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Abstract

Rheumatoid arthritis (RA) is characterized by hyperplastic synovial pannus tissue, which mediates
destruction of cartilage and bone. Fibroblast-like synoviocytes (FLS) are a key component of this
invasive synovium and have a major role in the initiation and perpetuation of destructive joint
inflammation. The pathogenic potential of FLS in RA stems from their ability to express
immunomodulating cytokines and mediators as well as a wide array of adhesion molecule and
matrix-modelling enzymes. FLS can be viewed as ‘passive responders’ to the immunoreactive
process in RA, their activated phenotype reflecting the proinflammatory milieu. However, FLS
from patients with RA also display unique aggressive features that are autonomous and vertically
transmitted, and these cells can behave as primary promoters of inflammation. The molecular
bases of this “‘imprinted aggressor’ phenotype are being clarified through genetic and epigenetic
studies. The dual behaviour of FLS in RA suggests that FLS-directed therapies could become a
complementary approach to immune-directed therapies in this disease. Pathophysiological
characteristics of FLS in RA, as well as progress in targeting these cells, are reviewed in this
manuscript.

Introduction

Fibroblast-like synoviocytes (FLS; also known as synovial fibroblasts or type B
synoviocytes) are unique cells that populate the intimal lining of the synovium. FLS
normally assure the structural and dynamic integrity of diarthrodial joints by controlling the
composition of the synovial fluid and the extracellular matrix (ECM) of the joint lining. In
rheumatoid arthritis (RA), however, FLS display surprisingly pathogenic behaviour; they
increase in number and become a prominent component of the destructive pannus that
characterizes synovia of patients with RA. Furthermore, FLS in RA acquire an aggressive
phenotype and mediate inflammation and destruction of the joint.

What transforms FLS from friend to foe in RA? As these cells are exquisitely sensitive to
the inflammatory milieu of the rheumatoid synovium, a conventional model suggests that
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FLS act as ‘passive responders’ in RA. In this scenario, FLS react appropriately to
proinflammatory stimuli driven by innate and adaptive immunity, and would rapidly revert
to a quiescent state if the inciting stimuli were to be withdrawn. The observation, however,
that FLS obtained from synovia of patients with RA and cultured in vitro (RA FLS) retain
their aggressive phenotype in the absence of exogenous stimulation is difficult to explain
with the passive-responder model.! This inconsistency, and additional observations of
tumour-like behaviour of RA FLS (discussed later), led to the mooting of an alternative
model, in which imprinted anomalies of FLS in patients with RA—for example, mutations
or epigenetic changes—conspire to drive inflammation in the disease. In this model,
previously called “transformed aggressor’, but which could perhaps more accurately be
termed ‘imprinted aggressor’, FLS possess and/or acquire autonomous pathogenic features
in RA that actively contribute to the mechanisms of disease. RA FLS can erode human
cartilage when co-implanted with the tissue into mice with severe combined
immunodeficiency (SCID) many months after removal from the RA synovial milieu,
providing convincing in vivo evidence that FLS are imprinted—perhaps before and
otherwise during the course of RA—with a phenotype that subsequently enhances tissue
destruction.? Implanted RA FLS can seed and damage joints distant from the site of implant,
according to work in mice with SCID, suggesting that RA FLS might even have a primary
ability to ‘metastasize’.3

The passive responder and imprinted aggressor models of FLS behaviour are not mutually
exclusive. For instance, a persistent inflammatory environment is likely to contribute to the
development of molecular anomalies, which can then lead passively responding effector
FLS to become active aggressors. The recent emergence of epigenetic changes as possible
drivers of the FLS phenotype in RA suggests that molecular anomalies in FLS could even
predate the onset of disease and potentially explain a component of its heritability. In this
Review, we describe pathophysiological features of FLS in RA at the functional and
molecular levels, outline how these characteristics are acquired, and summarize therapeutic
opportunities that will arise from understanding the roles of these cells in RA.

FLS physiology

FLS are a critical component of the intimal lining layer of the healthy synovium. The
synovial intima is a delicate structure composed of 1-2 layers of FLS inter digitated with
macrophage-like synoviocytes (also called type A synoviocytes). The intimal lining lacks
tight junctions and a true basement membrane, enabling cells and proteins to move into the
synovial fluid with ease. In common with other types of fibroblasts, FLS are mesenchymal-
derived cells that express ECM proteins such as vimentin, type IV and type V collagens,
adhesion molecules such as integrins of the agp4 class, integrin receptors such as
intracellular adhesion molecule 1, and surface markers such as Thy-1 membrane
glycoprotein (also known as CD90) (Table 1).# However, compared with fibroblasts in other
anatomical locations (including those in the subintimal layer between the intimal layer and
other joint tissues), FLS are characterized by the expression of UDP-glucose 6-
dehydrogenase, an enzyme required for the synthesis of hyaluronic acid and of complement
decay-accelerating factor (also known as CD55).° FLS also express a higher level of
vascular cell adhesion protein 1 than other fibroblast types.# FLS also display high
expression of a relatively selective adhesion molecule, cadherin-11, which is also expressed
by osteoblasts.® Cadherin-11 is essential for maintaining the integrity of the normal
synovium. The synovial intimal lining of mice deficient in cadherin-11 contains markedly
reduced numbers of FLS in diarthrodial joints, in comparison with wild-type mice.” This
adhesion molecule is responsible for homotypic aggregation of FLS in vitro, and its
expression in mouse fibroblasts is sufficient to induce their organization into synovial-like
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intimal lining structures in vitro.2 Cadherin-11 also regulates the secretion of 1L-6 and other
proinflammatory properties of FLS.8:°

FLS-mediated pathology in RA

A combination of primary and inflammation-induced changes in FLS promotes pannus
growth, inflammation, and cartilage and bone destruction in RA. Indeed, FLS are implicated
in many pathophysiological mechanisms of joint destruction in RA (summarized in Figure
1).

