizes these proteins. The proteins with extremely altered abundance in response to
Poly (I:C) stimulation in N-FLS compared to control N-FLS are as follows, the protein
spot with the highest 2.1-fold decrease in protein expression was found to be prohibitin
(spot 441), which is localised at various sites namely mitochondrial inner membrane, cell
membrane, cytoplasm and nucleus, has been attributed for several regulatory roles such as
in apoptosis, cell proliferation angiogenesis and ageing (Misha et al., 2006, Misha et al.,
2005). The protein spots with the maximal increase in protein expression in response to
Poly (I:C) stimulation in N-FLS, were found to be vimentin (spot 179) and caldesmon
(spot 209) with 4.9 and 4.1 fold increase, respectively. Wherein, vimentin, as previously
described is a cytoplasm intermediate filament which maintains the chondrocyte phenotype
and with an increase in cellular component disassembly activity can disturb the integrity of
the articular cartilage, and may ultimately lead to OA (Blain et al., 2006), as well was
attributed with host-virus interaction ability (Kang et al., 2005). Caldesmon, a cytoplasm
localised, calmodulin and actin binding protein with numerous functions in cell motility,
such as migration, invasion and proliferation, exerted via the reorganization of the actin
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cytoskeleton (Huber et al., 1993, Mayanagi and Sobue, 2011, Morita et al., 2012).
Interestingly, stimulation of OA-FLS with Poly (I:C) stimulation resulted in an elevated
expression of both caldesmon (spot 525, with 4.5-fold increase) and vimentin (spot 549,
with 5.5-fold increase), thus implying a ligand specific induction of these proteins in FLS.
Furthermore, a 55.6-fold increase in the expression of Ubiquitin-like protein ISG15 (spot
1688) was found following stimulation of OA-FLS with Poly (I:C) stimulation; ISG15 is a
secreted cytoplasmic protein that plays a role in anti-viral defence, host-virus interaction
and the ubiquitin conjugation pathway (Loeb and Haas, 1992, Knight and Cordova, 1991,
Narasimhan et al., 1996). Similar to N-FLS, stimulation of OA-FLS with Poly (I:C)
resulted in a dramatic 7.4-fold decrease in prohibitin (spot 920) expression. Thus implying
a ligand-specific down regulation of this mitochondrial chaperon.

5.4.3. Differential proteomic analysis of CLO-97 treated N and OA-FLS

N and OA FLS were treated with CLO-97 (1 pg/ml) for 24 h, and the soluble protein
extract was resolved though 2D-GE (Figure 5.3), and the differential protein spots were
identified utilising progenesis software and were then subjected to LC-MS analysis. A total
of 43 protein spots for N-FLS and a total of 51 protein spots for OA-FLS, with a changed
abundance in response to CLO-97 stimulation when compared to their respective cell type
controls, were identified though LC-MS (Appendix, Table 5.5). Among the 43 altered
protein species in N-FLS, 17 proteins showed an increased expression level (Figure 5.3,
panel B), and 26 proteins were found to be decreased (Figure 5.3, panel A). The data are
summarised in Table 5.4 (Appendix). Among the 51 altered protein species in OA-FLS, 30
proteins showed an increased expression level (Figure 5.3, panel D), and 21 proteins were
found to be decreased (Figure 5.3, panel C). The proteins with extremely altered
abundance in response to CLO-97 stimulation in N-FLS compared to control N-FLS are as
follows, the protein spot with drastically high 98.3-fold increase in protein expression was
found to be cystatin-B (spot 1177), and protein species with maximal 2.2-fold decrease in
expression level was found to be gelsolin (spot 412). Wherein, cystatin-B, localised to the
cytoplasm and nucleus, is an intracellular thiol proteinase inhibitor, and also known for
reversible inhibitor of cathepsins L, H and B activity (Joensuu et al., 2006). Gelsolin,
localised to the cytoplasm, is a calcium regulated, actin-modulating protein, with a role in
ciliogenesis (Kim et al., 2010). Regarding OA-FLS, the proteins with altered abundance in
response to CLO-97 stimulation compared to control OA-FLS were found to be pyruvate
kinase isozymes M1/M2 (PKM2) (spot 365) with 9.8-fold increase in expression and

nucleoside diphosphate kinase B (NDK B) (spot 924) with 2.2-fold decrease in expression.
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Wherein, PKM2 is localised to the cytoplasm nad is involved in glycolysis and nuclear
translocation of PKM2 induces programmed cell death (Steték et al., 2007). While, NDK
B, is localised to the cytoplasm and plays a role in nucleotide metabolism and the negative

regulation of Rho activity (Postel et al., 1993).

5.4.4. Differential proteomic analysis of RIG-I ligand treated N and OA-FLS

N and OA FLS were treated with 5* ppp-dsRNA (1 pg/ml) for 24 h, and the soluble protein
extract was resolved though 2D-GE (Figure 5.4), and the differential protein spots were
identified utilising progenesis software and were then subjected to LC-MS analysis. A total
of 22 protein spots for N-FLS and a total of 31 protein spots for OA-FLS, with a changed
abundance in response to CLO-97 stimulation when compared to their respective cell type
controls, were identified though LC-MS. Among the 22 altered protein species in N-FLS, 9
proteins showed an increased expression level (Figure 5.4, panel B), and 13 proteins were
found to be decreased (Figure 5.4, panel A). These data are summarised in Table 5.6
(Appendix). Among the 31 altered protein species in OA-FLS, 17 proteins showed an
increased expression level and 14 proteins were found to be decreased (Figure 5.4, panel
C). These data are summarised in Table 5.7 (Appendix). The proteins with extremely
altered abundance in response to RIG-1 ligand stimulation in N-FLS compared to control
N-FLS are as follows, the protein spot with 18.4-fold increase in expression was found to
be Alpha-p Crystalline (spot 604), and the protein species with maximal 2.9-fold decrease
in expression was found to be Brain acid soluble protein 1 (spot 570). While, the proteins
with particularly altered abundance in response to RIG-I ligand stimulation in OA-FLS
compared to control OA-FLS are as follows, the protein spot with 9.5-fold increase in
expression was found to be LIM and cysteine-rich domains protein 1 (spot 527), and the
protein species with maximal 11.4-fold decrease in expression was found to be superoxide
dismutase [Mn] (spot 1081).

5.4.5. Differential proteomic analysis of LPS treated N and OA-FLS

N and OA FLS were treated with LPS (1 pug/ml) for 24 h, and the soluble protein extract
was resolved though 2D-GE (Figure 5.5), and the differential protein spots were identified
utilising progenesis software and were then subjected to LC-MS analysis. A total of 47
protein spots for N-FLS and a total of 72 protein spots for OA-FLS, with a changed
abundance in response to LPS stimulation when compared to their respective cell type
controls, were identified though LC-MS. Among the 47 altered protein species in N-FLS,
28 proteins showed an increased expression level (Figure 5.5, panel B), and 19 proteins
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were found to be decreased (Figure 5.5, panel A). These data are summarised in Table 5.8
(Appendix). Among the 72 altered protein species in OA-FLS, 46 proteins showed an
increased expression level (Figure 5.5, panel D), and 26 proteins were found to be
decreased (Figure 5.5, panel C). These data are summarised in Table 5.9 (Appendix). The
proteins with extremely altered abundance in response to LPS stimulation in N-FLS
compared to control N-FLS are as follows, the protein spot with 16.8-fold increase in
expression was found to be Tapasin (spot 63), and the protein species with maximal 8.1-
fold decrease in expression was found to be Manganese superoxide dismutase (spot 534).
Regarding OA-FLS, the proteins with drastically altered abundance in response to LPS
stimulation compared to control OA-FLS are as follows, the protein spot with 80.1-fold
increase in expression was found to be Eukaryotic translational initiation factor 4H
(KIAA0038) (spot 902), and the protein species with maximal 3.4-fold decrease in

expression was found to be vimentin (spot 350).

5.4.6. Differential proteomic analysis of Pam,CSK, treated N and OA-FLS

N and OA FLS were treated with Pam,CSK, (1 pg/ml) for 24 h, and the soluble protein
extract was resolved though 2D-GE (Figure 5.6), and the differential protein spots were
identified utilising progenesis software and were then subjected to LC-MS analysis. A total
of 44 protein spots for N-FLS and a total of 62 protein spots for OA-FLS, with a changed
abundance in response to LPS stimulation when compared to their respective cell type
controls, were identified though LC-MS. Among the 44 altered protein species in N-FLS,
19 proteins showed an increased expression level (Figure 5.6, panel B), and 25 proteins
were found to be decreased (Figure 5.6, panel A). These data are summarised in Table 5.10
(Appendix). Among the 62 altered protein species in OA-FLS, 33 proteins showed an
increased expression level (Figure 5.6, panel D), and 29 proteins were found to be
decreased (Figure 5.6, panel C). These data are summarised in Table 5.11 (Appendix). The
proteins with extremely altered abundance in response to LPS stimulation in N-FLS
compared to control N-FLS are as follows, the protein spot with 4.4-fold increase in
expression was found to be Manganese superoxide dismutase (spot 909), and the protein
species with maximal 12.8-fold decrease in expression was found to be peroxiredoxin-1
(spot 894). Regarding OA-FLS, the proteins with drastically altered abundance in response
to LPS stimulation compared to control OA-FLS are as follows, the protein spot with 18.9-

fold increase in expression was found to be adenylate kinase 2 (spot 779), and the protein
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species with maximal 3.9-fold decrease in expression was found to be tropomyosin alpha-4
(spot 628).

5.4.7. Differential proteomic analysis of OA-SF treated N-FLS versus control N-FLS
and OA-FLS

N-FLS were treated with end stage OA-SF (1:10 dilution in opti-MEM) for 24 h, and the
soluble protein extract was resolved though 2D-GE (Figure 5.7), and the differential
protein spots were identified utilising progenesis software and were then subjected to LC-
MS analysis. A total of 21 protein spots were found to be up-regulated in response to OA-
SF treatment in N-FLS (Figure 5.7, panel B), when compared to control N-FLS (Figure
5.7, panel A), and a total of 11 protein spots were found to be up-regulated in response to
OA-SF treatment in N-FLS (Figure 5.6, panel D), when compared to control OA-FLS
(Figure 5.7, panel C). ). These data are summarised in Table 5.12 and 5.13 (Appendix).
The proteins with drastically altered abundance in response to OA-SF treatment when
compared to control N-FLS are as follows, a trend towards increased protein expression
pattern was found with alpha-enolase isoform (77.1-fold), 2-phosphopyruvate-hydratase
alpha-enolase (23.3-fold), Rab GDP dissociation inhibition beta (16.3-fold), vimentin
(16.4-fold), tropomyosin beta (21.1-fold), tubulin beta-5 chain (19.3-fold), annexin V
(15.3-fold). The proteins with drastically altered abundance in response to OA-SF
treatment when compared to control OA-FLS are as follows, peroxiredoxin-1 (7.1-fold),
cyclophilin A (4.5-fold), manganese superoxide dismutase (3.7-fold), glyceraldehyde-3-
phosphate dehydrogenase (13.9-fold).

