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Osteoarthritis (OA) is the most common form of arthritis, characterized by
osteophyte formation, cartilage degradation, and structural and cellular
alterations of the synovial membrane. Activated fibroblast-like synoviocytes
(FLS) of the synovial membrane have been identified as key drivers, secreting
humoral mediators that maintain inflammatory processes, proteases that cause
cartilage and bone destruction, and factors that drive fibrotic processes. In
normal tissue repair, fibrotic processes are terminated after the damage has
been repaired. In fibrosis, tissue remodeling and wound healing are exaggerated
and prolonged. Various stressors, including aging, joint instability, and
inflammation, lead to structural damage of the joint and micro lesions within
the synovial tissue. One result is the reduced production of synovial fluid
(lubricants), which reduces the lubricity of the cartilage areas, leading to
cartilage damage. In the synovial tissue, a wound-healing cascade is initiated
by activating macrophages, Th2 cells, and FLS. The latter can be divided into two
major populations. The destructive thymocyte differentiation antigen (THY)1™
phenotype is restricted to the synovial lining layer. In contrast, the THY1*
phenotype of the sublining layer is classified as an invasive one with immune
effector function driving synovitis. The exact mechanisms involved in the
transition of fibroblasts into a myofibroblast-like phenotype that drives fibrosis
remain unclear. The review provides an overview of the phenotypes and spatial
distribution of FLS in the synovial membrane of OA, describes the mechanisms of
fibroblast into myofibroblast activation, and the metabolic alterations of
myofibroblast-like cells.
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1 Introduction

-Joint inflammation or arthritis is the leading cause of years of
disability for millions of people worldwide and is associated with
more than 100 types of joint diseases. This heterogeneous group is
characterized by the fact that the synovium is the focus of
inflammatory activity (1). Herein, fibroblast-like synoviocytes
(FLS) have been recognized as key factors in the pathogenesis of
the two main types of arthritis: degenerative osteoarthritis (OA) and
autoimmune-mediated rheumatoid arthritis (RA) (2). Both diseases
have many commonalities. They share pathogenic mechanisms,
including leukocyte extravasation, neovascularization, stromal
proliferation, and fibrosis-related characteristics. This ultimately
leads to micro-lesions within the synovial tissue and structural
damage in the joint, including cartilage degradation and bone
erosion. These synovial lesions initiate wound healing and tissue
repair processes leading to fibrosis features, a pathological condition
characterized by an excessive accumulation of extracellular matrix
(ECM). The fibrotic state results from the transformation of
fibroblasts into myofibroblasts that persist due to insufficient
clearance by apoptosis, as opposed to the controlled dissolution
observed in normal wound healing. Clinically, patients often suffer
from an unrecognized onset of disease, chronicity of disease,
repeated flare-ups, joint pain, and joint disability.

However, RA and OA also own distinct pathogenic features. RA
demonstrates a higher grade of inflammation driven by
autoimmunity and the pannus formation due to hyperplasia of
the synovial sublining area. In contrast, OA is considered a
degenerative, low-grade inflammatory disease. Herein, OA is a
prime example of stress-associated joint disorder due to the
constant and intense mechanical strain on the joints (3). The
exact mechanisms involved in the transition of fibroblasts into a
myofibroblast-like phenotype that drives fibrosis remain unclear.

The aim of this review is, therefore, to (i) briefly summarize
current knowledge on the pathogenesis of OA focusing on the
(patho-)physiology of the synovial tissue, (ii) provide an overview of
possible mechanisms of fibroblast to myofibroblast transformation
in OA and (iii) outlines their metabolic alterations that improve our
understanding of new potential therapeutic targets. Finally, we
present a hypothesis on the development of OA and outline
possibilities for future diagnostic and treatment strategies for OA.

2 Osteoarthritis: driven by synovitis
and fibrosis

Osteoarthritis is a highly prevalent musculoskeletal disorder
and the most common form of arthritis. The risk of symptomatic
knee and hip OA — the two most frequent forms — is estimated at
45% and 25%, respectively (4, 5). Due to increasing life expectancy
and an active, aging population, OA has become the leading cause
of joint pain and age-related disability (3, 6). Among the 369
diseases examined in the Global Burden of Disease Study 2019,
OA ranks as the 17 leading cause of disabilities worldwide (6).
Consequently, it is predicted that the prevalence of OA will
continue to rise, imposing a burden on individuals and healthcare
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systems. This is evident in the increasing number of joint
replacement surgeries (7).

OA is a chronic, low-grade inflammatory, progressive joint
disorder characterized by structural damage to one or more joints
(2). Traditionally, OA has been classified as a non-inflammatory
joint disease of articular cartilage in elderly individuals (8, 9) due to
both the relative lack of neutrophils in the synovial fluid and the
absence of a systemic manifestation of inflammation. Nowadays,
OA is considered a degenerative whole-joint disease, wherein all
components of the synovial joint — bone, articular cartilage,
synovial membrane, tendon, and ligaments — actively contribute
to disease progression (Figure 1) (10-12). The underlying
mechanisms of disease onset and progression are poorly
understood, and early diagnosis remains elusive. However,
various stressors are known to be associated with or suggested to
contribute to OA, including aging, obesity, joint instability,
excessive joint locomotion, trauma, and inflammation (Figure 1)
(13-15). The pathogenesis is characterized by progressive articular
cartilage degradation — a hallmark of OA — partially driven by
variable degrees of inflammatory processes, disruption of
osteochondral homeostasis, abnormalities of bone contour,
osteophytosis, degeneration of knee ligaments, synovitis,
hypertrophy of the joint capsule, and fibrosis (3, 10, 16).

The course of OA is highly variable among individuals. OA can
affect a single joint or multiple joints, leading to mild or severe joint
pain, immobility, and potential loss of joint function, reducing
quality of life and considerable socioeconomic burdens (3, 15, 17).
Large weight-bearing joints such as hip, hand, knee, and spine are
commonly affected (18). Articular cartilage is anatomically capable
of responding to the local biomechanical environment, e.g.,
absorbing and distributing mechanical loads and forming a low-
friction system that enables mobility (19). Normally, homeostasis of
anabolic and catabolic processes within the joint maintains cartilage
integrity by providing lubricants and nutrients, maintaining ECM
composition, and removing debris.

In the context of aging, trauma, and OA pathogenesis,
mechanical stress and inflammation enhance catabolic processes,
driving the breakdown of proteoglycans and collagens. This process,
coupled with an imbalanced reactive oxygen species (ROS)
production that exceeds antioxidant capacity, culminates in
cellular senescence (20-22). Moreover, the composition and
organization of the cartilage matrix change while calcification of
cartilage — a hallmark of OA — increases and the synthesis of
lubricin declines. The deficiency in cartilage lubrication, which is
characterized by the loss of proteoglycans and the breakdown of
collagens, is exacerbated by low-grade inflammation of the synovial
membrane. This results in an inability of the articular cartilage to
properly distribute the mechanical forces within the joints, leading
to micro lesion in the synovium (23, 24).

Calcium crystals and breakdown products can trigger an
inflammatory cascade in the articular cartilage and the synovial
membrane by pattern recognition receptors (PRRs) of the innate
response as a part of a sterile tissue injury (23). The PRRs of the toll-
like receptor family (TLRs 1-10) are constitutively expressed on
cells of the synovial membrane, including macrophages and FLS in
OA (25). Notably, FLS can respond to microbial TLR agonists in

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

Healthy joint

Bone

Capsule
Synovium
Synovial cavity
Cartilage

FIGURE 1

10.3389/fimmu.2024.1385006

Osteoarthritis

Excessive joint

Stressors locomotion
Mechanical
(over)load
Bone cysts
and erosion
Fibrosis and Teatima ]
limited synovitis Instability
Cartilage degradation
and focal lesions
Reduced joint
space Inflammation
Obesity

Aging

Synovial joint architecture and stressors contributing to osteoarthritis (OA). Schematic representation of healthy joint physiology (left) and OA
pathology (right). The joint comprises the femur and the tibia bone, covered with hyaline articular cartilage. To ensure smooth movement, the joint
cavity is filled with synovial fluid, which also supplies the avascular cartilage. From the outside, the joint is enclosed by the joint capsule. This consists
of an outer fibrous membrane and the inner synovial membrane. OA is characterized by cartilage degradation, bone erosion and bone cysts as well
as synovial fibrosis and synovitis. Stress factors contributing to OA include mechanical overload, injury, inflammation, obesity, and aging. Figure was

created with BioRender.com.

vitro [31, 32]. After TLR engagement, activated FLS produce
chemokines (e.g., interleukin (IL)-8)/cytokines (e.g., IL-1, IL-6,
and tumor necrosis factor (TNF)-o), thereby recruiting and
stimulating additional immune cells (26-28). Infiltration by
macrophages is common in both OA and RA and leads to the
formation of multinucleated giant cells that enhance phagocytosis
(29). Usually, pro-inflammatory cytokines such as TNF-o., IL-1,
IL-6, IL-8, IL-15, IL-17, IL-21, inflammatory mediators such as
prostaglandin E2 (PGE2), nitric oxide (NO), adipokines, matrix
metalloproteinases (MMPs) such as MMP-1, MMP-3, MMP-9,
MMP-13 as well as aggrecanases, and adhesion molecules such as
intercellular adhesion molecule-1 (ICAM-1) and vascular cell
adhesion molecule-1 (VCAM-1) are abundant in OA and
contribute to its progression (19, 30-32). This disruption of
homeostasis results in elevated water content, reduced ECM
proteoglycans, a weakening of the collagen network due to
decreased synthesis, heightened collagen degradation, increased
chondrocyte apoptosis, and is responsible for histological changes
in the OA synovium (33).

The role of synovial fibroblasts in the pathophysiology of OA -
crosstalk between synoviocytes and the innate immune system - has
been increasingly investigated in the past years. Nevertheless, much is
still unknown. The study by Oehler and colleagues in 2002 (34)
examined pathologic changes of the synovial membrane in patients
with early-stage OA and identified four histological patterns of OA-
associated synoviopathy: (i) synovial lining hyperplasia, (ii) sublining
and capsular fibrosis, (iii) macromolecular cartilage and bone debris
(detritus-rich), and (iv) inflammatory manifestations and stromal
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vascularization (Figure 2) (29, 35-38). Synovitis is known to exist in
all stages of OA and is thought to be related to synovial fibrosis in late
stages (30, 39). Although the extent of synovitis in OA is, on average,
less than in RA (40), significant inflammatory and fibrotic alterations
have been found in the synovium of OA patients (41). Previous
studies indicate a correlation between the severity and progression of
OA with the amount of fibrin deposition and the extent of leukocyte
infiltration — with macrophages and T-cells being the predominant
immune cells in OA synovium (36). OA is characterized by
proliferating FLS, contributing to an imbalance of connective tissue
synthesis and catabolism. FLS act as key regulators and promote the
production of pro-inflammatory mediators and matrix destructive
factors, exacerbating synovial inflammation and initiating a vicious
cycle leading to cartilage degradation and joint stiffness —
characteristic features of OA.

3 The physiology of the
synovial membrane

Synovium or synovial membrane is the connective tissue that
encapsulates the joints without an epithelial or endothelial cell layer.
The synovium provides structural support to the joint, lubricates
the joint surfaces, especially the cartilage surfaces, and supplies
nutrients to the cartilage (42, 43). It lines the inner surface of the
joint capsule and the joint cavity and consists of two anatomical and
functional layers: the intimal lining (intima) and sublining layer
(subintima). In 1962, Barland first reported the successful discovery
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Synovial membrane architecture of the healthy (left) and osteoarthritic joint (right). The healthy synovium comprises a thin lining layer with barrier-
forming CXsCR1* TREM2* MERTK" resident macrophages (type A synoviocytes) and CD55" PRG4" THY1™ fibroblasts (type B fibroblast-like
synoviocytes). The lining layer separates the synovial cavity from the tissue. The sublining layer hosts various fibroblast and macrophage populations,
adipocytes, and blood vessels. During osteoarthritis, the integrity of the barrier, maintained by tight junctions of resident macrophages, is disrupted

in the lining layer. Figure was created with BioRender.com.

of two distinct cell types of the lining layer “type A cells” and “type B
cells” (44). Since 1996, the term “fibroblast-like synoviocytes” has
been used to describe type B cells (45). Finally, in 2011, Smith
introduced the terms “type A synoviocytes” and “type B
synoviocytes” to describe the two types of synovial cells that
occur in relatively equal proportions in the lining layer (16, 43).
The synovial lining lacks a basement membrane and tight junctions.
It is, therefore, a loose composite of cells embedded in an
amorphous matrix composed of collagens such as types I, III, IV,
V, and VI (46). In addition, the lining layer is in contact with the
intraarticular cavity and responsible for the content of the synovial
fluid. Physiologically, it is one to four cell layers thick. The
underlying sublining layer, up to 5 mm in thickness, consists of,
e.g., fibrous and fatty tissue, blood vessels, and lymphatic vessels
and is composed of FLS with fewer macrophage type A cells
(Figure 2) (43). Type A synoviocytes are non-fixed cells that can
actively phagocytose or pinocytose cell debris and waste in the
synovial cavity and possess the ability to present antigens. These
cells are derived from blood-based mononuclear cells and can be
considered resident macrophages (47). Type B synoviocytes are the
major stromal cells of the joint synovium that physiologically
maintain the structural and dynamic integrity of joints. They can
be defined as non-vascular, non-epithelial cells of the synovium that
arise during embryogenesis by local division and are replaced by
local division (48). Lining layer FLS synthesize matrix components
such as hyaluronic acid, collagens, and fibronectin (FN) of the
synovial fluid, which performs a lubricating function and allows
joint surfaces to slide across each other smoothly (49). Large
amounts of hyaluronan are found mainly in the lining layers of
normal synovium. These seep into the sublining layer and
disappear, indicating diffusion of hyaluronan from the surface
toward the clearing lymphatic vasculature.

Frontiers in Immunology

4 The diversity of phenotypes and
functions of fibroblast

The joint’s microenvironment is exposed to constant
mechanical forces and occasional minor trauma caused by
locomotion. In order to maintain homeostasis, this dynamic
tissue is constantly being remodeled and repaired by FLS. FLS are
not uniform throughout the body. They are specialized in functions
depending on their anatomic location (50). Precisely, recent studies
using scRNA-seq transcriptomics defined that FLS are a
heterogeneous population with several distinct subtypes that
exhibit subtype-dependent phenotypic characteristics. Thereby,
they differ in their gene expression patterns, epigenetic marks,
and functions, which may explain why some joints are more
prone to develop certain types of arthritis than others (51). The
studies by Stephenson et al. (52) and Mizoguchi et al. (53) have
uncovered two major populations of FLS whose localization can be
distinguished between lining layer and sublining layer based on the
thymocyte differentiation antigen 1 (THY1) expression. These cells
from OA joints exhibit a less aggressive cellular behavior than cells
from RA joints, meaning proliferation rate, invasive ability,
expression, and secretion level of inflammatory cytokines (54).

In general, the more aggressive but quiescent podoplanin
(PDPN)* CD34~ THY1 FLS phenotype is restricted to the
synovial lining layer (Figure 3). These cells highly express CD55,
proteoglycan 4 (PRG4), chloride intracellular channel 5 (CLIC5),
FN1, and heparin-binding epidermal growth factor-like growth factor
(HBEGF) (51, 55, 56). In this context, CD55 was shown to colocalize
with collagen types I and IIT and with complement C3. It has also
been proposed as a protective factor in a mouse model of immune
complex-mediated arthritis (57). PRG4 has a known lubricating
property, while CLIC5 is localized to the inner mitochondrial
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Synovial fibroblast subpopulations are depicted graphically, illustrating surface markers, transcriptional profiles, and functions of distinct subsets
within an arthritic joint. The identification of these main subsets involved scRNA-seq studies, mass spectrometry, and histological evaluations.
However, it is crucial to emphasize the presence of distinct activation states in human arthritic joints. Therefore, drawing from comprehensive
analyses detailed in the text, we propose the existence of an additional lining and sublining layer myofibroblast-like phenotype. Broadly, lining layer
FLS lacking thymocyte differentiation antigen 1 (THY1) expression play a pivotal role in lubrication, with this subset being more prominent in
osteoarthritis (OA) compared to rheumatoid arthritis (RA). In contrast, sublining layer FLS expressing THY1 expand during inflammation and exhibit
different spatial distributions within the joint. This illustration is derived from human data and the figure was created using BioRender.com.

membrane and is associated with the modulation of ROS (58). In
addition, Stephenson et al. (52) and Mizoguchi et al. (53) reported an
increased expression of hyaluronan synthase 1 (HASI) for synovial
fluid production and proteases such as MMP-1 and MMP-3, thus
contributing to joint homeostasis. Recent research reveals a
pronounced higher proportion of CD55" CD34~ THY1™ FLS in
OA compared to RA (53, 55), which might explain the increased bone
formation activity in OA since this subpopulation expresses the bone
morphogenetic protein (BMP)-6 (53). In addition, this aligns with the
fact that OA is characterized by alterations of the synovial lining layer
(59). Lining CD34~ CD55" THY1™ FLS and sublining CD34” THY1"
FLS did not differ in their abilities to stimulate osteoclastogenesis via
receptor activator of NF-kB ligand (RANKL) and CC motif
chemokine ligand (CCL) 9 expression, thereby promoting bone
erosion (53).
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The THY1" FLS are restricted to the sublining layer and known
to act as e.g.,, invasive, proliferative cells with immune effector
function, capable of promoting synovitis. Positive PDPN and THY1
expression characterize three sublining FLS subsets: (1) perivascular
CD34" THY1" HLA-DR™Y, (2) pro-inflammatory THY1" CD34~
HLA-DR"®" and (3) THY1* CD34" Dickkopf (DKK)3* HLA-
DR"" (Figure 3) (55, 60). The CD34* THY1* HLA-DR"" FLS
subset is located within the perivascular region surrounding blood
vessels and interacts closely with endothelial cells through
NOTCHS3 signaling (61). This subset expresses high amounts of
complement C3, microfibril-associated protein (MFAP)S5,
chemokine C-X-C motif ligand (CXCL)14, and genes involved in
immune-inflammatory processes and stromal memory (56, 62, 63).
Consequently, this FLS subset mediates tissue priming and
immunoregulatory function. Zhang et al. performed a
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subpopulation analysis of synovial fibroblasts isolated from synovial
tissue of patients with RA or OA (55). They observed a higher
proportion of the second THY1* CD34~ HLA-DR"" population in
RA with increased expression of major histocompatibility complex
(MHC) class II, collagens, the interferon (IFN)-y signaling, IL-6,
CCL2, and CXCL12, indicating that these cells are in an active
cytokine-producing state (55). The FLS subset THY1" CD34~
RANKL"" OPG'*Y demonstrates the ability to promote
osteoclast differentiation in vitro (53, 64). Micheroli et al’s in
silico study, integrating an in-house dataset with four published
scRNA-seq datasets, affirmed the identification of four distinct
fibroblast populations in RA synovial tissue (56). In the sublining
layer, CD34" FLS displayed the highest THY1 expression,
contrasting with CD34 HLA-DRM8" FLS, which exhibited the
lowest. The third fibroblast subtype, marked by elevated periostin
(POSTN) expression, demonstrated intermediate THY1 expression
(56). Zhang and colleagues showed that this FLS subpopulation
expresses high levels of DKK3, cell adhesion molecule 1 (CADMI),
collagens such as COL8A2, MFAP2, and osteoglycin (OGN) (55). By
silencing CADM1 in rats with inflammatory bowel disease, Sun and
colleagues demonstrated that CADMI1 can improve intestinal
barrier function (65). Furthermore, Snelling and colleagues
investigated the expression of DKK3 in human OA cartilage,
synovial tissue, and synovial fluid (66). They demonstrated that
DKK3 is upregulated in adult human OA cartilage and synovial
tissue, decreases during chondrogenesis, and protects against
cartilage degradation in vitro (66). Overexpression of DKK3 in
FLS upregulated the expression of B-cell lymphoma 2 (BCL2)-
associated X apoptosis regulator (BAX) promoting apoptosis,
suppressed cell proliferation, and reduced collagen synthesis
through transforming growth factor (TGF)-B1/Smad2/3 signaling
(67). THY1" DKK3" FLS might play a role in immune regulation
and restoration of joint homeostasis.

In inflammatory diseases such as acute and chronic arthritis,
pathogenic subsets of fibroblasts express the fibroblast activation
protein alpha (FAP@). The total number of cells expressing FAPo.™
THY1" correlates positively with the severity of joint inflammation
(51). However, knocking out FAPo. expressing fibroblasts in mice
did not suppress inflammation but reduced the extent of tissue
damage, confirming the pathogenic role of FAPa. in arthritis.

Furthermore, the overproduction of ECM proteins and
excessive fibrosis can be caused by the activation of a specific
subset of fibroblasts called myofibroblasts that can contract
wound edges by the contractile protein alpha-smooth muscle
actin (0-SMA; encoded by ACTA2).