Cell survival and pannus formation

The hyperplastic rheumatoid pannus is characterized by an overabundance of FLS. This
cellular excess stems largely from an imbalance between proliferation and apoptosis of FLS,
although increased differentiation and migration of mesenchymal stem cells could also
contribute. Studies have failed to find evidence of markedly increased proliferation of FLS
in the RA synovium or in cell culture,1 yet clonal expansion of these cells in vivo has been
postulated on the basis of the emergence of distinct clonal cell lines in cultured RA FLS.11
Conversely, evidence of reduced apoptosis of FLS in the RA synovium has been shown
according to a variety of criteria, including findings from electron microscopy,
histochemistry and other assays.1? Interestingly, RA FLS retain their resistance to apoptosis
in vitro, suggesting that anomalies persist well after they are removed from the cytokine and
growth factor milieu of the RA synovium.13 The autonomous ability of RA FLS to survive
in an environment enriched with apoptosis-inducing factors, such as oxygen radicals, nitric
oxide and cytokines, resembles the phenotype of some tumours. RA FLS display additional
‘tumour-like’ features, including increased migration, reduced con tact inhibition, reduced
attachment-dependent growth,! and, as already mentioned, the ability to invade and
‘metastasize’ in vivo.23

Invasion and tissue destruction

A second important pathologic feature of FLS in RA is an invasive phenotype that favours
tissue destruction. Normal FLS control the composition and consistency of the ECM and
synovial fluid, secreting a large variety of ECM components, enzymes able to destroy the
ECM (such as matrix metalloproteinases [MMPs]), and inhibitors of matrix-degrading
enzymes (such as tissue inhibitors of MMPs [TIMPS]). RA FLS produce abundant ECM
components, and also secrete collagenases (MMP1 and MMP13), stromelysin-1 (MMP3),
aggrecanases (ADAMTS4 and ADAMTSS5) and cathepsins, which tips the balance between
proteases and their inhibitors towards tissue destruction.1415 Protease production synergizes
with the high expression of adhesion molecules such as cadherin-11 to favour resorption of
ECM and cartilage. The importance of FLS in cartilage destruction was confirmed in mice
with inflammatory arthritis, because animals deficient in cadherin-11 were protected from
cartilage erosion.” FLS are also putatively important promoters of bone erosion based on
their ability to secrete receptor activator of nuclear factor xB ligand (RANKL, also known
as TNF ligand superfamily member 11), which promotes osteoclast differentiation.16

FLS invasiveness in patients with RA is partly stimulated by local proinflammatory factors
such as IL-1 and TNF, reactive oxygen and nitrogen species whose formation is favoured by
local hypoxia, growth factors such as platelet derived growth factor (PDGF), and ECM
proteins. However, invasiveness is also a feature retained by RA FLS, and can be detected in
ex vivo invasion assays and in RA FLS-cartilage co-implantation assays in mice.217 Thus,
the invasive phenotype of FLS in RA is dependent on both autonomous and local factors.
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Proinflammatory networks

Molecular

The third important pathologic feature of FLS in patients with RA is their increased ability
to secrete a variety of cytokines, chemokines, and proangiogenic factors, compared with
FLS in healthy people. RA FLS exert important immunoregulatory functions through
cytokine secretion and direct interactions with immune cells. IL-1-stimulated or TNF-
stimulated RA FLS are a major source of IL-6, a pathogenic cytokine and a validated target
of biologic therapy in RA, in vivo and in vitro.1® I1L-6 and some other cytokines that are
produced by RA FLS, such as I1L-18 and granulocyte—-macrophage colony-stimulating factor
(GM-CSF), are known to fuel the activation of cells of the innate and adaptive immune
systems in the RA joint, whereas other cytokines, such as IL-1 receptor antagonist (IL-1Ra)
and transforming growth factor B (TGF-B), exert anti-inflammatory actions. Type 1
interferons, produced by FLS upon stimulation of Toll-like receptors (TLRS) such as TLR3,
can have proinflammatory or anti-inflammatory actions.1® RA FLS also produce large
amounts of growth factors (such as PDGF), chemokines (such as CC-chemokine ligand 2
[CCL2], also known as monocyte chemoattractant protein 1), short-lived mediators (such as
prostaglandins and leukotrienes),14 and proangiogenic factors (such as vascular endothelial
growth factor).20

The net effect of these factors is to promote inflammation in the joint by activating FLS
through autocrine responses and neighbouring cells through paracrine networks, and by
recruiting other cells to the synovium through the elaboration of chemotactic factors. The
overall proinflammatory action of FLS in arthritis was demonstrated in the K/BxN serum
transfer mouse model of RA by deletion of cadherin-11, which disrupts organization of FLS
and which strongly impaired clinical and histologic evidence of joint inflammation in the
animals.’