5.4.8. DIGE proteomic analysis of grade-specific OA synovial tissue biopsies

The whole synovial tissue protein samples (50 mg/grade) from grade-specific OA biopsies
were subjected to DIGE-LCMS (Figure 5.8). LC-MS identified synovial proteins, with OA
grade-specific alterations in protein expression are listed in Tables 5.14, 5.15, 5.16, 5.17,
Appendix. A total of 8 differentially altered proteins were identified in grade-1 OA
synovial tissue when compared to grade-0, of which only one protein species was
identified to be down-regulated with 1.6-fold decrease in expression, and was found to be
protein S100-Al1l (Table 5.14, Appendix), where this cytoplasmic protein is known to
negatively regulate cell proliferation and DNA replication, and as well known to modulate
cartilage matrix catabolism in OA (Sakaguchi and Huh, 2011, Cecil, 2008). Also,
cyclophilin A (Table 5.14), was found to be up-regulated with a 1.9-fold increase in
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expression in grade-1 synovial tissue compared to grade-0, where this cytoplasmic protein
is known to accelerate the folding of proteins and also known to interact with HIV-1
Capsid protein (Luban et al., 1993). Previous studies reported that cyclophilin A may
contribute to inflammatory processes in arthitis though MMP and inflammatory cytokine
secretion (Kim et al., 2005) and may also contribute to cartilage degradation OA (Cloos
and Chistgau, 2002). A total of 42 differentially altered proteins were identified in grade-2
OA synovial tissue when compared to grade-0 (Table 5.15), of which 8 protein species
were identified to be up-regulated and 34 were down-regulated. Among these proteins
were heat shock 60kDa protein 1 was found to be highly altered with 3.9-fold increase in
expression, whereas, ATP synthase (mitochondrial precursor) was found as the drastically
altered protein with 41.8-fold decrease in expression along with 18-fold decrease in
galectin-1 expression was found. Wherein, galectin-1 is known to regulate apoptosis, cell
proliferation and cell differentiation (He and Baum, 2004). Several members of the
galectin family have been shown to have profound effects on cell survival and they have
been implicated as major regulators of inflammatory responses (Rabinovich et al., 2002).
Similarly, the genetic delivery of recombinant galectin-1 inhibited a number of
experimental autoimmune diseases, including collagen-induced arthitis (Rabinovich et al.,
1999). Regarding grade 2 OA synovial tissue, a decrease in complement C3b, was found
when compared to grade 0, 3 and 4. Interestingly, activation of the complement cascade in
acute arthitides was reported to be associated with a decreased protection of synovial cells
against cellular effects and lysis mediated by membrane attack complex, such as in RA
(Konttinen et al., 1996) and in OA (Wang et al., 2011).

A total of 23 differentially altered proteins were identified in grade-3 OA synovial tissue
when compared to grade-O (Table 5.16; Appendix), of which 8 protein species were
identified to be down-regulated and 15 were up-regulated. Whilst ATP synthase was found
to be highly altered with a 4.9-fold decrease in expression, heat shock cognate 71kDa
protein was found to be altered protein with 4.7-fold increase in expression. The decrease
in ATP synthase was similar to that observed with grade-2, implying an essential
dysregulation of ATP synthesis with mitochondrial malfunctioning may be involved in OA
progression. Interestingly, heat shock cognate 71kDa protein is a chaperone known to act
as repressor of transcriptional activation (Yahata et al., 2000). Furthermore, a total of 17
differentially altered proteins were identified in grade-4 OA synovial tissue when
compared to grade-0 (Table 5.17; appendix), of which 8 protein species were identified to
be down-regulated and 9 were up-regulated. Among which alpha-enolase, was found to be
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highly altered with 2.1-fold decrease in expression, whereas, SH3 domain-binding
glutamic acid-ric-like protein, was found to be altered protein with 3.6-fold increase in
expression. Wherein, alpha enolase has been previously shown to play a role in the

glycolysis pathway in the context of OA pathogenesis (Ruiz-Romero and Blanco, 2009).
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Figure 5.1: Proteomic analysis of N-FLS versus OA-FLS. The 2D-GE resolved total
soluble protein extract of N-FLS (A) and OA-FLS (B, n=3, 200 ug/gel), in 3-10 pH range
is shown. The 2D gels were primarily stained with RuBPs stain and counterstained with
coomassie stain to visualise differentially expressed proteins. The differential protein spots
identified though progenesis and analysed with LC-MS are indicated by their
corresponding spot number and listed in Table 5.1 (Appendix). The pH values of the first
dimension IEF and molecular mass standards (in kDa) of the second dimension gel system
are indicated on the top and on the left of the panels respectively. The gels presented are
representative of three biological and three technical replicates.
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Figure 5.2: Comparative proteomic analysis of Poly (1:C) treated N and OA-FLS. The
2D-GE resolved soluble protein extract of N-FLS (A and B, n=3, 200 pg/gel) and OA-FLS
(C and D, n=3, 200 pg/gel) treated with Poly (I:C) (10pg/ml) for 24 h are shown. The

differential protein spots identified though progenesis and analysed with LC-MS are

indicated by their corresponding spot number and summarized in Tables 5.2 and 5.3
(Appendix). Spots represent down-regulated (A), and up-regulated (B) protein expression in
N-FLS with Poly (I:C) stimulation. Spots represent down-regulated (C), and up-regulated
(D) protein expression in OA-FLS with Poly (I:C) stimulation. The 2D gels were primarily
stained with RuBPs stain and counterstained with coomassie stain to visualise differentially
expressed proteins. The pH values of the first dimension IEF and molecular mass standards
(in kDa) of the second dimension gel system are indicated on the top and on the left of the
panels respectively. The gels presented are representative of three biological and three
technical replicates.
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Figure 5.3: Comparative proteomic analysis of CLO-97 treated N and OA-FLS. The
2D-GE resolved soluble protein extract of N-FLS (A and B, n=3, 200 pg/gel) and OA-FLS
(C and D, n=3, 200 pg/gel) treated with CLO-97 (1ug/ml) for 24 h are shown. The
differential protein spots identified though progenesis and analysed with LC-MS are

indicated by their corresponding spot number and summarized in Tables 5.4 and 5.5
(Appendix). Spots represent down-regulated (A), and up-regulated (B) protein expression
in N-FLS with CLO-97 stimulation. Spots represent down-regulated (C), and up-regulated
(D) protein expression in OA-FLS with CLO-97 stimulation. The 2D gels were primarily
stained with RuBPs stain and counterstained with coomassie stain to visualise
differentially expressed proteins. The pH values of the first dimension IEF and molecular
mass standards (in kDa) of the second dimension gel system are indicated on the top and
on the left of the panels respectively. The gels presented are representative of three

biological and three technical replicates.
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Figure 5.4: Comparative proteomic analysis of RIG-I ligand treated N and OA-FLS.
The 2D-GE resolved soluble protein extract of OA-FLS (A and B, n=3, 200 pg/gel) and N-
FLS (C, n=3, 200 pg/gel) treated with 5’ ppp-dsRNA (1pg/ml) for 24 h are shown. The
differential protein spots identified though progenesis and analysed with LC-MS are
indicated by their corresponding spot number and summarised in Tables 5.6 and 5.7
(Appendix). Spots represent down-regulated (A), and up-regulated (B) protein expression
in OA-FLS with 5° ppp-dsRNA stimulation. Spots represent both up and down-regulated
(C) protein expression in N-FLS with 5° ppp-dsRNA stimulation. The 2D gels were
primarily stained with RuBPs stain and counterstained with coomassie stain to visualise
differentially expressed proteins. The pH values of the first dimension IEF and molecular
mass standards (in kDa) of the second dimension gel system are indicated on the top and
on the left of the panels respectively. The gels presented are representative of three

biological and three technical replicates.
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Figure 5.5: Comparative proteomic analysis of LPS treated N and OA-FLS. The 2D-
GE resolved soluble protein extract of N-FLS (A and B, n=3, 200 pg/gel) and OA-FLS (C
and D, n=3, 200 pg/gel) treated with LPS (1ug/ml) for 24 h is shown. The differential
protein spots identified though progenesis and analysed with LC-MS are indicated by their
corresponding spot number and summarized in Tables 5.8 and 5.9 (Appendix). Spots
represent down-regulated (A), and up-regulated (B) protein expression in N-FLS with LPS
stimulation. Spots represent down-regulated (C), and up-regulated (D) protein expression
in OA-FLS with LPS stimulation. The 2D gels were primarily stained with RuBPs stain
and counterstained with coomassie stain to visualise differentially expressed proteins. The
pH values of the first dimension IEF and molecular mass standards (in kDa) of the second
dimension gel system are indicated on the top and on the left of the panels respectively.

The gels presented are representative of three biological and three technical replicates.
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Figure 5.6: Comparative proteomic analysis of Pam,CSK, treated N and OA-FLS.
The 2D-GE resolved soluble protein extract of N-FLS (A and B, n=3, 200 ug/gel) and OA-
FLS (C and D, n=3, 200 pg/gel) treated with Pam,CSK, (1pg/ml) for 24 h is shown. The
differential protein spots identified though progenesis and analysed with LC-MS are
indicated by their corresponding spot number and summarized in Tables 5.10 and 5.11
(Appendix). Spots represent down-regulated (A), and up-regulated (B) protein expression
in N-FLS with Pam,CSK, stimulation. Spots represent down-regulated (C), and up-
regulated (D) protein expression in OA-FLS with Pam,CSK, stimulation. The 2D gels
were primarily stained with RuBPs stain and counterstained with coomassie stain to
visualise differentially expressed proteins. The pH values of the first dimension IEF and
molecular mass standards (in KDa) of the second dimension gel system are indicated on

the top and on the left of the panels respectively.
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Figure 5.7: Differential proteomic analysis of N-FLS treated with OA-SF versus
control N-FLS and OA-FLS. The 2D-GE resolved 200 pg/gel of soluble protein extract
from N-FLS treated with end stage OA-SF (1:10 dilution in Opti-MEM) for 24 h (B and D,
n=3), control N-FLS (A, n=3) and control OA-FLS (C, n=3) is shown. The differential
protein spots identified though progenesis and analysed with LC-MS are circled in red and
summarized in Tables 5.12 and 5.13 (Appendix). The pH values of the first dimension IEF
and molecular mass standards (in KDa) of the second dimension gel system are indicated
on the top and on the left of the panels respectively. The gels presented are representative

of three biological and three technical replicates.
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Figure 5.8: DIGE proteomic profiling of grade-specific OA synovial tissue biopsies.
Protein extracts (50 mg/grade), of whole synovial tissue samples from grade-specific OA
biopsies were separated in the first dimension by IEF and in the second dimension by SDS-
PAGE. Shown are Cy5-labeled control or grade-0 samples (A), Cy3-labeled grade-specific
(1, 2, 3, 4) samples (B) and Cy2-labeled pooled internal standard (C) and a DIGE master
gel is shown in panel (D). LC-MS identified synovial proteins with OA grade-specific
alterations in protein expression are listed in Tables 5.14, 5.15, 5.16, 5.17, Appendix. The
pH values of the first dimension IEF and molecular mass standards (in kDa) of the second

dimension gel system are indicated on the top and on the left of the panels respectively.
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5.4.9. Differential protein quantification of vimentin though western blot and confocal
analysis

Given that a trend towards elevated vimentin levels was observed in all the grades of
synovial tissues (table 5.15, 5.16, 5.17) and a that a similar trend was evident following
stimulation with Poly (I:C) stimulation in N and OA FLS (table 5.2, 5.3 and section 5.4.2),
and elevated levels of vimentin was evident following stimulation of N-FLS with OA-SF
(section 5.4.7 and table 5.12), it was essential to quantify this prominently altered protein
in FLS and synovial tissue. A trend towards increased vimentin expression was detected in
N and OA FLS following stimulation with Poly (I:C) and OA-SF as detected by confocal
and immunoblot analysis (Figure 5.9A, B). A similar trend towards increased vimentin
levels was evident in grade-specific OA synovial tissue samples, where grade-4 showed
maximum vimentin expression (Figure 5.9C). The data presented here clearly demonstrate

that alterations in the relative expression of vimentin are associated with OA.

