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ABSTRACT

New analytical methods and the increasing availability of
synovial biopsies have recently provided unprecedented
insights into synovial activation in general and synovial
fibroblast (SF) biology in particular. In the course of this
development, SFs have become one of the most rapidly
evolving and exciting fields of rheumatoid arthritis (RA)
research. While their active role in the invasion of RA
synovium into cartilage has long been studied, recent
studies have brought new aspects of their heterogeneity
and propagation in RA. This review integrates old

and new evidence to give an overview picture of the
processes active at the sites of invasive synovial tissue
growth in RA.

Synovial invasion into adjacent joint structures is a
pathognomic feature of RA. Although therapeutic
options for patients with RA have improved signifi-
cantly over the past decade, once structural damage
to the joint has occurred, it is irreversible, and thus
effective inhibition of joint destruction remains one
of the most important goals of RA therapy. Destruc-
tion of cartilage and bone in RA is thought to be
a result of pathological activation of osteoclasts
(recently reviewed in Andreev et al,' chondrocytes
and synovial fibroblasts (SF). Interestingly, subchon-
dral bone marrow oedema is a strong predictor of
bone erosions in RA? and cellular activation in the
bone marrow adjacent to erosions could be demon-
strated histologically.* However, how bone marrow
cells are involved in joint destruction is not eluci-
dated yet. Damaged cartilage facilitates adhesion
and invasion of SF in mouse arthritis models* and
fragments released from damaged cartilage might
activate synovial cells via Toll-like receptors (TLR).’
Recent studies could show sustained increased
expression of matrix metalloproteinases (MMP-1
and MMP-13) and cytokines by cartilage explants
from patients with RA compared with healthy
controls over 14 days in culture,® supporting an
active role of cartilage in promoting structural
damage in RA. Nevertheless, compared with osteo-
arthritis (OA), very little is known about the acti-
vation of chondrocytes in RA, and on their role
promoting the invasive capacities of the synovial
tissue and the formation of what historically was
called pannus (Latin for patch or cloth).

In the late 1970s/early 1980s, pannus was
described as scar tissue that covers areas with carti-
lage damage and, by histological examination,
was suggested to evolve from tumour-like, inva-
sively growing SF that had undergone a mesen-
chymoid transformation.” ® Since then, SFs have
been recognised as crucial effector cells in the

pathogenesis of RA and various factors have been
described to promote and maintain this invasive
aggressive RA SF phenotype. Novel single-cell-
based analyses have more recently provided unprec-
edented insights into SF activation and delivered
compelling evidence for fibroblast heterogeneity in
the synovium.” ™!

In this review, old and new insights into how SFs
are involved in the development of joint damage
are brought together to provide a new integrative
picture of the processes active at sites of invasive
synovial tissue growth in RA.

THE SYNOVIAL ARCHITECTURE IS LINKED TO
SPECIFIC CELLULAR FUNCTIONS

The synovial tissue is divided into the synovial
lining (intima) and sublining layer (subintima).
Expression of cadherin-11 by SF has been shown
to be indispensable for the establishment of this
organised synovial architecture.'* In healthy
synovium, the lining layer consists of a thin layer
of tissue-resident macrophages (previously called
type A synoviocytes) and SF (previously called type
B synoviocytes). Lining SFs, which form the inter-
face with the joint cavity, produce proteins, which
are important in maintaining physiological lubri-
cation and nutrition of the joint cartilage, such as
hyaluronic acid and proteoglycan 4 (PRG4). The
healthy sublining layer consists of loose connective
tissue, blood vessels and a few scattered sublining
SE. In inflammation, synovial cellularity changes
dramatically. SF populations expand; the lining
layer becomes hyperplasic and the sublining layer is
populated by sublining SF and infiltrating immune
cells.

Previously, histological and functional studies
have indicated that lining and sublining SF may
constitute distinct cell populations.'® This could be
confirmed more recently by single-cell analyses of
the synovium, where CD90 expressing sublining SF
clearly separated from the CD90™ lining SF popu-
lation.”™"" There is, however, no defined structure
such as a basement membrane or tight cell-cell
interactions separating these two synovial compart-
ments. Accordingly, synovial fluid flows unrestricted
via the synovial capillaries through the synovium to
the articular cavity and back again to be reabsorbed
by the lymphatic vessels in the sublining layer. The
various compartments of the synovium are thus
more loosely organised and more permeable than
other tissues with a similar structure such as the skin
or the intestine.

To prove functional differences between lining
SFs and sublining SFs, an elegant cell transfer
approach was developed using an experimental
arthritis model in mice."* This experiment showed
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that the severity of joint destruction, but not joint inflammation,
increased when lining SFs were injected intra-articularly. On the
other hand, when sublining SFs were injected, the inflamma-
tory response increased, but joint destruction was unaffected.
Although these experiments were performed in mice, it can be
assumed that lining and sublining SF play a similar dichotomous
role in human RA and that also in human disease synovial lining,
but not sublining SF attach and invade adjacent joint structures.
This is also supported by the strong expression of the lining cell
marker cadherin-11 at sites of synovial invasion into cartilage
and its ability to promote invasive growth of SE.*