A number of exogenous stimuli promoting survival and invasiveness, such as IL-1 and TNF,
also seem to control the proinflammatory actions of FLS in RA. An example described in
2012 involves TNF-stimulated overexpression of the enzyme autotaxin (also called
ectonucleotide pyrophosphatase/phosphodiesterase family member 2), which in turn leads to
increased levels of an extracellular bioactive lipid (lysophosphatidic acid) in the
synovium.2! The role of this FLS pathway was elegantly demonstrated in vivo by showing
that selective deletion of autotaxin in FLS led to reduced inflammation and joint destruction
in TNF transgenic mice.?! Nevertheless, the extracellular milieu cannot fully explain the
proinflammatory phenotype of RA FLS, which continue to produce elevated levels of
cytokines for many cell culture passages even in the absence of exogenous stimuli.! These
observations suggest that intrinsic changes, in addition to external mediators, shape the
proinflammatory profile of FLS in RA.

pathology of FLS in RA

The pathologic behaviour of FLS in patients with RA correlates with several molecular
alterations in these cells. Considerable research has implicated a variety of signalling
pathways triggered by engagement of FLS surface and cytoplasmic receptors in this
pathology, especially those activated by cytokines and TLR ligands. These receptors enable
FLS to sense the inflammatory environment of the rheumatoid joint and res pond
appropriately. In addition, the same signalling path ways that mediate these responses to
exogenous stimuli contain intrinsic anomalies in RA FLS. Thus, the passive responder and
imprinted aggressor aspects of FLS behaviour in RA could be mediated, at least in part, by
activation of the same signalling machinery. Signal transduction pathways in FLS have been
extensively reviewed elsewhere.*22 Here, we summarize changes in the mitogen-activated
protein kinase (MAPK), nuclear factor kB (NFxB), and apoptosis pathways in RA FLS
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(Figure 2), because these pathways have been the most extensively studied and are among
the most convincingly involved in control of RA FLS aggressiveness.

MAPK pathway anomalies

Perhaps the most extensively studied pathway in RA FLS is the MAPK cascade, which is
stimulated by cytokine receptor and TLR engagement. MAPK signal transduction involves
the activation of three levels of kinases: the top tier includes MAPK kinase kinases
(MAP3KS); the middle level includes MAPK kinases (MKKS); and the distal level
comprises three types of MAPK—extracellular-signal regulated kinases (ERKS, such as
MAPK 15), p38 MAPKSs (such as MAPK 14), and the c-Jun N-terminal kinases (JNKs, such
as MAPK 8 and MAPK 10). Once activated through phosphorylation by MKKs, MAPKs
can migrate from the cytosol to the nucleus where they phosphorylate and activate important
transcription factors.23

One of the most important MAPK-activated mediators of FLS invasiveness is transcription
factor AP1, a heterodimer of phosphorylated JUN and FOS subunits, which binds to and
activates the promoter region of several MMP genes. Although several kinases can
phosphorylate JUN, the JNKSs are perhaps the most efficient at doing so. A critical role for
JNKSs is supported by the observation that a chemical inhibitor of all INK isoforms,
SP600125, decreased MMP production by human FLS and prevented joint destruction in a
rat model of RA.24 Knockdown studies have shown that the upstream kinase dual-specificity
MKK?7 (also known as MAPKK 7) is the most important MKK for activation of INKs in RA
FLS, and the MKK7-JNK-AP1 axis is primarily activated by TGF-B-activated kinase 1
(TAKZ1, also known as MAP3K 7) in RA FLS.2

Other key mediators of FLS aggressiveness in RA are MAPKSs 11-14 (also known as p38
MAPK isoforms B, vy, & and a, respectively), which are activated in the synovium of patients
with RA.26 Pharmacologic inhibition of p38a and p38f MAPKSs decreased cytokine
secretion by cultured RA FLS in vitro.2” Upstream activation of these kinases is controlled
by MKK3 (also known as MAPKK 3) and MKK®6 (also known as MAPKK 6), and, to a
lesser extent, MKK4 (also known as MAPKK 4).28:29 |ntroduction of dominant-negative
MKK3 or MKK®6 constructs in human FLS suppresses cytokine and MMP production.28
The unexpected failure of p38 MAPK inhibitors in the treatment of RA30:31 (see later
section on targeting FLS) probably results from inhibitor-induced activation of
proinflammatory pathways in macrophages that overcome the anti-inflammatory effects of
p38 MAPK inhibition in FLS. Indeed, mice carrying macrophage-selective deletion of p38a
MAPK display increased severity in K/BxN serum transfer induced arthritis. Of interest, in
the same study deletion of Mkk3 (also known as Map2k3) or Mkk6 (also known as Map2k6)
bypassed some of these limitations and produced a more robust therapeutic effect in vivo
than pharmacological inhibition of p38a MAPK, suggesting that pharmacological inhibition
of MKK3 and/or MKK6 might be a promising option for FLS-targeted therapy of RA.2°