5.4.10. Differential protein quantification of prohibitin though western blot and
confocal analysis

Given that a trend towards decreased prohibitin levels was observed following stimulation
of N and OA FLS with poly(I:C) (table 5.1, 5.2, 5.3 and section 5.4.1, 5.4.2), it was critical
to confirm and quantify this finding. Differential quantification of prohibitin though 3D
progenesis spot analysis (Figure 5.9, panel A), confocal analysis (Figure 5.10, panel B) and
immunoblot analysis was performed. A trend towards decreased prohibitin expression was
detected in N and OA FLS upon stimulation with Poly (1:C) using confocal analysis, 3D
image analysis and immunoblot analysis. More specifically, stimulation of OA-FLS with
Poly(l:C) showed the maximal decrease in prohibitin levels when compared to control
FLS. The data presented here clearly substantiates the hypothesis that alterations in the

relative abundance of prohibitin occur in OA and following stimulation with poly (I:C).

5.4.11. Differential protein quantification of caldesmon though western blot and

confocal analysis

Given that a trend towards elevated caldesmon levels was observed upon stimulation of N
and OA FLS with poly(l:C) (table 5.1, 5.2, 5.3 and section 5.4.1, 5.4.2), it was critical to
confirm these data using an alternative approach. Thus, immunoblot analysis and confocal
microscopy was applied towards the detection of caldesmon in OA and N FLS (Figure

5.11). Using confocal analysis and immunoblot analysis, a trend towards increased
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caldesmon expression was detected in N and OA FLS following stimulation with Poly(l:C)
(Figure 5.11A, B). Wherein, stimulation of OA-FLS with Poly (I:C) showed the maximal
increase in caldesmon levels when compared to control FLS. The data presented here
clearly substantiates the proteomics data shown that alterationsl in the abundance of

caldesmon are evident upon stimulation of FLS with Poly (1:C).
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Figure 5.9: Differential quantitative analysis of vimentin in grade-specific OA
synovial tissue, N and OA FLS. (A) confocal analysis of N and OA FLS treated with Poly

(I:C) (10pg/ml) for 2 h or left unstimulated using an antibody to vimentin (1:100 dilution;
red staining) followed by incubation with an Alexa Fluor 546 (1:500 dilution) labelled
secondary antibody. Actin-phalloidin (1:25 dilution) was also employed (green staining) as
a cyto-skeletal control marker for FLS. DAPI staining of nuclei is also included and seen
as cyan staining (B) immunoblot analysis of basal and Poly (I:C) induced vimentin levels
in N and OA FLS and as well end stage OA-SF (1:10 dilution) induced vimentin
expression in N-FLS was determined, using an anti—vimentin antibody (1:1000 dilution)
and f-actin (1:1000 dilution) as a loading control. (C) Immunoblot analysis of crude
synovial tissue protein extracts for vimentin and B actin expression in grade-1 (G1-ST),

grade-2 (G2-ST), grade-3 (G3-ST) and grade-4 (G4-ST) biopsy tissue.
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Figure 5.10: Immunoblot and confocal analysis of prohibitin in N and OA FLS. N and
OA FLS were either treated with Poly(l:C) (10ug/ml) for 2 h or left unstimulated. (A) 3D
progenesis image analysis of prohibitin, illustrating the decreased protein abundance in
response to Poly (I:C) stimulation. (B) confocal analysis of prohibitin expression using an
antibody to prohibitin (1:100 dilution) seen as red staining by using an Alexa Fluor 546
(1:500 dilution) labelled secondary antibody and actin phalloidin (1:25 dilution) which is
seen as green staining was employed as a cyto-skeletal control marker for FLS. DAPI
staining of nuclei is also included and seen as cyan staining. (C) immunoblot analysis of
basal and Poly (I:C) effected prohibitin levels in N and OA FLS, using an anti—prohibitin
antibody (1:1000 dilution) and loading control B-actin antibody (1:1000 dilution).
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Figure 5.11: Immunoblot and confocal analysis of caldesmon in N and OA FLS. N and
OA FLS were either treated with Poly (I:C) (10pg/ml) for 2h or left unstimulated. (A)
confocal analysis of caldesmon using an anti-caldesmon antibody (1:100 dilution) followed
by an Alexa Fluor 546 (1:500 dilution; red colour) labelled secondary antibody and actin
phalloidin (1:25 dilution). DAPI staining of nuclei seen as cyan staining. (B) immunoblot
analysis of basal and Poly (I:C) induced caldesmon levels in N and OA FLS, using an anti-
caldesmon antibody (1:1000 dilution) and loading control B-actin (1:1000 dilution).
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5.5. Discussion

Previous studies have assessed the secretory profile of normal and OA articular cartilage
by 2D-GE and MS (Garcia et al., 2006, Hermansson et al., 2004). Also, the proteome of
human normal articular chondrocytes was analysed as a preliminary study towards the OA
chondrocyte proteome (Ruiz-Romero et al., 2005). More recently, 2D-DIGE analysis of
normal and OA-affected articular chondrocytes was performed towards the identification
of differentially expressed proteins in these cells (Raquel et al., 2008). Regarding RA, a
number of groups have studied the RA FLS proteome by employing 2D-GE followed by
MALDI-MS wherein a number of potential autoantigens and proteins previously
implicated in RA disease pathology were identified (Dasuri et al., 2004). Using a gel based
MS approach, the mode of action of NSAIDs was studied and serine protease secretion
from RA-FLS was detected (Heum Park et al., 2006). In contrast to RA, a very limited
number of studies have been performed towards elucidating the molecular mechanisms
that modulate OA pathology. In this study, we adopted a novel approach namely DIGE
analysis towards understanding OA pathology. Additionally, we utilised N and OA FLS
stimulated with several TLR/RLR ligands to study the differential proteomic patterns
associated with OA progression at the molecular level. Furthermore, these protein profiles
may aid in identification of plausible anti-degradative, anti-proliferative and anti-
inflammatory therapeutics, which could resolve disease persistence and prevent joint

damage.

Several proteins with altered expression patterns were identified in our study, the majority
of which have been previously implicated in OA pathogenesis, such as constituents of key
metabolic reactions, cyto-skeletal machinery, cellular stress response and cell signalling
pathways (Ruiz-Romero and Blanco, 2009, Rollin et al., 2008, Ruiz-Romero et al., 2009a,
Raquel et al., 2008). All of the protein data has been summarised in the tables presented in
the Appendix. Several proteins identified though this study can be categorised into the
following groups, Cellular signalling group: annexin-1 and -5, gelsolin, galectin-1 and
vimentin; Protein folding group: cyclophilin A, heat shock proteins -10, -70 and -90,
glucose related proteins, TNFa-receptor-associated protein, endoplasmic reticulum
proteins; Cellular metabolism group: fructose-biphosphate aldolase, alpha enolase,
phosphoglecerate kinase and mutase, lactate dehydrogenase, ATP synthase; Cellular stress
balance or Redox balance: glutathione-S-transferase omega-1, Mn-superoxide dismutase;
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Cytoskeletal binding proteins: destrin, cofilin-1 and -2, gelsolin-like capping protein, LIM
and SH3 protein-1, annexin A2; Endopeptidase group: cathepsin D; Matrix synthesis:
chitinase-3-like protein-2 and -1; Proteosome group: proteosome activator subunit,
eukaryotic translation initiation factor. A majority of the identified proteins have been
implicated in various biological processes such as protein transport, carbohydrate
metabolic processes, electron transport, regulation of hydrolase activity, protein metabolic
processes, protein folding, cytoskeleton organisation, immune response and inflammation.
Activation of FLS by various TLR/RLR stimuli resulted in differential subset of protein
expression, which showed particular ligand-specificity. The functional group most affected
in both OA synovial tissue and treated FLS was cytoskeletal proteins, providing novel
insights in to cytoskeletal pathology in such joint disorders. A set of three distinct proteins
was studied in detail in this chapter, which showed consistent altered abundance in FLS

and grade-specific OA synovial tissues.

One such previously known protein identified though our current study, was vimentin, a
member of the intermediate filament family which plays a significant role in supporting
and anchoring organelles within the cytosol (Katsumoto et al., 1991). Recent studies have
indicated a potential role for vimentin in inflammation, since fragments of the protein have
been shown to be secreted by activated synoviocytes during inflammation (Mor-Vaknin et
al., 2003). Our study demonstrates an increased abundance in vimentin expression level
following stimulation with poly(l:C) and OA-SF and as well in grade-specific OA synovial
tissues, thus implying a ligand/disease induced disassembly of filaments (Figure 5.9).
Studies have demonstrated that an intact vimentin intermediate filament network
contributes to the maintenance of the chondrocyte phenotype and such an imbalance
favouring filament disassembly can disturb the integrity of the articular cartilage, and may
ultimately lead to the development of OA (Blain et al., 2006).

Likewise, a similar trend towards consistent increase in protein expression level was
observed with caldesmon, in N and OA FLS with Poly(l:C) stimulation. Caldesmon (CaD)
is an essential actin-binding protein, as it also binds myosin, calmodulin and tropomyosin
in addition to actin (Wang, 2008). Several important cellular processes have been reported
to involve changes of the actin cytoskeleton, which maintains and controls the cell shape in
concert with activities of the contractile apparatus as a result of cell signalling (Wang,
2008, Pollard and Borisy, 2003). Studies have reported that actin filament polymerization

and depolymerisation plays a key role in controlling a range of cellular phenomena
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including apoptosis, inflammation, cell division, migration, exo-and endocytosis, vesicle
trafficking and gene expression (Winder, 2003, Pollard and Borisy, 2003). Malfunction of
these processes may lead to pathological consequences, but how actin-mediated motility is
regulated is poorly understood (Wang, 2008). Studies have reported that over-expression
of CaD in nonmuscle cells has led to a number of conflicting phenotypes including
increases or decreases of focal adhesions and podosome structures, stabilized or disrupted
stress fibers, hampered or unaffected cell division process and enhanced or compromised
cell motility. Our current study demonstrates an increased expression profile for caldesmon
in OA, may imply a role of synovial inflammation inducing such overexpression of
caldesmon in FLS, more pronouncedly with Poly (I:C) stimulation, thus pointing at dSRNA
viral derived OA initiation.