THE ORIGIN OF SF SUBPOPULATIONS

The origin and phenotypic stability of the different subpopula-
tions of SF is not yet clearly understood. Lining and sublining
SF might represent different phenotypic variations induced
by local stimuli or different cell linages. Trajectory analysis of
single-cell RNA sequencing data suggests that the differences in
gene expression between SF subpopulations are gradual, with
CD90~ lining SF on one side of the axis and CD90™&" SFs on the
other.® This analysis, therefore, argues rather against the pres-
ence of distinct SF lineages in the synovium and for a gradual
change in phenotype depending on the environment. Indeed,
endothelial-derived NOTCH signals were found to induce and
stabilise the CD90"#" SF subtype that is found around vessels
in the synovium.'®'” This could also mean that one SF subtype
could transform into another depending on the stimulus and
localisation within the synovium. Although distinct experiments
addressing this ‘reprogramming’ are currently lacking, it is an
attractive hypothesis for finding a therapeutic approach that can
convert pathogenic SF into restorative, normal SE.

Linage tracing studies showed that the majority of the synovium
is populated by GdfS-expressing joint interzone cells in mice."®
Continuous, temporal-spatially regulated influx of Gdf3$-linage
cells gives also rise to all other joint structures, such as carti-
lage, menisci and ligaments.”” However, a fraction not derived
from this linage was found particularly in the sublining syno-
vial compartment.? Interestingly, in antigen-induced arthritis in
mice, the proportion of lining SF (CD907) increased much more
in the GdfS-lineage SF than in SF that did not evolve from the
GdfS-linage, where expansion of sublining SF (CD90) domi-
nated.”' This could mean that in arthritic conditions the pheno-
typic differences between lining and sublining SF are reinforced
by differential proliferative responses of different SF linages. On
the other hand, recruitment of Gdf5-lineage SF to perivascular
areas was demonstrated after parapatellar arthrotomy in mice.'®
Intriguingly, perivascular CD90"" human SF were suggested
to expand in RA synovial tissues due to endothelial cell derived
signals. Thus, a combination of local signals and linage differ-
ences might shape the pathogenic architectural and cellular
synovial changes seen in RA.'®

However, to date, it is not clear whether and how these
synovial changes differ between the various chronic arthri-
tides. Although the clinical presentation and outcomes are very
distinct, apart from its invasive growth in RA, the synovial
response to inflammation seems rather uniform. Neither syno-
vial lining hyperplasia, nor expansion of sublining SF popula-
tions is exclusive to RA and is similarly seen in psoriatic arthritis
or reactive arthritis, and even in cases of OA.?* Based on histo-
morphological investigations of the site of cartilage invasion in
RA, it was speculated in the early 1990s that a mesenchymal cell
of distinct origin arises from the perichondrial synovium in the
early phases of RA and starts the invasive process.® > Whether

these RA-specific, invasive stromal cells in the lining layer, back
then called pannocytes,® are transformed lining SF, stem from
a distinct mesenchymal linage or possibly are even chondrocyte-
derived or bone marrow-derived cells has not yet been clarified.
More detailed analyses focusing on the synovial lining and the
site of invasion may reveal an RA-specific lining SF population.
Until then, we can revisit studies analysing overall changes in
RA SF to elucidate factors that are involved in the RA-specific
invasive behaviour of lining SF.

INVASIVE PROPERTIES OF RA LINING SF

Numerous studies analysed qualitative differences between RA
and OA SF and many described molecules and pathways that
are able to promote the invasive behaviour of SF, for example
cadherin-11," PI3K8§,** hypoxia,® interleukin IL-17,%¢ IL-21%
just to name a few. High expression of MMPs in RA synovial
tissues and prominent expression of MMPs by lining SF were
already discovered in early studies and suggested as one of the
major mediators of joint destruction in RA.?*3° In particular,
expression of MMP-1,>! MMP-3,>! MMP-13** and MMP-14
(MT-MMP1)** was connected to the cartilage damaging prop-
erties of RA SF. Their expression was found high in SF at sites
of cartilage invasion and correlated with invasive behaviour of
SF in vivo and in vitro. In addition, the cysteine proteinases
cathepsin L and B** were found to be higher expressed in the
lining layer of RA synovial tissues, as well as cathepsin K, which
was directly connected to the degrading properties of SF in
vitro.* Furthermore, upregulation of adhesion molecules®® 3’
and local activation of SF via TLR2®® was suggested to play a
role in the pathological attachment and invasion of SF into carti-
lage. The production of RANKL, which is critical for osteoclast
formation, has been described as an indirect mechanism for the
promotion of bone erosion by RA SE.** However, as with the
synovial inflammatory response, expression of these molecules
and activation of these signalling pathways after stimulation is
not specific to RA SF, and therefore, cannot fully explain why
attachment of RA SF to cartilage occurs in RA but not in other
joint diseases.

