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Abstract: The synovium exercises its main function in joint homeostasis through the secretion of
factors (such as lubricin and hyaluronic acid) that are critical for the joint lubrication and function.
The main synovium cell components are fibroblast-like synoviocytes, mesenchymal stromal/stem
cells and macrophage-like synovial cells. In the synovium, cells of mesenchymal origin modulate
local inflammation and fibrosis, and interact with different fibroblast subtypes and with resident
macrophages. In pathologic conditions, such as rheumatoid arthritis, fibroblast-like synoviocytes
proliferate abnormally, recruit mesenchymal stem cells from subchondral bone marrow, and influence
immune cell activity through epigenetic and metabolic adaptations. The resulting synovial hyperplasia
leads to secondary cartilage destruction, joint swelling, and pain. In the present review, we summarize
recent findings on the molecular signature and the roles of stromal cells during synovial pannus
formation and rheumatoid arthritis progression.

Keywords: synovial; fibroblast-like synoviocytes; mesenchymal stem/stromal cells; rheumatoid
arthritis; cellular identity; senescence

1. Introduction

The joint synovial lining is a thin membrane divided into two anatomical and functional
compartments: the surface layer (intima) and the sub-lining layer (subintima). The intima is a superficial
layer of cells that produce lubricious synovial fluid in the intra-articular cavity. In healthy subjects,
it is a thin membrane of two to three cell layers composed of fibroblast-like synoviocytes (FLS) and
macrophage-like synovial cells.

Rheumatoid arthritis (RA) is an example of chronic disease that is primarily defined by joint
synovial lining inflammation, resulting in subchondral bone and cartilage destruction. RA prevalence
is 1-2% in Western countries. It is a multifactor autoimmune disease characterized by the presence of
autoantibodies and genetic susceptibility [1,2]. Unlike osteoarthritis (OA), the most common age-related
disease that affects frequently one single joint, RA is a systemic progressive joint disorder with early
and late phases [3]. In patients with RA, the synovial membranes expand and their cellular component
becomes highly heterogeneous. Specifically, the B and T cells that infiltrate the inflamed RA synovium,
where they form aggregates, are qualitatively and quantitatively heterogeneous. The synovial resident
CX3CR1* macrophages form a dynamic immunological barrier in which macrophages are linked
through tight junctions [4]. Conversely, monocyte-derived macrophages recruited from the circulation
actively contribute to inflammation. In close contact, seven different fibroblast subpopulations are
present in the RA synovium compared with OA [5]. In the present review, we will describe recent
findings on synovium stromal cell heterogeneity during synovial pannus formation and RA progression.
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2. Heterogeneity of Fibroblast-Like Synoviocytes in RA: A New Paradigm

According to the expression of surface markers, seven distinct FLS subpopulations have been described
inRA synovium [5]. The podoplanin (PDPN), THY1 and cadherin-11 (CDH11)-positive, but CD34-negative
fibroblast subset is expanded in patients with RA [5]. This CD34 " PDPN*THY1*CDH11* FLS subset
has phenotypic characteristics of invasive cells and forms a perivascular zone surrounding capillary
structures in the synovium sub-lining layer in contact with the lymphocytic infiltrate [5]. Moreover, gene
expression analysis in CD34"THY1" and CD34" fibroblasts indicated that genes associated with fibroblast
migration, such as CTHRC1, TWIST1, POSTN, LOXL2, PDGFRB, and MMP14, are up-regulated in these
cell populations. Finally, upon stimulation with tumor necrosis factor (TNF), expression and secretion of
chemokines, such as CXCL12, and CCL2, are increased in CD34* FLS, suggesting a critical role in immune
cell recruitment [5].