Several primary molecular alterations detected in RA FLS promote activation of the MAPK
pathway. For example, expression and/or activation levels of proto-oncogene tyrosine-
protein kinase Src,32 RAF proto-oncogene serine/threonine-protein kinase,33:34 and RAS-
specific guanine nucleotide-releasing factor 13° are increased in RA FLS, favouring cell
survival through activation of MAPKs and MMP production through increased
phosphorylation of JUN. JNK1 and JNK2 activation is substantially greater in RA FLS
compared with cultured FLS derived from patients with osteoarthritis (OA FLS), which
largely accounts for persistently higher MMP expression by RA FLS compared with OA
FLS.36 Expression of growth-arrest and DNA damage-inducible protein GADDA45, a
natural inhibitor of MKK?7, is low in RA FLS and RA synovia, which could also contribute
to hyperactivity of MKK7 and increased activation of JINKs.37 In mice, deficiency of
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Gadd45p enhances the severity of K/BxN serum transfer induced arthritis, which is solely
dependent on innate immunity and effector mechanisms,3 but decreases arthritis severity in
the collagen-induced mouse model of RA, which is dependent on adaptive immunity.38
Thus, the effect of altering MKkk7 activity in mice depends on the relative balance of
lymphocytes versus effector cells such as FLS.

NFkB pathway anomalies

The NF«xB pathway is a major regulator of proinflammatory cytokine production and is
activated by IL-1, TNF, and TLR signalling. In FLS, signalling through the NFxB pathway
requires inhibitor of NFkB kinase (IKK) subunit B (IKKp) in the cytosol and is independent
of IKKa.3? Activation of IKK leads to phosphorylation of proteins of the inhibitor of
NF«B (1xB) family. 1xB proteins form complexes with cytosolic subunits of NFkB,
maintaining them in an inactive state—after phosphorylation, 1xBs are degraded by the
proteasome, leaving NF«B free to migrate into the nucleus and initiate gene transcription.40
Inhibiting the NFxB pathway by leaving NF«B sequestered in the cytoplasm, specifically by
pharmacologic inhibition of IKKB4! or by transfecting a dominant-negative 1xB construct42,
reduced the activation and survival of RA FLS.

Among key alterations of RA FLS that might promote NFxB activation are changes that
promote the generation of phosphoinositols. For example, decreased expression of
phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and dual-specificity protein
phosphatase PTEN has been detected at sites of cartilage destruction in patients with RA.43
In 2012, pho sphatidylinositol 4,5-bisphosphate 3-kinase (PI13K) catalytic subunit & isoform
(PI3K3), which is primarily expressed in bone marrow derived cells, was found to be
overexpressed in RA synovium, in comparison with OA synovium.** Although it remains to
be clarified whether PI13KS is directly connected to NFkB activation in RA FLS, pharmaco
logic inhibition of PI3K3 affected the balance between survival, death, and proliferation in
these cells.4

IKKe and serine/threonine-protein kinase TBK1 (also known as TANK-binding kinase 1)
are homologous to IKKa and IKK but, rather than phosphorylating 1«B proteins, they
instead mainly regulate interferon responses to innate immunity stimuli by phosphorylating
interferon-regulating factors (IRFs) such as IRF3 and IRF7 in FLS. IKKe is expressed in the
synovial intima of patients with RA, and in RA FLS active IKKe can phosphorylate JUN
and induce MMP expression independent of JNKs.® Despite these apparently
proinflammatory properties, however, expression of type | interferons, which is promoted by
either IKKe or TBK1 in FLS is generally anti-inflammatory in animal models of arthritis.1®
It is likely, therefore, that inhibition of IKKe and/or TBK1 would decrease levels of
protective type | interferons in the RA synovium. Supporting this notion, mice deficient in
Irf7 have markedly increased disease severity in the K/BxN serum transfer model of
arthritis.46

Apoptosis pathway anomalies

Molecular mechanisms of RA FLS resistance to apoptosis were reviewed in detail elsewhere
in 2009.47 Anomalies in pathways that promote invasiveness and cytokine secretion also
favour survival of RA FLS by increasing expression of antiapoptotic molecules, such as
apoptosis regulator Bcl-2 (which is over expressed in synovial samples from patients with
RA12), and by decreasing or altering the response to ligation of apoptosis-regulating
receptors, such as TNF receptor superfamily (TNFRSF) member 6 (also known as CD95
and FAS)1348 and TNFRSF10A (also known as TRAIL receptor 1).4% Reduced apoptosis
can, in part, be secondary to increased expression and engagement of integrins on FLS in the
RA synovium.4’ Intrinsic deficiencies in apoptosis-specific pathways are also reportedly
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prominent in RA FLS, especially abnormalities in the p53 pathway.0 After cell damage, the
p53 pathway induces either cell-cycle arrest to allow time for DNA repair, or apoptosis if
the damage is beyond repair. Although expression of the eponymous protein, cellular
tumour antigen p53, is relatively high in synovial samples from patients with RA (as
compared with samples from healthy individuals),>! the p53 protein is unable to induce
apoptosis of RA FLS, owing to a combination of insensitivity of the p53 downstream
signalling machinery and dominant-negative mutations.>? These blockages can be bypassed
in vitro by forced expression of the down-stream effector p53 upregulated modulator of
apoptosis (PUMA; also known as Bcl-2-binding component 3).52 Interestingly, besides
promoting survival, defects of the p53 pathway also lead to increased invasiveness of FLS in
vitro and in vivo.l’