In addition, a subpopulation of fibroblasts known as
myofibroblasts produces the contractile protein alpha-smooth
muscle actin (0-SMA; encoded by ACTA2) that can contract
wound edges and contributes to the production of ECM protein
(68). Under physiological conditions, these myofibroblasts are
eliminated by apoptosis when repair scars form. In certain
pathologic scenarios, ACTA2" myofibroblasts persist, leading to
excessive fibrosis, a known contributor to the progression of OA
(Figure 3). Membrane-bound proteins such as platelet-derived growth
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factor receptor (PDGFR)-f, 0i11P1 integrin, a5B1 integrin, and ow
integrins are frequently found on activated myofibroblasts (69-71). It
is important to note that although no specific studies have been
performed on synovial myofibroblasts in OA, integrins containing the
ow-, 05-, and B1-subunit are increased in the synovial lining layer in
OA (72). The owv-subunit forms heterodimers with the 1, B3, 5, B6
or 38 subunits (70). Myofibroblast ow integrins are fundamental
elements of a central pathway commonly observed in various solid
organs affected by pathological fibrosis.

Cell positive for a-SMA™ were observed in the synovial
membrane in both mice with post-traumatic OA (PTOA) (73)
and degenerated anterior cruciate ligaments of patients with OA
(74). Hasegawa et al. (74) and Kasperkovitz et al. (75) histologically
examined arthritic knee joints and found a-SMA™ cells in dense
collagenous tissue, in the perivascular area, and the synovial lining
layer. The present findings align with those of Bauer and colleagues,
who histologically identified a subpopulation characterized by -
SMA" FAPo" FLS within the lining layer and o-SMA® FLS
surrounding blood vessels in the sublining layer of both OA and
RA synovial tissues (76). Kragstrup and colleagues showed that o-
SMA™ myofibroblasts isolated from OA synovial tissue also express
extra domain A containing fibronectin (ED-A-FN) capable of
stimulating macrophage TNF-o production (77). Regarding the
localization of 0-SMA™ cells within the synovium, they further
observed a co-localization of ED-A-FN and o-SMA in the OA
synovium. While ED-A-FN staining was most intense in lining
layer FLS, a-SMA staining was most intense in FLS around the
blood vessels. However, most ED-A-FN" FLS in the OA synovial
membrane were also 0-SMA", demonstrating the presence of
myofibroblasts in both the lining and the sublining layer (77).
The detection of 0-SMA™ cells within both the lining and sublining
layers aligns with our findings (Figure 4). Immunofluorescence
staining of OA synovium revealed a-SMA™ cells in the lining layer,
concurrently expressing PRG4. Additionally, we observed
significant a-SMA expression surrounding blood vessels,
primarily associated with THY1" cells. This concurrence
underscores the heterogeneity of fibroblastic populations in OA
synovium and suggests a potential role in maintaining joint
homeostasis, vascular remodeling, and synovial pathology.

The in silico study by Micheroli et al. identified the third
POSTN" FLS subtype, which is most pronounced in a fibroid
pathotype and expresses COLIAI, COL3A1, OGN, TGFBI, and
serpin family E member 1 (SERPINEI) (56). Mizoguchi et al. found
high expression of POSTN and PDGFRB in the CD34~ THY " subset
(53). A spatial atlas illustrating the diversity of synovial fibroblasts
in RA was established by Smith et al. (79). Their comprehensive
analysis of gene expression in FLS and non-synovial fibroblasts in
different tissues and diseases revealed an activated FLS subset (FLS-
11) that exhibited transcriptional similarities to ACTA2"
myofibroblasts and Wnt family member 5B (WNT5B)"
fibroblasts in the colon and two distinct fibroblast populations in
scleroderma of the skin. In particular, high expression levels of
POSTN, COL3A1, NOTCH3, secreted protein acidic and rich in
cysteine (SPARC), THY1, asporin (ASPN), decorin (DCN), and
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Localization of a-SMA positive cells within the synovial membrane of patients with osteoarthritis. Representative image for PRG4 (yellow), o.-SMA

(magenta), THY1 (cyan), and DAPI (gray). Scale bars indicate 100 um (78)

DKK3 were detected in the FLS-11 subset (79). For instance,
COL3A1 was detectable in inflammatory fibroblasts in the colon,
myofibroblasts in the lung, and DKK3" synovial sublining FLS,
suggesting a potential shared modulatory function of the ECM (80).

In particular, the DKK3™ FLS subpopulation is elevated in OA
(55). This is consistent with recent studies showing that POSTN is
associated with the prevalence, risk of development, and
progression of knee OA (81, 82). In addition, the study
conducted by Chen et al. revealed a distinctive trajectory in
DKK3" FLS within the sublining layer, transitioning from
fibroblasts to myofibroblasts (83). This finding implies a possible
link between the activation of the DKK3 subpopulation and the
differentiation process leading to myofibroblasts in OA (83).
However, further studies are needed to investigate the role of
fibroblast subsets in synovial tissue fibrosis and to identify their
characteristic phenotype. Although the technical innovations of
recent years have made tremendous progress, there are still many
uncertainties in OA research regarding the spatial arrangement of
the various fibroblast subpopulations and the expression of
biomarkers that enable early diagnosis of the disease.

In conclusion, examination of the distribution and
characteristics of FLS in the synovial sublining and lining layer
revealed significant differences between OA and RA. The CD55"
THY1™ PDPN"' CD34" FLS phenotype, which is restricted to the
lining layer, is predominant in OA. This subpopulation in OA,
which expresses BMP6, may be responsible for the increased bone
formation activity observed in this disease. The THY1" FLS are
located in the sublining layer and have distinct functional
properties, including perivascular, pro-inflammatory and DKK3
expression, each of which is associated with different aspects of
synovial pathology. Notably, the DKK3" FLS subpopulation is
highly elevated in OA. In addition, 0-SMA" myofibroblasts,
which are important for tissue repair and fibrosis, have been
identified around blood vessels and in the synovial lining layer.
This nuanced understanding of FLS phenotypes improves our
knowledge on their role in the pathophysiology of OA and may
serve as a basis for targeted therapeutic strategies.
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5 Metabolic pathways in fibroblasts
and myofibroblasts

Fibrosis results from a dysregulated wound-healing process
characterized by transitioning from mesenchymal cells, such as
fibroblasts, into myofibroblasts and excessive deposition of ECM
components (77, 84, 85). Fibrosis leads to tissue scarring that can
impair organ function in many chronic diseases, including
pulmonary fibrosis, liver cirrhosis, and systemic sclerosis, but also
in musculoskeletal diseases, such as RA and, more importantly,
OA (86, 87). At the cellular level, fibroblasts play a central role in
maintaining tissue homeostasis and responding to stressors.
Under prolonged injury, inflammation, or mechanical stress,
fibroblasts can phenotypically transform into myofibroblasts
characterized by o-SMA expression, synthesis of collagen-rich
ECM, and fibroblast proliferation (88). Not all activated
fibroblasts necessarily transform into myofibroblasts (89).
The transition from fibroblasts to myofibroblasts is a dynamic
and reversible process driven by multiple signals. Among the
most important are (i) the TGF-} signaling pathway that
triggers downstream events such as the expression of connective
tissue growth factor (CTGF), (ii) pathological mechanical
forces (mechanotransduction) that occur through overload,
repetitive stress or injury, (iii) pro-inflammatory cytokines and
innate immunity in a persistent inflammatory environment,
and (iv) excessive oxidative stress leading to cellular aging and
senescence (Figure 5) (90). In the context of OA, joints’ constant
and intense mechanical stress, high TGF-P levels, and low-grade
inflammation create an environment that promotes fibroblast
activation and transition into myofibroblasts, as explained below.

5.1 Crosstalk among TGF-B/Smad-signaling
pathway, integrins, and ECM

The pleiotropic cytokine TGF-f is a multifaceted regulator that
affects fundamental biological processes such as cell division,
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The fibroblast to myofibroblast transition. Schematic overview of stressors and corresponding phenotype alterations (left), and downstream
intracellular processes (right) that contribute to myofibroblast differentiation and ultimately lead to synovial fibrosis. Fibroblasts are activated by
various types of stimuli such as mechanical and oxidative stress, which initiate different intracellular processes. Initially the proto-myofibroblast
develops followed by the myofibroblast. However, activation can sometimes be reversed or lead to apoptosis of the myofibroblasts. At the cellular
level, the transition of fibroblast to myofibroblast leads to a pronounced increase in intracellular stress fibers containing alpha-smooth muscle actin
(a-SMA) and the expression of collagen 1, extra domain A fibronectin (ED-A-FN), and extracellular matrix remodeling enzymes. Moreover, they
produce cytokines such as transforming growth factor (TGF)-f3, vascular endothelial growth factor (VEGF), connective tissue growth factor (CTGF),
interleukin (IL)-1, IL-6, and IL-8 and are in close contact with their environment via integrins. Figure was created with BioRender.com

proliferation, apoptosis, and tissue homeostasis. Three isoforms of
TGEF-P are known so far. TGF-f is stable as a non-covalently bound
complex with the latency-associated peptide (LAP). This complex is
associated with latent TGF-P binding protein (LTBP) via disulfide
bonds and is stored within the ECM post-secretion (91, 92). Various
factors and conditions, including bioactivation through integrins,
mechanical forces, and acidic pH, can trigger the activation of TGF-
B in vitro (92-95).

Integrins, transmembrane proteins consisting of an o-subunit
and a B-subunit, mediate communication between the ECM and
fibroblasts. They play a crucial role in the dynamics of tissue fibrosis
(70, 72). By connecting the inner cytoskeleton to the ECM, integrins
contribute to important catabolic reactions for ECM degradation
(70). Despite limited data on the interaction between integrins and
OA FLS, differences in integrin expression were observed between
the lining and sublining layers of the synovium. In particular,
increased expression of integrins such as o5, owv and B1 were
found in the lining layer compared to the sublining layer (96).
Furthermore, there is convincing evidence that lining layer FLS in
OA consistently show strong expression of the integrin subunit o,
while being more diverse and heterogeneous among synovial lining
FLS in RA (97).

Upon binding to aw integrins on adjacent cells, the latent
complex releases the captive TGF-B through mechanisms specific
to the types of o integrins on the given cell. Integrins avf6 and
ovP38 on fibroblasts activate TGF-f1 by binding the RGD-motif on
LAP and inducing a conformational change (98, 99). By blocking owv
integrins with the small molecule CWHM 12, it is possible to inhibit
TGEF-P1 signaling and achieve the desired anti-fibrotic effect (69). In
OA FLS, integrin owf6 plays a critical role due to its upregulated
expression upon TGF-B1 stimulation and in mediating the
activation of TGF-. Furthermore, the vitronectin fragment VIN
(381.397 a.a)> highly abundant in the serum of OA patients, competes
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with TGF-B1 for integrin binding and can attenuate TGF-f1
activation (100). Fibronectin can bind to integrins such as o581,
ovB3, ovB5 (101) and ED-A-FN is associated with myofibroblasts
and OA (77). Injection of fibronectin fragments into rabbit joints is
now an established animal model of OA, characterized by cartilage
degradation and osteophyte formation (77, 102). Kragstrup further
showed that ED-A-FN is produced in response to TGF-f and self-
induces the production of TNF-o. in macrophages (77), suggesting
ED-A-FN as an interesting target for therapeutic intervention to
reduce pro-inflammatory responses in OA.

The initiation of the canonical TGF-f signaling pathways
involves B-glycan serving as a co-receptor to present TGF-B1 to
transmembrane serine/threonine kinase type I and type II receptors
(TGFBRI and TGFBR2, respectively) (103). The receptor complex
formation upon TGF-B1 binding by TGFBR2 leads to the
phosphorylation of TGFBR1 (ALK5), which in turn
phosphorylates Smad2 and Smad3 forming a complex with
Smad4 (Figure 6). The trimeric complex translocates to the
nucleus and regulates different target gene expressions in concert
with transcriptional co-activators and co-repressors. One of these
target genes is the myofibroblast marker a-SMA (104, 105). Smad
signaling is attenuated by inhibitory Smads (I-Smads, Smad6 and
Smad7), dephosphorylation and dissociation from the trimeric
complex, allowing for either Smad recycling or degradation (106).

Apart from the canonical TGF-f1/Smad2/3-signaling TGF-3
can signal via non-canonical pathways. Upon TGF-f stimulation,
ALK1 another TGFBRI forms a complex with ALKS, leading to
Smad1/5 activation (107). Furthermore, it has been demonstrated
that TGF-J activates a number of other non-canonical (non-Smad)
signal pathways in different cell types, such as mitogen-activated
protein kinases (extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), and p38), phosphatidylinositol-3-kinase,
and GTPases that resemble Rho (Figure 6) (108).
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RA synovial fluid, rich in TGF-f, has been demonstrated to
induce 0.-SMA expression in adipose-derived mesenchymal stromal
cells (MSCs) via Smad2 signaling, indicating TGF-f8’s pivotal role in
fibrotic phenotype progression (109). Moreover, the deletion of
TgfPrl prevented TGF-f-mediated differentiation (110) whereas a
constitutively active TGFBRI mutant promoted myofibroblast
formation (111) confirming the importance of the canonical
signaling in myofibroblast differentiation. Furthermore, inhibition
of TGF-B-mediated activation of ALK4/5/7 in osteoarthritic human
FLS prevented the induction of the pyridinoline cross-linking
enzyme pro-collagen lysine-2-oxoglutarate 5-dioxygenase 2
(PLOD2), which suppresses collagen degradation, as well as CTGF
and COLIAI. In contrast, inhibition of ALK1/2/3/6 blocked the
induction of CTGF and COL1A1 (112). However, the non-canonical
TGF-B-mediated signaling cascades are also implicated in fibrosis.
In patients with the fibrotic disease systemic sclerosis, again TGF-f3-
dependent upregulation of COLIAI and CTGF is conveyed via
ALK1/Smadl/5- and also ERK1/2-signal pathways rather than
ALK5/Smad2/3-activation (113). The activation of the
aforementioned non-canonical TGF-B-mediated signaling
cascades have been implicated in the pathogenesis of fibrosis and
fibrotic diseases including renal fibrosis, liver fibrosis, systemic
sclerosis and osteoarthritis (107, 108).

In cells from articular cartilage, synovial tissue and fluid from
patients with OA, elevated levels of the transcription factor hypoxia
inducible factor (HIF)-lo. were found, indicating hypoxic
conditions, that are associated with progressive joint damage
(114, 115). Once hypoxia is established in the tissue
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microenvironment, cellular HIF-1aw is not hydroxylated and
therefore forms a heterodimer with HIF-1f initiating a cellular
adaptive program by inducing the transcription of genes such as
vascular endothelial growth factor A (VEGFA), TGFB, insulin-like
growth factor 2 (IGF2), collagen type 2 alpha 1 (COL2AI), and
aggrecan (ACAN). This adaptive transcriptional program promotes
angiogenesis, shifts the metabolic program towards glycolysis and
maintains ECM homeostasis (116, 117). Hypoxia-mediated TGF-[31
expression led to the release of IL-1f and further induces TGF-B1,
suggesting a positive self-enhancing feedback loop between
inflammation and fibrosis during myofibroblast activation. This
emphasizes the importance of studying synovial fibroblasts in the
context of OA with a focus on hypoxia. Boer et al. performed a
genome-wide association analysis for OA across 21 cohorts (118).
They investigated differential gene expression, methylation or
protein abundance in osteophytic cartilage compared to low-
grade (intact) cartilage. This study identified genes that are
important in TGF-B signaling and function and that fibrosis is a
major contributor to the degenerative changes in OA (118).
Additional fibrosis-associated genes activated by TGF-f in OA
include ECM-encoding genes COLIA1, COL3A1, COL5A1, FNI,
and key enzymes important for collagen synthesis such PLOD2,
prolyl 4-hydroxylase subunit alpha 3 (P4HA3), and lysyl oxidases
(LOXs) (91, 106, 119). In FLS from OA patients stimulated with
TGF-B, Remst et al. further observed an upregulation of the tissue
inhibitor of metalloproteinase-1 (TIMPI), indicating inhibition of
MMPs (120). Furthermore, exposure of OA FLS to TGF-f3 has been
shown to upregulate PRG4 (121). This molecule also plays a distinct
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role in myofibroblast differentiation and in the expression of pro-
fibrotic genes (122). For in vitro studies, various groups have
utilized a broad range of TGF-B concentrations over different
time intervals, as summarized in Table 1. The pathophysiological
concentrations of active TGF- in the synovial fluid of patients with
OA and RA were determined to be 4 ng/mL and 10 ng/mL,
respectively (129, 130). However, after acidic activation, increased
concentrations of up to 12 ng/mL and 37.5 ng/mL were detected in
the synovial fluid of OA and RA patients, respectively, indicating
the presence of higher concentrations of latent TGF-f (129).

5.2 Role of the CTGF signaling pathway in
OA synovial fibrosis

The TGF-B target CTGF, also known as CCN2, plays a crucial
role in physiological and pathological processes such as
inflammation, wound healing, tumorigenesis, and fibrosis (131).
Several factors such as TGF-f (120), macrophage-colony
stimulating factor (M-CSF) (132), VEGF (133), PGE2 (134), and
mechanical stressors (135, 136) induce high expression of CTGF.
However, CTGF can function independently and promote a
positive feedback loop itself by increasing e.g., TGF-B, VEGF, and
integrins (137). Along with TGF-B, CTGF is abundantly expressed
in the synovial fluid of OA (138, 138) and RA patients (139)
positively correlating with disease severity. The transfection of the
synovial lining layer of mice with an adenovirus expressing human
CTGF exacerbated synovial fibrosis, as evidenced by increased pro-
collagen type 1 levels, accumulation of ECM, and depletion of
proteoglycans in articular cartilage (140). Cartilage degradation
may be triggered by CTGF expression or CTGF-mediated
cytokine secretion from fibrotic synovial tissue. Davidson et al.

TABLE 1 Summary of TGF-B concentrations used in different studies in
the context of synovial fibroblasts and/or osteoarthritis (OA)/rheumatoid
arthritis (RA).

TGF-B Time Cell type Ref's
[ng/mL]  interval
0.2 24 h, 48 h, Human adipose-derived mesenchymal (109)
96 h stromal cells
1 24 h OA synovial fibroblasts (121)
5 24 h Healthy, OA and RA (123)
synovial fibroblasts
10 24 h,48h, = RA synovial fibroblasts (124)
72h
10 3 weeks Cell suspension from OA synovium or (125)
RA FLS with CD14" monocytes
10 4h RA synovial fibroblasts (126)
10 6 days RA synovial fibroblasts (127)
10 3 or 7 days = OA synovial fibroblasts (100)
20 30 min or RA synovial fibroblasts (128)
24 h
1, 3, 10, 30 24 h OA synovial fibroblasts (37)
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further demonstrated that CTGF-induced fibrosis is transient (140),
in contrast to the relatively persistent fibrosis induced by TGF-3
(39). Liu and colleagues showed that stimulation of OA FLS with
CTGF induced concentration-dependent production of the pro-
inflammatory cytokine IL-6 via the CTGF-owvP5-JNK pathway
(141). They further revealed that CTGF can trigger the migration
of monocytes in OA by enhancing monocyte chemoattractant
protein-1 (MCP-1) expression through interaction with integrin
avf5 (142). The study by Yang et al. reported that CTGF increased
the activity of focal adhesion kinase (FAK), mitogen-activated
protein kinase kinase (MEK), and ERK proteins (143), which is
consistent with the findings of Tan and colleagues that CTGF
promotes chondrosarcoma cell migration by increasing the
expression of MMP-13 via the owP3 integrin, FAK, ERK, and
NEF-«B signal pathways (144). In summary, CTGF causes synovial
fibrosis by activating fibroblast and their transition into
myofibroblast, stimulates the production of pro-inflammatory
cytokines and thus promotes synovitis and catabolic, destructive
processes in the articular cartilage of OA patients.

5.3 Mechanical stress-mediated
fibroblast activation

The binding of cytokines and growth factors such as TGF-f or
CTGF to their respective receptors is the predominant way of
transmitting a signal and triggering signaling cascades in the
responding cell, while electrical and mechanical stimuli also play
an important role in signal transmission in a rather non-selective
manner (145). In this way, mechanical forces are capable to regulate
downstream signaling within the TGF-f pathway at multiple levels
and influence both gene and protein expression (146). Additionally,
myofibroblast contraction, tissue stiffening and aberrant tensile
forces in the ECM activate latent TGF-B from ECM stores,
thereby inducing e.g., Smad2/3-signaling and contributing to
fibrosis (147). Beyond tensile forces, cells also respond to other
forms of mechanical stimuli including compression, shear stress,
and hydrostatic pressure (Figure 7) (148).

In joint tissues, shear and compression are the predominant
mechanical forces. However, tensile forces notably influence the
joint tissues as well. The sinister combination of high levels of pro-
fibrotic factors such as TGF-3 and CTGF in osteoarthritic joints
with short- and long-term pathologically high mechanical forces
facilitate the differentiation of FLS into myofibroblasts — a hallmark
of OA (149-152).