Interestingly, we for the first time identified a novel protein named prohibitin 1, which
exclusively showed a decrease in expression in response to Poly(l:C) stimulation in N and
OA FLS when compared to respective cell type controls. Prohibitin 1 (PHB1) is a 30-32
kDa protein that belongs to a family of proteins that share an evolutionarily conserved
stomatin/prohibitin/flotillin/HfIK/C (SPFH) domain (Theiss and Sitaraman, 2011). It is
closely related to prohibitin 2 (PHB2), also called B-cell receptor-associated protein 37
(BAP 37) and repressor of estrogen receptor activity (REA) (Theiss and Sitaraman, 2011).
PHB1 is a multifunctional, pleiotropic protein which has been previously implicated in the
regulation of proliferation, apoptosis, transcription, mitochondrial protein folding, and as a
cell-surface receptor (Theiss and Sitaraman, 2011, Misha et al., 2006). This diverse array
of functions of PHBL is attributed to the cell type studied and its subcellular localization
(Theiss and Sitaraman, 2011). PHB1 has been reported previously to be localized typically
in the mitochondria or nucleus depending on cell type and situation (Theiss et al., 2007).

Interestingly, our present study demonstrates that PHB1 is localised to cytoplasm and cell
membrane in FLS, and may get localised to mitochondrion upon activation by Poly(l:C)
and in OA as such. The decrease in prohibitin staining observed in confocal analysis
(Figure 5.10, panel B), may partly be explained by such localisation of prohibitin to
mitochondrion and by employing a mitochondrial specific marker further conclusions can
be derived. Recent studies have indicated a diverse role for PHB1 in several disease
pathogenesis and suggested that targeting PHB1 may be a potential therapeutic option for
treatment of diseases including cancer, inflammatory bowel disease (IBD), insulin

resistance/type 2 diabetes, and obesity (Theiss and Sitaraman, 2011). Given that, these
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diseases are associated with increased oxidative stress and mitochondrial dysfunction
similar to OA (Ruiz-Romero et al., 2009b), it was critical to understand the role of PHB1
in such responses. Subsequently, studies in intestinal epithelial cells using in vivo models
of colitis and in-vitro models of oxidative stress or inflammation, have suggested that,
PHB1 protects these cells from inflammation-associated oxidative stress and may modulate
the inflammatory process (Theiss and Sitaraman, 2011). Likewise, studies have reported
that cell-surface associated PHB1 in intestinal epithelial cells bind to Vi polysaccharide
of S. typhi and inhibits the inflammatory response to S. typhi infection (Sharma and Qadri,
2004). Furthermore, PHB1 mRNA and protein levels were found to be decreased in
inflamed mucosa during IBD (Theiss et al., 2007, Hsieh et al., 2006) and in experimental
models of colitis (Theiss et al., 2007). Moreover, similar studies reported that, TNFa a key
cytokine that plays a central role in IBD, decreased PHB1 mucosal levels in-vivo and in
cultured intestinal epithelial cells (Theiss et al., 2009). These results suggested that TNFa
may contribute to the reduced levels of prohibitin in the mucosa of IBD patients and
exogenous expression of PHBL in intestinal epithelial cells can reduce the activation of the
NF-kB pathway, which plays a central role in inflammatory responses and also regulates
transcription of multiple cytokines (Theiss et al., 2009). Collectively, these results suggest
that PHB1 may be crucial in modulating inflammatory processes. Similar studies have
documented the anti-proliferative and anti-apoptotic activity of prohibitin in various cell
types (Jupe et al., 1995, Misha et al., 2006, Theiss and Sitaraman, 2011). Initial studies

indicated that PHB1 plays a role in tumour suppression in breast cancer via the 3’

untranslated region of the PHB1 gene which encodes a functional RNA that blocks
transition between the G1 and S phases of the cell cycle, thereby arrests cell proliferation
(Manjeshwar et al., 2004, Manjeshwar et al., 2003).

Nevertheless, further studies in breast and prostate cancer cell lines indicated that a portion
of PHBL1 is localized in the nucleus and interacts with and regulates the tumour suppressor
protein p53 (Fusaro et al., 2003). It was reported that, PHB1 co-localizes with p53 in breast
carcinoma cell lines and its binding to p53 increases p53 transcriptional activity via
increased DNA binding (Fusaro et al., 2003). It was also shown that PHBL1 is degraded
during Skp2B overexpression in breast cancer lines and this subsequently causes
attenuation of p53 activity in vivo and in vitro (Chander et al., 2010). Collectively these
results suggest that, PHBL1 is required for maximal p53 transcriptional activity and may
play a critical role in p53 checkpoint control of the cell cycle.
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Apoptosis which ensures removal of cells from tissue is known to be tightly regulated, by a
range of death signals such as p53, and dysregulation or lower expression of such signals
leads to reduction of apoptosis. The subsequent impairment of apoptosis can lead to
accumulation of cells which play a key role in the hyperplasia of the synovium observed in
OA and RA (Ospelt et al., 2004, Ospelt and Gay, 2008). Studies have stated that an
impairment of p53 mediated apoptosis in FLS, contributed significantly to the thickening
of the synovial lining layer (Perlman et al., 2001, Ospelt and Gay, 2008, Ospelt et al.,
2004). Our current study demonstrated that drastically decreased levels of prohibitin in
response to Poly(l:C) stimulation in N and OA FLS, besides OA itself. This might thus
impair p53 activation and apoptosis in FLS, and thereby ultimately lead to synovial
hyperplasia, inflammation and joint destruction. It is also thought that FLS being
mesenchymal stem cell look-a-likes, may allow these cells to attain certain characteristics
of other cell types such as chondroblasts, osteoclasts, myocytes, and adipocytes, which are
residents of the joint space (Buckley et al., 2001). This could in part explain the diversity
of functional properties that FLS posses upon TLR activation and this could contribute to
their ability to proliferate themselves, activate and hold on to cell infiltrates and eventually

transform into a devastating population of cells (Firestein, 1996).

In the current study, we have also demonstrated that, the C3b-component of complement
was decreased in grade-2 OA synovial tissue proteome, which may also be attributed to the
decreased PHBL1 levels in OA-FLS, owing to the findings by other groups. C3 is an
essential component of the innate immunity and is involved in all three pathways of
complement activation (Fujita et al., 2004). Studies have reported that the ability of PHB1
to bind to, and activate C3 may suggest that PHB1 may have a previously unrecognized
role in innate immunity (Misha et al., 2007). Moreover, it has been reported that PHB1
binds to C3, and appears to be able to induce a conformational change that enhances
activation of C3, and PHB1 did not enhance complement activation in C3 depleted serum
indicating that binding of PHB1 to C3 is necessary for this effect, while, PHB2, which
shares approximately 74% homology with PHB1, was not able to activate complement
(Fujita et al., 2004, Misha et al., 2007). A potential role of PHBL1 in immunity is also
suggested by the observation that PHB1 is found on the plasma membrane of human
intestinal epithelial cells (Sharma and Qadri, 2004), and lymphocytes (Woodlock et al.,
2001, Terashima et al., 1994).
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Owing to our current PHB1 analysis, we hypothesise that a plasma membrane PHB1 may
also be available on FLS, which on an encounter with dsRNA may localise to the
mitochondria, thereby may induce p53 and C3b suppression, impair apoptosis and induce
cell proliferation ultimately leading to synovial hyperplasia, inflammation, joint
destruction and OA. Taken together our data suggests that, PHB1 may be considered as a
probable biomarker for tracking synovial inflammation in OA.

In the future, validation of the expression levels of these three proteins will be carried out
in the grade-specific OA synovial tissue samples and it is anticipated that validation of
these proteins in serum or synovial fluid will also be carried out as these are more easily
available in the clinical setting. Furthermore, at a functional level, multiple culture
systems, such as patient derived whole tissue explant cultures and mono-cultures such as
fibroblasts and chondrocytes will be used to examine the mechanistic function of these
proteins and their role in driving the pro-inflammatory response in OA. Laser capture
micro-dissection of grade-specific OA-synovial tissue biopsies, coupled with MALDI-
Imaging, which enables direct tissue profiling, will be employed to generate and evaluate
grade-specific OA synovial biomarkers. Additionally, a software package known as
pathway studio will be employed to map the DIGE and 2D-GE LC-MS identified proteins
onto characterised human pathways and networks that associate proteins based on known
protein-protein interactions, mMRNA expression studies, and other biochemical interactions.
Subsequently, pathways and networks associated with altered grade-specific OA synovial

proteins and TLR/RLR induced proteins in FLS will be generated.
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Chapter 6

General Discussion
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6.1. General discussion

OA is the most frequent rheumatic disease and is the leading cause of disability in
developed countries. Over the coming decades, as the populations of developed nation’s
age, there is an absolute requirement for the better understanding of OA and for improved
therapeutic alternatives. The poorly understood pathophysiology of OA limits the
discovery of targets for pharmacological intervention, and therefore only few effective
medical treatments beyond pain control and surgery are available. The traditional view of
OA as a cartilage only disease is superseded and OA is now considered to be a whole joint
disease that primarily includes the synovial tissue (Ayral et al., 2005, Sellam and
Berenbaum, 2010b, Attur et al., 2010). Wherein, bone, cartilage and synovium
communicate by way of cell-cell interactions, through the release of soluble mediators and
via mechanical signals. Synovial inflammation, despite not being a prerequisite for the
development of OA, is clearly involved in cartilage breakdown and thus in the progression
of the disease and is currently used as a predictive factor of structural progression of knee
OA (Ayral et al., 2005, Sellam and Berenbaum, 2010b, Scanzello et al., 2011a, Attur et al.,
2010). Reports have suggested that targeting the inflammatory synovium should delay or
prevent articular cartilage damage and the formation of osteophytes, especially in early OA
and as well preclinical and/or clinical studies of anti-cytokine molecules and inhibitors of
signalling pathways would help to clarify the role of synovitis in OA (Sellam and
Berenbaum, 2010b, Benito et al., 2005, Attur et al., 2010).

Inflammation of the synovium or synovitis is believed to be due to a combination of
extensive angiogenesis, synovial hyperplasia, infiltration of cells from the circulation and
an impairment in apoptosis, which are clearly marked high even in early OA patients with
minimal radiographic features of OA progression (Benito et al., 2005, Shibakawa et al.,
2003, Ashraf and Walsh, 2008, Hutton et al., 1987, Bonnet and Walsh, 2005, Myers et al.,
1990). In inflammatory arthritis, the phenotype of the synovial tissue changes into an
activated proliferative (OA), invasive (RA) tissue (Sellam and Berenbaum, 2010b). This
uncontrolled process of tissue growth leads to narrowing of the joint space and subsequent
increased efflux of synovial fluid, which results in swollen joints wherein, the tissue
proliferation is accompanied by the production of certain destructive enzymes namely
MMPs, eventually leading to cartilage and bone loss in OA (Sellam and Berenbaum,

2010b, Sutton et al., 2009). Histological synovitis is characterised by the thickening of the
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synovial lining, often called synovial hyperplasia, which can result in a cell depth of more
than 8 cells (Sutton et al., 2009).