EPIGENETIC CHANGES IN RA SF

In their seminal work in 1996, Miiller-Ladner et al used a
coimplantation model of cultured SF and human cartilage in
immunodeficient severe combined immunodeficiency (SCID)
mice and demonstrated that the invasive properties of RA SF
are not dependent on an inflammatory environment and that
they are maintained over several passages in cell culture.*® This
supported the notion of a ‘tumour-like’, stable transformation of
RA SF, postulated by earlier studies.” Subsequently, differences
in DNA methylation between cultured RA and OA SF could be
shown and were suggested to underlie the phenotypic changes
of RA SF. DNA methylation is an epigenetic mechanism that
can mark specific genomic regions for silencing and thus regu-
lates gene expression by influencing the accessibility of the tran-
scriptional machinery to promoter regions. Furthermore, DNA
methylation is an important mechanism to silence repetitive and
retroviral sequences in the genome, such as retrotransposons.
In 2013, several studies analysed DNA methylation in coding
regions using microarray technology.*'™ Similar to tumour
cells, RA SF showed a loss of methylation in genomic regions
containing retroviral LINE1 sequences* and focal hypermeth-
ylation/ and hypomethylation in coding regions.*'™ First, these
studies clearly showed that there a considerable changes in
DNA methylation between cultured RA SF and OA/normal SF.
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Changes in epigenetic modifications in RA SF. DNA methylation (orange lollipops) in repetitive DNA sequences like line 1 (blue) is lost

in RA SF, while in chromatin regions that are transcribed (green) or contain regulatory elements, such as enhancers (yellow) or promoters (red),

DNA methylation can be lost or gained in RA SF. Differentially modified epigenetic regions (DMER) between RA and OA SF contained mainly the
activating H3K27ac mark (acetylation of lysine 27 in histone 3) and H3K4me1, found in enhancer regions. H3K4me3 that marks promoter regions and
H3K27me3, enriched in repressed chromatin, were found altered in the region encoding MMPs in RA SF. OA, osteoarthritis; RA, rheumatoid arthritis;
SF, synovial fibroblast; TSS, transcription start site; 5'UTR, 5" untranslated region.

Second, further analysis of the affected regions indicated that
the aberrant DNA methylation in RA SF is not random, because
the implicated genes and pathways had a role in previously
implicated inflammatory (e.g., TLR pathway*) and invasive
pathways (e.g., extracellular matrix receptor interactions,* cell
matrix adhesion*') in RA. In particular, pathways involved in cell
adhesion, cell migration (actin cytoskeleton*”, actin binding,*
response to wounding*')and proliferation were recurrent themes
that emerged in all three major studies and strongly pointed to
regulation of invasive properties of lining SF by changes in DNA
methylation (figure 1). Furthermore, treatment of RA SF with
methyl donors and remethylation of their DNA inhibited their
invasive behaviour in the SCID mouse model, further supporting
a link between changes in DNA methylation and the ‘tumour-
like’ behaviour of lining SE.+

However, there was relatively little overlap between the
observed changes in DNA methylation and transcriptional
changes in the associated genes. From 3470 differentially meth-
ylated sites being annotated to 1238 genes, only 17% (208)
showed the expected inverse correlation of expression and
changes in DNA methylation.*' Mostly, hypermethylation or
hypomethylation at transcription start sites (TSS) and 5” untrans-
lated regions, but not in other genomic regions, associated with
upregulated or downregulated expression of the respective genes
in cultured RA SE. The lack of transcriptional effect of the differ-
entially methylated sites could be due to other effects of DNA
methylation (e.g., splicing effects), additional mechanisms regu-
lating gene expression (e.g., histone modifications) or a lack of
stimulus. In general, epigenetic modifications, including DNA
methylation, do not initiate gene transcription themselves, but
shape the chromatin landscape to promote or inhibit binding
of relevant proteins, for example, transcription factors or the
transcriptional machinery, in a specific environmental condi-
tion. Thus, repeated stimulation of macrophages changes the
epigenetic landscape and induces tolerance or training.*® Similar
repeated TLR or tumour necrosis factor (TNF) stimulation
have been shown to change epigenetic marks, in particular
histone acetylation, in SE.*” *® Specific environmental changes,
for example, cytokines, damaged cartilage or the presence of
autoantibodies might have supported transcriptional epigenetic
reprograming in RA SF that can only be recalled when the same
stimulus is applied again. This hypothesis is corroborated by the
fact that even though single-cell RNA sequencing analysis has
shown that lining SF largely lose their transcriptional phenotype

in vitro,'® cultured RA SFs still exhibit the invasive properties
of in vivo lining SF in the SCID mouse model. Therefore, it can
be assumed that epigenetic imprinting preserves the invasive RA
lining phenotype in cell culture and that it can be reactivated
under the right conditions. Direct contact with damaged carti-
lage and/or soluble factors secreted from activated chondrocytes
might have a crucial role in this activation.

In addition to changes in DNA methylation, overall integra-
tion of epigenetic marks confirmed significant differences in
the epigenetic makeup of RA and OA SF and defined several
differentially modified epigenetic regions (DMER) (figure 1).%
Pathway analysis of the genes associated with these DMER again
pointed to epigenetic modulation of migration (eg, ‘Signalling
by Rho family GTPases’), and identified huntingtin-interacting
protein-1 (HIP1) as additional modulator of invasive properties
of RA SE.* Analysis of transcription factor binding sites within
the identified DMER showed over-representation of AP-1 tran-
scription factor binding sites in RA SF. AP-1 transcription factors
are heterodimers/homodimers of JUN and FOS proteins. FOS
was described to activate MMP production in RA SF already 30
years ago.’” Enrichment of AP-1 transcription factor binding sites
was also shown within chromatin regions that rearrange after
TNF stimulation in SE’!' Together, these studies indicate that
AP-1 activation is an important step in reactivation of the epige-
netically reprogrammed RA SF invasive phenotype. H3K4me3,
the histone modification that is enriched in promoter elements,
was found increased in MMP-1, MMP-3, MMP-9 and MMP-13
in RA SF compared with OA SF, while the repressive H3K27me3
mark was lost in RA SF in MMP-1 and MMP-9 promoters.*”
These changes could facilitate AP-1 binding to MMP promoters
and thus promote high expression of these MMPs in RA SF.