Another example of an apoptotic-pathway defect in RA FLS is increased expression of the
antiapoptotic protein cellular FLICE-like inhibitory protein (c-FLIP; also known as CASP8
and FADD-like apoptosis regulator); mRNA expression of this regulator was also detected
at sites of cartilage invasion in patients with RA.%3 The same study also demonstrated that

expression of c-FLIP in RA FLS is induced by TNF in vitro.%3

An overall increase in sumoylation is another abnormality that can cause resistance to
apoptosis, and is reportedly intrinsic to RA FLS.13 Sumoylation consists large protein small
ubiquitin-like modifier 1 (SUMO-1, also called sentrin), which usually results in
conformational and functional changes in the modified protein. The synovial intima of
patients with RA is marked by increased expression of SUMO-1,%4 whereas RA FLS have
decreased expression levels of sentrin-specific protease 1 (SENP1),%° an enzyme that
removes SUMO-1. Similar to defects of the p53 pathway, increased sumoylation, besides
being antiapoptotic, also affects invasiveness of RA FLS through increased production of
MMP-1.%5

Imprinted FLS anomalies in RA

As we have discussed, FLS not only act as passive effectors for pathogenic cytokine
signalling cascades initiated by immune cells in RA, but also seem to contain intrinsic
alterations that confer pathogenic behaviour independent of external stimulation and/or lead
to their ‘overexuberant response’ to the inflammatory extracellular milieau. So, what causes
FLS to become permanently altered and function as imprinted aggressors in RA
pathogenesis?

Somatic mutations

Molecular mechanisms similar or identical to those that cause neoplastic transformation
seem to operate in RA FLS.1:56 Somatic mutations in proto-oncogenes and tumour
suppressors are commonly found in cancers, and have been identified in RA FLS (Figure 3).
For example, primary FLS from synovia of patients with RA as well as RA FLS can carry
inactivating mutations in TP53, which encodes cellular tumour antigen p53, that—in some
cases—overlap those found in tumours.?157 When transfected into dermal fibroblasts in
vitro, these mutated genes produce proteins with a dominant-negative effect over the
endogenous version, promoting cell survival.%9 Besides TP53, functional mutations have
also been described in other genes, such as RAF1 (encoding RAF proto-oncogene serine/
threonine-protein kinase),34 and even in mitochondrial DNA in RA FLS.58 Evidence of
increased microsatellite instability has been found in RA synovia compared with OA
synovia.>®

Although pathogenic roles for somatic mutations in RA FLS remain uncertain, the
emergence of such genetic changes in inflamed synovia of patients with RA is similar to the
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occurrence of cancer at sites of chronic inflammation.®0 Stimulation of cultured RA FLS
with TNF induces mutations in mitochondrial DNA, and the frequency of mutations in
mitochondrial DNA in the synovium of patients with RA correlates with histologic evidence
of inflammation and TNF levels.5 Exposure of RA FLS to a nitric oxide donor induces an
imbalance in the expression of two genes that control DNA repair, thus possibly explaining
their increased microsatellite instability. Interestingly, the expression of DNA mismatch
repair protein MSH6, an enzyme that promotes repair of point mutations (the type of
mutations found in RA FLS) was decreased in this setting, yet at the same time the nitric
oxide donor caused increased expression of DNA mismatch repair protein MSH3 an enzyme
that protects against large genomic rearrangements (Figure 3).%9 The emergence of multiple
distinct clonal cell lines when culturing RA FLS in vitro!® suggests that multiple FLS
populations carrying different mutations coexist in the RA synovium, and/or that FLS can
undergo sequential mutations in multiple genes, acquiring selective advantages based on an
increasingly aggressive phenotype without true neoplastic transformation.

Epigenetic alterations

Epigenetic modifications in multiple cell types are emerging as possible mechanisms of
molecular pathology in RA, as reviewed elsewhere in 2011.52 Epigenetic alterations include
DNA methylation, histone methylation, histone acetylation, histone phosphorylation, and
expression of microRNAs (miRNAs)82 (Figure 3). Such changes affect gene expression and
are often transmitted from mother to daughter cells.

As yet, alterations in histone methylation and/or phosphorylation have not been thoroughly
investigated in RA FLS. Much work in RA FLS has, however, been focused on methylation
of cytosine in position C5 in CpG islands of the genome, which usually leads to repression
of gene expression and is mediated by DNA methyl transferase enzymes (DNMTS).
Reduced global methylation has been described in RA FLS.52 Decreased methylation was
proposed to drive activation of an endogenous retrotransposable element in RA FLS; the
expression of the same retrotransposable element positively correlates with markers of
activation in RA FLS and in the RA synovium.53 Interestingly, treatment of FLS with
inhibitors of DNA methylation partially replicates the activated, tumour-like phenotype of
RA FLS.52 In a study published in 2012, a genome-wide survey of DNA methylation in RA
FLS and OA FLS did not observe overall differences in global methylation but instead
identified 1,859 hypomethylated or hypermethylated loci in RA FLS as compared with OA
FLS.54 A 20-locus ‘methylome signature’ distinguished RA FLS from either OA FLS or
FLS from healthy controls.54 Hypomethylated loci corresponded to components of focal
adhesion pathways, ECM regulation, and cell-ECM interactions, whereas hypermethylated
loci were involved in specialized signalling pathways.54

Besides distinct DNA methylation patterns, RA FLS also exhibit alterations of histone
acetylation, and treatment of RA FLS with inhibitors of histone deacetylases (enzymes that
remove acetyl groups from histones) reduced production of inflammatory cytokines in
vitro.%° Furthermore, the sumoylation-related increase in MMP-1 production by RA FLS—
responsible, as we have mentioned, for increased invasiveness of these cells—is mediated
by increased histone acetylation of the MMP1 promoter region.>®