While most research in OA in recent decades has focused on the
role of cartilage and subchondral bone, synovial tissue and
fibroblasts are gaining increasing attention. They are, in
particular, recognized for their role in maintaining cartilage
homeostasis and mitigating “wear and tear maintenance” (153).
The gathered research demonstrates a nuanced correlation between
mechanical stimuli and TGF-f signaling regulating various cellular
pathways (Table 2). Upregulation of COLIAI and FNI genes in OA
FLS and elevated levels of pro-inflammatory markers such as PGE2,
IL6, and IL8 in mechanically loaded samples demonstrate the
interchangeable influences of mechanical forces and TGF-8
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with elements from (148).

signaling (154, 155). Cyclic strain on FLS elevates their TIMPI
levels, while MMPI and MMPI13 appear to be diminished,
suggesting regulation of ECM dynamics (157). PRG4 expression,
which plays a role in lubrication, is also induced and is further
enhanced by TGF- stimulation (159). Furthermore, mechanical
stimulation of FLS increases the expression of TGFBI, with the
resulting conditioned medium increasing pro-inflammatory
markers in untreated FLS (161). Lysyl oxidases, crucial for
collagen and elastin cross-linking, are generally increased after 6
h of physiological stretch (except LOXL-3) and decreased after
pathological stretch (except LOXL-2). Here, a distinct temporal

profile is evident, with a maximum of expression around 2-3 h and
variations noted under differing stretching conditions (162). While
some observations, such as IL-1o-mediated mechanosensitivity, are
not analogous to TGF-B effects, they may contribute to the
complexity of the fibroblast response to mechanical and
biochemical stimuli (158). Table 2 summarizes the mechanical
stimuli applied to synovial fibroblasts, their intensity and mode of
application, their effects, and any analogies to TGF-J} signaling.
However, a critical limitation of the studies performed on
synovial fibroblasts exposed to mechanical stimuli is the lack of
studies on the key molecule 0-SMA, which is encoded by the

TABLE 2 Application of various mechanical stimuli on synovial fibroblasts, including types of forces, application methods, time intervals, and
observed effects.

Mechanical Force and application Time Cell type Effects/TGF-p analogy (indicated
stimulus interval by *)
Compression 2 g/em® with a glass disk 48 h OA FLS COLIA1 and FN1 upregulation in OA (154)
fibroblasts*, additionally increase of pro-
inflammatory markers
Cyclic 40 kPa at 0.5 Hz with a cyclic load stimulator (CLS-5]- 1h FLS in a PGE2, IL-6, and IL-8 upregulation in loaded (155)
compression Z, Technoview, Japan) followed collagen samples, no differences in IL-1p and TNF-
by 6 matrix o expression*
h
incubation
Cyclic 6% at 1 Hz in a FX-4000 Flexercell Tension Plus 2h RA and Physiological stretch decreases RA FLS (156)
mechanical System (Flexcell Inc., USA) non-RA FLS | proliferation (* context-dependent)
stretch
Cyclic strain Peak-to-peak compressive replacement, equivalent to lhaté RA TIMP1 increase*, downregulation of MMP1 and (157)
2% axial strain rev./min synovial cells | MMP13 (*)?
(Continued)
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TABLE 2 Continued
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Mechanical Force and application Time Cell type Effects/TGF-f analogy (indicated
stimulus interval by *)
Fluidic 0.5 dyn/cm” in a parallel plate flow chamber 2 min Bovine FLS Mechanosensitivity mediated by IL-1ou (158)
shear stress on gelatine-
coated
glass slides
Intermittent 100 kPa in a custom pressurized stainless-steel 4 h/day Murine non- | Induction of PRG4 expression®, further increase (159)
hydrostatic chamber (Dentaurum Corporation, Germany) for 48 h OA FLS with TGF-B stimulation
pressure
Static and 16% (static), 10% (dynamic, short), 2% and 15% 48 h, 4 h, Non- Decrease of COL1A2 expression in static (160)
dynamic (dynamic mixed), and 15% (dynamic advanced); the 48 h,48h  OA FLS stretching and no effects in short and mixed
stretching static strain was applied through bioplex plates and a dynamic stretching with increase in advanced
silicone stamp, dynamic strain in a custom-made stretching¥, increase of pro-inflammatory markers
cell stretcher
Stretch 6%, 10% (with or without OA-conditioned media) in 24 h OA FLS in Higher TGFB1 expression*, with conditioned (161)
an Automated Cell Stretching System (STB-1400-10; collagen type = media, higher pro-inflammatory markers
Strexcell, USA) 1 coated
silicone
chambers
Stretch 6% (physiological) and 12% (injurious) in an equi- 1h,2h,3  Non- Upregulation of LOXs except LOXL3 after (162)
biaxial stretch chamber (Country Machines and h,6h OA FLS physiological stretch* further upregulation of
Plastics, USA) LOXs between 1-3 h* and decrease after 6 h
injurious stretch; decrease of MMPs at 6%,
upregulation at 12%

Asterisks indicate analogies to TGF-p stimulation.

ACTA2 gene and is a well-documented marker for myofibroblast
differentiation to underpin the impact of mechanical strain
on fibrosis.

5.4 Persistent inflammation and innate
immunity drive fibroblast activation

Acute sterile inflammation is usually a transient and controlled
response aimed at eliminating the cause of the injury and
promoting tissue repair. However, if inflammation persists and
becomes chronic, this well-controlled process can be pathologically
disrupted (163). Inflammatory stimuli and innate immune
responses play a central role in the development of OA, leading
to chronic inflammation and tissue remodeling closely associated
with the development of fibrosis. In OA, synovitis is a feature in the
early stages and is characterized by the release of pro-inflammatory
cytokines such as TNF-q, IL-1B, and IL-6 (164). Cytokines and
other inflammatory mediators initiate cascades that contribute to
the perpetuation of inflammation, synovial hyperplasia, hypoxia,
subsequent synovial angiogenesis, progressive joint degradation, the
activation of fibroblasts and their transition to myofibroblasts.
Inflammatory cytokines contribute directly to the activation of
synovial fibroblasts and promote the recruitment and activation
of immune cells that further enhance inflammatory and fibrotic
responses (165). Current studies do not provide evidence to
conclude whether fibrosis can occur independently of synovitis,
so it is not yet entirely clear which is the hen and which is the egg.

Usually, the early host defense of acute inflammation against
invading pathogens implicates the recognition of conserved
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pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) (165, 166). The latter
include calcium phosphate crystals, hydroxyapatite crystals, and
uric acid found in the knee and hip joints of patients with OA.
PAMPs and DAMPs are recognized by the pattern recognition
receptors (PRRs) (167). and activate mechanisms of NLRP3
inflammasome activation leading to the production of
inflammatory cytokines such as TNF-o and pro-IL-1B. Three
prominent PRRs have been discovered, namely TLRs, nucleotide-
binding oligomerization domain-like receptors (NLRs), and
intracellular retinoic acid-inducible gene I receptors (RIG-I) (168,
169). They are present in various cell types, including immune cells
and structural cells such as fibroblasts. Fibroblasts express a
repertoire of PRRs, including TLRs, NLRs and IL-1R. For
instance, DAMPS can activate mechanisms of NLRP3
inflammasome activation which trigger an innate immune
response profile (167). This includes the production of numerous
pro-inflammatory cytokines such as TNF-o and pro-IL-1B and
chemokines which induce signaling cascades that promote the
differentiation of FLS into myofibroblasts via auto- and paracrine
signaling (169). Ospelt et al. compared FLS derived from trauma,
RA, or OA patients, demonstrating constitutive gene expression for
TLR1-6 but not for TLR7-10 (170). The TLR3 and TLR4 were the
most abundant among TLR genes expressed in FLS, followed by
members of the TLR2 subfamily. TLR2/4-signaling can be activated
by hyaluronan fragments of distinct sizes which usually interact
with CD44, a receptor for hyaluronic acid and other ligands, such as
collagens, and MMPs (171, 172). As a result, a cellular pro-
angiogenic and immunostimulatory response is initiated.
Moreover, ED-A of FN, an endogenous TLR4 ligand, triggers the
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upregulation of MMP-9 supporting fibrosis (173, 174). Abdollahi-
Roodsaz et al. showed that overexpression of IL-1 —a key cytokine
in OA pathogenesis — triggers TLR4-mediated synovitis, whereas
TLR2 plays a less significant role (175). Moreover, the severity of IL-
1B-induced joint degradation in TLR4”" mice was reduced, with
similar levels of inflammation, suggesting independent processes
(175). Therefore, interfering with TLR signaling may be an
approach to limit the activation of the FLS-mediated innate
immune response, reducing inflammation, and limiting fibrosis.

Besides TLR-mediated FLS stimulation, FLS stimulation with
pro-inflammatory cytokines such as TNF-o and IL-17A caused an
increase in matrix mineralization, thereby inducing the expression
of Wnt5a (176). Canonical Wnt/B-catenin signaling and
inflammatory processes are strongly activated in OA synovium in
mice and humans (177, 178). Using a PTOA mouse model, Knights
and colleagues revealed that the Wnt/B-catenin signaling agonist
Rspo2 was strongly upregulated after injury and exclusively secreted
by Prg4” lining layer FLS (73). In rats with collagen-induced
arthritis, activation of the Wnt/B-catenin signaling pathway was
triggered by TNF-a, leading to a concomitant upregulation of o-
SMA and cadherin-11 (CAD-11) expression in synovial fibroblasts
(179). This subpopulation was found predominantly in the synovial
lining layer in RA and was associated with high expression of PDPN
(180). The strongest expression of PDPN™ FLS is also present in the
lining layer in OA (181), suggesting a myofibroblast-like o-SMA™
ED-A-FN" CAD-11" PDPN" phenotype. In addition, XAV-939, an
inhibitor of the Wnt/B-catenin signaling, decreased the
proliferation of human OA FLS and further inhibited the
synthesis of collagen type I (178). This underscores the
importance of the canonical Wnt/B-catenin signaling pathway in
OA progression, which ultimately leads to synovial fibrosis in which
the lining layer appears to be predominantly affected.

5.5 Cellular aging and its causes
in osteoarthritis

The onset and progression of OA are closely linked to the
cellular aging process in which cells accumulate in a state of
senescence (182, 183). These senescent cells (SnCs) are
characterized by permanent growth arrest, enhanced ROS
synthesis, resistance to apoptosis, and a permanent low-level
release of pro-inflammatory molecules. This phenotype is known
as senescence-associated secretory phenotype (SASP). Removal of
SnCs by administration of UBX0101(a compound inducing
apoptosis in SnCs) in transgenic mice with anterior cruciate
ligament transection (ACLT)-induced OA, inhibited cartilage
erosion, reduced pain, and decreased inflammatory markers such
as mmpl3 and il1f3, and enhanced the number of ki-67-positive
synovial fibroblasts (184).

While senescence’s impact on OA has been extensively studied
in chondrocytes, its role in synovial fibroblasts and myofibroblasts
still remains unclear (182, 185). In pulmonary fibrosis, the
senescence of fibroblasts is evident (186), while senescence of
other cell lineages such as macrophages, chondrocytes or
cardiomyocytes have been related to various aging associated
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pathologies such as OA or cardiomyopathy (184, 187). Recently,
Chen et al. demonstrated that FLS which are associated with
impaired autophagy, show a SASP and accumulate in OA (188).
These OA FLS express GATA binding protein 4 (GATA4), a
regulator of cellular senescence, which is linked to increased
expression of pI6INK4a, p21 and a SASP. Restoration of
autophagy in OA FLS by rapamycin treatment was effective in
reducing the expression of GATA4 (188). Impaired autophagy (and
mitophagy) leading to an accumulation of dysfunctional
mitochondria and excessive ROS production (189). Chronic
inflammatory diseases such as OA are characterized by elevated
oxidative stress and ROS production (190, 191). Excessive ROS
production is a major contributor to mitochondrial damage and
dysfunction and to genomic damage as a cause for the onset of
cellular senescence (189). In addition, mitochondrial dysfunction
has been observed in the development of synovial fibrosis in OA
(192). Mitochondrial ROS (mtROS) represent by-products of
(patho)physiological processes with profound cellular
consequences, ranging from modulation of intracellular signaling
cascades to posttranslational modifications. The primary source of
superoxide (O,7) in the cell, which is a product of NAD(P)H
oxidase, arises from electron losses at complexes I and III in the
electron transport chain (ETC). In various cell types, ROS
formation is enhanced in response to TGF-B1 (193-195). These
observations are of great importance for fibrogenesis, as fibroblasts
are not only responsible for the generation of ROS, but ROS are also
directly associated with the transformation of fibroblasts into o-
SMA expressing myofibroblasts. A study conducted by Jain and
colleagues demonstrated that the elevated mtROS generated at
complex III are required for TGF-B-induced gene expression
(193). In addition, the transcriptional activation of NADPH
oxidase 4 (NOX4) by TGF-f requires the generation of mtROS.
Notably, TGE-B-exposed fibroblasts derived from patients with
pulmonary fibrosis exhibited higher mtROS production and
increased pro-fibrotic gene expression compared to healthy
subjects. Noteworthy reductions in TGF-B-induced pro-fibrotic
gene expression and NOX4 expression were observed upon the
inhibition of mtROS production (193). These findings underscore
the crucial role of complex III generated mtROS in TGF-B-
mediated fibroblast to myofibroblast transition and suggest
potential therapeutic avenues.

A study by Bondi and colleagues showed that rat kidney
fibroblasts stimulated in vitro with TGF-B induced the expression
of o-Sma, Fn, Nox2, and Nox4 and increased NAD(P)H oxidase
activity, leading to mtROS production (195). The siRNA-mediated
reduction of Nox4 significantly reduced the expression of c-Sma
and Fn. Inhibition of TGF-f receptor 1 blocked Smad3
phosphorylation, decreased TGF-B-induced NADPH oxidase
activity, and reduced the expression of Nox4, a-Sma, and Fn.
Furthermore, TGF-P stimulated the phosphorylation of ERK1/2,
which was inhibited by blocking TGF-B1 receptor 1 or Smad3.
ERK1/2 activation also increased oi-Sma and Fn (195). These results
demonstrate that TGF-B-induced transition from fibroblasts to
myofibroblasts involves canonical TGF-B/Smad2/3 signaling, non-
canonical TGF-B/ERK1/2 signaling, and ROS production via NAD
(P)H oxidase. Guido and colleagues generated fibroblasts
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overexpressing the mitochondrial fission factor (MFF). This factor
regulates the mitochondrial network by continuous fission
expanding the interconnected network of mitochondria when
expressed at physiological levels. Overexpression of MFF caused
mitochondrial dysfunction, mitophagy and autophagy, intracellular
ATP depletion, increased ROS production, L-lactate secretion, and
increased expression of o-SMA (196). Thus, MFF-induced
mitochondrial dysfunction shifts cellular metabolism to a
catabolic state in fibroblasts inducing o-SMA a key marker
of myofibroblasts.

6 Metabolic pathways in fibroblasts
and myofibroblasts

In contrast to the extensively examined metabolic profile of
chondrocytes in OA, little is known about the metabolic properties
of FLS in OA (197). Previous studies on FLS metabolism primarily
concentrated on FLS derived from RA patients. However, various
stimuli, such as complement activation in the early stages of OA,
pro-inflammatory cytokines, and in the later stages of OA a hypoxic
environment, activate FLS. The transformation from fibroblasts to
myofibroblasts is initiated by factors including cytokines, hormones,
ligands (e.g, TGF-P, angiotensin II), ions (especially Ca®"), and
mechanical forces (198, 199). The initial activation of fibroblasts
leads to increased aerobic glycolysis, even in the presence of oxygen,
leading to increased lactate production. This metabolic shift from
oxidative phosphorylation (OXPHOS) in mitochondria, the primary
ATP source, to aerobic glycolysis is known as the Warburg effect
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(Figure 8) (200). While most cells typically rely on mitochondrial
OXPHOS for energy generation, glycolysis usually occurs in the
absence of oxygen. The metabolic profile of initially activated
fibroblasts differs from that of fully differentiated myofibroblasts.
During fibroblast differentiation, a significant increase in ATP
production is observed, as ATP is essential for the functionality of
the contractile actin structure (198). Since fibroblast activation is
accompanied by increased proliferation, synthesizing building
blocks such as nucleotides and phospholipids is crucial. In
contrast, myofibroblasts, representing fully differentiated senescent
cells, are non-proliferative. Mitochondrial dysfunction, which leads
to increased ROS formation and thus cell apoptosis and impaired
energy metabolism — glucose, fatty acid, and glutamine metabolism
— contribute to OA pathogenesis (201-203).

6.1 Glucose metabolism

Metabolic alterations in glycolysis play a central role regarding
energy supply, biosynthesis, cell growth, and cell differentiation.
Bardon, Ceder, and Kollberg were the first to demonstrate
significantly increased activities of glycolytic enzymes such as
hexokinase (HK), phosphofructokinase-1 (PFK1), pyruvate kinase
(PKM) and lactate dehydrogenase (LDH) in activated fibroblasts
from cystic fibrosis patients (204). The upregulation of numerous
glycolytic genes that act as metabolic checkpoints has already been
verified in various fibroblast populations. Aguilar and colleagues
cultured rat cardiac fibroblasts in 5 mM glucose (normal) or 25 mM
glucose (high) for 48 h (205). The results show that the O-
GlcNAcylation of proteins and the protein content of TGF-B1 in
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Metabolic shifts upon transition from fibroblast activation and expansion to senescent myofibroblasts. This transition involves an enhanced glycolysis,
pentose phosphate pathway (PPP), fatty acid oxidation (FAQ), lipolysis, and glutaminolysis as key processes in fibroblast activation and expansion.
Quiescent myofibroblasts instead use glycolysis to generate acetyl-CoA fueling the TCA and mitochondrial oxidative phosphorylation to generate
ATP and to feed lipid and fatty acid synthesis (FAS). Figure was created with BioRender.com.
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cardiac fibroblasts increases with higher glucose concentrations,
thereby activating pro-fibrotic signaling pathways and inducing an
increase in collagen synthesis (205).

Assuming that extracellular glucose concentration alone is
sufficient to induce fibroblast to myofibroblast transformation and
thus fibrosis, Xie et al. inhibited glycolysis in lung fibroblasts by
inhibiting 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3
(PFKFB3) (206). In glycolysis, PFK1 is the first glycolysis-specific
enzyme, a rate-limiting enzyme, and a key control point for
regulating glycolytic flux. PFK1 is allosteric activated via the
derivative fructose-2,6-bisphosphate, regulated by PFKFB3
(feedforward regulation). Therefore, inhibiting PFKFB3 prevented
the differentiation of lung fibroblasts isolated from patients with IPF
into myofibroblasts and attenuated the pro-fibrotic phenotype
(206). Furthermore, upregulation of PFKFB3 was shown to be
dependent on TGF-Bl-activated Smad2/3, as both blocking the
TGF-B1 receptor and silencing Smad2/3 abolished the induction of
PFKFB3. Moreover, HIF-10. is downstream of increased glycolysis
and represents a direct mechanism by which glycolysis is involved
in pathologic myofibroblast differentiation (206). Activation of
hepatic stellate cells (HSCs) is a key event during liver fibrosis.
Since aerobic glycolysis is one of the metabolic hallmarks, Ban and
colleagues investigated the effects of targeted inhibition on HSC
activation (207). The glycolysis inhibitor 2-desoxy-D-glucose (2-
DG) and costunolide showed similar effects in inhibiting the rate-
limiting enzyme HK2, leading to decreased expression of HSC
activation markers such as o-SMA and collagen I. This could be
reversed by overexpression of HK2 induced by plasmid
transfection, suggesting that inhibition of HK2 represents a new
therapeutic option for (liver) fibrosis (207).

Another glycolytic enzyme that appears to be crucial for the
formation of myofibroblasts is pyruvate kinase M2 (PKM2). PKM2
is an important factor in the Warburg effect of cancer cells (208)
and can occur in two forms in proliferating cells such as fibroblasts:
a catalytically highly active tetrameric and a less active dimeric
form. While the tetrameric form is routing glucose metabolism to
pyruvate and into the tricarboxylic acid (TCA) cycle for energy
metabolism, the PKM2 dimer transfers the metabolic pathway to
the pentose phosphate pathway (PPP), the uronic acid pathway
(UAP), the polyol pathway (PYP), etc. for the material synthesis
such as the synthesis of the subsequent five-carbon ribose and non-
essential amino acids (209). Satyanarayana et al. analyzed the
expression of PKM2 forms in cultured fibroblasts and
myofibroblasts from tissues with fibrotic diseases (210). They
showed that the less catalytically active PKM2 dimer is
upregulated in myofibroblasts with a concomitant increasing
NADPH production. This protects myofibroblasts from apoptosis,
thereby feeding the de novo glycine synthesis needed for
myofibroblasts’ collagen production and deposition. Moreover,
conversion of the dimeric form to the catalytically active,
tetrameric PKM2 form inhibited fibrosis progression in mouse
models of liver, lung, and pancreatic fibrosis (210).