However, based on single-cell analysis, it must be considered
that SF cultures are not as homogeneous as previously thought.
This raises the possibility that differences in the transcriptome
and epigenome in RA SF do not represent qualitative differences,
but reflect quantitative differences in the proportion of different
SF subtypes in cultures. RA synovial tissues generally contain
considerably more sublining SF than synovial tissues from OA
patients or healthy controls. Thus, in RA cell cultures, lining SF
might be overgrown by sublining SF more rapidly than in OA
cultures. In this regard, it should be noted that 13 of the 20
major marker genes for lining SF, as defined by Zhang et al!
by single-cell RNA sequencing, were differentially methylated,
mostly hypermethylated in RA SF cultures, in at least one of the
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three studies in which changes in DNA methylation were anal-
ysed.*'™ These genes include for example PRG4, CDSS, ITGBS
and CLICS. It remains to be determined whether the differences
of DNA methylation in these genes between RA and OA SF
reflect epigenetic modulation of lining SF functions or are due to
a higher proportion of sublining SF, in which these genes could
be silenced by DNA methylation, in RA SF cultures.

WHEN AND HOW ARE RA SF IMPRINTED

Assuming that there is epigenetic imprinting of RA SF, the key
question is how and when this imprinting occurs. Technically,
epigenetic changes in RA SF can be triggered at any time during
the lifetime, from embryonic development to disease flares,
by a variety of environmental stimuli such as viral infections,
hormones, smoking, etc. Research in this area is scarce and
logistically difficult to implement. At least, studies comparing
cultured SF from different stages of RA consistently showed that
RA-specific changes in DNA methylation can be detected already
in undifferentiated stages> and shortly after diagnosis,** but also
that the DNA methylome is still changing over the course of
the disease. For the first time, although with a small number
of replicates, each of these studies provided evidence that the
DNA methylome of RA SF is distinct from SF of other inflamma-
tory arthitides (juvenile idiopathic arthritis,** undifferentiated
resolving arthritis®®). Most interestingly, pathway analysis of
associated genes with sites that were already differentially meth-
ylated at undifferentiated disease stages once again highlighted
migratory (‘actin filaments’) and cell adhesion (‘cadherins’)
pathways.*®

Furthermore, DNA methylation connected to genes involved
in antigen presentation pathways was changed in SF at very
early as well as late stages of RA.>> Whether SF are true antigen-
presenting cells is still under debate. Nevertheless, SF strongly
upregulate MHC class II expression upon stimulation with inter-
feron v, IL-17 or coculture with neutrophil extracellular traps.’®
Of note, high expression of HLA-DR was also shown in a
specific population of sublining SF that expanded in RA synovial
tissue.'! Therefore, again, it cannot completely be ruled out that
differences in DNA methylation patterns are due to differential
enrichment of different SF subpopulations in culture.

An intriguing possibility is that the presence of RA specific
autoantibodies leads to the specific epigenetic imprinting of RA
SF. A direct arthritogenic role of autoantibodies isolated from
patients with RA has been suggested in several studies, showing
that RA autoantibodies, in particular anticitrullinated peptide
antibodies (ACPA) can promote osteoclastogenesis®®>” and acti-
vate macrophages.>® > Importantly, SF incubated with polyclonal
antibodies isolated from RA patients' blood or specific clones
of monoclonal antibodies increased the migratory and adhesive
properties of SE.®’ This activation was dependent on the pres-
ence of citrullination in SF, and thus, it might be concluded that
this effect is indeed mediated via binding of ACPA. However,
whether such effects of autoantibodies indeed depend on their
reactivity and how they are mediated is as yet unclear. Further-
more, whether the presence of autoantibodies can induce
changes in DNA methylation in SF has not been analysed.

Finally, epigenetic variability in SF could be mediated by vari-
ations in the DNA sequence. Some changes in DNA methylation
levels are closely related to genetic variants (single-nucleotide
polymorphisms, SNPs), so-called DNA methylation quantitative
trait loci or meQTLs. To date, no study analysed meQTLs in SE,
but analysis in peripheral blood cells demonstrated that genetic
RA risk variants can influence DNA methylation in T-cells and

Smoking hormones
infections

Bone marrow
activation

©) @@

@ Myeloid cells <<= Sublining SF @ Osteoclasts
@)
@ Lymphocytes < Lining SF Bone marrow

Figure 2 Possible activators of lining SF transformation in RA.
RA-independent factors (smoking, viral infections, hormones) as

well as environmental changes connected to RA such as cytokines,
autoantibodies, cartilage damage, bone marrow activation or genetic
risk (single-nucleotide polymorphisms, SNPs) could have a role in

the ongoing transformation of lining SF. RA, rheumatoid arthritis; SF,
synovial fibroblast.