More recently, the existence of fibroblast subsets with non-overlapping functions have been
described [6]. Indeed, FLS FAPx*THY1" are associated with synovial inflammation, and express
cytokines including IL6, IL33 and other chemokines that promote strong interactions with immune
cells. Conversely, FAPa*THY1~ sub-lining FLS are associated with cartilage and bone erosion and
increased expression of RANKL, MMP3, and MMP9. In a murine model of arthritis, specific depletion
of FAPa*THY1" FLS led to inflammation decrease, whereas depletion of THY1~ FLS resulted in bone
protection, suggesting that these cell subtypes are putative therapeutic targets [6]. The number of
FAPx*THY1"~ cells was not significantly different in samples from patients with OA and RA, whereas
that of PDPN*FAPx"THY1* cells was strongly increased in RA samples. Finally, single-cell RNA
sequencing of synovium-derived non-hematopoietic CD45 cells identified five FLS subsets with specific
gene signatures that underline their distinct pathological functions in RA. Specifically, genes associated
with the formation of cartilage, bone and extra-cellular matrix (ECM) are overrepresented in the first
FLS subset, whereas genes linked to inflammation are prevalent in the second subset. The third
subset is enriched in genes involved in vasculogenesis and complement activation, and the fourth
FLS population in genes that characterize highly proliferating populations. Finally, genes involved in
hydrogen transport and acid secretion are upregulated in the fifth subset [6]. Thus, among the seven
distinct FLS subpopulations identified in RA synovium that exhibit different phenotypes, at least two
might display overlapping functions.

Remarkably, RA FLS are less susceptible to contact inhibition, and are resistant to apoptosis [7].
This last feature favors synovial hyperplasia. RA FLS can migrate from joint to joint, and consequently
have an important role in disease spreading (Table 1) [8,9]. Therefore, advances in understanding
the biology of FLS, including their capacity to regulate the innate immune response, their migration
potential and their invasive properties, provide novel insights into RA pathogenesis.

In RA, inflammatory memory has been classically related to the immune system. However,
recent studies have shown that the innate immune memory may be driven also by FLS. In RA,
synovial-derived fibroblasts maintained an inflammatory response to TNFo up to four days after
challenge [10]. Comparison of fibroblasts isolated from different body sites suggested that inflammatory
memory is present in synovial and gingival fibroblasts, but not in dermal fibroblasts. Repeated
challenges with toll-like receptor 2 (TLR2) or TLR4 induced a refractory state only in fibroblasts from
some sites, such as synovium and tendon [11]. Intracellular signaling by tendon fibroblasts diminished
over time after stimulus removal, although PDPN and vascular cell adhesion molecule 1 (VCAM-1) were
strongly expressed, indicating persistent fibroblast activation. These findings suggest that fibroblast
inflammatory memory can be a property linked to their site of origin rather than to the disease condition.
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Table 1. Cell-type interactions and synovial pannus formation.

Active RA
Cell Types Inactive RA Synovial Pannus Formation
Chronic Non-Healing Wound Phenotype

Hyperplasia
] . Interact with lymphoid-like structures
e Hyperplasia e  Metabolic adaptation toward anaerobic

Fibroblast-like e  Potential autophagy glycolysis [13,14]

synoviocytes (FLS
y ytes (FLS) defects [12] e  Lactate export and micro-environment
acidification leading to inflammation
o Increase in ATP sensors: P2X7 expression [13]

Mesenchymal stroma/stem e Reduced capacities to transfer mitochondria [15]
cells (MSC) e  Migrate to synovial pannus

° Oligoclonal.—induced e  Lymphoid-like structure
Imrr.lune cells (T,. B, Plasma, senescence in T cells [16] e Invasive phenotypes [16]
Antigen-presenting cells) e  Premature telomere

° Aberrant nutrition sensing [16]
uncapping in T cells [16]

. Neovascularization

Endothelial cell:
ndothelial cells Glycolysis [16]

3. Synovial-Derived Mesenchymal Stromal/Stem Cells: Where Do We Stand?

Pioneering studies to characterize synovial-derived Mesenchymal Stromal/stem Cells (MSC)
were performed more than 14 years ago in our and other laboratories [17,18]. Based on the minimal
criteria used at that time for defining MSC, we showed that although the differentiation capacities and
transcriptomic signature of BM-derived and synovial-derived MSC are partially distinct, the two cell
types share a similar phenotype 7 and meet the criteria defined by the Mesenchymal and Tissue Stem
Cell Committee of the International Society for Cellular Therapy (ISCT) [19]. Other laboratories also
claimed that multipotent progenitor cells, which they called MSC, are present in the synovium [20,21].
However, the origin of synovial MSC is still unknown.