Several studies have reported altered expression of various miRNAs—short non-coding
fragments of RNA that regulate gene expression—in RA FLS, particularly miRNAs that
regulate proliferation and survival (for example, miR-124a%6), invasiveness, and production
of proinflammatory cytokines (for example, miR-203%7). The role of miRNA in RA was
reviewed in 2012.58
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Drivers of epigenetic change

Epigenetic changes can arise in FLS at any time in life, or even before birth, and can be
driven by genetic or environmental factors, including certain dietary habits or smoking.
Ageing is also known to induce specific changes in DNA methylation and histone
chemistry. A 2012 study reported a correlation between decreased DNA methylation in RA
FLS and increased expression of X-linked genes encoding enzymes that are involved in the
synthesis of polyamines and are able to sequester a cofactor essential for DNA
methylation.59 The authors postulate that local inflammation is able to trigger this
pathogenic pathway, because increased expression of polyamine-synthesizing enzymes can
be induced in RA FLS by stimulation with I1L-1 in vitro.69

Although it is still difficult to assess whether they are a cause or consequence of disease,
epigenetic anomalies constitute a versatile and unifying mechanism that integrates different
aetiologic factors into a single model. For example, we speculate that exposure to different
environmental factors can lead to differences in epigenetic regulation of key pathogenic
genes in FLS, and influence the pairwise concordance rate between identical twins in RA
(which reportedly is between 13 and 21%).7971 On the other hand, epigenetic modifications
of FLS imprinted during foetal or early postnatal life might explain a fraction of RA
heritability independent of known genetic risk factors.

Targeting FLS in RA

Indications that RA FLS are imprinted in ways that encourage aggressiveness suggest two
things: first, that anti-inflammatory and immunosuppressive therapy might not be sufficient
to completely halt joint destruction in RA—at least not in well-established RA; and, second,
that direct targeting of FLS represents a potentially viable option for alternative or adjuvant
therapies aimed at modifying the disease course. The various characteristics of RA FLS that
we have discussed form the basis for a range of investigative approaches to targeting FLS in
RA, and encompass cadherin-11-mediated adhesion and paracrine signalling, aberrant
survival, epigenetic alterations, and pathological intracellular si gnalling pathways, as we
discuss in this section.

Work in mice suggests that interfering with cadherin-11 function on the surface of FLS is an
appealing approach to controlling their aggressiveness in RA patients.? Cadherin-11
antagonist antibodies are currently under development for RA therapy. As cadherin-11 is
minimally expressed in immune cells, anti-cadherin-11 antibodies would represent a novel
— probably nonimmunosuppressive—biologic approach to RA therapy.’

Various components of the MAPK cascade are candidate targets for FLS-directed therapy in
RA. JNKs are potential targets in RA, and in vivo efficacy of an inhibitor of all INK
isoforms (in terms of inhibiting radiographic damage and reducing swelling in adjuvant-
induced arthritis) in rats was reported in 2001.24 Deletion of Jnk1 (also known as Mapk8)
reduces severity of arthritis in the methylated albumin injection mouse model of arthritis by
interfering with macrophage migration and function.’273 However, these same studies
challenged the importance of targeting some JNK isoforms in RA FLS because deletion of
Jnk2 (also known as Mapk9), which encodes the predominant Jnk isoform expressed in
human FLS, did not affect disease in the methylated albumin injection mouse model, and
exacerbated disease in the K/BxN mouse model of RA.7273

Besides JNKs, attention has also turned to the upstream kinase MKK?7. Mkk7 antisense
oligonucleotides were effective at ameliorating disease in the K/BxN serum transfer mouse
model of RA, suggesting that pharmacological inhibition of MKK7 might be a viable
approach to decrease RA FLS aggressiveness in patients with RA.7 The upstream kinase
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MAP3K 7 is another interesting candidate target for RA FLS-directed therapy; however, no
validation of this approach in mouse models of arthritis has yet been published.

Inhibitors of two other kinases that indirectly activate the JINK pathway, PI3K isoforms
(especially PI3K8)44:7> and tyrosine-protein kinase SYK’6 (which is also expressed at high
levels in several immune cell types), are also considered promising strategies to tame FLS
hyper activation in RA. Small-molecule inhibitors of SYK have already demonstrated
efficacy in a phase Il trial in 457 patients with active RA and an inadequate response to
methotrexate.

After the emergence of several lines of evidence that inhibition of p38a MAPK has anti-
inflammatory effects in vitro,’8 inhibition of this MAPK was aggressively pursued as a
potential therapeutic strategy in RA, but was unfortunately found to be ineffective in several
phase 11 clinical trials. These studies included trials of pamapimod and VVX-702—selective
inhibitors of p38a. MAPK—in 204 and 313 patients, respectively,3%:79 and a trial of
SCIO-469—an inhibitor with a modest selectivity for p38a over p38 MAPK— in 302
patients3L. A probable explanation for this unexpected failure is that p38a. MAPK has an
anti-inflammatory role in RA macrophages in vivo. Thus, in RA, the proinflammatory effect
of inhibiting p38a MAPK in macrophages would obliterate the beneficial effect of
inhibiting p38 MAPKSs in FLS.25 Targeting the upstream kinases MKK3 or MKK® represent
potential alternative approaches to inhibiting p38 MAPKs directly.29:80