B-cells.®! ® Several RA risk SNPs lie in open and active chro-
matin in SF°! and thus might not only induce transcriptional
changes in RA SF, but also changes in DNA methylation.

CONCLUDING REMARKS

In summary, the data collected to date support the hypothesis
that lining SF with an epigenetically imprinted phenotype,
mainly affecting adhesive and migratory properties and prob-
ably activated via AP-1, promote invasive synovial growth in
RA. This transformation occurs at early disease stages and might
be induced by environmental and genetic factors (figure 2).
Although many aspects of SF activation in RA have been clarified
in recent years, some important questions remain. The origin
of the invasive lining RA SF could be a distinct mesenchymal
stem cell population within the joint (‘pannocyte’) or phenotypic
changes of normal lining SF. For preventive measures, elucida-
tion of the environmental factors which might induce the forma-
tion of invasive lining SF is crucial. While it is known that for
instance smoking or viral infections can have a strong influence
on DNA methylation, a direct link between an environmental
factor and the RA SF pattern of DNA methylation changes has
not been found yet. Given the typical pattern of joint involve-
ment in RA, these triggering factors might be more present or act
more strongly in certain joints than in others.®® In this context,
the role of cartilage and bone marrow cells in promoting inva-
sive synovitis is completely unclear. Finally, yet importantly, a
direct link between invasive growth and the observed epigen-
etic changes is still missing. Answering these questions will
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substantially increase the knowledge on the invasive growth of
RA SF and open up the way for direct therapeutic targeting of
invasive RA lining FLS.

Twitter Caroline Ospelt @CarolineOspelt
Contributors CO wrote the article and prepared the figure.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.
Patient consent for publication Not applicable.
Provenance and peer review Commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Caroline Ospelt http://orcid.org/0000-0002-9151-4650

REFERENCES

1 Andreev D, Kachler K, Schett G, et al. Rheumatoid arthritis and osteoimmunology:
the adverse impact of a deregulated immune system on bone metabolism. Bone
2022;162:116468.

2 McQueen FM, Benton N, Perry D, et al. Bone edema scored on magnetic resonance
imaging scans of the dominant carpus at presentation predicts radiographic joint
damage of the hands and feet six years later in patients with rheumatoid arthritis.
Arthritis Rheum 2003;48:1814-27.

3 Bugatti S, Caporali R, Manzo A, et al. Involvement of subchondral bone marrow in
rheumatoid arthritis: lymphoid neogenesis and in situ relationship to subchondral
bone marrow osteoclast recruitment. Arthritis Rheum 2005;52:3448-59.

4 Korb-Pap A, Stratis A, Mhlenberg K, et a/. Early structural changes in cartilage and
bone are required for the attachment and invasion of inflamed synovial tissue during
destructive inflammatory arthritis. Ann Rheum Dis 2012;71:1004-11.

5 Goh FG, Midwood KS. Intrinsic danger: activation of toll-like receptors in rheumatoid
arthritis. Rheumatology 2012;51:7-23.

6 Onnheim K, Huang S, Strid Holmertz A, et a/. Rheumatoid arthritis chondrocytes
produce increased levels of pro-inflammatory proteins. Osteoarthr Cartil Open
2022;4:100235.

7 Fassbender HG. Histomorphological basis of articular cartilage destruction in
rheumatoid arthritis. Coll Relat Res 1983;3:141-55.

8 Fasshender HG. What destroys the joint in rheumatoid arthritis? Arch Orthop Trauma
Surg 1998;117:2-7.

9 Mizoguchi F, Slowikowski K, Wei K, et al. Functionally distinct disease-associated
fibroblast subsets in rheumatoid arthritis. Nat Commun 2018;9:789.

10 Stephenson W, Donlin LT, Butler A, et al. Single-cell RNA-seq of rheumatoid arthritis
synovial tissue using low-cost microfluidic instrumentation. Nat Commun 2018;9:791.

11 Zhang F, Wei K, Slowikowski K, et a/. Defining inflammatory cell states in rheumatoid
arthritis joint synovial tissues by integrating single-cell transcriptomics and mass
cytometry. Nat Immunol 2019;20:928-42.

12 Kiener HP, Lee DM, Agarwal SK, et al. Cadherin-11 induces rheumatoid
arthritis fibroblast-like synoviocytes to form lining layers in vitro. Am J Pathol
2006;168:1486-99.

13 Croft AP, Naylor AJ, Marshall JL, et al. Rheumatoid synovial fibroblasts differentiate
into distinct subsets in the presence of cytokines and cartilage. Arthritis Res Ther
2016;18:270.

14 Croft AP, Campos J, Jansen K, et al. Distinct fibroblast subsets drive inflammation and
damage in arthritis. Nature 2019;570:246-51.

15 Kiener HP, Niederreiter B, Lee DM, et al. Cadherin 11 promotes invasive behavior of
fibroblast-like synoviocytes. Arthritis Rheum 2009;60:1305-10.

16 Wei K, Korsunsky I, Marshall JL, et al. Notch signalling drives synovial fibroblast
identity and arthritis pathology. Nature 2020;582:259-64.

17 Micheroli R, Elhai M, Edalat S, et al. Role of synovial fibroblast subsets across
synovial pathotypes in rheumatoid arthritis: a deconvolution analysis. RMD Open
2022;8:e001949.