Remarkably, the high chondrogenic potential of these “synovial-derived MSC” and the observation
that articular cartilage, synovial sub-lining layer and ligaments originate from cells that express growth
differentiation factor 5 (GDF5) suggest that cartilage and synovial membrane might have a common
embryonic origin [22,23]. In agreement, cases of spontaneous synovial chondromatosis, a benign
phenomenon characterized by synovial chondrogenesis, have been reported [24]. Thus, in the joint
environment, synovial MSC with a strong chondrogenic potential, which were described several years
ago, might correspond to the recently described FLS subset that expresses genes associated with the
formation of cartilage, bone and ECM [6].

Where do these synovium-derived MSC come from? The RA synovium includes about 30% of
multipotent cells that originate from BM (BM-MSC) [25]. The molecular mechanisms underlying
BM-MSC recruitment to the synovium involve chemokines [26] and growth factors (e.g., placental
growth factors, PIGF) that are abundantly produced in arthritic joints [27]. BM-MSC recruitment to the
synovium promotes their interaction with resident FLS. This will further enhance PIGF production,
and promote angiogenesis and chronic synovitis. Thus, indirectly, BM-MSC expand arthritis to healthy
joints since arthritic synovial fibroblasts circulate [28]. This suggests that BM-MSC are implicated in
RA initiation and progression, and to the direct recruitment and migration of other cell types, such as
immune cells [28].

On the other hand, Sergijenko et al. have shown that synovial hyperplasia involves the infiltration of
BM-derived cells, mainly CD16*CD32* hematopoietic cells and a minority of MSC that express PDGFRA
(a MSC/fibroblast marker), as well as the proliferation of synovium-derived MSC [29]. These two MSC
populations are potentially functionally distinct subtypes. Moreover, it has been reported that another
population of CD271* MSC with a perivascular distribution and found in all synovial tissues expand
in RA and OA. These cells have enhanced abilities to produce pro-inflammatory factors, indicating a
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pathogenic role in arthritis [30]. Altogether, these studies revealed the existence of different types of
synovial MSC, possibly with redundant functions in RA that need to be thoroughly investigated.

In most mammals, spontaneous cartilage repair does not occur in vivo, although MSC are present
in the synovium. Indeed, in humans, due to the large size of knee joints, synovial-derived MSC cannot
migrate across large distances to reach the cartilage lesion. In the mouse, in response to a longitudinal
full-thickness joint injury, synovial-derived MSC proliferate and differentiate into chondrocytes to
form a cartilaginous extracellular matrix that expresses chondrocytic markers, such as SOX9 and
type II collagen, within the synovium [31]. However, no cartilage repair was observed in this study.
In contrast, in adult rabbits, when partial full-thickness defects were treated, MSC from the synovial
membrane entirely filled the defect cavity to form a continuous layer of cells extending from the
synovial membrane to the articular cartilage defect [32]. This suggests that cells of synovial origin can
be mobilized for cartilage repair.