Accordingly, in this study, in chapter 4, we have presented histological evidence of
persistent inflammation with synovial hyperplasia, inflammatory cell infiltration in
progressive grades of OA synovial tissue. Although inflammatory cells play an important
role in synovitis, the persistence of the inflammation and the proliferative feature of the
synovitis is largely attributed to FLS (Benito et al., 2005, Fernandez-Madrid et al., 1995,
Sutton et al., 2009, Buckley et al., 2001). Furthermore, there is increasing evidence that
FLS act as sentinel cells that contribute to OA pathogenesis through the secretion of a
variety of pro-inflammatory cytokines, adhesion molecules and chemokines such as IL-6,
IFNB, CCLS5, IL-8, which attract and retain large numbers of leukocytes in the synovial
tissue and as well secrete and induce MMPs responsible for eroding the cartilage in the
joint (Mdller-Ladner et al., 2007, Buckley et al., 2001, Sutton et al., 2009, Scanzello et al.,
2011b, Scanzello et al., 2009). Moreover, the proliferative feature of FLS in OA may be
attributed to an impairment of apoptosis, which contributes to the synovial hyperplasia.
Apoptosis, or programmed cell death, is tightly regulated and ensures the elimination of
cells from tissue. A wide variety of so-called death signals exists, and a lower expression
or deregulation of these signals leads to a reduction of apoptosis. Reduction of apoptosis
can lead to the accumulation of cells and could, in part, play a role in the hyperplasia of the
synovium. Accordingly, in this study we found a trend towards a decrease in the
expression of a key anti-proliferative and a pro-apoptotic protein named prohibitin (PHB1)
in progressive grades of OA synovial tissues (data not shown), and also in FLS upon Poly
(I:C) stimulation (a synthetic TLR3 agonist) (chapter 5). One possible outcome for such a
decrease in PHB1 levels in OA synovial tissues can be the higher expression of anti-
apoptotic proteins like Bcl-2 and suppression of tumour suppressor gene p53 which are
otherwise regulated by PHB1 (data not shown), whilst impair apoptosis in FLS and thereby
induce synovial hyperplasia (Kraan et al., 2000).

Our understanding of the mechanisms by which inflammation may contribute to joint
deterioration and symptoms in OA is continuing to expand. As discussed above, the pattern
of inflammatory cells and their products within joint tissues in OA suggests activation of
an innate immune response. Moreover, there is a growing array of innate inflammatory

ignition switches in OA (Liu-Bryan and Terkeltaub, 2012), wherein, TLR activation may
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play a crucial role in OA progression by mediating synovitis in FLS, possibly through
production of pro-inflammatory cytokines, chemokines and MMPs in the OA joint
(Scanzello et al., 2008, Sutton et al., 2009). Nevertheless, ddirect evidence for TLR
activation in OA development and progression has yet to be demonstrated, but their well
documented role in RA, SLE (Roelofs et al., 2008) and tissue injury (Kaczorowski et al.,
2008), suggests their importance in OA. Previously, it was shown that TLR2 and TLR4 are
present in the OA synovial membrane, but both are more highly expressed in RA synovial
membrane (Radstake et al., 2004). However, cultured synovial cells from both disorders
were equally responsive to the TLR4 agonist LPS (Ozawa et al., 2007) and to the TLR2
agonist peptidoglycan (Kyburz et al., 2003). In cartilage, TLR2 and TLR4 are upregulated
in lesional areas in patients with advanced OA (Kim et al., 2006). The same study
demonstrated the activity of these receptors in chondrocytes by in-vitro treatment with
their respective bacterial ligands. In a murine model of autoimmune arthritis (Abdollahi-
Roodsaz et al., 2008), TLR4 deficiency resulted in reduced disease severity reflected by
less cellular influx, cartilage damage and bone erosion. On the contrary, TLR2 knockouts
developed more severe disease, suggesting a protective role in this particular model. The
implication of these data to OA was unclear, but points to the complexity of TLR
responses in vivo and their possible interaction with other signalling pathways. Moreover,
Zhang et al., showed the differential regulation of TLR2 and TLR3 in OA cartilage
compared to normal. Wherein, they show that TLR2 was significantly downregulated and
TLR3 upregulated in OA cartilage compared to normal, where the upregulated TLR3
activation induced high MMP1 and MMP13 expression in OA chondrocytes perhaps
contributing to the increased MMP13 expression observed in OA cartilage (Zhang et al.,
2008).

In a recent study, Meng et al., found that TLR3 is the earliest and most prominently
upregulated TLR in splenic macrophages by screening the TLR expression profile in
pristane-induced arthritis (P1A), a MHC class Il-restricted and T-cell-dependent arthritis
rat model, wherein, down regulation of TLR3 expression modulated the severity of arthritis
(Meng et al., 2010). These findings regarding TLR3 provide an explanation for the
initiation of the inflammatory response in immune organs, but the roles of TLRs in local
inflammation of joints remain unclear. Recently, Zhu et al., reported that TLR3 can be
induced by arthritogenic T cells and then mediates the activation of synoviocytes in

particular synovial tissue resident FLSs in local inflammatory responses (Zhu et al., 2011).
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Therefore, we investigated which TLR is the key TLR in the synovium in knee OA and
whether triggering of the key TLR directly affects OA severity and how the key TLR in
FLS is induced to mediate the local inflammatory response. Accordingly, we found that
up-regulated TLR3 activation by exo and /or endogenous stimuli in OA-FLS secreted a
plethora of pro-inflammatory cytokines, chemokines and MMPs which may help facilitate
the progression of synovial inflammation (chapter 3 and 4). Previously, it’s known that
TLR pathways are activated during infections, contributing to an efficient host defense, but
are self limited with the clearing of the microorganism. Whereas, TLR pathways activated
during tissue injury can mostly lead in to uncontrolled TLR signalling which could further
theoretically lead to chronic and autoimmune joint diseases such as OA and RA. In
addition to up-regulated TLR expression, the availability of endogenous TLR ligands may

be responsible for the enhanced activity of the signalling pathways.

Endogenous ligands are thought to be released during tissue damage, necrotic cell death
and infections, which results in the release of extracellular matrix (ECM) components,
intracellular molecules and stress factors that are able to initiate an inflammatory response
(Searle et al., 1982). In contrast to apoptosis, necrotic cell death is typically associated with
inflammation. This is most likely due to the release of cell contents into the surrounding
environment leading to activation of adjacent cells (Edinger and Thompson, 2004).
Apoptotic cells retain their membrane integrity and are rapidly cleared by macrophages
before lysis (Platt et al., 1998). This has been demonstrated in DCs, which are activated by
exposure to necrotic cells but not apoptotic cells (Basu et al., 2000, Sauter et al., 2000).
The contents released as a result of ECM damage or cell necrosis may activate TLRs,
generating further inflammation and thus more tissue damage. This cycle of inflammation
may explain the chronic inflammatory state found in autoinflammatory diseases such as
RA (Fig. 2). Very recently, these mechanisms emerged as in case of TLR3, TLR5 and
TLR9 signalling in the gut, which can be protective as well as inflammatory and TLR2 and
TLR4 signalling in the lung, which has been shown to sense the integrity of the lung tissue
(Drexler and Foxwell, 2010). In addition, evidence is emerging that the joint may also be
an environment with distinct TLR mechanisms. It has been demonstrated that FLS from
RA patients are able to produce TNFa. in response to TLR3 stimulation, while human skin
fibroblasts are not (Lundberg et al., 2007). This could be due to the inflamed environment
these cells are derived from or a speciality of the synovial tissue in the joint in general.

These questions need to be addressed in the future. Furthermore, these studies also raise
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the possibility that the role of TLR signalling might not be restricted to innate immunity
but also involved in maintaining homeostasis of the tissue they are expressed in (Xiao et
al., 2007). The hypothesis of TLR involvement in tissue repair as well as inflammation is
supported by the increasing amount of evidence for endogenous TLR ligands (Brentano et
al., 2005, Drexler et al., 2006, Rifkin et al., 2005). The recognition of so called “danger
signals”, released following tissue injury and cell necrosis, would enable TLRs to survey
their environment and induce an inflammatory response in case of infection as well as a
proliferative response subsequent to injury (Jiang et al., 2005). Moreover, TLR stimulation
through endogenous ligands is increasingly implicated in chronic and autoimmune disease

onset and progression.

In a wide variety of diseases, cell death represents both an outcome and an important step
in pathogenesis. This duality occurs because cell death leads to the extracellular release of
molecules and structures (DAMPs, such as hyaluronan and fibronectin) that can potently
induce the innate immune system such as TLR4 and TLR2 (Scanzello et al., 2008). These
mediators also include the alarmins which are endogenous cellular constituents that exit
activated or dying cells to stimulate TLRs as well as non-TLR receptors. Alarmins like
RNA, high mobility group box-1 (HMGB1), can translocate from cells as they die. In
addition to alarmins, dead and dying cells can release subcellular organelles called
microparticles that contain cytoplasmic and nuclear constituents, including DNA and
RNA. These particles can impact on many cell types to induce inflammation (Pisetsky et
al., 2011). Microparticles are small membrane-bound vesicles that are released from
activated and dying cells by a blebbing process. These particles circulate in the blood and
display potent pro-inflammatory activities and are an important source of extracellular
DNA and RNA. The release of HMGB1, RNA and microparticles shows important
similarities, occurring with cell death as well as stimulation of certain but not all TLRs
(Pisetsky et al., 2011). These observations suggest that the products of dead cells can serve
as important mediators to drive immune responses and promote inflammation and

autoreactivity.

Inflammation of the synovial membrane that occurs in both the early and late phases of OA
is associated with alterations in the adjacent cartilage that are similar to those seen in RA
(Sellam and Berenbaum, 2010a, Benito et al., 2005). Catabolic and proinflammatory

mediators such as cytokines, nitric oxide and prostaglandin E2 (PGE2) are produced by the
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inflamed synovium and alter the balance of cartilage matrix degradation and repair, leading
to excess production of the proteolytic enzymes namely MMPs responsible for cartilage
breakdown. Wherein, cartilage alteration in turn amplifies synovial inflammation, creating
a vicious circle (Sellam and Berenbaum, 2010a). Additionally, previous studies have
reported that microparticles can activate FLS and aid in pathogenesis of arthritis (Jungel et
al., 2007). To support this, several groups have previously shown that, microparticles from
monocytes and T cells are present in high numbers in the synovial fluid from inflamed OA
and RA joints (Pap et al., 2000, Berckmans et al., 2002, Jungel et al., 2007), leukocyte
microparticles can induce the expression of proinflammatory cytokines by FLS (Distler et
al., 2005b), and microparticles can up-regulate the expression of MMPs by FLS (Distler et
al., 2005a). More, the results reported by Jingel et al., suggest that microparticles act as
novel signalling elements in arthritis, which, along with cytokines and direct cell—cell
interactions, can modulate fibroblast function and promote joint inflammation and
destruction (Jungel et al., 2007). The same group has also demonstrated a novel
mechanism by which microparticles can induce a proinflammatory phenotype in FLS.
They showed that microparticles strongly stimulate the production of PGE2 by FLS via up-
regulation of cyclooxygenase 2 (COX-2) and microsomal prostaglandin E synthase 1
(MPGES-1). The effects of microparticles in their study were observed in both RA and OA
FLS suggesting a common action not dependent on disease-specific effects. Thus, PGE2
production and the other actions of microparticles on FLS may be pathogenetic in several
arthritides. In addition, they also showed that microparticles activate NF-kB, AP-1, p38,
and JNK pathways in FLS and that they also transport arachidonic acid from leukocytes to
fibroblasts for conversion to PGE2 (Jiingel et al., 2007).