18 Roelofs AJ, Zupan J, Riemen AHK, et a/. Joint morphogenetic cells in the adult
mammalian synovium. Nat Commun 2017;8:15040.

19 Shwartz Y, Viukov S, Krief S, et al. Joint development involves a continuous influx of
Gdf5-Positive cells. Cell Rep 2016;15:2577-87.

20 Collins FL, Roelofs AJ, Symons RA, et al. Taxonomy of fibroblasts and progenitors in
the synovial joint at single-cell resolution. Ann Rheum Dis 2023;82:428-37.

21 Symons RA, Colella F, Collins FL, et al. Targeting the IL-6-Yap-Snail signalling
axis in synovial fibroblasts ameliorates inflammatory arthritis. Ann Rheum Dis
2022;81:214-24.

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

41

42

43

44

45

46

47

48

49

50

Krenn V, Morawietz L, Burmester G-R, et al. Synovitis score: discrimination between
chronic low-grade and high-grade synovitis. Histopathology 2006;49:358—64.
Zvaifler NJ, Firestein GS. Pannus and pannocytes. alternative models of joint
destruction in rheumatoid arthritis. Arthritis Rheum 1994;37:783-9.

Bartok B, Hammaker D, Firestein GS. Phosphoinositide 3-kinase & regulates
migration and invasion of synoviocytes in rheumatoid arthritis. / Immunol
2014;192:2063-70.

Fearon U, Canavan M, Biniecka M, et al. Hypoxia, mitochondrial dysfunction and
synovial invasiveness in rheumatoid arthritis. Nat Rev Rheumatol 2016;12:385-97.
Moran EM, Mullan R, McCormick J, et a/. Human rheumatoid arthritis tissue
production of IL-17A drives matrix and cartilage degradation: synergy with tumour
necrosis factor-alpha, oncostatin M and response to biologic therapies. Arthritis Res
Ther 2009;11:R113.

Xing R, Jin Y, Sun L, et al. Interleukin-21 induces migration and invasion of
fibroblast-like synoviocytes from patients with rheumatoid arthritis. Clin Exp Immunol
2016;184:147-58.

Krane SM, Conca W, Stephenson ML, et al. Mechanisms of matrix degradation in
rheumatoid arthritis. Ann N'Y Acad Sci 1990;580:340-54.

Gravallese EM, Darling JM, Ladd AL, et a/. In situ hybridization studies of stromelysin
and collagenase messenger RNA expression in rheumatoid synovium. Arthritis Rheum
1991;34:1076-84.

Okada Y, Takeuchi N, Tomita K, et al. Immunolocalization of matrix metalloproteinase
3 (stromelysin) in rheumatoid synovioblasts (B cells): correlation with rheumatoid
arthritis. Ann Rheum Dis 1989;48:645-53.

Tolboom TCA, Pieterman E, van der Laan WH, et a/. Invasive properties of fibroblast-
like synoviocytes: correlation with growth characteristics and expression of MMP-1,
MMP-3, and MMP-10. Ann Rheum Dis 2002;61:975-80.

Konttinen YT, Salo T, Hanemaaijer R, et al. Collagenase-3 (MMP-13) and its activators
in rheumatoid arthritis: localization in the pannus-hard tissue junction and inhibition
by alendronate. Matrix Biol 1999;18:401-12.

Konttinen Y, Ceponis A, Takagi M, et al. New collagenolytic enzymes/cascade
identified at the pannus-hard tissue junction in rheumatoid arthritis: destruction from
above. Matrix Biology 1998;17:585-601.

Keyszer G, Redlich A, Haupl T, et al. Differential expression of cathepsins B and

L compared with matrix metalloproteinases and their respective inhibitors in
rheumatoid arthritis and osteoarthritis: a parallel investigation by semiquantitative
reverse transcriptase-polymerase chain reaction and immunohistochemistry. Arthritis
Rheum 1998;41:1378-87.

Hou W-S, Li Z, Gordon RE, et a/. Cathepsin K is a critical protease in synovial
fibroblast-mediated collagen degradation. Am J Pathol 2001;159:2167-77.
Ohshima S, Kuchen S, Seemayer CA, et al. Galectin 3 and its binding protein in
rheumatoid arthritis. Arthritis Rheum 2003;48:2788-95.

Peters MA, Wendholt D, Strietholt S, et al. The loss of 231 integrin suppresses joint
inflammation and cartilage destruction in mouse models of rheumatoid arthritis.
Arthritis Rheum 2012;64:1359-68.

Seibl R, Birchler T, Loeliger S, et al. Expression and regulation of toll-like receptor 2 in
rheumatoid arthritis synovium. Am J Pathol 2003;162:1221-7.

Danks L, Komatsu N, Guerrini MM, et al. Rankl expressed on synovial fibroblasts is
primarily responsible for bone erosions during joint inflammation. Ann Rheum Dis
2016;75:1187-95.

Muller-Ladner U, Kriegsmann J, Franklin BN, et a/. Synovial fibroblasts of patients with
rheumatoid arthritis attach to and invade normal human cartilage when engrafted
into SCID mice. Am J Pathol 1996;149:1607-15.

de la Rica L, Urquiza JM, Gémez-Cabrero D, et a/. Identification of novel markers in
rheumatoid arthritis through integrated analysis of DNA methylation and microRNA
expression. J Autoimmun 2013;41:6-16.