4. Epigenetic Alterations in FLS and MSC during Rheumatoid Arthritis Progression

Epigenetic marks, such as DNA methylation and histone acetylation, are key molecular events
that integrate environmental clues. They are ideal candidates to bridge the environmental and genetic
contributions to RA risk. For instance, RA FLS have lost the capacity to repress inflammatory genes
induced by TNF«, but they also promote inflammation independently of the inflammatory milieu of the
RA joint [33]. Epigenetic analysis of isolated RA FLS shows histone H3K27 acetylation and increased
chromatin accessibility in regulatory elements associated with the NF-«B pathway, interferon-regulatory
factors (IRFs), and activating protein-1 (AP-1). These findings suggests that reduced transcriptional
repression in FLS due to changes in histone acetylation and chromatin remodeling contributes to
the chronic synovitis observed in RA [34]. Epigenome analysis of RA synoviocytes revealed clusters
of regions associated with active enhancers and promoters of transcription factors. These genes
were mainly associated with the immune response but also with unexpected pathways, such as the
“Huntington’s Disease Signaling”, Wnt, and clathrin pathways [35]. It is worth noting that well-known
epigenetic regulators such as HDAC or sirtuins have been involved in RA epigenome (see review [36]).

Interestingly, the localization of FLS with different gene expression patterns in proximal
(shoulder, knee) and distal digital joints is epigenetically regulated. In particular, different HOX
genes, which specify regional identity, are expressed in FLS isolated from proximal and distal
joints, and this influences the expression of ECM remodeling genes [37]. For example, hand FLS
express higher amounts of CXCL12, whereas shoulder FLS express higher levels of MMP1/MMP13.
The PDPN and THY1 phenotype of FLS from proximal or distal joints is not known, but epigenetic
alterations may explain the characteristic RA clinical phenotype with chronic synovitis mainly in distal
joints (wrist, metacarpal phalangeal, and interphalangeal synovitis). This suggests that epigenetic
alterations in FLS contributes to the chronic synovitis observed in RA as well as localization of the
inflammatory joints.

5. Role of FLS in Immune Cell Recruitment and Retention

Synovial pannus formation is sustained mainly by proliferation of synovial fibroblasts and
infiltration of immune cells. In RA FLS, CCL20 expression upregulation will promote the migration
into the inflamed joints of Th17 cells [38]. Additionally, in the RA synovium, IL17-induced CCL20
production promotes the chemotaxis of monocytes, T cells, B cells and immature dendritic cells,
either directly or indirectly in a CXCL12-dependent manner (for review see [39]). Perivascular
CD34"THY1* FLS from patients with RA overexpress chemokines (CXCL12, CCL2, and RANTES) and
play a critical role in immune cell recruitment [40] phocytes and monocytes [41]. CCL2 promotes the
recruitment of CCR2" macrophages, T cells, and natural killer cells (for review see [42]). RANTES
chemotactic role for lymphocytes in RA synovium was demonstrated in vitro [43]. FLS also express
integrins (e.g., alpha4/betal integrins) and adhesion molecules (e.g., VCAM-1 and intercellular adhesion
molecule 1) [44] that favor T cell adhesion and retention. Indeed, T cells, particularly CD4* cells
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with the Th1 phenotype that strongly express CXCR3 and CCRS5, are massively recruited within the
inflamed joints where they have a pivotal role in joint inflammation and arthritis development [45,46].
Once recruited, T lymphocyte retention within the RA synovium is associated with enhanced adhesion
of synovium-derived endothelial cells activated by TNF [47]. Moreover, the persistence of activated
CD4™" T cells in the inflamed synovial membrane of patients with RA has been partly attributed to the
increased expression of sphingosine kinase-1 by FLS that promotes the conversion of sphingosine into
sphingosine-1-phosphate [48]. Of note, compared with OA, sphingosine-1-phosphate and its receptors
are indeed strongly expressed in RA synovium [49,50]. This shows that FLS from patients with RA play
a critical role in immune cell recruitment.