Together, these findings indicate that microparticles have diverse activities that lead to the
induction of PGEZ2 in the inflamed joint. As such, microparticles may serve as intercellular
signalling structures in the pathogenesis of arthritis, operating between soluble mediators
and cell—cell contact. Therefore, owing to the previously published studies and our current
findings in this thesis, we may hypothesise that, the microparticles available in the
microenvironment of OA synovial joints could potentially be either a source of
extracellular RNA themselves or carry the necrotic OA synovial fluid cell derived RNA to
FLS and thereby initiate an innate immune signalling cascade exclusively through TLRs.
Recently, Scanzello et al., have reported that, hyaluronan and fibronectin can act as

endogenous danger signals in inducing TLR2 and TLR4 activity in OA and tissue injury
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and also reported that soluble CD14 in synovial fluid from patients with OA and meniscal
injury modulates the response of OA-FLS to LPS through TLR4 (Scanzello et al., 2008,
Scanzello et al., 2011b). More recently, Nair et at., have shown that synovial fluid from
patients with early OA modulates FLS responses to TLR4 and TLR2 ligands via soluble
CD14 and also speculated the effect of OA-SF on other TLR ligands including candidate
endogenous ligands (Nair et al., 2012). Moreover, Kariko et al., have previously
demonstrated that stimulation of TLR3 is not restricted to viral RNA, but also results from
incubation with in vitro—transcribed mRNA and mRNA released from necrotic cells. These
results have established that dsSRNA sequences contained in mRNA may serve as an
endogenous TLR3 ligand (Kariké et al., 2004). Furthermore, Brentano et al., have
reported that necrotic cells may be found in arthritic joints as a result of inflammatory and
destructive processes, and can easily be detected in synovial fluid upon propidium iodide
staining and also indicated that RNA released from necrotic cells in synovial fluid can act
as an endogenous TLR3 ligand for the stimulation of pro-inflammatory gene expression in
FLSs (Brentano et al., 2005). Although necrotic cells are usually not present in large
amounts in the synovial tissue, apoptotic cells in synovial tissue may undergo secondary
necrosis (Wu et al., 2001). Although TLR3 is known to respond to RNA from necrotic
cells, the relative importance of this response in vivo during acute inflammatory processes
was first demonstrated by Cavassani et al., where they demonstrated that TLR3 is a
regulator of the amplification of immune response and serves an endogenous sensor of
tissue necrosis, independent of viral activation. Wherein, tlr3-/- mice showed regulated
peritoneal and systemic inflammation after tissue injury in the absence of a viral challenge
and also showed that in vivo, anti-TLR3 antibody attenuates the tissue injury associated
with gut ischemia and significantly decreased sepsis-induced mortality. Thus, they
speculated that the use of an antibody directed against TLR3 might serve as a therapeutic
clinical option in the treatment of necrosis-induced inflammatory events (Cavassani et al.,
2008). In the current study, we analyzed TLR1-9 expression in OA-FLS and synovial
tissues and found predominant upregulation of TLR3 gene and protein expression in
synovial tissues and FLS and thus studied its functional aspects in vitro and ex vivo
(chapter3 and 4). TLR3 was found to be strongly expressed in all samples derived from
grade-specific whole synovial tissues from (grade-1 through grade-4) patients with OA

compared to grade-0 healthy controls (data not shown).
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Furthermore, stimulation of cultured OA-FLSs with Poly(l:C) or grade-specific OA-SFs
resulted in increased TLR3 expression. In the current study, we found that cell-free
synovial fluid from patients with OA stimulated FLS. However, in this case, the presence
of cytokines such as TNFa and IL-6 and also possible stimulation with TLR2, 4 and 9
ligands, were not responsible for the stimulatory effect of OA-SF, as the respective
cytokine or TLR specific neutralisation antibodies did not show or block the pro-
inflammatory mediator activation effect of OA-SF in FLS. Interestingly, primarily TLR3
and to a less extent IFNP neutralisation, significantly inhibited the inflammation associated
OA-SF stimulatory effect in FLS. Similarly, the RNA-degrading enzyme RNase treatment
but not DNase treatment significantly decreased the response of N and OA-FLSs to the
necrotic cell derived RNA from OA-SFs (data not shown). These results indicate that
MRNA containing short dsRNA sequences that are released from necrotic synovial fluid
cells is sufficient to activate cultured human OA-FLS, resulting in the induction of pro-
inflammatory gene expression. These findings extend those of a recent study that
demonstrated the activation of human endometrial cells with U1 RNA containing dsRNA
repeats (Hoffman et al., 2004). Similarly, we in this thesis, have demonstrated the marked
expression of TLR3 in a majority of FLS from the synovium of patients with OA (grade-1
through grade-4) and the activation of OA-FLSs in vitro and whole OA synovial tissue
explants ex vivo, by dsRNA of synthetic (Poly (I:C)) or endogenous origin (RNA in OA-
SF).

Based on our findings, we propose that, in addition to stimulatory effects of cytokines,
local tissue destructive events, whether caused by a mechanical injury to the joint or by
other non infectious processes, may lead to the release of endogenous RNA, activating
tissue resident FLSs via TLR3. In susceptible individuals, increased TLR3 expression and
expression of tissue-destructive enzymes by OA-FLSs might then contribute to the
perpetuation of the disease. Taken together, our findings do specifically address the
initiation of OA disease, and are consistent with reports supporting a role for local
inflammation even in the early stages of OA. Recently Nair et al., showed a role for sCD14
in potentiating FLS responses to TLR2 and TLR4 ligands in both early and advanced OA
patients. CD14 has recently been demonstrated to participate in signalling and intracellular
trafficking of TLR3 (Lee et al., 2006), and owing to the observations in this study, it might
me proposed that the sCD14 accessible in the OA-SF might potentiate the tissue resident
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FLS responses to the necrotic cell derived RNA from the OA-SF in both early and
advanced OA patients.

Moreover, there is increasing evidence of therapeutic potential for signalling cascade
modification, and recent evidence suggests a role for NF-kB in OA, wherein, NF-xB is
previously known to be central to all TLR pathways. Recently, Chen et al., reported that,
an siRNA NF-kBp65 construct delivered intra-articularly 3 days following surgical
induction of OA in rat models, significantly reduced IL-1 and TNF levels in OA-SF and
minimized synovitis and articular cartilage damage at 14 days. This was the first study to
show the suppression of early experimental OA by in vivo delivery of the adenoviral
vector-mediated NF-kBp65-specific sSiRNA as a therapeutic strategy in a surgically
induced rat model of OA. It was a treatment study, as opposed to prevention, as NF-xB
was inhibited after induction of disease. This treatment approach limited cartilage damage
and synovial changes as observed 2 weeks after disease induction (Chen et al., 2008). In
another study it was found that the baseline production of IL-6, IL-8, MCP-1, MMP-13 (a
protease which is involved in cartilage collagen breakdown) was dependant on NF-«B.
This was done using an adenoviral vector to overexpress IkBa in FLS cultures derived
from OA patients. With further study, it was found that baseline and IL-1 stimulated levels
of A Disintegrin and Metalloproteinase with Thromospondin Motifs (ADAMTS)-4 was
also NF-kB dependant. ADAMTS-4 is thought to be responsible for the destructive
breakdown of cartilage aggrecans which is prevalent in human OA (Amos et al., 20086,
Bondeson et al., 2007). Although these two studies implicate NF-kB in mediating OA
disease progression, the relative contributions of specific stimuli such as TLR or cytokine
activity at different stages of disease remained unclear. Recently, it was reported that
endogenous stimuli in OA may lead to the activation of TLR2 and TLR4 initiating a
signalling cascade which eventually resulted in the activation of transcription factors such
as interferon-regulatory factors (IRFs), AP-1 and NF-xB which increased the transcription
of inflammatory associated genes (Scanzello et al., 2008). Thus far, NF-xB was known to
be central to all TLR pathways. Herein, we found that TLR3 in OA FLS and synovium,
upon engagement with Poly (1:C) or abundantly available RNA from necrotic cells in OA-
SF lead to the activation of the TLR3-TRIF pathway dependent NF-«kB and IRF3, 7 and 9
equally, towards inducing the inflammatory milieu that is prevalent in the synovium and

joint during OA progression.
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Furthermore, it is now known that the OA process leads to pathological changes in all the
tissues of the joint including the articular cartilage, bone, and synovium. These changes
result from the actions of molecular mediators released during the disease process such as
cytokines, chemokines and MMPs. The breakdown of articular cartilage matrix has been
related to the actions of various proteolytic enzymes such as collagenases or MMPs.
Various inflammatory cytokines and growth factors have been demonstrated to augment
protease production as well as promote changes seen in bone and synovium. Although
mechanical stimulation of cartilage may play a role in the induction of some of these
mediators of tissue damage, there is evidence that TLRpathway activation may also be
important. It was reported that the progressive articular cartilage matrix loss is mediated
primarily through MMPs such as MMP-1, 3, 9 and 13 in OA (Sandy, 2006). Therefore, the
regulation of these MMPs in joint tissues is of great interest. There is emerging evidence
that MMP production may result from TLR pathway activation. Most recently, ligands for
TLR2 were shown to induce MMP-1 and MMP-13 production by chondrocytes from OA
(Zhang et al., 2008). Furthermore, in RA synoviocytes, production of MMP-1, MMP-2,
MMP-3, and MMP-13, was seen to be dependent on the TLR pathway adaptor proteins
MyD88 and Mal/TIRAP (Sacre et al., 2007). Previously, synoviocyte expression of MMP-
1 and MMP-3 was shown to be augmented by the TLR2 ligand peptidoglycan (Kyburz et
al., 2003). So, there are numerous in-vitro reports linking synovial or chondrocyte
production of MMPs to TLR activation. Herein, we have demonstrated that the key OA
associated MMP1, 3, 9 and 13 are TLR3-TRIF pathway dependent, wherein, the regulation
of these MMPs was shown with neutralisation of surface bound TLR3 in OA-FLS.
However, confirmation using murine OA models is necessary, as in-vivo regulation is

likely to be extremely complex.

Moreover, FLS are long known to play a significant role in synovial joint homeostasis
through the direct secretion of pro-inflammatory cytokines and through their synergistic
effects on other cells within the joint. Nevertheless, the relative impact of each cytokine
produced by synovial tissue and their stimuli on OA pathogenesis was poorly understood
so far. Here in this study we have also demonstrated that IFNf is one such cytokine which
can significantly induce TLR3 expression in FLS in absence of any exo/endo-genous
stimuli, and as well in-turn gets induced predominantly by Poly(l:C) and grade-specific
OA-SF, and thereby predominantly induces RANTES, TNFa, IL-6, IL-15, IL-8, IL-1P and
MMPs 1, 3, 9 and 13 gene and protein expression in OA-FLS, thus TLR3-mediated IFNf
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signalling was found critical and studied therefore (chapter 3 and 4). Furthermore,
Magnusson et al., reported that arthritis triggered by dsRNA is associated with the ability
to produce type | IFNs and is critically dependent on type | IFN receptor / IFNAR
signalling prevalent in the joint tissue. Also, the intrinsic arthritogenic properties of IFNf3
implicate a role of this cytokine in joint manifestations triggered by various interferogenic
stimuli (Magnusson et al., 2006). Furthermore, Matsumoto et al., provided evidence for
TLR3 mediated Type 1 IFN induction by RNA and Poly(l:C)(Matsumoto and Seya, 2008).
Accordingly, in the current study we found a trend towards increased levels of IFNf
detected in the progressive grades of OA-SFs and also demonstrated a marked induction of
IFNB gene and protein levels in OA-FLS and synovium in a TLR3 dependent manner upon
stimulation with Poly(l:C) or OA-SF. The relevance of this observation to disease activity
and progression of OA is unknown, because the IFN pathway can be either detrimental or
beneficial depending on the relative balance of IFNP, IL-1 receptor antagonist, and
proinflammatory chemokines such as RANTES. Accordingly, in the current study we
found significant amounts of IFNJ in progressive grades of OA synovial fluid and also
showed that upon Poly (I:C) stimulation, both early and late OA patient derived FLS and
whole synovial tissue explants cultures produced marked amounts of IFNB which could
have potential detrimental effects on the OA synovium owing to its unregulated levels in
the synovial fluid. Also, studies have shown that IFNp triggers experimental synovitis and
may potentiate chronic inflammatory and auto-immune diseases in humans (Rosenbach et
al., 1984, Akbar et al., 2000, Stark et al., 1998) and increasing evidence shows a role for
targeting signal transduction involving IRF3 and IRF7 transcription in inflammatory joint
pathologies towards the regulation of Type | IFN production (Berenbaum, 2004, Honda et
al., 2006, Sweeney, 2011).