Smith and Hewitson showed that renal fibroblasts stimulated
with TGF-B1 downregulate acetyl-CoA biosynthesis by inhibition
of the pyruvate dehydrogenase complex (211). The increase in
PDK1 in response to TGF-B1 stimulation corresponds to the
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increase in inactive PDH-Elo (211). Although lactate has
traditionally been considered a by-product of the glycolytic
pathway, recent studies suggest a possible direct
pathophysiological role of lactate in the development of fibrosis.
The study by Nho et al. showed increased lactate formation in
fibrotic lung fibroblasts due to increased LDHA and a concomitant
decrease in LDHB (212). LDHA converts pyruvate into lactate and
NAD?, while LDHB is responsible for the conversion of lactate into
pyruvate (213). High lactate concentrations lead to the conversion
of lactate into pyruvate and the production of NADH, which results
in an inhibitory feedback on glycolysis (213). In addition, lactate
itself was shown to promote the differentiation of myofibroblasts
into normal lung fibroblasts (from deceased individuals with no
evidence of lung disease) via the lactate receptor GPR-81 (212).
LDHS, one of the five isoenzymes of LDH, is most effective in
catalyzing the conversion of pyruvate to lactate. In cancer cells,
overexpression of LDHS5 results in an increased glycolytic
metabolism and a decreased need on oxygen. Consistently, Schruf
and colleagues demonstrated that inhibition of LDH5 in primary
lung fibroblasts attenuated TGF-B1-mediated metabolic switch to
aerobic glycolysis (214). Nevertheless, LDH5 inhibition had no
significant effect on TGF-f1-mediated transformation of
fibroblasts to myofibroblasts in primary human lung fibroblasts,
suggesting that the LDH5-dependent metabolic shift to aerobic
glycolysis alone is not the decisive factor (214).

6.2 Fatty acid metabolism

The fatty acid metabolism, encompassing de novo synthesis,
uptake, oxidation, and disposal of fatty acids, serves crucial roles at
the cellular and organ levels. Fatty acid oxidation (FAO) is the
preferred energy source for cells with a high metabolism. FAO
generates more ATP than the oxidation of glucose, which is why it is
necessary for the activation and proliferation of fibroblasts. In FAO,
long-chain fatty acids are more easily absorbed via CD36. Medium-
chain and short-chain fatty acids enter the cell without the need for
specific transporters. Here, the FAO pathway is promoted by the
upregulation of carnitine O-palmitoyltransferase 1 (CPT1) and
peroxisome proliferator-activated receptor (PPAR) signaling. Nan
and colleagues demonstrated that treatment with rosiglitazone, a
ligand activating PPARY, prevents the development of fibrosing
steatohepatitis induced by a methionine-choline deficiency (MCD)
diet in C57BL6/] mice (215). Furthermore, targeted overexpression
of PPARYy by an adenovirus reduced the extent of liver fibrosis in
male C57BL6 mice on MCD diet (216).

Basal autophagy is ubiquitously present in all cell types. It is
rapidly upregulated as an adaptive response under cellular stress
conditions to obtain intracellular nutrients and energy. In liver
injury, it has been shown that autophagy is primarily upregulated in
activated stellate cells while inducing fibrogenic markers. In this
context, autophagy contributes to the intracellular degradation of
lipids and correlates with increased fatty acid B-oxidation and
mitochondrial OXPHOS (217). Hernandez-Gea et al.
demonstrated that HSCs from autophagy-deficient C57BL/6 mice
were unable to process cytoplasmic lipid droplets, reducing the
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availability of free fatty acids (218). As a result, mitochondrial -
oxidation and ATP production were reduced, which attenuated
fibrogenesis. Targeted inhibition of B-oxidation with etomoxir,
simulating the effect of autophagy blockade, resulted in reduced
expression of the fibrogenic genes a-Sma, collagen 1al, collagen
102, Pdgfr-3, and Mmp-2 (218). Obviously, blockade of autophagy
is different to impaired autophagy and mitochondrial dysfunction
since the later induces mtROS and cellular senescence also capable
of inducing a-SMA expression supporting fibrosis (188, 192, 196).
Conversely, glycolysis upregulation and FAO downregulation
associated with higher lipid accumulation and accompanied by
succinate accumulation has been demonstrated in fibroblasts and
myofibroblasts from idiopathic pulmonary fibrosis (219).
Furthermore, TGF-B1 induced succinate dehydrogenase (SDH)
and succinate elevation. Elevated levels of succinate contribute to
enhanced glycolysis and reduced FAO by stabilizing HIF-1a.
Inhibition of SDH subunit A in fibroblasts prevents fibrosis
formation and respiratory dysfunction deeming SDH as a new
therapeutic target in fibrosis (219).

Moreover, acetyl-CoA carboxylase (ACC) catalyzes the rate-
limiting step of de novo lipogenesis and regulates fatty acid [3-
oxidation. Using HSCs, Bates and colleagues investigated the role of
ACC in liver fibrosis (220). Based on a-SMA expression and
collagen production, they showed that inhibition of ACC reduces
the activation of TGF-f-stimulated HSCs and thus reduces fibrosis.
Inhibition of de novo lipogenesis also blocks glycolysis and induces
FAO, demonstrating that de novo lipogenesis is required for
fibroblast activation (220). It is known that the fibroproliferative
effects of TGF-J are dependent on metabolic adaptation to maintain
pathological growth. Herein, fatty acid synthase (FASN) is an
essential anabolic enzyme in TGF-B-mediated fibrosis. Jung et al.
showed that TGF-f3 increases FASN expression, which is mediated
via the mammalian target of rapamycin complex 1 (mTORC1)
(221). FASN expression correlated with the extent of pulmonary
fibrosis in bleomycin-treated mice. Inhibition of FASN reduced the
expression of pro-fibrotic targets and stabilized lung function, as
analyzed by peripheral blood oxygenation (221). Metabolic
comparison of synovial fibroblasts obtained from patients with
RA, patients with OA, and seronegative controls showed that
basal and maximal mitochondrial respiration was significantly
lower in RA FLS compared to control FLS. In all donors, basal
respiration was largely dependent on FAO, whereas glycolysis was
highly utilized in FLS from RA patients (222). However, the
evidence for the significance of FAO and FAS in OA and synovial
fibrosis remains insufficiently understood and needs
further research.

6.3 Glutamine metabolism

Glutamine is the most abundant amino acid in the human body.
It plays an anaplerotic role replenishing the TCA cycle
intermediates o-ketoglutarate (0i-KG) during increased aerobic
glycolysis and reduced OXPHOS (223). Fibroblasts stimulated
with TGF-f show increased glutaminolysis, which contributes to
increased 0-KG content (224). The increased glutaminolysis can be
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achieved in fibroblasts by upregulation of the rate-limiting enzyme
glutaminase 1 (GLS1) (224) and TGF- (223). The study by Ge et al.
found that increased glutaminolysis in myofibroblasts is required
for collagen translation and stability (224). The amino acid
composition of collagen is unique due to its high glycine content.
Targeted inhibition of glutaminolysis with the Glsl inhibitor CB-
839 and BPTES, and genetic silencing by Glsl short interfering (si)
RNA, only reduced the expression of collagens, but not that of FN
or 0-SMA. This is consistent with the increased a:-KG content in
myofibroblasts, as o-KG activates mTORCI, which promotes the
expression of collagen (224). Importantly, Bernard’s data from 2018
show that suppression of glutaminolysis after myofibroblast
differentiation reverses TGF-B induced metabolic
reprogramming (223).

Myofibroblasts are synthetic and contractile cells, and these
functions are dependent on OXPHOS and ATP production.
Glutaminolysis stimulated by TGF-B may therefore support
myofibroblast functions by meeting bioenergetic needs by
increasing OXPHOS and biosynthetic needs by providing
anabolic carbons for e.g., FAS when succinate levels are high
(219). Depletion of extracellular glutamine as well as silencing of
GLS1 expression in the presence of glutamine prevented TGF-f3
induced myofibroblast differentiation (223). Studies showed that
TGF-B induces the expression of the de novo serine
[phosphoglycerate dehydrogenase (PHGDH), phosphoserine
aminotransferase 1 (PSAT1) and phosphoserine phosphatase
(PSPH)] and glycine [serine hydroxymethyltransferase 2
(SHMT?2)] synthesis pathways in human fibroblasts (225).
Genetic attenuation of PHGDH or SHMT2 and pharmacologic
inhibition of PHGDH in human lung fibroblasts have shown that
these enzymes are required for collagen synthesis downstream of
TGEF-B. Thereby, PHGDH is the first and rate-limiting enzyme in
this pathway (225). Hamanaka and colleagues investigated whether
inhibiting de novo serine and glycine synthesis mitigates lung
fibrosis in vivo (226). TGF-B stimulation induces Phgdh
expression at both mRNA and protein levels in mouse fibroblasts,
and this effect is reflected by an increase in Phgdh expression in
mouse lungs after intratracheal administration of bleomycin.
However, treatment of murine and human lung fibroblasts with a
small molecule Phgdh inhibitor (NCT-503) reduced TGF-B
induced collagen protein synthesis. Moreover, mice treated with
the Phgdh inhibitor seven days after intratracheal instillation of
bleomycin exhibited attenuation of lung fibrosis (226). In summary,
these results demonstrate that glucose-derived serine and glycine
metabolism plays a pivotal role in the fibrotic response both in vitro
and in vivo.

The transition from functional fibroblasts to fibroblast
activation and expansion to senescent myofibroblasts involves
several steps of metabolic alterations, highlighting glycolysis, FAO
and glutaminolysis as key processes. This transition is critical in the
development and progression of fibrotic diseases. Interventions
targeting glycolysis, such as inhibition of PFKFB3, a key regulator
of glycolytic flux, demonstrate potential in attenuating
myofibroblast differentiation. Furthermore, Alterations in
enzymes such as PKM2 and shifts in metabolic pathways (e.g.,
from TCA cycle to PPP) play a critical role in myofibroblast
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functionality and survival, thus influencing fibrosis progression.
Similarly, FAO is essential for fibroblast activation. Targeting key
metabolic enzymes in FAO such as ACC and FASN could provide
promising anti-fibrotic effects. Moreover, TGF-B-induced
metabolic reprogramming leads to increased glutaminolysis and
serine/glycine synthesis, essential for collagen production and
myofibroblast differentiation. Thus, targeting key enzymes such as
GLS1 and PHGDH offers promising avenues for therapeutic
intervention in fibrotic diseases. These findings emphasize the
importance of metabolic pathways in fibrosis and the potential of
metabolic interventions as therapeutic strategies.

7 Therapeutic strategies

Although we have gained more and more knowledge about the
mechanisms of OA pathogenesis, there is still no effective cure. The
treatment approaches for OA are different and depend on the joints
affected (50). To date, they comprise physical, pharmacological, and
surgical treatments (227). Physical treatment aims to reduce body
weight, increase muscle strength, and reduce pain, e.g., through diet,
exercises, physiotherapy or acupuncture (228-233). Standard in
pharmacological treatment approaches do not yet prevent disability
but aim to reduce symptomatic burden and pain of the disease and
slow down tissue damage. For example, non-steroidal anti-
inflammatory drugs (NSAIDs) including ibuprofen and
acetaminophen, are effective as anti-inflammatory and analgesic
drug. Glucocorticoids such as prednisolone are highly effective anti-
inflammatory and immunosuppressive agents that primarily relieve
synovitis in OA (234, 235). However, due to their pleiotropic effect,
they also cause adverse clinical effects such as osteoporosis if not
used carefully and responsibly (236). More specifically acting anti-
cytokine drugs such as recombinant human IL-1ra counteract the
pro-inflammatory, matrix-destroying effects of cytokines such as
mediated by IL-1B (237). Chevalier et al. examined the safety of
intraarticular injections of recombinant human IL-1Ra in patients
with knee OA, which was well tolerated and did not induce any
acute inflammatory reaction in OA patients (238). However, IL-1Ra
treatment was not associated with improvements in knee pain,
function, stiffness, or cartilage turnover (239). The authors argued
that the lack of therapeutic efficacy could be due to systemic
distribution or distribution outside the joint after intra-articular
injection. Further studies with longer-acting and stronger IL-1
antagonists could lead to an improved clinical benefit.

In contrast, nerve growth factor (NGF) antibodies and opioids
act on the reduction of pain (240). Anti-NGF antibody injections
showed great effectiveness in reducing pain but also accelerated the
development of osteoarthritis, if recipients were already taking
NSAIDs (241-243). Chondroprotective agents, such as
glucosamine, chondroitin sulfate and hyaluronic acid support
lubrication and the viscoelastic properties of cartilage (244, 245).
In addition, regenerative therapies with intra-articular injections of
either platelet-rich plasma, MSCs, or Tissue Gene-C (TG-C) have
reported positive results (246-248). While MSCs can self-renew,
have immunomodulatory properties and a potential ability to
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differentiate into different cell lineages, TG-C is a cell-based gene
therapy based on chondrocytes that are retrovirally transduced to
overexpress TGF-B1. When conservative measures and medications
are ineffective to alleviate the worsening of osteoarthritis, surgery
arthroscopy to detect injuries of joints, repair injured soft tissues,
such as ligaments and tendons, and bones, and remove inflamed
and damaged tissue or artificial joint replacement is required.

Focusing on synovial fibrosis, we assume the transition from
quiescent tissue resident FLS to activated FLS and finally
myofibroblasts as a potentially initiating or contributing factor in
OA pathogenesis. Based on the data reviewed, we hypothesize that
micro lesions induced in the synovial membrane by mechanical stress
initiate a vicious circle of inflammation, angiogenesis, regeneration,
and fibrosis. This contributes to stress on the nervous system (pain),
cartilage erosion and subchondral bone defects and instability of the
ligaments and tendons further perpetuating the mechanical stress
induced fibrotic synovitis. Notably, synovial fibrosis in OA seems to
occur primarily in the lining and secondarily in the sublining layer,
suggesting a mechanical stress-induced fibrosis. Several mechanisms
in the fibrotic transformation of synovial fibroblast into
myofibroblasts have been identified including the TLR engagement,
NLRP3 inflammasome activation, pro-inflammatory cytokines (e.g.,
TNF-a, IL-1B), growth factors (e.g., TGE-B, CTGF), metabolic
reprogramming (characterized by succinate accumulation,
enhanced glycolysis, and glutaminolysis), hypoxia-induced HIF
activation, and mitochondrial dysfunction leading to ROS
generation and the SASP.

Some of the above strategies for managing OA are also aimed at
treating synovitis and synovial fibrosis by interfering with e.g. TLR
engagement, NLRP3 inflammasome activation, pro-inflammatory
cytokines (e.g., TNF-o,, IL-1B). Adalimumab, known for its efficacy
in blocking the action of TNF-a, slows the progression of e.g., RA.
The study by Verbruggen and colleagues investigated its potential
effects on erosive hand OA (40 mg adalimumab or placebo) (249).
After oral treatment, the disease appeared to remain active, as 40.0%
of patients in the placebo group and 26.7% in the adalimumab
group developed at least one new erosive interphalangeal joint in
3.6% and 2.1% of their non-erosive interphalangeal joints,
respectively, during the 12-month follow-up period,
demonstrating that adalimumab has no therapeutic effect on
degenerative OA of the hand. The authors argued that the study
design was not able to show effects of TNF blockade in individual
finger joints as it aimed to measure overall hand function (249).
Instead, neutralizing TNF-a significantly slowed down the
progression of structural damage in already inflamed
interphalangeal joints. Further studies are needed to confirm
these results. Based on experience in the treatment of other
fibrotic diseases, there are a variety of alternative intervention
strategies that target the mechanisms in the fibrotic
transformation of fibroblast into myofibroblasts such as small
molecules or compounds that are currently in clinical trials
demonstrating good anti-fibrotic properties (250). These anti-
fibrotic drugs include receptor tyrosine kinase inhibitors, anti-
TGF-B antibodies, TGF-B binding traps, TGF-J activation,
inhibitors TGF-P receptor kinases inhibitors, JAK inhibitors, an
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anti-CTGF antibody, small molecule drug targeting B-catenin, and
a TLR4 antagonist. In addition, altered metabolic programs might
offer additional possibilities for novel therapeutic options (251).

Consequently, targeting pivotal signaling pathways and key
molecules significantly influencing synovial inflammation and
fibrosis in early-stage OA could offer therapeutic advantages. By
interrupting the vicious cycle of damage-inflammation-
dysfunctional repair at its early stages, there is potential for
mitigating the progressive nature of OA and improving
patient outcomes.

8 Conclusion

Osteoarthritis represents most complex whole-joint disorder
involving multiple components including articular cartilage,
subchondral bone, synovial fluid, synovial membrane, ligaments,
tendons, adipose tissue, meniscus, and neurological routes.
Pathologic features include pain, immobility, and inflammation.
Despite extensive research, the pathogenesis of OA from onset to
late-stage progression remains incompletely understood,
highlighting the complexity of the disease’s underlying processes.
It is widely accepted that risk factors include excessive mechanical
loading, obesity, joint malalignment, prior joint injury,
inflammation, aging, and various metabolic and genetic factors.
These factors ultimately contribute to degradation of articular
cartilage, inflammation and fibrosis of the synovium, irritation of
the nociceptors (pain), aberrant angiogenesis of the synovium,
disruption of subchondral bone, and instability of ligaments and
tendons. These changes can play a role in the development and
progression of the disease, either jointly or individually. Although
synovial inflammation and fibrosis play crucial roles in OA
pathogenesis, the exact mechanisms remain incompletely
understood. Further research is needed to elucidate the interplay
between synovial tissue, cartilage degradation, and joint
inflammation in OA progression.

Furthermore, there is an urgent need for reliable biomarkers
and imaging techniques that can detect OA at an early stage so that
interventions can be carried out before irreversible joint damage
occurs. Currently, diagnosis often happens in later stages when
symptoms are pronounced and irreversible damage has already
taken place. Identifying and characterizing specific fibroblast
subsets associated with OA pathology could provide insights into

References

1. Senthelal S, Li ], Goyal A, Bansal P, Thomas MA. Arthritis. Treasure Island (FL:
StatPearls (2021).

2. Berenbaum F. Osteoarthritis as an inflammatory disease (osteoarthritis is not
osteoarthrosis!). Osteoarthritis Cartilage. (2013) 21:16-21. doi: 10.1016/
jjoca.2012.11.012

3. Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. Lancet. (2019) 393:1745-59.
doi: 10.1016/S0140-6736(19)30417-9

4. Murphy LB, Helmick CG, Schwartz TA, Renner JB, Tudor G, Koch GG, et al. One
in four people may develop symptomatic hip osteoarthritis in his or her lifetime.
Osteoarthritis Cartilage. (2010) 18:1372-9. doi: 10.1016/j.joca.2010.08.005

Frontiers in Immunology

18

10.3389/fimmu.2024.1385006

the role of fibroblasts and their pathways. Translating these results
into clinically relevant biomarkers and therapeutic approaches still
remains a significant challenge. Bridging the gap between basic
research and clinical practice requires rigorous validation of
fibroblast-related targets and interventions in well-designed
clinical studies.