6. Apoptotic and Proliferative Capacities of FLS and MSC in Rheumatoid Arthritis

FLS long-term survival potential is related to their low apoptosis rate and high proliferative
capacities. Inhibition of apoptosis in RA FLS is related to changes in the expression of anti-apoptotic
B-cell lymphoma-2 (BCL-2) and p53. BCL-2 expression in RA FLS is induced by inflammation,
thereby protecting them from cell death. IL-15, a cytokine present in RA synovitis, also increases BCL-2
expression [51]. Remarkably, IL-15 blockade increases apoptosis in FLS through BCL-2 suppression.
Expression of p53, an archetypical DNA-damage responsive tumor suppressive gene, also is elevated in
RA FLS, but it is not required for p53 upregulated modulator of apoptosis (PUMA)-mediated apoptosis
in these cells [52]. A knockout mouse model and RA FLS gene expression analyses demonstrated that
RA FLS resistance to apoptotic signals can also be linked to reduced/loss of DICER1 expression [53].
DICERL1 is an endonuclease involved in microRNA biogenesis and also in the DNA damage response
and processing of cytotoxic non-coding RNA (review [54]). Finally, the co-localization of FLS expressing
FAS receptors and immune cells positive for FAS ligand has been described [55]. FAS-induced apoptosis
resistance depends on the PI3 kinase/AKT activity. While BID increased expression substantially
increased FAS-induced apoptosis, its inhibition suppressed RA FLS apoptosis. Of note, the inhibition
FLICE-inhibitory protein (FLIP) increases the apoptotic suppression of RA FLS in response to FAS
ligand [56]. Altogether, these findings reveal a mixture of phenotypes that complicates the identification
of therapeutic targets to eliminate by apoptosis disease-driven FLS in patients.

7. Synovial Cell Metabolic Interplay in RA Joints

RA joints are characterized by excessive proliferation of stromal cells and the synovial infiltrate
of innate and adaptive immune cells. This cell biomass increase imposes high energy demands and
leads to acidification of the synovial environment, resulting in stromal cell metabolic adaptations.
Recent studies confirmed the high glucose consumption and increased lactate concentration in
synovial fluid samples from patients with RA (for review see [13,57]). Therefore, RA can be viewed
also as an energy metabolism disorder in which FLS shift their metabolism towards anaerobic
glycolysis [58]. Furthermore, increased ATP concentration in the extracellular joint microenvironment
following inflammatory cues promotes FLS-mediated activation of the P2X7 purine receptor signaling
pathway [59]. Finally, we recently demonstrated that BM-MSC exert their immunosuppressive
functions on inflammatory T cells partly through cell-mediated mitochondrial transfer [15,60]. Indeed,
when co-cultured with T lymphocytes and especially IL17-producing T lymphocytes, healthy BM-MSC
can transfer their mitochondria to T cells, thus inducing their metabolic reprogramming toward
oxidative phosphorylation. This active suppressive process is partially reduced in synovium-derived
MSC isolated from patients with RA [15,60]. This finding argues for a role of mitochondrial transfer in
the maintenance of RA chronic inflammation [15,60].

8. Linking Senescence Onset and Synovitis

Excessive proliferation and hyperplasia of stromal cells are driving forces in RA progression.

Some studies suggest that they can be viewed as a tumor cell-like behavior of FLS. Intra-articular