Nakano K, Whitaker JW, Boyle DL, et al. DNA methylome signature in rheumatoid
arthritis. Ann Rheum Dis 2013;72:110-7.

Whitaker JW, Shoemaker R, Boyle DL, et al. An imprinted rheumatoid arthritis
methylome signature reflects pathogenic phenotype. Genome Med 2013;5:40.
Karouzakis E, Gay RE, Michel BA, et al. DNA hypomethylation in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum 2009;60:3613-22.

Neidhart M, Karouzakis E, Jingel A, et al. Inhibition of spermidine/spermine N1-
acetyltransferase activity: a new therapeutic concept in rheumatoid arthritis. Arthritis
Rheumatol 2014:66:1723-33.

Netea MG, Dominguez-Andrés J, Barreiro LB, et al. Defining trained immunity and its
role in health and disease. Nat Rev Immunol 2020;20:375-88.

Klein K, Gay RE, Michel B, et a/. AB0032 Toll-like receptor stimulation induces
tolerizable and non-tolerizable effects in rheumatoid arthritis synovial fibroblasts. Ann
Rheum Dis 2013;72:795

Lee A, Qiao Y, Grigoriev G, et al. Tumor necrosis factor o induces sustained signaling
and a prolonged and unremitting inflammatory response in rheumatoid arthritis
synovial fibroblasts. Arthritis Rheum 2013;65:928-38.

Ai R, Laragione T, Hammaker D, et a/. Comprehensive epigenetic landscape of
rheumatoid arthritis fibroblast-like synoviocytes. Nat Commun 2018;9:1921.
Trabandt A, Aicher WK, Gay RE, et al. Spontaneous expression of immediately-early
response genes c-fos and Egr-1 in collagenase-producing rheumatoid synovial
fibroblasts. Rheumatol Int 1992:12:53-9.

738

Ospelt C. Ann Rheum Dis 2023;82:734-739. doi:10.1136/annrheumdis-2022-222554

"yBuAdoo Aq paloalold 1sanb Aq 20z ‘0T [Udy uo jwod g ple//:dny woly papeojumod ‘220z Jaquiadad 0E Uo $G5222-2202-PIe/9STT 0T St paysiiand 1Sy :SIQ wnayy uuy


https://twitter.com/CarolineOspelt
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-9151-4650
http://dx.doi.org/10.1016/j.bone.2022.116468
http://dx.doi.org/10.1002/art.11162
http://dx.doi.org/10.1002/art.21377
http://dx.doi.org/10.1136/annrheumdis-2011-200386
http://dx.doi.org/10.1093/rheumatology/ker257
http://dx.doi.org/10.1016/j.ocarto.2022.100235
http://dx.doi.org/10.1016/S0174-173X(83)80040-5
http://dx.doi.org/10.1007/BF00703430
http://dx.doi.org/10.1007/BF00703430
http://dx.doi.org/10.1038/s41467-018-02892-y
http://dx.doi.org/10.1038/s41467-017-02659-x
http://dx.doi.org/10.1038/s41590-019-0378-1
http://dx.doi.org/10.2353/ajpath.2006.050999
http://dx.doi.org/10.1186/s13075-016-1156-1
http://dx.doi.org/10.1038/s41586-019-1263-7
http://dx.doi.org/10.1002/art.24453
http://dx.doi.org/10.1038/s41586-020-2222-z
http://dx.doi.org/10.1136/rmdopen-2021-001949
http://dx.doi.org/10.1038/ncomms15040
http://dx.doi.org/10.1016/j.celrep.2016.05.055
http://dx.doi.org/10.1136/ard-2021-221682
http://dx.doi.org/10.1136/annrheumdis-2021-220875
http://dx.doi.org/10.1111/j.1365-2559.2006.02508.x
http://dx.doi.org/10.1002/art.1780370601
http://dx.doi.org/10.4049/jimmunol.1300950
http://dx.doi.org/10.1038/nrrheum.2016.69
http://dx.doi.org/10.1186/ar2772
http://dx.doi.org/10.1186/ar2772
http://dx.doi.org/10.1111/cei.12751
http://dx.doi.org/10.1111/j.1749-6632.1990.tb17943.x
http://dx.doi.org/10.1002/art.1780340903
http://dx.doi.org/10.1136/ard.48.8.645
http://dx.doi.org/10.1136/ard.61.11.975
http://dx.doi.org/10.1016/S0945-053X(99)00030-X
http://dx.doi.org/10.1016/S0945-053X(98)90110-X
http://dx.doi.org/10.1002/1529-0131(199808)41:8<1378::AID-ART6>3.0.CO;2-J
http://dx.doi.org/10.1002/1529-0131(199808)41:8<1378::AID-ART6>3.0.CO;2-J
http://dx.doi.org/10.1016/S0002-9440(10)63068-4
http://dx.doi.org/10.1002/art.11287
http://dx.doi.org/10.1002/art.33487
http://dx.doi.org/10.1016/S0002-9440(10)63918-1
http://dx.doi.org/10.1136/annrheumdis-2014-207137
http://www.ncbi.nlm.nih.gov/pubmed/8909250
http://dx.doi.org/10.1016/j.jaut.2012.12.005
http://dx.doi.org/10.1136/annrheumdis-2012-201526
http://dx.doi.org/10.1186/gm444
http://dx.doi.org/10.1002/art.25018
http://dx.doi.org/10.1002/art.38574
http://dx.doi.org/10.1002/art.38574
http://dx.doi.org/10.1038/s41577-020-0285-6
http://dx.doi.org/10.1136/annrheumdis-2013-eular.2355
http://dx.doi.org/10.1136/annrheumdis-2013-eular.2355
http://dx.doi.org/10.1002/art.37853
http://dx.doi.org/10.1038/s41467-018-04310-9
http://dx.doi.org/10.1007/BF00300977
http://ard.bmj.com/