Author contributions

AD: Conceptualization, Project administration, Funding
acquisition, Visualization, Data curation, Writing — original draft,
Writing - review & editing. ER: Writing — original draft, Writing -
review & editing. DA: Writing - original draft, Writing - review &
editing. FB: Writing - original draft, Writing - review & editing.
TG: Conceptualization, Project administration, Funding
acquisition, Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The work of
AD and TG was supported by the set Foundation (grant number P-077).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

5. Allen KD, Golightly YM, White DK. Gaps in appropriate use of treatment
strategies in osteoarthritis. Best Pract Res Clin Rheumatol. (2017) 31:746-59.
doi: 10.1016/j.berh.2018.05.003

6. Long H, Liu Q, Yin H, Wang K, Diao N, Zhang Y, et al. Prevalence trends of site-
specific osteoarthritis from 1990 to 2019: findings from the global burden of disease
study 2019. Arthritis Rheumatol (Hoboken NJ). (2022) 74:1172-83. doi: 10.1002/
art.42089

7. Ackerman IN, Bohensky MA, de Steiger R, Brand CA, Eskelinen A, Fenstad AM,
et al. Substantial rise in the lifetime risk of primary total knee replacement surgery for
osteoarthritis from 2003 to 2013: an international, population-level analysis.
Osteoarthritis Cartilage. (2017) 25:455-61. doi: 10.1016/j.joca.2016.11.005

frontiersin.org


https://doi.org/10.1016/j.joca.2012.11.012
https://doi.org/10.1016/j.joca.2012.11.012
https://doi.org/10.1016/S0140-6736(19)30417-9
https://doi.org/10.1016/j.joca.2010.08.005
https://doi.org/10.1016/j.berh.2018.05.003
https://doi.org/10.1002/art.42089
https://doi.org/10.1002/art.42089
https://doi.org/10.1016/j.joca.2016.11.005
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

8. Loeser RF. Age-related changes in the musculoskeletal system and the
development of osteoarthritis. Clin Geriatr Med. (2010) 26:371-86. doi: 10.1016/
j.cger.2010.03.002

9. Shane Anderson A, Loeser RF. Why is osteoarthritis an age-related disease? Best
Pract Res Clin Rheumatol. (2010) 24:15-26. doi: 10.1016/j.berh.2009.08.006

10. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a disease of
the joint as an organ. Arthritis rheumatism. (2012) 64:1697-707. doi: 10.1002/art.34453

11. Poole AR. Osteoarthritis as a whole joint disease. HSS J. (2012) 8:4-6.
doi: 10.1007/s11420-011-9248-6

12. Buttgereit F, Burmester GR, Bijlsma JW. Non-surgical management of knee
osteoarthritis: where are we now and where do we need to go? RMD Open. (2015) 1:
€000027. doi: 10.1136/rmdopen-2014-000027

13. O'Neill TW, McCabe PS, McBeth J. Update on the epidemiology, risk factors and
disease outcomes of osteoarthritis. Best Pract Res Clin Rheumatol. (2018) 32:312-26.
doi: 10.1016/j.berh.2018.10.007

14. Chen D, Shen ], Zhao W, Wang T, Han L, Hamilton JL, et al. Osteoarthritis:
toward a comprehensive understanding of pathological mechanism. Bone Res. (2017)
5:16044. doi: 10.1038/boneres.2016.44

15. Cucchiarini M, de Girolamo L, Filardo G, Oliveira JM, Orth P, Pape D, et al.
Basic science of osteoarthritis. ] Exp Orthop. (2016) 3:22. doi: 10.1186/s40634-016-
0060-6

16. Scanzello CR, Goldring SR. The role of synovitis in osteoarthritis pathogenesis.
Bone. (2012) 51:249-57. doi: 10.1016/j.bone.2012.02.012

17. Chow YY, Chin KY. The role of inflammation in the pathogenesis of
osteoarthritis. Mediators Inflammation. (2020) 2020:8293921. doi: 10.1155/2020/
8293921

18. Primorac D, Molnar V, Rod E, Jele¢ Z, Cukelj F, Matifi¢ V, et al. Knee
osteoarthritis: a review of pathogenesis and state-of-the-art non-operative
therapeutic considerations. Genes. (2020) 11(8):854. doi: 10.3390/genes11080854

19. He Y, Li Z, Alexander PG, Ocasio-Nieves BD, Yocum L, Lin H, et al.
Pathogenesis of osteoarthritis: risk factors, regulatory pathways in chondrocytes, and
experimental models. Biology. (2020) 9(8):194. doi: 10.3390/biology9080194

20. Goldring MB, Marcu KB. Cartilage homeostasis in health and rheumatic
diseases. Arthritis Res Ther. (2009) 11:224. doi: 10.1186/ar2592

21. Yagi M, Endo K, Komori K, Sekiya I. Comparison of the effects of oxidative and
inflammatory stresses on rat chondrocyte senescence. Sci Rep. (2023) 13:7697.
doi: 10.1038/541598-023-34825-1

22. Bolduc JA, Collins JA, Loeser RF. Reactive oxygen species, aging and articular
cartilage homeostasis. Free Radical Biol Med. (2019) 132:73-82. doi: 10.1016/
j.freeradbiomed.2018.08.038

23. Ji X, Zhang H. Current strategies for the treatment of early stage osteoarthritis.
Front Mech Eng. (2019) 5:57. doi: 10.3389/fmech.2019.00057

24. Goldring MB, Berenbaum F. Emerging targets in osteoarthritis therapy. Curr
Opin Pharmacol. (2015) 22:51-63. doi: 10.1016/j.coph.2015.03.004

25. Yasunobu T, Yuya T, Tomoyuki H, YrjO TK, Stuart BG, Mitsunori Y, et al.
Expression of toll-like receptors and their signaling pathways in rheumatoid synovitis.
Rheumatol. (2011) 38:810. doi: 10.3899/jrheum.100732

26. Santos-Sierra S. Targeting toll-like receptor (TLR) pathways in inflammatory
arthritis: two better than one? Biomolecules. (2021) 11(9):1291. doi: 10.3390/
biom11091291

27. Barreto G, Manninen M, E KK. Osteoarthritis and toll-like receptors: when
innate immunity meets chondrocyte apoptosis. Biology. (2020) 9(4):65. doi: 10.3390/
biology9040065

28. Walsh DA, Bonnet CS, Turner EL, Wilson D, Situ M, McWilliams DF.
Angiogenesis in the synovium and at the osteochondral junction in osteoarthritis.
Osteoarthritis Cartilage. (2007) 15:743-51. doi: 10.1016/j.joca.2007.01.020

29. Prieto-Potin I, Largo R, Roman-Blas JA, Herrero-Beaumont G, Walsh DA.
Characterization of multinucleated giant cells in synovium and subchondral bone in
knee osteoarthritis and rheumatoid arthritis. BMC Musculoskelet Disord. (2015) 16:226.
doi: 10.1186/s12891-015-0664-5

30. Han D, Fang Y, Tan X, Jiang H, Gong X, Wang X, et al. The emerging role of
fibroblast-like synoviocytes-mediated synovitis in osteoarthritis: An update. J Cell Mol
Med. (2020) 24:9518-32. doi: 10.1111/jcmm.15669

31. Koskinen A, Vuolteenaho K, Moilanen T, Moilanen E. Resistin as a factor in
osteoarthritis: synovial fluid resistin concentrations correlate positively with interleukin
6 and matrix metalloproteinases MMP-1 and MMP-3. Scand ] Rheumatol. (2014)
43:249-53. doi: 10.3109/03009742.2013.853096

32. Wojdasiewicz P, Poniatowski LA, Szukiewicz D. The role of inflammatory and
anti-inflammatory cytokines in the pathogenesis of osteoarthritis. Mediators
Inflammation. (2014) 2014:561459. doi: 10.1155/2014/561459

33. Man GS, Mologhianu G. Osteoarthritis pathogenesis - a complex process that
involves the entire joint. ] Med Life. (2014) 7(1):37-41.

34. Oehler S, Neureiter D, Meyer-Scholten C, Aigner TJC. Subtyping of
osteoarthritic synoviopathy. Rheumatol e. (2002) 20(5):633-40.

35. Klein-Wieringa IR, de Lange-Brokaar BJ, Yusuf E, Andersen SN, Kwekkeboom
JC, Kroon HM, et al. Inflammatory cells in patients with endstage knee osteoarthritis: A

Frontiers in Immunology

19

10.3389/fimmu.2024.1385006

comparison between the synovium and the infrapatellar fat pad. J Rheumatol. (2016)
43:771-8. doi: 10.3899/jrheum.151068

36. de Lange-Brokaar BJ, Ioan-Facsinay A, van Osch GJ, Zuurmond AM, Schoones
J, Toes RE, et al. Synovial inflammation, immune cells and their cytokines in
osteoarthritis: a review. Osteoarthritis Cartilage. (2012) 20:1484-99. doi: 10.1016/
jjoca.2012.08.027

37. Kuo §J, Liu SC, Huang YL, Tsai CH, Fong YC, Hsu HC, et al. TGF-betal
enhances FOXO3 expression in human synovial fibroblasts by inhibiting miR-92a
through AMPK and p38 pathways. Aging (Albany NY). (2019) 11:4075-89.
doi: 10.18632/aging.102038

38. Deligne C, Casulli S, Pigenet A, Bougault C, Campillo-Gimenez L, Nourissat G,
et al. Differential expression of interleukin-17 and interleukin-22 in inflamed and non-
inflamed synovium from osteoarthritis patients. Osteoarthritis Cartilage. (2015)
23:1843-52. doi: 10.1016/j.joca.2014.12.007

39. Zhang L, Xing R, Huang Z, Ding L, Zhang L, Li M, et al. Synovial fibrosis
involvement in osteoarthritis. Front Med (Lausanne). (2021) 8:684389. doi: 10.3389/
fmed.2021.684389

40. Krenn V, Morawietz L, Burmester GR, Kinne RW, Mueller-Ladner U, Muller B,
et al. Synovitis score: discrimination between chronic low-grade and high-grade
synovitis. Histopathology. (2006) 49:358-64. doi: 10.1111/§.1365-2559.2006.02508.x

41. CaiP, Jiang T, Li B, Qin X, Lu Z, Le Y, et al. Comparison of rheumatoid arthritis
(RA) and osteoarthritis (OA) based on microarray profiles of human joint fibroblast-
like synoviocytes. Cell Biochem Funct. (2019) 37:31-41. doi: 10.1002/cbf.3370

42. Rhee DK, Marcelino J, Baker M, Gong Y, Smits P, Lefebvre V, et al. The secreted
glycoprotein lubricin protects cartilage surfaces and inhibits synovial cell overgrowth. J
Clin Invest. (2005) 115:622-31. doi: 10.1172/JCI22263

43. Smith MD. The normal synovium. Open Rheumatol J. (2011) 5:100-6.
doi: 10.2174/1874312901105010100

44. Barland P, Novikoff AB, Hamerman D. Electron microscopy of the human
synovial membrane. J Cell Biol. (1962) 14:207-20. doi: 10.1083/jcb.14.2.207

45. Firestein GS. Invasive fibroblast-like synoviocytes in rheumatoid arthritis.
Passive responders or transformed aggressors? Arthritis rheumatism. (1996)
39:1781-90. doi: 10.1002/art.1780391103

46. Orr C, Vieira-Sousa E, Boyle DL, Buch MH, Buckley CD, Canete JD, et al.
Synovial tissue research: a state-of-the-art review. Nat Rev Rheumatol. (2017) 13:463-
75. doi: 10.1038/nrrheum.2017.115

47. Buckley CD. Macrophages form a protective cellular barrier in joints. Nature.
(2019) 572:590-2. doi: 10.1038/d41586-019-02340-x

48. Li F, Tang Y, Song B, Yu M, Li Q, Zhang C, et al. Nomenclature clarification:
synovial fibroblasts and synovial mesenchymal stem cells. Stem Cell Res Ther. (2019)
10:260. doi: 10.1186/s13287-019-1359-x

49. de Sousa EB, Casado PL, Moura Neto V, Duarte ME, Aguiar DP. Synovial fluid
and synovial membrane mesenchymal stem cells: latest discoveries and therapeutic
perspectives. Stem Cell Res Ther. (2014) 5:112. doi: 10.1186/scrt501

50. Ospelt C. Synovial fibroblasts in 2017. RMD Open. (2017) 3:¢000471.
doi: 10.1136/rmdopen-2017-000471

51. Croft AP, Campos J, Jansen K, Turner JD, Marshall ], Attar M, et al. Distinct
fibroblast subsets drive inflammation and damage in arthritis. Nature. (2019) 570:246—
51. doi: 10.1038/s41586-019-1263-7

52. Stephenson W, Donlin LT, Butler A, Rozo C, Bracken B, Rashidfarrokhi A, et al.
Single-cell RNA-seq of rheumatoid arthritis synovial tissue using low-cost microfluidic
instrumentation. Nat Commun. (2018) 9:791. doi: 10.1038/s41467-017-02659-x

53. Mizoguchi F, Slowikowski K, Wei K, Marshall JL, Rao DA, Chang SK, et al.
Functionally distinct disease-associated fibroblast subsets in rheumatoid arthritis. Nat
Commun. (2018) 9:789. doi: 10.1038/s41467-018-02892-y

54. Huang W, Zhang L, Cheng C, Shan W, Ma R, Yin Z, et al. Parallel comparison of
fibroblast-like synoviocytes from the surgically removed hyperplastic synovial tissues of
rheumatoid arthritis and osteoarthritis patients. BMC Musculoskelet Disord. (2019)
20:591. doi: 10.1186/s12891-019-2977-2

55. Zhang F, Wei K, Slowikowski K, Fonseka CY, Rao DA, Kelly S, et al. Defining
inflammatory cell states in rheumatoid arthritis joint synovial tissues by integrating
single-cell transcriptomics and mass cytometry. Nat Immunol. (2019) 20:928-42.
doi: 10.1038/s41590-019-0378-1

56. Raphael M, Muriel E, Sam E, Mojca F-B, Kristina B, Adrian C, et al. Role of synovial
fibroblast subsets across synovial pathotypes in rheumatoid arthritis: a deconvolution
analysis. RMD Open. (2022) 8:¢001949. doi: 10.1136/rmdopen-2021-001949

57. Karpus ON, Kiener HP, Niederreiter B, Yilmaz-Elis AS, van der Kaa J, Ramaglia
V, et al. CD55 deposited on synovial collagen fibers protects from immune complex-
mediated arthritis. Arthritis Res Ther. (2015) 17:6. doi: 10.1186/s13075-015-0518-4

58. Seren L, Morten AN, Maithri PA, Peter B], Adam PC, Christopher B, et al.
Fibroblast-like synovial cell subsets in rheumatoid arthritis. In: Mojca Frank B, Katja L,
editors. Fibroblasts. IntechOpen, Rijeka (2021). p. Ch. 5.

59. Mathiessen A, Conaghan PG. Synovitis in osteoarthritis: current understanding with
therapeutic implications. Arthritis Res Ther. (2017) 19:18. doi: 10.1186/s13075-017-1229-9

60. Kemble S, Croft AP. Critical role of synovial tissue-resident macrophage and

fibroblast subsets in the persistence of joint inflammation. Front Immunol. (2021)
12:715894. doi: 10.3389/fimmu.2021.715894

frontiersin.org


https://doi.org/10.1016/j.cger.2010.03.002
https://doi.org/10.1016/j.cger.2010.03.002
https://doi.org/10.1016/j.berh.2009.08.006
https://doi.org/10.1002/art.34453
https://doi.org/10.1007/s11420-011-9248-6
https://doi.org/10.1136/rmdopen-2014-000027
https://doi.org/10.1016/j.berh.2018.10.007
https://doi.org/10.1038/boneres.2016.44
https://doi.org/10.1186/s40634-016-0060-6
https://doi.org/10.1186/s40634-016-0060-6
https://doi.org/10.1016/j.bone.2012.02.012
https://doi.org/10.1155/2020/8293921
https://doi.org/10.1155/2020/8293921
https://doi.org/10.3390/genes11080854
https://doi.org/10.3390/biology9080194
https://doi.org/10.1186/ar2592
https://doi.org/10.1038/s41598-023-34825-1
https://doi.org/10.1016/j.freeradbiomed.2018.08.038
https://doi.org/10.1016/j.freeradbiomed.2018.08.038
https://doi.org/10.3389/fmech.2019.00057
https://doi.org/10.1016/j.coph.2015.03.004
https://doi.org/10.3899/jrheum.100732
https://doi.org/10.3390/biom11091291
https://doi.org/10.3390/biom11091291
https://doi.org/10.3390/biology9040065
https://doi.org/10.3390/biology9040065
https://doi.org/10.1016/j.joca.2007.01.020
https://doi.org/10.1186/s12891-015-0664-5
https://doi.org/10.1111/jcmm.15669
https://doi.org/10.3109/03009742.2013.853096
https://doi.org/10.1155/2014/561459
https://doi.org/10.3899/jrheum.151068
https://doi.org/10.1016/j.joca.2012.08.027
https://doi.org/10.1016/j.joca.2012.08.027
https://doi.org/10.18632/aging.102038
https://doi.org/10.1016/j.joca.2014.12.007
https://doi.org/10.3389/fmed.2021.684389
https://doi.org/10.3389/fmed.2021.684389
https://doi.org/10.1111/j.1365-2559.2006.02508.x
https://doi.org/10.1002/cbf.3370
https://doi.org/10.1172/JCI22263
https://doi.org/10.2174/1874312901105010100
https://doi.org/10.1083/jcb.14.2.207
https://doi.org/10.1002/art.1780391103
https://doi.org/10.1038/nrrheum.2017.115
https://doi.org/10.1038/d41586-019-02340-x
https://doi.org/10.1186/s13287-019-1359-x
https://doi.org/10.1186/scrt501
https://doi.org/10.1136/rmdopen-2017-000471
https://doi.org/10.1038/s41586-019-1263-7
https://doi.org/10.1038/s41467-017-02659-x
https://doi.org/10.1038/s41467-018-02892-y
https://doi.org/10.1186/s12891-019-2977-2
https://doi.org/10.1038/s41590-019-0378-1
https://doi.org/10.1136/rmdopen-2021-001949
https://doi.org/10.1186/s13075-015-0518-4
https://doi.org/10.1186/s13075-017-1229-9
https://doi.org/10.3389/fimmu.2021.715894
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

61. Wei K, Korsunsky I, Marshall JL, Gao A, Watts GFM, Major T, et al. Notch
signalling drives synovial fibroblast identity and arthritis pathology. Nature. (2020)
582:259-64. doi: 10.1038/541586-020-2222-z

62. Weinand K, Sakaue S, Nathan A, Jonsson AH, Zhang F, Watts GEM, et al. The
chromatin landscape of pathogenic transcriptional cell states in rheumatoid arthritis.
bioRxiv. (2023). doi: 10.1101/2023.04.07.536026

63. Friscic J, Bottcher M, Reinwald C, Bruns H, Wirth B, Popp S-J, et al. The
complement system drives local inflammatory tissue priming by metabolic
reprogramming of synovial fibroblasts. Immunity. (2021) 54:1002-21.e10.
doi: 10.1016/j.immuni.2021.03.003

64. Bertoncelj MF, Lakota K. Fibroblasts: Advances in Inflammation, Autoimmunity
and Cancer. IntechOpen (2021). doi: 10.5772/intechopen.87462

65. Sun S, Liu W, Li Y. CADM1 enhances intestinal barrier function in a rat model
of mild inflammatory bowel disease by inhibiting the STAT3 signaling pathway. ]
bioenergetics biomembranes. (2020) 52:343-54. doi: 10.1007/s10863-020-09850-8

66. Snelling S], Davidson RK, Swingler TE, Le LT, Barter MJ, Culley KL, et al.
Dickkopf-3 is upregulated in osteoarthritis and has a chondroprotective role.
Osteoarthritis Cartilage. (2016) 24:883-91. doi: 10.1016/j.joca.2015.11.021

67. LiY, Liu H, Liang Y, Peng P, Ma X, Zhang X. DKK3 regulates cell proliferation,
apoptosis and collagen synthesis in keloid fibroblasts via TGF-B1/Smad signaling
pathway. Biomedicine pharmacotherapy = Biomedecine pharmacotherapie. (2017)
91:174-80. doi: 10.1016/j.biopha.2017.03.044

68. Henderson NC, Sheppard D. Integrin-mediated regulation of TGFbeta in
fibrosis. Biochim Biophys Acta. (2013) 1832:891-6. doi: 10.1016/j.bbadis.2012.10.005

69. Henderson NC, Arnold TD, Katamura Y, Giacomini MM, Rodriguez JD,
McCarty JH, et al. Targeting of alphav integrin identifies a core molecular pathway
that regulates fibrosis in several organs. Nat Med. (2013) 19:1617-24. doi: 10.1038/
nm.3282

70. Conroy KP, Kitto L], Henderson NC. alphav integrins: key regulators of tissue
fibrosis. Cell Tissue Res. (2016) 365:511-9. doi: 10.1007/s00441-016-2407-9

71. Zeltz C, Primac I, Erusappan P, Alam J, Noel A, Gullberg D. Cancer-associated
fibroblasts in desmoplastic tumors: emerging role of integrins. Semin Cancer Biol.
(2020) 62:166-81. doi: 10.1016/j.semcancer.2019.08.004

72. Jin H, Jiang S, Wang R, Zhang Y, Dong J, Li Y. Mechanistic insight into the roles
of integrins in osteoarthritis. Front Cell Dev Biol. (2021) 9:693484. doi: 10.3389/
fcell.2021.693484

73. Knights AJ, Farrell EC, Ellis OM, Lammlin L, Junginger LM, Rzeczycki PM, et al.
Synovial fibroblasts assume distinct functional identities and secrete R-spondin 2 in
osteoarthritis. Ann Rheum Dis. (2023) 82:272-82. doi: 10.1136/ard-2022-222773

74. Hasegawa A, Nakahara H, Kinoshita M, Asahara H, Koziol ], Lotz MK. Cellular
and extracellular matrix changes in anterior cruciate ligaments during human knee
aging and osteoarthritis. Arthritis Res Ther. (2013) 15:R29. doi: 10.1186/ar4165

75. Kasperkovitz PV, Timmer TCG, Smeets T], Verbeet NL, Tak PP, van baarsen
LGM, et al. Fibroblast-like synoviocytes derived from patients with rheumatoid
arthritis show the imprint of synovial tissue heterogeneity: evidence of a link
between an increased myofibroblast-like phenotype and high-inflammation synovitis.
Arthritis Rheum. (2005) 52(2):430-41. doi: 10.1002/art.20811

76. Bauer S, Jendro MC, Wadle A, Kleber S, Stenner F, Dinser R, et al. Fibroblast
activation protein is expressed by rheumatoid myofibroblast-like synoviocytes.
Arthritis Res Ther. (2006) 8:R171. doi: 10.1186/ar2080

77. Kragstrup TW, Sohn DH, Lepus CM, Onuma K, Wang Q, Robinson WH, et al.
Fibroblast-like synovial cell production of extra domain A fibronectin associates with
inflammation in osteoarthritis. BMC Rheumatol. (2019) 3:46. doi: 10.1186/s41927-019-
0093-4