Inhibition of the NFxB pathway has been validated at the preclinical stage in RA using a
variety of approaches.*2 For example, intraperitoneal administration of a small-molecule
inhibitor of NFxB and intra-articular viral transduction of a construct encoding A20, a
protein that normally inhibits NFkB signalling, were both effective in reducing severity of
collagen-induced arthritis in mice.#1:81 Also, intra-articular viral transduction of constructs
encoding dominant-negative Ikkp ameliorated adjuvant-induced arthritis in rats.82 As well as
reducing FLS aggressiveness, approaches directed at inhibiting NFxB signalling might have
beneficial effects on additional pathogenic mechanisms in RA, owing to the pleiotropic
effect of NFkxB on immune and other cells. As we discussed earlier, it is difficult to predict
the effect of blockade of IKK-related kinases IKKe and/or TBK1 because of the opposing
effects of these kinases on the release of MMPs and type | interferons by RA FLS.

Therapies aimed at inducing apoptosis of FLS could also be valuable in RA. Overexpression
of PUMA in RA FLS leads to rapid p53-independent death through caspase 3 activation,
suggesting that gene therapy with constructs of the gene encoding PUMA, BBCS3, could
bypass the p53 pathway signalling deficiency in RA FLS.%2 Expression of a dominant-
negative kB construct or of an antisense oligonucleotide against a mediator of NFkB-
dependent-apoptosis resistance, E3 ubiquitin-protein ligase XIAP, were able to restore RA
FLS apoptosis in vitro and in vivo after intra-articular viral transduction in SCID mice with
cartilage implants co-cultured with RA FLS.42 Intra-articular viral transduction approaches
were also able to enhance RA FLS apoptosis by increasing expression of the proapoptotic
factor soluble TNF-related apoptosis-inducing ligand (TRAIL; also known as TNF ligand
superfamily member 10).83

Pharmacologic approaches aimed at correcting epigenetic anomalies in FLS are also under
intense investigation in preclinical studies. For example, systemic administration of histone
deacetylase inhibitors has yielded promising results in mouse and rat models of RA.84
Similar experiments using inhibitors of DNMTs and/or approaches to modify expression or
function of specific miRNA in RA FLS are warranted. Finally, inhibitors of autotaxin and/or
of lysophosphatidic acid receptors are a promising approach to decrease RA FLS
aggressiveness.2! The fact that several inhibitors of these receptors—including orally
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available molecules—are in advanced stages of preclinical validation for therapy of cancer
and other diseases should facilitate the pursuit of the same therapeutic avenue in RA.

Conclusion

FLS have a dual role in RA, by responding appropriately to the inflammatory environment
and through aggressive behaviour imprinted during their sojourn through the rheumatoid
synovium. Some, but not necessarily all, FLS effector functions can be halted by treatment
of RA with current therapeutic agents, which suppress inflammation and cut off the signals
that drive passive FLS responses. We predict that combination therapies that simultaneously
modify immune responses while reducing FLS aggressiveness will become an option in the
near future. Combining an immunosuppressive agent with an FLS-directed therapy might
enable more effective control of disease activity, without inducing the crippling effects on
defence against infection that can be observed when using multiple biologic agents that
target immune responses.
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Key points

Fibroblast-like synoviocytes (FLS), normally found in the synovial intimal
lining of diarthrodial joints, display an aggressive, invasive phenotype in
rheumatoid arthritis (RA) and participate in joint destruction

FLS from patients with RA promote inflammatory cell recruitment and
activation, pannus angiogenesis, cartilage degradation, and bone erosion

The phenotype of FLS from patients with RA is partly a passive response to
the inflammatory milieu in vivo, and partly an imprinted feature that persists
when the cells are cultured in vitro

Imprinted anomalies of FLS in RA arise, at least in part, through epigenetic
modifications of the genome, such as altered microRNA expression and
DNA methylation

Increased knowledge of the biology of FLS in RA will pave the way to novel
FLS-targeted therapies with limited immunosuppressive action
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Review criteria

This Review explains broad concepts of fibroblast-like synoviocyte biology in the
context of rheumatoid arthritis. MEDLINE was searched for articles and abstracts
published since 1980 using the terms “synoviocyte”, “fibroblast-like synoviocyte” and
“synovial fibroblast”. Studies relevant to rheumatoid arthritis were identified using the
search term “rheumatoid arthritis”. Non-English-language reports were excluded. Full-
length papers were downloaded and reviewed and their reference lists were scanned for
further relevant references. The list was last updated in August 2012.
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Proinflammatory

Chemokines

Roles of FLS in RA. FLS play a critical part in many pathogenic events in the RA
synovium. They can contribute to pathology through a reduced ability to undergo apoptosis
(forming pannus), the production of proteases that degrade the extracellular matrix, and
invasion into cartilage. In addition, FLS produce a variety of molecules that modulate
growth, inflammation, angiogenesis, and cell recruitment, and induce activation of and
cytokine production by immune cells. Abbreviations: CCL2, CC-chemokine ligand 2;
CXCL10, CXC-chemokine ligand 10; FLS, fibroblast-like synoviocytes; GM-CSF,
granulocyte-macrophage colony-stimulating factor; MMP, matrix metalloproteinase; PDGF,
platelet-derived growth factor; RA, rheumatoid arthritis; TGF-B, transforming growth factor

B; VEGF, vascular endothelial growth factor.
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Figure 2.