51

52

53

54

55

56

Ge X, Frank-Bertoncelj M, Klein K, et al. Functional genomics atlas of synovial
fibroblasts defining rheumatoid arthritis heritability. Genome Biol 2021;22:247.
Araki Y, Tsuzuki Wada T, Aizaki Y, et al. Histone methylation and STAT-3
differentially regulate interleukin-6-induced matrix metalloproteinase gene
activation in rheumatoid arthritis synovial fibroblasts. Arthritis Rheumatol
2016;68:1111-23.

Karouzakis E, Raza K, Kolling C, et al. Analysis of early changes in DNA methylation in
synovial fibroblasts of RA patients before diagnosis. Sci Rep 2018;8:7370.

Ai R, Whitaker JW, Boyle DL, et al. DNA methylome signature in synoviocytes from
patients with early rheumatoid arthritis compared to synoviocytes from patients with
longstanding rheumatoid arthritis. Arthritis & Rheumatology 2015,67:1978-80.
Carmona-Rivera C, Carlucci PM, Moore E, et al. Synovial fibroblast-neutrophil
interactions promote pathogenic adaptive immunity in rheumatoid arthritis. Sci
Immunol 2017;2. doi:10.1126/sciimmunol.aag3358. [Epub ahead of print: 14 04
2017].

Harre U, Georgess D, Bang H, et al. Induction of osteoclastogenesis and bone

loss by human autoantibodies against citrullinated vimentin. J Clin Invest
2012;122:1791-802.

58

59

60

61

62

63

Krishnamurthy A, Ytterberg AJ, Sun M, et al. Citrullination controls dendritic cell
transdifferentiation into osteoclasts. / Immunol 2019;202:3143-50.

Laurent L, Anquetil F, Clavel C, et al. IgM rheumatoid factor amplifies the
inflammatory response of macrophages induced by the rheumatoid arthritis-specific
immune complexes containing anticitrullinated protein antibodies. Ann Rheum Dis
2015;74:1425-31.

Dong X, Zheng Z, Lin P, et al. ACPAs promote IL-1 production in rheumatoid arthritis
by activating the NLRP3 inflammasome. Cell Mol Immunol 2020;17:261-71.

Sun M, Rethi B, Krishnamurthy A, et al. Anticitrullinated protein antibodies facilitate
migration of synovial tissue-derived fibroblasts. Ann Rheum Dis 2019;78:1621-31.
Clark AD, Nair N, Anderson AE, et al. Lymphocyte DNA methylation mediates

genetic risk at shared immune-mediated disease loci. J Allergy Clin Immunol
2020;145:1438-51.

Ha E, Bang S-Y, Lim J, et al. Genetic variants shape rheumatoid arthritis-specific
transcriptomic features in CD4 * T cells through differential DNA methylation,
explaining a substantial proportion of heritability. Ann Rheum Dis 2021;80:876-83.
Ospelt C, Frank-Bertoncelj M. Why location matters - site-specific factors in rheumatic
diseases. Nat Rev Rheumatol 2017;13:433-42.

Ospelt C. Ann Rheum Dis 2023;82:734-739. doi:10.1136/annrheumdis-2022-222554

739

"yBuAdoo Aq paloalold 1sanb Aq 20z ‘0T [Udy uo jwod g ple//:dny woly papeojumod ‘220z Jaquiadad 0E Uo $G5222-2202-PIe/9STT 0T St paysiiand 1Sy :SIQ wnayy uuy


http://dx.doi.org/10.1186/s13059-021-02460-6
http://dx.doi.org/10.1002/art.39563
http://dx.doi.org/10.1038/s41598-018-24240-2
http://dx.doi.org/10.1002/art.39123
http://dx.doi.org/10.1126/sciimmunol.aag3358
http://dx.doi.org/10.1126/sciimmunol.aag3358
http://dx.doi.org/10.1172/JCI60975
http://dx.doi.org/10.4049/jimmunol.1800534
http://dx.doi.org/10.1136/annrheumdis-2013-204543
http://dx.doi.org/10.1038/s41423-019-0201-9
http://dx.doi.org/10.1136/annrheumdis-2018-214967
http://dx.doi.org/10.1016/j.jaci.2019.12.910
http://dx.doi.org/10.1136/annrheumdis-2020-219152
http://dx.doi.org/10.1038/nrrheum.2017.96
http://ard.bmj.com/

	Site of invasion revisited: epigenetic drivers of joint destruction in RA
	Abstract
	The synovial architecture is linked to specific cellular functions
	The origin of SF subpopulations
	Invasive properties of RA lining SF
	Epigenetic changes in RA SF
	When and how are RA SF imprinted
	Concluding remarks
	References