78. Pfeiffenberger M, Rosenow E, Beissel J, Buttgereit F, Gaber T, Damerau A.
(2023). Simulating arthritis in an animal-free in vitro 3D synovial membrane model, in:
Abstracts of the 12th World Congress on Alternatives and Animal Use in the Life
Sciences, Niagara Falls, 2023, Volume 11, No. 2. WC12 (Canada: ALTEX Proceedings.
doi: 10.58847/ap.2302

79. Smith MH, Gao VR, Periyakoil PK, Kochen A, DiCarlo EF, Goodman SM, et al.
Drivers of heterogeneity in synovial fibroblasts in rheumatoid arthritis. Nat Immunol.
(2023) 24:1200-10. doi: 10.1038/s41590-023-01527-9

80. Korsunsky I, Wei K, Pohin M, Kim EY, Barone F, Major T, et al. Cross-tissue,
single-cell stromal atlas identifies shared pathological fibroblast phenotypes in four
chronic inflammatory diseases. Med. (2022) 3:481-518.e14. doi: 10.1016/
j.med;j.2022.05.002

81. Rousseau JC, Sornay-Rendu E, Bertholon C, Garnero P, Chapurlat R. Serum
periostin is associated with prevalent knee osteoarthritis and disease incidence/
progression in women: the OFELY study. Osteoarthritis Cartilage. (2015) 23:1736—
42. doi: 10.1016/j.joca.2015.05.015

82. Honsawek S, Wilairatana V, Udomsinprasert W, Sinlapavilawan P,
Jirathanathornnukul N. Association of plasma and synovial fluid periostin with
radiographic knee osteoarthritis: Cross-sectional study. Joint Bone Spine. (2015)
82:352-5. doi: 10.1016/j.jbspin.2015.01.023

83. Chen X, Gong L, Li C, Wang S, Wang Z, Chu M, et al. Single-cell and bulk tissue
sequencing unravels the heterogeneity of synovial microenvironment in arthrofibrosis.
iScience. (2023) 26:107379. doi: 10.1016/j.is¢i.2023.107379

Frontiers in Immunology

10.3389/fimmu.2024.1385006

84. Wirka RC, Wagh D, Paik DT, Pjanic M, Nguyen T, Miller CL, et al.
Atheroprotective roles of smooth muscle cell phenotypic modulation and the TCF21
disease gene as revealed by single-cell analysis. Nat Med. (2019) 25:1280-9.
doi: 10.1038/s41591-019-0512-5

85. Hepler C, Shan B, Zhang Q, Henry GH, Shao M, Vishvanath L, et al.
Identification of functionally distinct fibro-inflammatory and adipogenic stromal
subpopulations in visceral adipose tissue of adult mice. Elife. (2018) 7:€39636.
doi: 10.7554/eLife.39636

86. Antar SA, Ashour NA, Marawan ME, Al-Karmalawy AA. Fibrosis: types, effects,
markers, mechanisms for disease progression, and its relation with oxidative stress,
immunity, and inflammation. Int J Mol Sci. (2023) 24(4):4004. doi: 10.3390/
{jms24044004

87. Di X, Gao X, Peng L, Ai J, Jin X, Qi S, et al. Cellular mechanotransduction in
health and diseases: from molecular mechanism to therapeutic targets. Signal
Transduction Targeted Ther. (2023) 8:282. doi: 10.1038/s41392-023-01501-9

88. Watson RS, Gouze E, Levings PP, Bush ML, Kay JD, Jorgensen MS, et al. Gene
delivery of TGF-betal induces arthrofibrosis and chondrometaplasia of synovium in
vivo. Lab Invest. (2010) 90:1615-27. doi: 10.1038/labinvest.2010.145

89. Schuster R, Rockel JS, Kapoor M, Hinz B. The inflammatory speech of
fibroblasts. Immunol Rev. (2021) 302:126-46. doi: 10.1111/imr.12971

90. Zhen G, Guo Q, Li Y, Wu C, Zhu S, Wang R, et al. Mechanical stress determines
the configuration of TGFP activation in articular cartilage. Nat Commun. (2021)
12:1706. doi: 10.1038/s41467-021-21948-0

91. Maglaviceanu A, Wu B, Kapoor M. Fibroblast-like synoviocytes: Role in synovial
fibrosis associated with osteoarthritis. Wound Repair Regener. (2021) 29:642-9.
doi: 10.1111/wrr.12939

92. Shi M, Zhu ], Wang R, Chen X, Mi L, Walz T, et al. Latent TGF-beta structure
and activation. Nature. (2011) 474:343-9. doi: 10.1038/nature10152

93. Lyons RM, Keski-Oja J, Moses HL. Proteolytic activation of latent transforming
growth factor-beta from fibroblast-conditioned medium. J Cell Biol. (1988) 106:1659—
65. doi: 10.1083/jcb.106.5.1659

94. Ahamed J, Burg N, Yoshinaga K, Janczak CA, Rifkin DB, Coller BS. In vitro and
in vivo evidence for shear-induced activation of latent transforming growth factor-
betal. Blood. (2008) 112:3650-60. doi: 10.1182/blood-2008-04-151753

95. Wipft PJ, Hinz B. Integrins and the activation of latent transforming growth
factor betal - an intimate relationship. Eur J Cell Biol. (2008) 87:601-15. doi: 10.1016/
j.ejcb.2008.01.012

96. Lowin T, Straub RH. Integrins and their ligands in rheumatoid arthritis. Arthritis
Res Ther. (2011) 13:244. doi: 10.1186/ar3464

97. Rinaldi N, Weis D, Brado B, Schwarz-Eywill M, Lukoschek M, Pezzutto A, et al.
Differential expression and functional behaviour of the alpha v and beta 3 integrin
subunits in cytokine stimulated fibroblast-like cells derived from synovial tissue of
rheumatoid arthritis and osteoarthritis in vitro. Ann Rheum Dis. (1997) 56:729-36.
doi: 10.1136/ard.56.12.729

98. Mu D, Cambier S, Fjellbirkeland L, Baron JL, Munger JS, Kawakatsu H, et al. The
integrin alpha(v)beta8 mediates epithelial homeostasis through MT1-MMP-dependent
activation of TGF-betal. ] Cell Biol. (2002) 157:493-507. doi: 10.1083/jcb.200109100

99. Munger JS, Huang X, Kawakatsu H, Griffiths MJ, Dalton SL, Wu J, et al. The
integrin alpha v beta 6 binds and activates latent TGF beta 1: a mechanism for
regulating pulmonary inflammation and fibrosis. Cell. (1999) 96:319-28. doi: 10.1016/
$0092-8674(00)80545-0

100. Ciregia F, Deroyer C, Cobraiville G, Plener Z, Malaise O, Gillet P, et al.
Modulation of alpha(V)beta(6) integrin in osteoarthritis-related synovitis and the
interaction with VIN((381-397 a.a.)) competing for TGF-betal activation. Exp Mol
Med. (2021) 53:210-22. doi: 10.1038/s12276-021-00558-2

101. Yasuda T. Cartilage destruction by matrix degradation products. Mod
Rheumatol. (2006) 16:197-205. doi: 10.1007/s10165-006-0490-6

102. Homandberg GA, Meyers R, Williams JM. Intraarticular injection of
fibronectin fragments causes severe depletion of cartilage proteoglycans in vivo. |
Rheumatol. (1993) 20(8):1378-82.

103. Shi Y, Massague J. Mechanisms of TGF-beta signaling from cell membrane to
the nucleus. Cell. (2003) 113:685-700. doi: 10.1016/S0092-8674(03)00432-X

104. Alarcon C, Zaromytidou AL Xi Q, Gao S, Yu J, Fujisawa S, et al. Nuclear CDKs
drive Smad transcriptional activation and turnover in BMP and TGF-beta pathways.
Cell. (2009) 139:757-69. doi: 10.1016/j.cell.2009.09.035

105. Kim KK, Sheppard D, Chapman HA. TGF-betal signaling and tissue fibrosis.

Cold Spring Harb Perspect Biol. (2018) 10(4):a022293. doi: 10.1101/
cshperspect.a022293

106. Massague J, Sheppard D. TGF-beta signaling in health and disease. Cell. (2023)
186:4007-37. doi: 10.1016/j.cell.2023.07.036

107. Munoz-Felix JM, Gonzalez-Nunez M, Lopez-Novoa JM. ALK1-Smadl/5
signaling pathway in fibrosis development: friend or foe? Cytokine Growth Factor
Rev. (2013) 24:523-37. doi: 10.1016/j.cytogfr.2013.08.002

108. Finnson KW, Almadani Y, Philip A. Non-canonical (non-SMAD2/3) TGF-beta
signaling in fibrosis: Mechanisms and targets. Semin Cell Dev Biol. (2020) 101:115-22.
doi: 10.1016/j.semcdb.2019.11.013

frontiersin.org


https://doi.org/10.1038/s41586-020-2222-z
https://doi.org/10.1101/2023.04.07.536026
https://doi.org/10.1016/j.immuni.2021.03.003
https://doi.org/10.5772/intechopen.87462
https://doi.org/10.1007/s10863-020-09850-8
https://doi.org/10.1016/j.joca.2015.11.021
https://doi.org/10.1016/j.biopha.2017.03.044
https://doi.org/10.1016/j.bbadis.2012.10.005
https://doi.org/10.1038/nm.3282
https://doi.org/10.1038/nm.3282
https://doi.org/10.1007/s00441-016-2407-9
https://doi.org/10.1016/j.semcancer.2019.08.004
https://doi.org/10.3389/fcell.2021.693484
https://doi.org/10.3389/fcell.2021.693484
https://doi.org/10.1136/ard-2022-222773
https://doi.org/10.1186/ar4165
https://doi.org/10.1002/art.20811
https://doi.org/10.1186/ar2080
https://doi.org/10.1186/s41927-019-0093-4
https://doi.org/10.1186/s41927-019-0093-4
https://doi.org/10.58847/ap.2302
https://doi.org/10.1038/s41590-023-01527-9
https://doi.org/10.1016/j.medj.2022.05.002
https://doi.org/10.1016/j.medj.2022.05.002
https://doi.org/10.1016/j.joca.2015.05.015
https://doi.org/10.1016/j.jbspin.2015.01.023
https://doi.org/10.1016/j.isci.2023.107379
https://doi.org/10.1038/s41591-019-0512-5
https://doi.org/10.7554/eLife.39636
https://doi.org/10.3390/ijms24044004
https://doi.org/10.3390/ijms24044004
https://doi.org/10.1038/s41392-023-01501-9
https://doi.org/10.1038/labinvest.2010.145
https://doi.org/10.1111/imr.12971
https://doi.org/10.1038/s41467-021-21948-0
https://doi.org/10.1111/wrr.12939
https://doi.org/10.1038/nature10152
https://doi.org/10.1083/jcb.106.5.1659
https://doi.org/10.1182/blood-2008-04-151753
https://doi.org/10.1016/j.ejcb.2008.01.012
https://doi.org/10.1016/j.ejcb.2008.01.012
https://doi.org/10.1186/ar3464
https://doi.org/10.1136/ard.56.12.729
https://doi.org/10.1083/jcb.200109100
https://doi.org/10.1016/s0092-8674(00)80545-0
https://doi.org/10.1016/s0092-8674(00)80545-0
https://doi.org/10.1038/s12276-021-00558-2
https://doi.org/10.1007/s10165-006-0490-6
https://doi.org/10.1016/S0092-8674(03)00432-X
https://doi.org/10.1016/j.cell.2009.09.035
https://doi.org/10.1101/cshperspect.a022293
https://doi.org/10.1101/cshperspect.a022293
https://doi.org/10.1016/j.cell.2023.07.036
https://doi.org/10.1016/j.cytogfr.2013.08.002
https://doi.org/10.1016/j.semcdb.2019.11.013
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

109. Song HY, Kim MY, Kim KH, Lee IH, Shin SH, Lee JS, et al. Synovial fluid of
patients with rheumatoid arthritis induces alpha-smooth muscle actin in human
adipose tissue-derived mesenchymal stem cells through a TGF-betal-dependent
mechanism. Exp Mol Med. (2010) 42:565-73. doi: 10.3858/emm.2010.42.8.057

110. Davis J, Burr AR, Davis GF, Birnbaumer L, Molkentin JD. A TRPC6-dependent
pathway for myofibroblast transdifferentiation and wound healing in vivo. Dev Cell.
(2012) 23:705-15. doi: 10.1016/j.devcel.2012.08.017

111. Gao Y, Duran S, Lydon JP, DeMayo FJ, Burghardt RC, Bayless KJ, et al.
Constitutive activation of transforming growth factor Beta receptor 1 in the mouse
uterus impairs uterine morphology and function. Biol Reprod. (2015) 92:34.
doi: 10.1095/biolreprod.114.125146

112. Remst DF, Blaney Davidson EN, Vitters EL, Bank RA, van den Berg WB, van
der Kraan PM. TGF-ss induces Lysyl hydroxylase 2b in human synovial osteoarthritic
fibroblasts through ALK5 signaling. Cell Tissue Res. (2014) 355:163-71. doi: 10.1007/
s00441-013-1740-5

113. Pannu J, Nakerakanti S, Smith E, ten Dijke P, Trojanowska M. Transforming
growth factor-beta receptor type I-dependent fibrogenic gene program is mediated via
activation of Smadl and ERK1/2 pathways. ] Biol Chem. (2007) 282:10405-13.
doi: 10.1074/jbc.M611742200

114. Qing L, Lei P, Liu H, Xie J, Wang L, Wen T, et al. Expression of hypoxia-
inducible factor-1o in synovial fluid and articular cartilage is associated with disease
severity in knee osteoarthritis. Exp Ther Med. (2017) 13:63-8. doi: 10.3892/
etm.2016.3940

115. Chu H, Xu ZM, Yu H, Zhu KJ, Huang H. Association between hypoxia-
inducible factor-1a levels in serum and synovial fluid with the radiographic severity of
knee osteoarthritis. Genet Mol Res GMR. (2014) 13:10529-36. doi: 10.4238/
2014.December.12.15

116. Mariani E, Pulsatelli L, Facchini A. Signaling pathways in cartilage repair. Int J
Mol Sci. (2014) 15:8667-98. doi: 10.3390/ijms15058667

117. Duval E, Leclercq S, Elissalde JM, Demoor M, Galéra P, Boumédiene K.
Hypoxia-inducible factor lalpha inhibits the fibroblast-like markers type I and type
IIT collagen during hypoxia-induced chondrocyte redifferentiation: hypoxia not only
induces type II collagen and aggrecan, but it also inhibits type I and type III collagen in
the hypoxia-inducible factor lalpha-dependent redifferentiation of chondrocytes.
Arthritis rheumatism. (2009) 60:3038-48. doi: 10.1002/art.24851

118. Boer CG, Hatzikotoulas K, Southam L, Stefansdottir L, Zhang Y, Coutinho de
Almeida R, et al. Deciphering osteoarthritis genetics across 826,690 individuals from 9
populations. Cell. (2021) 184:4784-818.e17. doi: 10.1016/j.cell.2021.07.038

119. Remst DF, Blaney Davidson EN, Vitters EL, Blom AB, Stoop R, Snabel JM, et al.
Osteoarthritis-related fibrosis is associated with both elevated pyridinoline cross-link
formation and lysyl hydroxylase 2b expression. Osteoarthritis Cartilage. (2013) 21:157-
64. doi: 10.1016/j.joca.2012.10.002

120. Remst DF, Blom AB, Vitters EL, Bank RA, van den Berg WB, Blaney Davidson
EN, et al. Gene expression analysis of murine and human osteoarthritis synovium
reveals elevation of transforming growth factor beta-responsive genes in osteoarthritis-
related fibrosis. Arthritis Rheumatol (Hoboken NJ). (2014) 66:647-56. doi: 10.1002/
art.38266

121. Qadri MM, Jay GD, Ostrom RS, Zhang LX, Elsaid KA. cAMP attenuates TGF-
beta's profibrotic responses in osteoarthritic synoviocytes: involvement of hyaluronan
and PRG4. Am ] Physiol Cell Physiol. (2018) 315:C432-C43. doi: 10.1152/
ajpcell.00041.2018

122. Qadri M, Jay GD, Zhang LX, Richendrfer H, Schmidt TA, Elsaid KA.
Proteoglycan-4 regulates fibroblast to myofibroblast transition and expression of
fibrotic genes in the synovium. Arthritis Res Ther. (2020) 22:113. doi: 10.1186/
513075-020-02207-x

123. Dodge GR, Hawkins D, Boesler E, Sakai L, Jimenez SA. Production of cartilage
oligomeric matrix protein (COMP) by cultured human dermal and synovial fibroblasts.
Osteoarthritis Cartilage. (1998) 6:435-40. doi: 10.1053/joca.1998.0147

124. Croft AP, Naylor AJ, Marshall JL, Hardie DL, Zimmermann B, Turner J, et al.
Rheumatoid synovial fibroblasts differentiate into distinct subsets in the presence of
cytokines and cartilage. Arthritis Res Ther. (2016) 18:270. doi: 10.1186/s13075-016-1156-1

125. Broeren MGA, Waterborg CEJ, Wiegertjes R, Thurlings RM, Koenders MI, Van
Lent P, et al. A three-dimensional model to study human synovial pathology. ALTEX.
(2019) 36:18-28. doi: 10.14573/altex.1804161

126. Bira Y, Tani K, Nishioka Y, Miyata J, Sato K, Hayashi A, et al. Transforming
growth factor beta stimulates rheumatoid synovial fibroblasts via the type II receptor.
Mod Rheumatol. (2005) 15:108-13. doi: 10.1007/s10165-004-0378-2

127. Ruscitti P, Liakouli V, Panzera N, Angelucci A, Berardicurti O, Di Nino E, et al.
Tofacitinib may inhibit myofibroblast differentiation from rheumatoid-fibroblast-like
synoviocytes induced by TGF-beta and IL-6. Pharm (Basel). (2022) 15(5):622.
doi: 10.3390/ph15050622

128. Ainsworth RI, Hammaker D, Nygaard G, Ansalone C, MaChado C, Zhang K,
et al. Systems-biology analysis of rheumatoid arthritis fibroblast-like synoviocytes
implicates cell line-specific transcription factor function. Nat Commun. (2022)
13:6221. doi: 10.1038/s41467-022-33785-w

129. Fava R, Olsen N, Keski-Oja J, Moses H, Pincus T. Active and latent forms of
transforming growth factor beta activity in synovial effusions. J Exp Med. (1989)
169:291-6. doi: 10.1084/jem.169.1.291

Frontiers in Immunology

10.3389/fimmu.2024.1385006

130. de Sousa EB, Dos Santos Junior GC, Aguiar RP, da Costa Sartore R, de Oliveira
ACL, Almeida FCL, et al. Osteoarthritic synovial fluid modulates cell phenotype and
metabolic behavior in vitro. Stem Cells Int. (2019) 2019:8169172. doi: 10.1155/2019/
8169172

131. Perbal B. CCN proteins: multifunctional signalling regulators. Lancet. (2004)
363:62-4. doi: 10.1016/s0140-6736(03)15172-0

132. Tu M, Yao Y, Qiao FH, Wang L. The pathogenic role of connective tissue
growth factor in osteoarthritis. Bioscience Rep. (2019) 39(7):BSR20191374.
doi: 10.1042/bsr20191374

133. Liu SC, Chuang SM, Hsu CJ, Tsai CH, Wang SW, Tang CH. CTGF increases
vascular endothelial growth factor-dependent angiogenesis in human synovial
fibroblasts by increasing miR-210 expression. Cell Death Dis. (2014) 5:e1485.
doi: 10.1038/cddis.2014.453

134. Masuko K, Murata M, Yudoh K, Shimizu H, Beppu M, Nakamura H, et al.
Prostaglandin E2 regulates the expression of connective tissue growth factor (CTGF/
CCN2) in human osteoarthritic chondrocytes via the EP4 receptor. BMC Res Notes.
(2010) 3:5. doi: 10.1186/1756-0500-3-5

135. Guo F, Carter DE, Leask A. Mechanical tension increases CCN2/CTGF
expression and proliferation in gingival fibroblasts via a TGFB-dependent
mechanism. PloS One. (2011) 6:¢19756. doi: 10.1371/journal.pone.0019756

136. Schild C, Trueb B. Mechanical stress is required for high-level expression of
connective tissue growth factor. Exp Cell Res. (2002) 274:83-91. doi: 10.1006/
excr.2001.5458

137. Chen Z, Zhang N, Chu HY, Yu Y, Zhang ZK, Zhang G, et al. Connective tissue
growth factor: from molecular understandings to drug discovery. Front Cell Dev Biol.
(2020) 8:593269. doi: 10.3389/fcell.2020.593269

138. Honsawek S, Yuktanandana P, Tanavalee A, Chirathaworn C, Anomasiri W,
Udomsinprasert W, et al. Plasma and synovial fluid connective tissue growth factor
levels are correlated with disease severity in patients with knee osteoarthritis.
Biomarkers. (2012) 17:303-8. doi: 10.3109/1354750X.2012.666676