Moreover, the regulatory role of various members of the IRF family such as IRF3, IRF5
and IRF7 have already been well characterised and elucidated in TLR signal transduction
pathways and numerous studies have now shown the potential role of IRF3 and IRF7 as
valuable molecular targets for therapeutic interventions to prevent inflammatory diseases.
In the current study, we propose that necrotic cell derived RNA from the grade-specific
OA-SF could potentially induce IRF3, 7 and 9, but not IRF5 in FLS. Whilst, IRF9 is
known to play a crucial regulatory role in JAK-STAT IFNAR signalling pathways for the
stimulation of IFN-responsive genes (Schindler and Brutsaert, 1999), in this study we have

shown that IRF9 plays a very significant and vital role in the TLR signalling pathway
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towards the production of Type | IFNs itself and the exact mechanism and functional
characterisation of IRF9 in TLR signalling is currently been investigated in the lab.

Furthermore, it was recently reported that IRF3 rather than IRF7 regulates Poly (I:C)
induced type | IFN responses in human synoviocytes by increasing ISRE promoter
activity. IRF3 also partially regulates expression of other cytokines and MMP through
activation of c-Jun and the AP-1 promoter site (Sweeney et al., 2010). Targeting
synoviocyte IRF3 represents a potential approach to suppress diverse mediators while
limiting suppression of IRF7-mediated immune responses. Because IRF3 is constitutively
expressed and involved in immediate antiviral responses, inhibition might alter early innate
immunity. IRF7 is expressed in a more restricted fashion and is induced transiently in most
cells after IFNpB production is initiated. IRF7 can also serve as a critical checkpoint in
adaptive immune responses and Ag presentation and might be more important in later
stages of arthritis. Thus, targeting the innate signalling pathways such as TLR3 and IFN
signature can be complex and requires a detailed understanding of each component.
Considering the potential pathogenic role of IFN in chronic and autoimmune disease and
the delicate balance between anti- and proinflammatory effects, dissecting the IFN
response could have important therapeutic and safety implications. Our studies are limited
to human FLS, and the overall effect of blocking TLR3 might depend on species, cell
lineage, and the microenvironment. On the basis of the FLS data presented in this thesis,
targeting TLR3 could potentially inhibit IRF3 and IRF9 activation via PRD I-111 domain
and NF-kB via PRD II domain of IFNB promoter which otherwise mediated synovial
inflammation in an autocrine and paracrine fashion, while sparing the critical functions of
IRF7 in FLS upon potential encounter with poly (I:C), RNA or micro particles from OA-
SF.

Taken together, the work in this thesis has been performed to provide further evidence in
support of our hypothesis that TLR3 over-activation is a key mediator in synovial
inflammation in OA. The study presented in the thesis has demonstrated that TLR3 is
abundantly expressed at both the mRNA and protein level in the OA synovial tissue and
FLS. These findings provided the precedence for the present study. In this thesis we have
considerably increased the understanding of the role of TLR3 hyper-activation in synovial
inflammation. New data presented herein clearly demonstrates a critical role for TLR3

over-activation in mediating broad range of inflammatory events namely, pro-
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inflammatory cytokine, chemokine and MMP secretion, thus perpetuating synovial
inflammation and ultimately leading to joint destruction in OA. We demonstrated that
Poly(I:C) and OA-SF (with probable RNA from necrotic cells) induces the potent
inflammatory mediators in OA-FLS and grade-specific OA whole tissue explants both in-
vitro and ex-vivo. We also provide a significant body of evidence using in vitro and ex vivo
studies which correlate with matched patient-derived clinical data that TLR3 hyper-
activation participates at multiple stages in the pathological processes of synovial
inflammation in OA. Interestingly, the key role of TLR3 activation by Poly(l:C)/ RNA
from necrotic cells of the OA synovial fluid was confirmed and evaluated through
neutralisation of TLR3 expression which shifted the balance from pro-inflammatory to an
anti-inflammatory cytokine milieu. Thus, our data suggests that TLR3 hyperactivation
plays a key role in perpetuating synovial inflammation in OA and suggests that therapeutic
intervention of OA may be achieved through TLR3 blockade. Furthermore, this evidence
provides a sound rationale to develop synovial tissue and in particular FLS targeted
therapy, through the control of inflammation by the inhibition or regulation of TLR3
mediated inflammatory cascades. In light of the previous known functions of TLR3 in
arthritis, these results provide compelling evidence for TLR3 as a potential therapeutic

target in the control of synovial inflammation in OA and are depicted in Figure 6.1.
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Figure 6.1: Schematic representation of TLR3 intervention in OA. Immunomodulatory
and signal transduction modulatory effect of TLR3 blockade in OA-FLS through regulation of
key OA associated inflammatory mediators, namely, IFNf, RANTES, TNFa, IL-6, IL-8, IL-18,
IL-15, MMPs 1, 3, 9 and 13. Sensing of dsSRNA/Poly (I:C)/cell free RNA from necrotic cells in
the synovial fluid or joint by TLR3 results in the assembly of a receptor complex at least
comprising the adaptors TRIF, TRAF6 as well as the kinases RIP1, TBK1 and the IKKe. RIP1
and possibly TRAF6 mediate TLR3-dependent transcriptional activation of NF-kB possibly
through TAKL/TAB1, leading to the binding of NF-kB to the PRDII domain of the IFNf
promoter. Whereas, TBK1 and 1KKe seems to be essential for the transcriptional activation of
IRF3, 7 and IRF9 (by an unknown mechanism (dotted line), leading to the binding of IRF3, 7
and 9 to the PRDI-IIl domain of the IFNB promoter. Together, these resulted in increased
expression and release of key inflammatory mediators in an autocrine and paracrine manner in
OA-FLS thus maintaining a vicious inflammatory loop. Neutralisation of surface bound TLR3
utilising an anti-TLR3 antibody potently inhibited the translocation of IRF3 and 9 through
PRDI-I11 domain and NF-«xB through PRDII domain of the IFNB promoter, thereby blocking the
excess expression and release of key OA associated inflammatory mediators in the joint and thus

breaks the vicious inflammatory loop. Hence, TLR3 is a critical target for OA disease
intervention.

313



Proteomics, which enables large scale analysis of gene expression at the protein level is
widely acknowledged to be an important tool in identifying new biomarkers and providing
information on disease process and pathogenesis (Meyer and Stuhler, 2007). With the
introduction of proteomics, it has become possible to simultaneously analyse changes,
including post translational modifications in multiple proteins. Thus, proteomic
technologies may help in identifying new targets, diagnostics or therapeutic biomarkers for
OA. Based on previous studies, we employed this technique to reveal differentially
regulated proteins mediating TLR/RLR-induced inflammation in the joint. We also used
grade-specific OA whole synovial tissue explants which mimic the in vivo joint
environment and enable cell-cell contact. We demonstrated altered expression of several
proteins in response to Poly (1:C), in particular caldesmon and vimentin which are involved
in cytoskeletal assembly and cell migration and a novel protein prohibitin (PHB1),
involved in cell-proliferation, apoptosis and complement activation. Our results in chapter
5 demonstrated that, decreased PHB1 expression levels in both N and OA FLS, were
primarily induced by Poly (1:C)-a synthetic mimic for dSRNA, which is previously shown
by us in chapter 3, to solely activate TLR3 signalling in OA-FLS. Given these findings, it
would be crucial to employ an anti-TLR3 antibody to neutralise the overactivated TLR3
expression in FLS, to restore PHBL1 levels in FLS, as it was previously reported by other
groups that, restoring PHB1 levels in intestinal epithelial cells can combat the damaging
effects of oxidative stress on mucosal barrier function, where reduced levels of PHB1 lead
to oxidant-induced loss of mucosal integrity and function during intestinal inflammation
(Theiss and Sitaraman, 2011). Similarly, another report stated thatover-expression of
PHBL1 can protect against the damaging effects of oxidative stress, therefore restoring or
increasing PHB1 expression in IBD patients has become a potential therapeutic strategy to

prevent mucosal barrier disruption by increased oxidants (Theiss et al., 2007).

The potential of PHB1 to interact with tumour suppressor proteins and transcription
factors, inhibit oxidative stress and mitochondrial dysfunction, act as a cell-surface
receptor for the vasculature of adipose tissue, and modulate cell proliferation and
apoptosis, suggest that PHB1 harbours great potential for the development of therapeutic
agents for obesity, diabetes, cancer (Theiss et al., 2007), and chronic inflammatory
diseases such as OA. Depending upon the disease state, therapeutic potential exists in
altering the levels of PHB1 expressed in affected cells, such as in diabetes or inflammation,

altering the subcellular localization of PHB1 expression, such as in cancer, or targeting cell
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surface PHB1, such as in obesity. Owing to our current PHB1 analysis data provided in
chapter 5, we hypothesise that plasma membrane localised PHB1 may also be available on
OA-FLS, which on an encounter with viral dSRNA or RNA from necrotic cells, may
localise to the mitochondria and thereby may induce p53 and C3b suppression, impair
apoptosis and induce cell proliferation ultimately leading to synovial hyperplasia,
inflammation, joint destruction and OA. Taken together our data suggests that, PHB1 may
be considered as a probable biomarker for tracking synovial inflammation in OA. The
multiple functions of PHB1 are only beginning to be elucidated, but it is clear that this

protein provides new avenues for therapeutic-based research (Theiss and Sitaraman, 2011).