6INK4a 1CDKN1A

gene transfer of tumor-suppressive genes, such as the senescence-promoting p1 and p2
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cell-cycle inhibitors, has been used in preclinical RA joint models with the aim of delaying/preventing
these invasive and hyperproliferative stromal phenotypes [61-64]. Indeed, cell senescence is the
strongest natural tumor suppressive mechanism that permanently blocks cell proliferation through
cell-cycle inhibitor induction in response to intrinsic signals (telomere attrition or oxidative stress),
but also following inappropriate extrinsic stimuli, such as chronic exposure to inflammatory cytokines
or oncogenes [65]. Senescence results in cell metabolic adaptations, epigenetic modifications, resistance
to apoptotic signals and a specific transcriptomic signature [66]. The senescence program will induce
cellular functional changes [65], while promoting the establishment of a specific secretory phenotype,
called a senescence-associated secretory phenotype (SASP) that allows the recruitment of immune cells
to favor in vivo senescent cell clearance [67]. Thus, induction of senescence in FLS could have some
therapeutic benefits in RA by blocking their proliferation and also by facilitating tissue clearance and
repair by the immune system. However, some evidence suggests that senescence could contribute
to RA progression by playing a negative role, as recently demonstrated in OA development [68,69].
Surprisingly, FLS, of which sub-groups need to be identified, harbor some features of senescent
cells in response to RA chronic inflammation [66]. Indeed, as mentioned, apoptotic resistance,
pro-inflammatory secretory profile, and DICER1 downregulation are well-known characteristics
of senescent cells [54,65]. As occurs during neoplastic tissue transformation, where pre-cancerous cells
acquire first a senescence phenotype before escaping cell-cycle arrest to become hyperproliferative [65],
it seems that some sub-types of RA FLS could reach a senescence-like state during the early stages of
RA, thus establishing a stromal inflammatory SASP that favors hyperproliferation of other stromal
cells and immune cells. Furthermore, as RA is an autoimmune inflammatory disease, it is well
established that T lymphocytes from RA patients become senescent upon chronic self-antigen exposure
and express p16NK4a po1CDKNIa
(for review [16,67]). The development of such oligoclonal senescent T cells with new functional
properties, such as tissue invasiveness, is part of the early RA phenotype [16,70,71]. Remarkably,
through the establishment of a specific Janus kinase (JAK)-dependent SASP, senescent T cells can also
promote early osteoclastogenesis and bone loss during RA progression [72]. Thus, these senescent
CD28"!! CD57* T cells become responsive to the synovial RA microenvironment during the early
disease phase, consequently amplifying the chronic joint inflammation in the late phase [72]. All these
findings suggest that it is important to thoroughly investigate senescence in FLS sub-types and CD4*
T cells in order to determine the consequence of their depletion in dedicated pre-clinical RA models.
Indeed, senescent cell elimination with seno-suppressive drugs or by pharmaco-genetic tools has
recently been used with great success in other chronic degenerative diseases (for review see [66,69]).
Such future studies could lead to the development of innovative long-term therapies also for patients
with RA [69].

and CD57, but also accumulate DNA damage and telomere defects

9. Perspectives for Innovative Therapeutic Approaches

Stromal cells, such as FLS and MSC, are heterogeneous populations with a key role in
immune memory, and in the recruitment of macrophages that influence immune cell metabolism.
Epigenetic alteration in MSC and FLS may explain specific immunoregulatory effects according to
localization in the body. Immunotherapies have largely proven their benefit to control cytokine-mediated
inflammation. New therapies promoting the refractory state of FLS and of synovial stromal cells may
prevent joint inflammation relapse.

Many treatments currently used by clinicians for RA management rely on seno-therapeutic
strategies that have been developed in the last 15 years to target chronic inflammation and reduce joint
deterioration and pain in patients with autoimmune diseases. In particular, TNF inhibitors that target
one of the main SASP actors are classical biological agents commonly used to treat RA. Remarkably,
a recent study showed that such compounds act by reducing T lymphocyte replicative senescence and
enhancing telomerase activities [73], demonstrating their anti-senescence effects.
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Moreover, small molecules targeting signaling pathways, such as the JAK pathway, are promising
for RA treatment. Indeed, JAK1, JAK2 and JAKS3 are required for SASP establishment at senescence
onset. The JAK inhibitors tofacitinib and baricitinib are prescribed to patients with RA to circumvent
chronic inflammation [74,75], further confirming the importance of senescence in RA.

A better characterization of FLS epigenome alterations, metabolic regulations and immune
memory will pave the way to new therapeutic strategies to prevent the chronicity of inflammation
in RA.

Funding: This research was funded by INSERM, Dotation U1183.

Conflicts of Interest: The authors declare no competing interests.
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