139. Yang X, Lin K, Ni S, Wang J, Tian Q, Chen H, et al. Serum connective tissue
growth factor is a highly discriminatory biomarker for the diagnosis of rheumatoid
arthritis. Arthritis Res Ther. (2017) 19:257. doi: 10.1186/s13075-017-1463-1

140. Davidson ENB, Vitters EL, Mooren FM, Oliver N, Berg W, Kraan P.
Connective tissue growth factor/CCN2 overexpression in mouse synovial lining
results in transient fibrosis and cartilage damage. Arthritis Rheum. (2006) 54
(5):1653-61. doi: 10.1002/art.21795

141. Liu SC, Hsu CJ, Chen HT, Tsou HK, Chuang SM, Tang CH. CTGF increases
IL-6 expression in human synovial fibroblasts through integrin-dependent signaling
pathway. PloS One. (2012) 7:¢51097. doi: 10.1371/journal.pone.0051097

142. Liu S-C, Hsu C-J, Fong Y-C, Chuang S-M, Tang C-H. CTGF induces monocyte
chemoattractant protein-1 expression to enhance monocyte migration in human
synovial fibroblasts. Biochim Biophys Acta (BBA) - Mol Cell Res. (2013) 1833:1114-
24. doi: 1041016/j4bbamcr.2012.12.014

143. Yang K, Gao K, Hu G, Wen Y, Lin C, Li X. CTGF enhances resistance to 5-FU-
mediating cell apoptosis through FAK/MEK/ERK signal pathway in colorectal cancer.
OncoTargets Ther. (2016) 9:7285-95. doi: 10.2147/0tt.5108929

144. Tan T-W, Lai C-H, Huang C-Y, Yang W-H, Chen H-T, Hsu H-C, et al. CTGF
enhances migration and MMP-13 up-regulation via otvf3 integrin, FAK, ERK, and NF-
kB-dependent pathway in human chondrosarcoma cells. J Cell Biochem. (2009)
107:345-56. doi: 10.1002/jcb.22132

145. Nair A, Chauhan P, Saha B, Kubatzky KF. Conceptual evolution of cell
signaling. Int ] Mol Sci. (2019) 20(13):3292. doi: 10.3390/ijms20133292

146. Rys JP, Monteiro DA, Alliston T. Mechanobiology of TGFbeta signaling in the
skeleton. Matrix Biol. (2016) 52-54:413-25. doi: 10.1016/j.matbi0.2016.02.002

147. Wipff PJ, Rifkin DB, Meister JJ, Hinz B. Myofibroblast contraction activates
latent TGF-betal from the extracellular matrix. J Cell Biol. (2007) 179:1311-23.
doi: 10.1083/jcb.200704042

148. Zhang H, Labouesse M. Signalling through mechanical inputs: a coordinated
process. J Cell Sci. (2012) 125:3039-49. doi: 10.1242/jcs.093666

149. Pakshir P, Noskovicova N, Lodyga M, Son DO, Schuster R, Goodwin A, et al.
The myofibroblast at a glance. J Cell Sci. (2020) 133(13):jcs227900. doi: 10.1242/
j€5.227900

150. van der Kraan PM. The changing role of TGFbeta in healthy, ageing and
osteoarthritic joints. Nat Rev Rheumatol. (2017) 13:155-63. doi: 10.1038/
nrrheum.2016.219

151. Sun HB. Mechanical loading, cartilage degradation, and arthritis. Ann New York
Acad Sci. (2010) 1211:37-50. doi: 10.1111/.1749-6632.2010.05808.x

152. Fang T, Zhou X, Jin M, Nie J, Li X. Molecular mechanisms of mechanical load-
induced osteoarthritis. Int Orthop. (2021) 45:1125-36. doi: 10.1007/500264-021-04938-1

153. Pellicore MJ, Gangi LR, Murphy LA, Lee AJ, Jacobsen T, Kenawy HM, et al.
Toward defining the role of the synovium in mitigating normal articular cartilage wear
and tear. ] Biomech. (2023) 148:111472. doi: 10.1016/j.jbiomech.2023.111472

154. Schroder A, Nazet U, Muschter D, Grassel S, Proff P, Kirschneck C. Impact of
mechanical load on the expression profile of synovial fibroblasts from patients with and
without osteoarthritis. Int ] Mol Sci. (2019) 20(3):585. doi: 10.3390/ijms20030585

frontiersin.org


https://doi.org/10.3858/emm.2010.42.8.057
https://doi.org/10.1016/j.devcel.2012.08.017
https://doi.org/10.1095/biolreprod.114.125146
https://doi.org/10.1007/s00441-013-1740-5
https://doi.org/10.1007/s00441-013-1740-5
https://doi.org/10.1074/jbc.M611742200
https://doi.org/10.3892/etm.2016.3940
https://doi.org/10.3892/etm.2016.3940
https://doi.org/10.4238/2014.December.12.15
https://doi.org/10.4238/2014.December.12.15
https://doi.org/10.3390/ijms15058667
https://doi.org/10.1002/art.24851
https://doi.org/10.1016/j.cell.2021.07.038
https://doi.org/10.1016/j.joca.2012.10.002
https://doi.org/10.1002/art.38266
https://doi.org/10.1002/art.38266
https://doi.org/10.1152/ajpcell.00041.2018
https://doi.org/10.1152/ajpcell.00041.2018
https://doi.org/10.1186/s13075-020-02207-x
https://doi.org/10.1186/s13075-020-02207-x
https://doi.org/10.1053/joca.1998.0147
https://doi.org/10.1186/s13075-016-1156-1
https://doi.org/10.14573/altex.1804161
https://doi.org/10.1007/s10165-004-0378-2
https://doi.org/10.3390/ph15050622
https://doi.org/10.1038/s41467-022-33785-w
https://doi.org/10.1084/jem.169.1.291
https://doi.org/10.1155/2019/8169172
https://doi.org/10.1155/2019/8169172
https://doi.org/10.1016/s0140-6736(03)15172-0
https://doi.org/10.1042/bsr20191374
https://doi.org/10.1038/cddis.2014.453
https://doi.org/10.1186/1756-0500-3-5
https://doi.org/10.1371/journal.pone.0019756
https://doi.org/10.1006/excr.2001.5458
https://doi.org/10.1006/excr.2001.5458
https://doi.org/10.3389/fcell.2020.593269
https://doi.org/10.3109/1354750X.2012.666676
https://doi.org/10.1186/s13075-017-1463-1
https://doi.org/10.1002/art.21795
https://doi.org/10.1371/journal.pone.0051097
https://doi.org/10.1016/j.bbamcr.2012.12.014
https://doi.org/10.2147/ott.S108929
https://doi.org/10.1002/jcb.22132
https://doi.org/10.3390/ijms20133292
https://doi.org/10.1016/j.matbio.2016.02.002
https://doi.org/10.1083/jcb.200704042
https://doi.org/10.1242/jcs.093666
https://doi.org/10.1242/jcs.227900
https://doi.org/10.1242/jcs.227900
https://doi.org/10.1038/nrrheum.2016.219
https://doi.org/10.1038/nrrheum.2016.219
https://doi.org/10.1111/j.1749-6632.2010.05808.x
https://doi.org/10.1007/s00264-021-04938-1
https://doi.org/10.1016/j.jbiomech.2023.111472
https://doi.org/10.3390/ijms20030585
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

155. Shimomura K, Kanamoto T, Kita K, Akamine Y, Nakamura N, Mae T, et al.
Cyclic compressive loading on 3D tissue of human synovial fibroblasts upregulates
prostaglandin E2 via COX-2 production without IL-1beta and TNF-alpha. Bone Joint
Res. (2014) 3:280-8. doi: 10.1302/2046-3758.39.2000287

156. Yan Y, Singh GK, Zhang F, Wang P, Liu W, Zhong L, et al. Comparative study
of normal and rheumatoid arthritis fibroblast-like synoviocytes proliferation under
cyclic mechanical stretch: role of prostaglandin E2. Connect Tissue Res. (2012) 53:246-
54. doi: 10.3109/03008207.2011.632828

157. Sun HB, Yokota H. Reduction of cytokine-induced expression and activity of
MMP-1 and MMP-13 by mechanical strain in MH7A rheumatoid synovial cells.
Matrix Biol. (2002) 21:263-70. doi: 10.1016/s0945-053x(02)00003-3

158. Estell EG, Murphy LA, Silverstein AM, Tan AR, Shah RP, Ateshian GA, et al.
Fibroblast-like synoviocyte mechanosensitivity to fluid shear is modulated by
interleukin-1alpha. ] Biomech. (2017) 60:91-9. doi: 10.1016/j.jbiomech.2017.06.011

159. Xu T, Wu MJ, Feng JY, Lin XP, Gu ZY. Combination of intermittent
hydrostatic pressure linking TGF-betal, TNF-alpha on modulation of proteoglycan 4
metabolism in rat temporomandibular synovial fibroblasts. Oral Surg Oral Med Oral
Pathol Oral Radiol. (2012) 114:183-92. doi: 10.1016/j.triple0.2011.07.001

160. Nazet U, Grassel S, Jantsch ], Proff P, Schroder A, Kirschneck C. Early OA stage
like response occurs after dynamic stretching of human synovial fibroblasts. Int ] Mol
Sci. (2020) 21(11):3874. doi: 10.3390/ijms21113874

161. Jamal J, Roebuck MM, Lee SY, Frostick SP, Abbas AA, Merican AM, et al.
Modulation of the mechanical responses of synovial fibroblasts by osteoarthritis-
associated inflammatory stressors. Int | Biochem Cell Biol. (2020) 126:105800.
doi: 10.1016/j.biocel.2020.105800

162. Zhang Y, Huang W, Jiang J, Xie ], Xu C, Wang C, et al. Influence of TNF-alpha
and biomechanical stress on matrix metalloproteinases and lysyl oxidases expressions
in human knee synovial fibroblasts. Knee Surg Sports Traumatol Arthrosc. (2014)
22:1997-2006. doi: 10.1007/s00167-013-2425-z

163. Borthwick LA, Wynn TA, Fisher AJ. Cytokine mediated tissue fibrosis. Biochim
Biophys Acta (BBA) - Mol Basis Dis. (2013) 1832:1049-60. doi: 10.1016/
j.bbadis.2012.09.014

164. Molnar V, Mati$ic V, Kodvanj I, Bjelica R, Jele¢ 7, Hudetz D, et al. Cytokines
and chemokines involved in osteoarthritis pathogenesis. Int ] Mol Sci. (2021) 22
(17):9208. doi: 10.3390/ijms22179208

165. Kany S, Vollrath JT, Relja B. Cytokines in inflammatory disease. Int J Mol Sci.
(2019) 20(23):6008. doi: 10.3390/ijms20236008

166. Gong T, Liu L, Jiang W, Zhou R. DAMP-sensing receptors in sterile
inflammation and inflammatory diseases. Nat Rev Immunol. (2020) 20:95-112.
doi: 10.1038/541577-019-0215-7

167. Roskar S, Hafner-Bratkovic I. The role of inflammasomes in osteoarthritis and
secondary joint degeneration diseases. Life (Basel). (2022) 12(5):731. doi: 10.3390/
life12050731

168. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
Transduction Targeted Ther. (2021) 6:291. doi: 10.1038/s41392-021-00687-0

169. Meneghin A, Hogaboam CM. Infectious disease, the innate immune response,
and fibrosis. J Clin Invest. (2007) 117:530-8. doi: 10.1172/jci30595

170. Ospelt C, Brentano F, Rengel Y, Stanczyk J, Kolling C, Tak PP, et al.
Overexpression of toll-like receptors 3 and 4 in synovial tissue from patients with
early rheumatoid arthritis: Toll-like receptor expression in early and longstanding
arthritis. Arthritis Rheumatism. (2008) 58:3684-92. doi: 10.1002/art.24140

171. Sharma N, Drobinski P, Kayed A, Chen Z, Kjelgaard-Petersen CF, Gantzel T,
et al. Inflammation and joint destruction may be linked to the generation of cartilage
metabolites of ADAMTS-5 through activation of toll-like receptors. Osteoarthritis
Cartilage. (2020) 28:658-68. doi: 10.1016/j.joca.2019.11.002

172. Taylor KR, Yamasaki K, Radek KA, Nardo AD, Goodarzi H, Golenbock D, et al.
Recognition of hyaluronan released in sterile injury involves a unique receptor complex
dependent on Toll-like receptor 4, CD44, and MD-2. ] Biol Chem. (2007) 282:18265-
75. doi: 10.1074/jbc.M606352200

173. Gargiulo S, Gamba P, Testa G, Rossin D, Biasi F, Poli G, et al. Relation between
TLR4/NF-xB signaling pathway activation by 27-hydroxycholesterol and 4-
hydroxynonenal, and atherosclerotic plaque instability. Aging Cell. (2015) 14:569-81.
doi: 10.1111/acel. 12322

174. Bhattacharyya S, Tamaki Z, Wang W, Hinchcliff M, Hoover P, Getsios S, et al.
FibronectinEDA promotes chronic cutaneous fibrosis through Toll-like receptor
signaling. Sci Trans Med. (2014) 6:232ra50. doi: 10.1126/scitranslmed.3008264

175. Abdollahi-Roodsaz S, Joosten LA, Koenders MI, van den Brand BT, van de Loo
FA, van den Berg WB. Local interleukin-1-driven joint pathology is dependent on toll-
like receptor 4 activation. Am ] Pathol. (2009) 175:2004-13. doi: 10.2353/
ajpath.2009.090262

176. Osta B, Roux JP, Lavocat F, Pierre M, Ndongo-Thiam N, Boivin G, et al.
Differential effects of IL-17A and TNF-o. on osteoblastic differentiation of isolated
synoviocytes and on bone explants from arthritis patients. Front Immunol. (2015)
6:151. doi: 10.3389/fimmu.2015.00151

177. Blom AB, Brockbank SM, van Lent PL, van Beuningen HM, Geurts J,
Takahashi N, et al. Involvement of the Wnt signaling pathway in experimental and
human osteoarthritis: prominent role of Wnt-induced signaling protein 1. Arthritis
rheumatism. (2009) 60:501-12. doi: 10.1002/art.24247

Frontiers in Immunology

10.3389/fimmu.2024.1385006

178. Lietman C, Wu B, Lechner S, Shinar A, Sehgal M, Rossomacha E, et al.
Inhibition of Wnt/beta-catenin signaling ameliorates osteoarthritis in a murine model
of experimental osteoarthritis. JCI Insight. (2018) 3(3):e96308. doi: 10.1172/
jci.insight.96308

179. Chen SY, Shiau AL, Li YT, Lin CC, Jou IM, Liu MF, et al. Transcription factor
snail regulates tumor necrosis factor alpha-mediated synovial fibroblast activation in
the rheumatoid joint. Arthritis Rheumatol (Hoboken NJ). (2015) 67:39-50.
doi: 10.1002/art.38899

180. Ekwall AK, Eisler T, Anderberg C, Jin C, Karlsson N, Brisslert M, et al. The
tumour-associated glycoprotein podoplanin is expressed in fibroblast-like synoviocytes
of the hyperplastic synovial lining layer in rheumatoid arthritis. Arthritis Res Ther.
(2011) 13:R40. doi: 10.1186/ar3274

181. Damerau A, Kirchner M, Pfeiﬂenberger M, Ehlers L, Do Nguyen DH, Mertins
P, et al. Metabolic reprogramming of synovial fibroblasts in osteoarthritis by inhibition
of pathologically overexpressed pyruvate dehydrogenase kinases. Metab Eng. (2022)
72:116-32. doi: 10.1016/j.ymben.2022.03.006

182. Coryell PR, Diekman BO, Loeser RF. Mechanisms and therapeutic implications
of cellular senescence in osteoarthritis. Nat Rev Rheumatol. (2021) 17:47-57.
doi: 10.1038/s41584-020-00533-7

183. LiuY, Zhang Z, Li T, Xu H, Zhang H. Senescence in osteoarthritis: from mechanism
to potential treatment. Arthritis Res Ther. (2022) 24:174. doi: 10.1186/s13075-022-02859-x

184. Jeon OH, Kim C, Laberge RM, Demaria M, Rathod S, Vasserot AP, et al. Local
clearance of senescent cells attenuates the development of post-traumatic osteoarthritis and
creates a pro-regenerative environment. Nat Med. (2017) 23:775-81. doi: 10.1038/nm.4324

185. Lotz M, Loeser RF. Effects of aging on articular cartilage homeostasis. Bone.
(2012) 51:241-8. doi: 10.1016/j.bone.2012.03.023

186. Schafer MJ, White TA, Iijima K, Haak AJ, Ligresti G, Atkinson EJ, et al. Cellular
senescence mediates fibrotic pulmonary disease. Nat Commun. (2017) 8:14532.
doi: 10.1038/ncomms14532

187. Anderson R, Lagnado A, Maggiorani D, Walaszczyk A, Dookun E, Chapman J,
et al. Length-independent telomere damage drives post-mitotic cardiomyocyte
senescence. EMBO J. (2019) 38:¢100492. doi: 10.15252/emb;j.2018100492

188. Chen X, Gong W, Shao X, Shi T, Zhang L, Dong J, et al. METTL3-mediated m
(6)A modification of ATG7 regulates autophagy-GATA4 axis to promote cellular
senescence and osteoarthritis progression. Ann Rheum Dis. (2022) 81:87-99.
doi: 10.1136/annrheumdis-2021-221091

189. Ding DF, Xue Y, Wu XC, Zhu ZH, Ding JY, Song Y], et al. Recent advances in
reactive oxygen species (ROS)-responsive polyfunctional nanosystems 3.0 for the treatment
of osteoarthritis. J Inflammation Res. (2022) 15:5009-26. doi: 10.2147/jir.S373898

190. Mobasheri A, Biesalski HK, Shakibaei M, Henrotin Y. Antioxidants and
osteoarthritis. In: Laher I, editor. Systems Biology of Free Radicals and Antioxidants.
Springer Berlin Heidelberg, Berlin, Heidelberg (2014). p. 2997-3026.

191. Ansari MY, Ahmad N, Haqqi TM. Oxidative stress and inflammation in
osteoarthritis pathogenesis: Role of polyphenols. Biomedicine pharmacotherapy =
Biomedecine pharmacotherapie. (2020) 129:110452. doi: 10.1016/j.biopha.2020.110452

192. Javor P, Macsai A, Butt E, Barath B, Jasz DK, Horvath T, et al. Mitochondrial
dysfunction affects the synovium of patients with rheumatoid arthritis and
osteoarthritis differently. Int J Mol Sci. (2022) 23(14):7553. doi: 10.3390/ijms23147553

193. Jain M, Rivera S, Monclus EA, Synenki L, Zirk A, Eisenbart J, et al.
Mitochondrial reactive oxygen species regulate transforming growth factor-B
signaling. J Biol Chem. (2013) 288:770-7. doi: 10.1074/jbc.M112.431973

194. Carmona-Cuenca I, Roncero C, Sancho P, Caja L, Fausto N, Fernandez M, et al.
Upregulation of the NADPH oxidase NOX4 by TGF-beta in hepatocytes is required for
its pro-apoptotic activity. ] Hepatol. (2008) 49:965-76. doi: 10.1016/j.jhep.2008.07.021

195. Bondi CD, Manickam N, Lee DY, Block K, Gorin Y, Abboud HE, et al. NAD(P)
H oxidase mediates TGF-betal-induced activation of kidney myofibroblasts. ] Am Soc
Nephrol JASN. (2010) 21:93-102. doi: 10.1681/asn.2009020146

196. Guido C, Whitaker-Menezes D, Lin Z, Pestell RG, Howell A, Zimmers TA, et al.
Mitochondrial fission induces glycolytic reprogramming in cancer-associated
myofibroblasts, driving stromal lactate production, and early tumor growth.
Oncotarget. (2012) 3:798-810. doi: 10.18632/oncotarget.574

197. Zheng L, Zhang Z, Sheng P, Mobasheri A. The role of metabolism in
chondrocyte dysfunction and the progression of osteoarthritis. Ageing Res Rev.
(2021) 66:101249. doi: 10.1016/j.arr.2020.101249

198. Gibb AA, Lazaropoulos MP, Elrod JW. Myofibroblasts and fibrosis:
mitochondrial and metabolic control of cellular differentiation. Circ Res. (2020)
127:427-47. doi: 10.1161/circresaha.120.316958

199. Falconer J, Murphy AN, Young SP, Clark AR, Tiziani S, Guma M, et al. Review:
synovial cell metabolism and chronic inflammation in rheumatoid arthritis. Arthritis
Rheumatol (Hoboken NJ). (2018) 70:984-99. doi: 10.1002/art.40504

200. Liberti MV, Locasale JW. The Warburg effect: how does it benefit cancer cells?
Trends Biochem Sci. (2016) 41:211-8. doi: 10.1016/j.tibs.2015.12.001

201. Mao X, Fu P, Wang L, Xiang C. Mitochondria: potential targets for
osteoarthritis. Front Med (Lausanne). (2020) 7:581402. doi: 10.3389/fmed.2020.581402

202. Qi Z, Zhu J, Cai W, Lou C, Li Z. The role and intervention of mitochondrial
metabolism in osteoarthritis. Mol Cell Biochem. (2023). doi: 10.1007/s11010-023-
04818-9

frontiersin.org


https://doi.org/10.1302/2046-3758.39.2000287
https://doi.org/10.3109/03008207.2011.632828
https://doi.org/10.1016/s0945-053x(02)00003-3
https://doi.org/10.1016/j.jbiomech.2017.06.011
https://doi.org/10.1016/j.tripleo.2011.07.001
https://doi.org/10.3390/ijms21113874
https://doi.org/10.1016/j.biocel.2020.105800
https://doi.org/10.1007/s00167-013-2425-z
https://doi.org/10.1016/j.bbadis.2012.09.014
https://doi.org/10.1016/j.bbadis.2012.09.014
https://doi.org/10.3390/ijms22179208
https://doi.org/10.3390/ijms20236008
https://doi.org/10.1038/s41577-019-0215-7
https://doi.org/10.3390/life12050731
https://doi.org/10.3390/life12050731
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1172/jci30595
https://doi.org/10.1002/art.24140
https://doi.org/10.1016/j.joca.2019.11.002
https://doi.org/10.1074/jbc.M606352200
https://doi.org/10.1111/acel.12322
https://doi.org/10.1126/scitranslmed.3008264
https://doi.org/10.2353/ajpath.2009.090262
https://doi.org/10.2353/ajpath.2009.090262
https://doi.org/10.3389/fimmu.2015.00151
https://doi.org/10.1002/art.24247
https://doi.org/10.1172/jci.insight.96308
https://doi.org/10.1172/jci.insight.96308
https://doi.org/10.1002/art.38899
https://doi.org/10.1186/ar3274
https://doi.org/10.1016/j.ymben.2022.03.006
https://doi.org/10.1038/s41584-020-00533-7
https://doi.org/10.1186/s13075-022-02859-x
https://doi.org/10.1038/nm.4324
https://doi.org/10.1016/j.bone.2012.03.023
https://doi.org/10.1038/ncomms14532
https://doi.org/10.15252/embj.2018100492
https://doi.org/10.1136/annrheumdis-2021-221091
https://doi.org/10.2147/jir.S373898
https://doi.org/10.1016/j.biopha.2020.110452
https://doi.org/10.3390/ijms23147553
https://doi.org/10.1074/jbc.M112.431973
https://doi.org/10.1016/j.jhep.2008.07.021
https://doi.org/10.1681/asn.2009020146
https://doi.org/10.18632/oncotarget.574
https://doi.org/10.1016/j.arr.2020.101249
https://doi.org/10.1161/circresaha.120.316958
https://doi.org/10.1002/art.40504
https://doi.org/10.1016/j.tibs.2015.12.001
https://doi.org/10.3389/fmed.2020.581402
https://doi.org/10.1007/s11010-023-04818-9
https://doi.org/10.1007/s11010-023-04818-9
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Damerau et al.