Molecular pathology of FLS in RA. Upward and downward arrows indicate changed
functional levels of the corresponding protein in RA FLS (cultured FLS derived from
patients with RA) versus osteoarthritis and/or normal FLS. a | Enhanced MAPK signalling
increases production of MMPs and cytokines in RA. The JNK pathway is shown; analogous
cascades in the ERK and p38 MAPK pathways are not shown. Ligation of surface receptors
activates the MAPK pathway, leading to phosphorylation of JNKs and increased expression
of genes such as MMP genes. JNKs are hyperactive in RA FLS, whereas GADD4503
expression is reduced; SRC and RAF activity are increased, which further contributes to
JNK activation. b | Activation of the NF«B pathway is increased in RA FLS. Stimulation of
surface receptors increases IKKp activation, leading to degradation of IxB. Nuclear
translocation of NFkB leads to transcription of proinflammatory genes. Increased activation
of NFkB activity in RA is promoted, in part, by overexpression of PI3K and/or decreased
expression of PTEN in the RA synovium. c | Damage to key regulators including
mitochondrial genes and p53 underlies the reduced tendency of RA FLS to undergo
apoptosis. Increased activation and/or expression of c-FLIP and Bcl-2 and altered
sumoylation contribute to enhanced survival of RA FLS. Abbreviations: Bcl-2, apoptosis
regulator Bcl-2; c-FLIP, cellular FLICE-like inhibitory protein; ERK, extracellular signal-
regulated kinase; FASL, FAS ligand; FLS, fibroblast-like synoviocytes; GADD458, growth
arrest and DNA damage-inducible protein GADDA45; IxB, inhibitor of NFkB; IKKp, IxB
kinase B; JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase; MKK?7,
MAPK kinase 7; MMP, matrix metalloproteinase; NFkB, nuclear factor kB; p53, cellular
tumour antigen p53; PI3K, phosphoinositide 3-kinase; PTEN, phosphatidylinositol 3,4,5-
trisphosphate 3-phosphatase and dual-specificity protein phosphatase; PUMA, p53
upregulated modulator of apoptosis; RAF, RAF proto-oncogene serine/threonine-protein
kinase; SRC, proto-oncogene tyrosine-protein kinase Src; TAK1, transforming growth factor
B-activated kinase 1; TLR, Toll-like receptor.
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Figure 3.

Imprinted anomalies of RA FLS (cultured FLS derived from patients with RA). a | Somatic
mutations might promote the aggressive characteristics and proliferation of FLS in RA.
Inflammatory injury (e.g. from ROS or RNS) is thought to induce an imbalance in the
expression of DNA repair proteins, decreasing levels of MSH6, which protects against point
mutations, and simultaneously increasing expression of MSH3, which protects against large
genomic rearrangements. Further mutations can result, and somatic mutations are inherited
by daughter cells. b | Epigenetic modifications of FLS that contribute to pathology in RA
can be inherited or induced by environmental factors. Aberrant patterns of histone
acetylation alter gene expression in RA FLS; histone methylation and phosphorylation are
additional epigenetic mechanisms that have not yet been thoroughly investigated in RA FLS.
Altered expression of miRNA can contribute to the aggressive phenotype of RA FLS.
Differential DNA methylation leads to altered expression of key genes involved in cell
adhesion, cytokine production and proliferation. Abbreviations: FLS, fibroblast-like
synoviocytes; HDAC, histone deacetylase; MSH6, DNA mismatch repair protein MSH6;
MSH3, DNA mismatch repair protein MSH3; miRNA, microRNA; RA, rheumatoid
arthritis; RNS, reactive nitrogen species; ROS, reactive oxygen species.
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Key proteins expressed by FLS

Table 1

Protein Specific marker Possible clinical target?
of FLS?

Surface proteins

Integrins No Yes, such as a4-integrin (which is targeted by
natalizumab)
Blocking integrin signalling has a substantial
effect on adaptive immunity

ICAM-1 No Yes, but limited efficacy observed with
anti-ICAM-1 antibody®>

VCAM-1 Relatively specific, Yes, but blocking VCAM-1 has possible

compared with other
fibroblast types, but
expressed on many
immune cell types

effects on adaptive immunity by interfering
with cell migration

Cadherin-11 Relatively specific
(also expressed by
osteoblasts)

Yes, can be blocked with anti-cadherin-11
antibody or cadherin-11-Fc construct

cD55" No Less likely than other surface proteins
listed, because of its widespread
expression, for example, by erythrocytes

cooot No Yes, but blocking CD90 signalling has a

substantial effect on adaptive immunity

Intracellular proteins

Vimentin No

No

UDPGDH Yes

Less likely than surface proteins listed

Collagen proteins

Type IV collagen  No

Less likely than surface proteins listed, but
targeting of its integrin receptor is possible

Type V collagen  No

Less likely than surface proteins listed, but
targeting of its integrin receptor is possible

Abbreviations: FLS, fibroblast-like synoviocyte; ICAM-1, intracellular adhesion molecule 1; UDPGDH, UDP-glucose 6-dehydrogenase;

VCAM-1, vascular cell adhesion protein 1.

*
Also known as complement decay-accelerating factor.

t

Also known as Thy-1 membrane glycoprotein.
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