Given that analysis of synovial tissue in combination with synovial fluids could reveal
biomarkers secreted by various types of synovial membrane cells as disease progresses
from early clinically unapparent disease to established chronic inflammation, we have
investigated the proteome of grade-specific OA synovial tissue biopsies and found drastic
alterations in few protein profiles, which are as follows; Grade-1 OA versus Grade-
0/Healthy control: a decrease in S100-Al1, which negatively regulates cell proliferation
and DNA replication, and as well known to modulate cartilage matrix catabolism in OA
(Sakaguchi and Huh, 2011, Cecil, 2008) and an increase in cyclophilin A, which
accelerates the folding of proteins and is also known to interact with HIV-1 Capsid protein
(Luban et al., 1993) and may contribute to the inflammatory processes in arthritis through
MMP and inflammatory cytokine secretion (Kim et al., 2005) and may also contribute to
cartilage degradation in OA (Cloos and Christgau, 2002); Grade-2 OA versus Grade-
O/Healthy control: an increase in heat shock 60 kDa protein 1 and a decrease in ATP
synthase, galectin-1 and complement C3b expression were found. Wherein, galectin-1 is
known to regulate apoptosis, cell proliferation and cell differentiation (He and Baum,
2004) and a major regulator of inflammatory response (Rabinovich et al., 2002); Grade-3
OA versus Grade-0/Healthy control: a decrease in ATP synthase and an increase in heat
shock cognate 71kDa protein was found; Grade-4 OA versus Grade-0/Healthy control: a
decrease in alpha-enolase and an increase in SH3 domain-binding glutamic acid-ric-like
protein was found. The majority of these proteins identified through our DIGE proteomic
study with drastic grade-specific altered expression patterns, have been previously
implicated in OA pathogenesis (Ruiz-Romero and Blanco, 2009, Rollin et al., 2008, Ruiz-
Romero et al., 2009, Raquel et al., 2008), and thus imply a significant role for these

proteins as grade-specific synovitis markers, although further quantitative validation is
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required. Initial validation of these protein markers will be carried out in synovial tissue
samples of OA patients, in addition to serum and synovial fluid.

Furthermore, at a functional level, multiple culture systems, such as whole tissue explant
cultures and mono-cultures of cell types such as fibroblasts and chondrocytes will be used
to examine the mechanistic function of these proteins and their role in driving the pro-
inflammatory response. Finally, validation of these proteins that are altered in a grade-
specific synovial tissue, following proteomic analysis will be performed using immune-
blotting, ELISA, and immunochemistry. Additionally, we plan to utilise MUDPIT
(multidimensional protein identification technology), a more recent technology used to
validate biomarkers in proteomics. Thus, the study of the synovium using various
proteomic platforms should be considered as a key to our understanding of the stages of
cellular pathology involved in the development of joint diseases as unlike cell monolayer
and 3D cultures, synovial tissue explants retain their extra cellular matrix, providing native
substrates for proteolysis and protein release, leading to the identification of other
important markers of synovial tissue inflammation and joint destruction (Gibson and
Rooney, 2007). It is unlikely that a single biomarker, highly specific for inflammatory
arthritis will be identified, however panels of biomarkers from the proteome in
combination with markers from the peptidome, fragmentome and degradome will
undeniably enhance the ability to diagnose and treat arthritic conditions at an early stage

and further pave the way for individual and novel therapeutic intervention.

Furthermore, a common feature of several chronic and autoimmune diseases (e.g. SLE) is a
defect in the induction of apoptosis or a defect in clearing cell debris (Yu et al., 2008) and
a similar defect in pro-apoptotic signals, perhaps via PHB1, was found in OA FLS and
synovial tissues upon Poly(l:C) or OA-SF stimulation. One possibility is that a genetic
predisposition together with environmental factors, e.g. smoking (Koarai et al., 2012), and
mechanical injury may induce the release of danger signals such as necrotic cell RNA,
which would lead to the activation of TLR3 in OA resulting in inflammation.
Subsequently, more cells undergo necrosis as a consequence of inflammation and release
more danger signals. TLR3 might therefore play a major part in chronic inflammatory
disease such as OA progression. The treatment of inflammatory diseases has so far relied
on broad spectrum inhibitors of inflammatory mediators, e.g. TNF (Feldmann, 2002).

These therapies have no cure and need to be applied over a long period of time, which
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results in side effects, e.g. increased infections, as the immune system is globally inhibited.
Thus, targeting certain TLRs such as TLR3 in OA, might provide a more specific target for
the treatment of such inflammatory diseases. Since the variety of TLR ligands released in
one particular disease might be limited, targeting the TLRs involved would permit the
function of other TLRs to remain intact. Therefore, the immune system would not be
globally affected and the side effects of the treatment reduced. Such a therapy might also
break the vicious cycle of inflammation and release of danger signals such as necrotic cell
RNA and/or microparticles in OA synovial joints, and might therefore cure the disease
rather than just dampening it. Further characterisation of the distinct TLR mechanism in
specific tissues may be intensified through the use of specific blocking antibodies, such as
the one we described in this thesis, detailing neutralisation of surface bound TLR3
expression in OA-FLS and synovium as such can potentially break the vicious cycle of
TLR3 mediated IFNf signalling in perpetuating the inflammatory milieu aiding in OA
progression and irreversible joint damage, also signifying a pivotal role for TLR3 rather
than RLR (RIG-1/MDA-5) association and activation in OA progression.

The eventual goal of research into the specifics of signalling cascades is to identify a target
within a dysregulated system whose inhibition can maximise the reduction in disease
pathology whilst minimising systemic effects in the host. This can only be achieved when
our understanding of these pathways is extensive enough to enable us to predict the likely
effects of any intervention in the targeted host tissues. Thus, increasing our understanding
of signal transduction pathways and the effect of expressed proteins can have a positive
therapeutic effect. The more we can close in on the causative agent in the pathology of a
certain disease, the less we will have to disrupt peripheral proteins for its treatment or
inhibition. Accordingly, our current data suggests a key role for TLR3 and its signalling
pathway hyperactivation in FLS in perpetuating synovial inflammation in OA through
perpetuating the inflammatory milieu in the synovium and also possibly through
impairment of PHB1 levels in FLS possibly through binding with IRF9, thereby impairing
cell cycle regulation and apoptosis eventually leading in synovial hyperplasia and
prolonged lymphocyte survival and chronic inflammation. Our data also sheds light on the
regulatory and immunomodulatory and signal transduction modulatory effects of TLR3
intervention employing anti-TLR3 antibody approach in FLS, wherein, a similar approach
of TLR3 blockade through neutralisation of surface bound TLR3 expression in whole

synovial tissue explants is currently undertaken and we are awaiting the results.

317



Identification of methods for the early diagnosis of synovitis is of key importance, since
therapeutic interventions aimed at blocking or reversing structural damage will be more
effective when there is the possibility of preserving normal homeostasis. At the later stages
of OA, cartilage tissue engineering with or without gene therapy will also require anti-
cytokine therapy to block damage to newly repaired cartilage. Thus, through our findings
in this thesis, we hypothesise that TLR3 and PHB1expression in FLSs can be utilised as an
early synovitis marker in OA and a combinatorial blocking of TLR3 and IFNf expression

in OA synovial tissues may have beneficial effects in synovitis mediated OA progression.

6.2. Future work

In this study, we have provided a wide body of in-vitro and exvivo evidence to support a
central role for TLR3 over-activation in FLS, in the pathogenesis of OA through synovial
inflammation and joint damage. We also have provided a significant body of evidence for
the immuno-modulatory properties of TLR3 neutralising antibody through regulating
TLR3 expression and the downstream inflammatory cytokine-chemokine-MMP cascades.
We also have identified a number of proteins which are altered in response to Poly (I:C)
and OA-SF in FLS, which may play a key role in the pathogenesis of OA. Thus, future

work would be directed towards evaluating the followings objectives.

1. The potential of cell free OA-SF, necrotic cell derived RNA from the OA-SF and
microparticles isolated from OA-SF, to activate TLR3 in whole synovial tissue explants,
synoviocytes and chondrocytes will be performed, which further paves way for exploring
the signalling pathways induced through OA-SF, and may provide probable molecular
targets to alleviate synovial inflammation in OA. Moreover, to elucidate the importance of
TLR3 activation in OA, we plan to test the effect of Poly (I:C), and its blockade on,
inflammatory processes in-vivo and ex vivo, therefore, the effects of TLR3 blockade on ex-
vivo synovial biopsy explants and stage-specific OA patient derived FLS utilising specific
TLR3 directed antibody will be examined. Further validation of TLR3 as a molecular
target for the intervention of OA will be performed using a STR/ort mouse model of
spontaneous OA and also the functional characterisation of the same will be evaluated in
TLR3-/-mice.
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2. In the future, quantitative validation and localisation of the protein markers e.g.,
PHBL1 in chondrocytes and other cell types in the synovium is required. Likewise, further
validation of anti-TLR3 antibody efficacy in the curtailment of the inflammatory milieu in
OA synovial explant cultures is required, as is the ability of PHB1 restoration to block OA-
FLS proliferation. The quantitative validation and mapping of key protein markers
identified through proteomics in Poly (I:C) treated FLS namely, PHB1 in chondrocytes and
other cell types in the synovium will also be required. Also, the future work holds promise
to validate and functionally characterise the role of PHB1 and IRF9 in TLR3 signalling in
OA upon physiologically relevant endogenous stimuli. Likewise, validation of the ability
of an anti-TLR3 antibody to restore PHBL1 levels in OA-FLS, OA synovial explant cultures
and other monolayer cell cultures in the synovium is worthy of further investigation..
Further investigations are in progress to define the role of TLR3 in various cell types
present in the synovial tissue and the communication pathways that occur between

cartilage, subchondral bone and synovial tissue.

3. Future research may determine the role of TLR3 over-activation in ageing, arthritis
and obesity, in relation to the outcome of diabetes common to all three states and is largely
known to associate with OA progression. Therefore, a comparative TLR and proteomic
profiling may be made of the morphology, composition and function of synovial adipose
tissue (SAT) to subcutaneous white adipose tissue (SWAT) from patients with OA and
metabolic syndrome. Subsequently, functional characterisation through invitro studies may
be investigated to ascertain the involvement of TLR3 activation in pro-inflammatory
events in SAT and OA- FLS. We hope that outputs will shed light on common mechanistic
pathways involved in disease pathogenesis which can be exploited for prevention or
treatment of inflammatory diseases such as OA or the metabolic syndrome in relation to

ageing.

In summary, these studies would prove useful in elucidating the differential activation of
TLRs, in particular TLR3 expression during physiologic and pathophysiologic states.
Overall, these future studies would provide further insights into the role of TLRs in the
synovium in normal physiologic and pathophysiologic states such as OA, and may elude to

the physiologic activation and regulation of TLRs in human joint tissues.
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6.3. Conclusions

In conclusion, TLR3 in the synovium of OA patients displayed early and persistent over-
expression at the initiation and development stages of arthritis. TLR3 was localised in
FLSs, and activation of the TLR3 signalling pathway in vivo could aggravate arthritis.
FLSs were activated and activated by the necrotic OA-SF cell derived RNA through
inflammatory mediators secretion via TLR3 signalling in OA. Thus, TLR3 in FLSs was
confirmed to be an important synovitis mediator in OA progression through neutralisation
of TLR3 which restored the balance of anabolic and catbolic mediators in arthritis. These
data provide a very useful ex vivo and in vitro model, to increase understanding of the
initiation and development of synovial inflammation systemically and dynamically, and
also provide TLR3 as an interesting target for OA treatment and even as an early synovitis

marker for OA diagnosis.

Despite the significant advances in our understanding and management of OA, much
remains to be learned before clinicians can guarantee a quality of life which is free of the
debilitating and painful effects still endured by many of OA patients. We are hoping that
our efforts would, at least in part, contribute to a better understanding of the pathogenic
molecular mechanisms of such chronic inflammatory disease pathologies, and also hope
that our efforts will lead to better treatments and there by an improved quality of life for

patients whose lives are marred by OA and related inflammatory diseases.
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