203. Zahan OM, Serban O, Gherman C, Fodor D. The evaluation of oxidative stress
in osteoarthritis. Med Pharm Rep. (2020) 93:12-22. doi: 10.15386/mpr-1422

204. Bardon A, Ceder O, Kollberg H. Increased activity of four glycolytic enzymes in
cultured fibroblasts from cystic fibrosis patients. Res Commun Chem Pathol Pharmacol.
(1986) 51(3):405-8.

205. Aguilar H, Fricovsky E, Ihm S, Schimke M, Maya-Ramos L, Aroonsakool N,
et al. Role for high-glucose-induced protein O-GlcNAcylation in stimulating cardiac
fibroblast collagen synthesis. Am ] Physiol Cell Physiol. (2014) 306:C794-804.
doi: 10.1152/ajpcell.00251.2013

206. Xie N, Tan Z, Banerjee S, Cui H, Ge J, Liu RM, et al. Glycolytic reprogramming
in myofibroblast differentiation and lung fibrosis. Am J Respir Crit Care Med. (2015)
192:1462-74. doi: 10.1164/rccm.201504-07800C

207. Ban D, Hua S, Zhang W, Shen C, Miao X, Liu W. Costunolide reduces
glycolysis-associated activation of hepatic stellate cells via inhibition of hexokinase-2.
Cell Mol Biol Lett. (2019) 24:52. doi: 10.1186/s11658-019-0179-4

208. Chen M, Liu H, Li Z, Ming AL, Chen H. Mechanism of PKM2 affecting cancer
immunity and metabolism in Tumor Microenvironment. J Cancer. (2021) 12:3566-74.
doi: 10.7150/jca.54430

209. Zhang Z, Deng X, Liu Y, Liu Y, Sun L, Chen F. PKM2, function and expression
and regulation. Cell bioscience. (2019) 9:52. doi: 10.1186/s13578-019-0317-8

210. Satyanarayana G, Turaga RC, Sharma M, Wang S, Mishra F, Peng G, et al.
Pyruvate kinase M2 regulates fibrosis development and progression by controlling
glycine auxotrophy in myofibroblasts. Theranostics. (2021) 11:9331-41. doi: 10.7150/
thno.60385

211. Smith ER, Hewitson TD. TGF-1 is a regulator of the pyruvate dehydrogenase
complex in fibroblasts. Sci Rep. (2020) 10:17914. doi: 10.1038/s41598-020-74919-8

212. Nho RS, Rice C, Prasad J, Bone H, Farkas L, Rojas M, et al. Persistent hypoxia
promotes myofibroblast differentiation via GPR-81 and differential regulation of LDH
isoenzymes in normal and idiopathic pulmonary fibrosis fibroblasts. Physiol Rep.
(2023) 11(17):e15759. doi: 10.14814/phy2.15759

213. Certo M, Tsai C-H, Pucino V, Ho P-C, Mauro C. Lactate modulation of
immune responses in inflammatory versus tumour microenvironments. Nat Rev
Immunol. (2021) 21:151-61. doi: 10.1038/s41577-020-0406-2

214. Schruf E, Schroeder V, Kuttruff CA, Weigle S, Krell M, Benz M, et al. Human
lung fibroblast-to-myofibroblast transformation is not driven by an LDH5-dependent
metabolic shift towards aerobic glycolysis. Respir Res. (2019) 20:87. doi: 10.1186/
512931-019-1058-2

215. Nan Y-M, Fu N, Wu W-J, Liang B-L, Wang R-Q, Zhao S-X, et al. Rosiglitazone
prevents nutritional fibrosis and steatohepatitis in mice. Scand ] Gastroenterol. (2009)
44(3):358-65. doi: 10.1080/00365520802530861

216. Yu J, Zhang S, Chu ESH, Go MYY, Lau RHY, Zhao J, et al. Peroxisome
proliferator-activated receptors gamma reverses hepatic nutritional fibrosis in mice and
suppresses activation of hepatic stellate cells in vitro. Int ] Biochem Cell Biol. (2010)
42:948-57. doi: 10.1016/j.biocel.2010.02.006

217. Bosc C, Broin N, Fanjul M, Saland E, Farge T, Courdy C, et al. Autophagy regulates
fatty acid availability for oxidative phosphorylation through mitochondria-endoplasmic
reticulum contact sites. Nat Commun. (2020) 11:4056. doi: 10.1038/s41467-020-17882-2

218. Hernandez-Gea V, Ghiassi-Nejad Z, Rozenfeld R, Gordon R, Fiel MI, Yue Z, et al.
Autophagy releases lipid that promotes fibrogenesis by activated hepatic stellate cells in mice
and in human tissues. Gastroenterology. (2012) 142:938-46. doi: 10.1053/j.gastro.2011.12.044

219. Wang Z, Chen L, Huang Y, Luo M, Wang H, Jiang Z, et al. Pharmaceutical
targeting of succinate dehydrogenase in fibroblasts controls bleomycin-induced lung
fibrosis. Redox Biol. (2021) 46:102082. doi: 10.1016/j.redox.2021.102082

220. Bates J, Vijayakumar A, Ghoshal S, Marchand B, Yi S, Kornyeyev D, et al.
Acetyl-CoA carboxylase inhibition disrupts metabolic reprogramming during hepatic
stellate cell activation. J Hepatol. (2020) 73:896-905. doi: 10.1016/j.jhep.2020.04.037

221. Jung MY, Kang JH, Hernandez DM, Yin X, Andrianifahanana M, Wang Y,
et al. Fatty acid synthase is required for profibrotic TGF- signaling. FASEB J. (2018)
32:3803-15. doi: 10.1096/1j.201701187R

222. de Jong TA, Semmelink JF, Denis SW, van de Sande MGH, Houtkooper RHL, van
Baarsen LGM. Altered lipid metabolism in synovial fibroblasts of individuals at risk of
developing rheumatoid arthritis. J Autoimmun. (2023) 134:102974. doi: 10.1016/
}jaut.2022.102974

223. Bernard K, Logsdon NJ, Benavides GA, Sanders Y, Zhang J, Darley-Usmar VM,
et al. Glutaminolysis is required for transforming growth factor-Bl-induced
myofibroblast differentiation and activation. J Biol Chem. (2018) 293:1218-28.
doi: 10.1074/jbc.RA117.000444

224. Ge], Cui H, Xie N, Banerjee S, Guo S, Dubey S, et al. Glutaminolysis Promotes
Collagen Translation and Stability via o-Ketoglutarate-mediated mTOR Activation
and Proline Hydroxylation. Am J Respir Cell Mol Biol. (2018) 58:378-90. doi: 10.1165/
rcmb.2017-02380C

225. Nigdelioglu R, Hamanaka RB, Meliton AY, O'Leary E, Witt L], Cho T, et al.
Transforming growth factor (TGF)-p Promotes de novo serine synthesis for collagen
production. ] Biol Chem. (2016) 291:27239-51. doi: 10.1074/jbc. M116.756247

226. Hamanaka RB, Nigdelioglu R, Meliton AY, Tian Y, Witt L], O'Leary E, et al.
Inhibition of phosphoglycerate dehydrogenase attenuates bleomycin-induced
pulmonary fibrosis. Am ] Respir Cell Mol Biol. (2018) 58:585-93. doi: 10.1165/
rcmb.2017-01860C

Frontiers in Immunology

23

10.3389/fimmu.2024.1385006

227. Yao Q, WuX, Tao C, Gong W, Chen M, Qu M, et al. Osteoarthritis: pathogenic
signaling pathways and therapeutic targets. Signal Transduct Target Ther. (2023) 8:56.
doi: 10.1038/s41392-023-01330-w

228. Tu JF, Yang JW, Shi GX, Yu ZS, Li JL, Lin LL, et al. Efficacy of intensive
acupuncture versus sham acupuncture in knee osteoarthritis: A randomized controlled
trial. Arthritis Rheumatol (Hoboken NJ). (2021) 73:448-58. doi: 10.1002/art.41584

229. Arden NK, Perry TA, Bannuru RR, Bruyere O, Cooper C, Haugen IK, et al. Non-
surgical management of knee osteoarthritis: comparison of ESCEO and OARSI 2019
guidelines. Nat Rev Rheumatol. (2021) 17:59-66. doi: 10.1038/s41584-020-00523-9

230. Flynn DM. Chronic musculoskeletal pain: nonpharmacologic, noninvasive
treatments. Am Fam Physician. (2020) 102:465-77.

231. Kolasinski SL, Neogi T, Hochberg MC, Oatis C, Guyatt G, Block J, et al. 2019
American college of rheumatology/Arthritis foundation guideline for the management
of osteoarthritis of the hand, hip, and knee. Arthritis Rheumatol (Hoboken NJ). (2020)
72:220-33. doi: 10.1002/art.41142

232. Messier SP, Resnik AE, Beavers DP, Mihalko SL, Miller GD, Nicklas BJ, et al.
Intentional weight loss in overweight and obese patients with knee osteoarthritis: is
more better? Arthritis Care Res (Hoboken). (2018) 70:1569-75. doi: 10.1002/acr.23608

233. Uthman OA, van der Windt DA, Jordan JL, Dziedzic KS, Healey EL, Peat GM,
et al. Exercise for lower limb osteoarthritis: systematic review incorporating trial sequential
analysis and network meta-analysis. BMJ. (2013) 347:f5555. doi: 10.1136/bmj.f5555

234. Block JA. Are intraarticular glucocorticoids safe in osteoarthritis? Arthritis
Rheumatol (Hoboken NJ). (2022) 74:181-3. doi: 10.1002/art.42032

235. Zhou ], Liu B, Li C, Luo Y, Liu T, Wang W. Treatment of hip osteoarthritis with
glucocorticoids. Ann Rheum Dis. (2019) 78:e100. doi: 10.1136/annrheumdis-2018-213871

236. Buttgereit F. Getting better at quantifying the toxicity of glucocorticoids. Lancet
Rheumatol. (2023) 5:e368-€70. doi: 10.1016/52665-9913(23)00159-5

237. Kraus VB, Birmingham J, Stabler TV, Feng S, Taylor DC, Moorman CT 3rd,
et al. Effects of intraarticular IL1-Ra for acute anterior cruciate ligament knee injury: a
randomized controlled pilot trial (NCT00332254). Osteoarthritis Cartilage. (2012)
20:271-8. doi: 10.1016/j.joca.2011.12.009

238. Chevalier X, Giraudeau B, Conrozier T, Marliere J, Kiefer P, Goupille P. Safety
study of intraarticular injection of interleukin 1 receptor antagonist in patients with
painful knee osteoarthritis: a multicenter study. ] Rheumatol. (2005) 32:1317-23.

239. Chevalier X, Goupille P, Beaulieu AD, Burch FX, Bensen WG, Conrozier T,
et al. Intraarticular injection of anakinra in osteoarthritis of the knee: a multicenter,
randomized, double-blind, placebo-controlled study. Arthritis rheumatism. (2009)
61:344-52. doi: 10.1002/art.24096

240. D'Arcy Y, Mantyh P, Yaksh T, Donevan S, Hall ], Sadrarhami M, et al. Treating
osteoarthritis pain: mechanisms of action of acetaminophen, nonsteroidal anti-
inflammatory drugs, opioids, and nerve growth factor antibodies. Postgrad Med.
(2021) 133:879-94. doi: 10.1080/00325481.2021.1949199

241. Schnitzer TJ, Easton R, Pang S, Levinson DJ, Pixton G, Viktrup L, et al. Effect of
tanezumab on joint pain, physical function, and patient global assessment of
osteoarthritis among patients with osteoarthritis of the hip or knee: A randomized
clinical trial. JAMA. (2019) 322:37-48. doi: 10.1001/jama.2019.8044

242. Sanga P, Katz N, Polverejan E, Wang S, Kelly KM, Haeussler J, et al. Long-term
safety and efficacy of fulranumab in patients with moderate-to-severe osteoarthritis
pain: A phase II randomized, double-blind, placebo-controlled extension study.
Arthritis Rheumatol (Hoboken NJ). (2017) 69:763-73. doi: 10.1002/art.39943

243. Hochberg MC. Serious joint-related adverse events in randomized controlled
trials of anti-nerve growth factor monoclonal antibodies. Osteoarthritis Cartilage.
(2015) 23 Suppl 1:518-21. doi: 10.1016/}.joca.2014.10.005

244. Xiong F, Qin Z, Chen H, Lan Q, Wang Z, Lan N, et al. pH-responsive and
hyaluronic acid-functionalized metal-organic frameworks for therapy of osteoarthritis.
J Nanobiotechnology. (2020) 18:139. doi: 10.1186/512951-020-00694-3

245. Clegg DO, Reda DJ, Harris CL, Klein MA, O'Dell JR, Hooper MM, et al.
Glucosamine, chondroitin sulfate, and the two in combination for painful knee
osteoarthritis. N Engl ] Med. (2006) 354:795-808. doi: 10.1056/NEJMo0a052771

246. Katz JN. Platelet-rich plasma for osteoarthritis and Achilles tendinitis. JAMA.
(2021) 326:2012-4. doi: 10.1001/jama.2021.19540

247. Weber MC, Fischer L, Damerau A, Ponomarev I, Pfeiffenberger M, Gaber T,
et al. Macroscale mesenchymal condensation to study cytokine-driven cellular and
matrix-related changes during cartilage degradation. Biofabrication. (2020) 12:045016.
doi: 10.1088/1758-5090/aba08f

248. Kim MK, Ha CW, In Y, Cho SD, Choi ES, Ha JK, et al. A multicenter, double-blind,
phase TII clinical trial to evaluate the efficacy and safety of a cell and gene therapy in knee
osteoarthritis patients. Hum Gene Ther Clin Dev. (2018) 29:48-59. doi: 10.1089/humc.2017.249

249. Verbruggen G, Wittoek R, Vander Cruyssen B, Elewaut D. Tumour necrosis
factor blockade for the treatment of erosive osteoarthritis of the interphalangeal finger
joints: a double blind, randomised trial on structure modification. Ann Rheum Dis.
(2012) 71:891-8. doi: 10.1136/ard.2011.149849

250. Zhao M, Wang L, Wang M, Zhou S, Lu Y, Cui H, et al. Targeting fibrosis,
mechanisms and cilinical trials. Signal Transduct Target Ther. (2022) 7:206. doi: 10.1038/
541392-022-01070-3

251. Henderson J, Duffy L, Stratton R, Ford D, O'Reilly S. Metabolic reprogramming of
glycolysis and glutamine metabolism are key events in myofibroblast transition in systemic
sclerosis pathogenesis. J Cell Mol Med. (2020) 24:14026-38. doi: 10.1111/jecmm.16013

frontiersin.org


https://doi.org/10.15386/mpr-1422
https://doi.org/10.1152/ajpcell.00251.2013
https://doi.org/10.1164/rccm.201504-0780OC
https://doi.org/10.1186/s11658-019-0179-4
https://doi.org/10.7150/jca.54430
https://doi.org/10.1186/s13578-019-0317-8
https://doi.org/10.7150/thno.60385
https://doi.org/10.7150/thno.60385
https://doi.org/10.1038/s41598-020-74919-8
https://doi.org/10.14814/phy2.15759
https://doi.org/10.1038/s41577-020-0406-2
https://doi.org/10.1186/s12931-019-1058-2
https://doi.org/10.1186/s12931-019-1058-2
https://doi.org/10.1080/00365520802530861
https://doi.org/10.1016/j.biocel.2010.02.006
https://doi.org/10.1038/s41467-020-17882-2
https://doi.org/10.1053/j.gastro.2011.12.044
https://doi.org/10.1016/j.redox.2021.102082
https://doi.org/10.1016/j.jhep.2020.04.037
https://doi.org/10.1096/fj.201701187R
https://doi.org/10.1016/j.jaut.2022.102974
https://doi.org/10.1016/j.jaut.2022.102974
https://doi.org/10.1074/jbc.RA117.000444
https://doi.org/10.1165/rcmb.2017-0238OC
https://doi.org/10.1165/rcmb.2017-0238OC
https://doi.org/10.1074/jbc.M116.756247
https://doi.org/10.1165/rcmb.2017-0186OC
https://doi.org/10.1165/rcmb.2017-0186OC
https://doi.org/10.1038/s41392-023-01330-w
https://doi.org/10.1002/art.41584
https://doi.org/10.1038/s41584-020-00523-9
https://doi.org/10.1002/art.41142
https://doi.org/10.1002/acr.23608
https://doi.org/10.1136/bmj.f5555
https://doi.org/10.1002/art.42032
https://doi.org/10.1136/annrheumdis-2018-213871
https://doi.org/10.1016/S2665-9913(23)00159-5
https://doi.org/10.1016/j.joca.2011.12.009
https://doi.org/10.1002/art.24096
https://doi.org/10.1080/00325481.2021.1949199
https://doi.org/10.1001/jama.2019.8044
https://doi.org/10.1002/art.39943
https://doi.org/10.1016/j.joca.2014.10.005
https://doi.org/10.1186/s12951-020-00694-3
https://doi.org/10.1056/NEJMoa052771
https://doi.org/10.1001/jama.2021.19540
https://doi.org/10.1088/1758-5090/aba08f
https://doi.org/10.1089/humc.2017.249
https://doi.org/10.1136/ard.2011.149849
https://doi.org/10.1038/s41392-022-01070-3
https://doi.org/10.1038/s41392-022-01070-3
https://doi.org/10.1111/jcmm.16013
https://doi.org/10.3389/fimmu.2024.1385006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Fibrotic pathways and fibroblast-like synoviocyte phenotypes in osteoarthritis
	1 Introduction
	2 Osteoarthritis: driven by synovitis and fibrosis
	3 The physiology of the synovial membrane
	4 The diversity of phenotypes and functions of fibroblast
	5 Metabolic pathways in fibroblasts and myofibroblasts
	5.1 Crosstalk among TGF-β/Smad-signaling pathway, integrins, and ECM
	5.2 Role of the CTGF signaling pathway in OA synovial fibrosis
	5.3 Mechanical stress-mediated fibroblast activation
	5.4 Persistent inflammation and innate immunity drive fibroblast activation
	5.5 Cellular aging and its causes in osteoarthritis

	6 Metabolic pathways in fibroblasts and myofibroblasts
	6.1 Glucose metabolism
	6.2 Fatty acid metabolism
	6.3 Glutamine metabolism

	7 Therapeutic strategies
	8 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




