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ARTICLE INFO ABSTRACT

Keywords: Rheumatoid arthritis (RA) and osteoarthritis (OA) are prevalent inflammatory joint diseases characterized by
Trauma'ﬁb‘rf’bla“ synovitis, cartilage, and bone destruction. Fibroblast-like synoviocytes (FLSs) of the synovial membrane are a
Osteoarthritis decisive factor in arthritis, making them a target for future therapies. Developing novel strategies targeting FLSs
Metabolism . L . . . . . . N

Cytokines requires advanced in vitro joint models that accurately replicate non-diseased joint tissue. This study aims to

identify a cell source reflecting physiological synovial fibroblasts. Therefore, we newly compared the phenotype
and metabolism of “healthy” knee-derived FLSs from patients with ligament injuries (trauma-FLSs) to mesen-
chymal stromal cells (MSCs), their native precursors. We differentiated MSCs into fibroblasts using connective
tissue growth factor (CTGF) and compared selected protein and gene expression patterns to those obtained from
trauma-FLSs and OA-FLSs. Based on these findings, we explored the potential of an MSC-derived synovial tissue
model to simulate a chronic inflammatory response akin to that seen in arthritis. We have identified MSCs as a
suitable cell source for synovial tissue engineering because, despite metabolic differences, they closely resemble
human trauma-derived FLSs. CTGF-mediated differentiation of MSCs increased HAS2 expression, essential for
hyaluronan synthesis. It showed protein expression patterns akin to OA-FLSs, including markers of ECM com-
ponents and fibrosis, and enzymes leading to a shift in metabolism towards increased fatty acid oxidation. In
general, cytokine stimulation of MSCs in a synovial tissue model induced pro-inflammatory and pro-angiogenic
gene expression, hyperproliferation, and increased glucose consumption, reflecting cellular response in human
arthritis. We conclude that MSCs can serve as a proxy to study physiological synovial processes and inflammatory
responses. In addition, CTGF-mediated mesenchymal-to-fibroblast transition resembles OA-FLSs. Thus, we
emphasize MSCs as a valuable cell source for tools in preclinical drug screening and their application in tissue
engineering.

Synovial membrane model

1. Introduction

Fibroblasts were previously perceived only as mesenchymal lineage
cells that form connective tissues and contribute to the structural and
positional maintenance of organs, collagen production, extracellular
matrix (ECM) synthesis, tissue repair, and, if dysfunctional, fibrosis
(Plikus et al., 2021). The latter results from the tissue repair response
that becomes dysregulated following many types of tissue injury, most

notably during chronic inflammatory disorders. In the meantime, fi-
broblasts have emerged as multifaceted cells with diverse roles in
various tissues, including their critical interactions with immune and
inflammatory cells (Chang et al., 2002; Jiang et al., 2023; Lendahl et al.,
2022; Plikus et al., 2021). Despite their widespread distribution, the
identification of fibroblasts has been oversimplified in the past, often
relying on morphological features due to the lack of unique molecular
markers (Goodpaster et al., 2007). However, fibroblasts are drivers in
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fibrotic diseases such as systemic sclerosis, pulmonary fibrosis, cardiac
fibrosis, liver fibrosis, and muscle fibrosis. As cancer-associated fibro-
blasts, fibroblasts provide a metabolic niche for solid tumors. In
age-related chronic inflammatory joint diseases such as
autoimmune-mediated rheumatoid arthritis (RA) and degenerative
osteoarthritis (OA), fibroblasts located within the synovial membrane
become activated and proliferate, covering, invading, and destroying
the cartilaginous tissue of the joint. In joint homeostasis, the synovial
membrane consists of a lining layer (intima) and sublining layer (sub-
intima), owing to different types of fibroblasts. The intima, which is in
direct contact with the synovial fluid-filled joint cavity, plays a crucial
role in determining the composition of the synovial fluid by filtering and
synthesizing nutrients and lubricants to nourish and lubricate the
cartilage (Rhee et al., 2005; Smith, 2011). The intima is composed of one
to four cell layers with approximately 90 % fibroblast-like (type B)
synoviocytes (FLSs) and 10 % macrophage-like (type A) synoviocytes
(MLSs) (Bondeson et al., 2006). In contrast, the sublining layer is a
paucicellular connective tissue with fibrous and collagenous ECM and
adipose tissue areas with few blood vessels (Scanzello and Goldring,
2012; Smith, 2011). The synovial morphology changes in inflammatory
conditions, typical for RA and OA. The synovium thickens to form a
pannus-like structure with an increase in cellularity (hyperplasia) due
to, e.g., immune cell infiltration, vascularization, fibrosis, and an
enhanced innervation, correlating to disease progression and severity
(Damerau and Gaber, 2020; Firestein and Mclnnes, 2017; Smith, 2011;
Smolen et al., 2018). Over the last decade, the role of fibroblasts has
increasingly emerged as a driving force in the pathogenesis of these
diseases, in addition to maintaining joint integrity. They are now
recognized as a critical link between synovial inflammation, fibrosis,
cartilage degradation, and progressive joint degeneration (Huber et al.,
2006; Smith et al., 2023). However, our understanding of how these
cells respond to inflammatory and fibrotic stimuli remains limited.

In vitro models have been developed to mimic synovitis, each with
advantages and limitations (Baymurat et al., 2015; Broeren et al., 2019;
Damerau and Gaber, 2020; Kiener et al., 2010). Synovial explants, for
example, preserve the native ECM and spatial distribution of FLSs and
MLSs but are limited in availability, especially when obtaining "healthy"
clinical samples (Damerau and Gaber, 2020). Instead, clinical specimens
are usually obtained from advanced-stage OA patients and are pheno-
typically and functionally altered due to donor variability in disease
state, medication, and biopsy site (de Almeida et al., 2016). In contrast,
monolayer cultures lack the dense ECM and complex three-dimensional
(3D) architecture that is crucial for the functionality of native tissues.
Recently, 3D synovial organoids constructed from micro-mass cultures
of RA- or OA-FLSs embedded in animal-derived Matrigel™ have been
developed, replicating the ECM-like and cellular features of the intima.
It becomes hyperplastic in the presence of inflammatory cytokines
(Broeren et al., 2019; Karonitsch et al., 2017; Kiener et al., 2010).
However, these models have drawbacks, including the lack of the
physiological geometry to facilitate polarized cell migration and solute
transport. In addition, FLSs from patients with RA or OA may have an
intrinsic imprinted pathological phenotype or be influenced by medi-
cation, not reflecting the physiological state of the synovial membrane
(Ai et al., 2018; Ge et al., 2021; Shen et al., 2017; Ulukan et al., 2019).
Thus, a “normal” or “healthy” FLS source would be ideal for establishing
an animal-free 3D synovial membrane model that provides the physio-
logical geometry.

The origin of fibroblasts, particularly those in the synovium, remains
the subject of ongoing research and debate. The hypothesis that fibro-
blasts are derived from epithelial or endothelial cells has been experi-
mentally substantiated in numerous studies on organ fibrosis (Iwano
etal., 2002; McAnulty, 2007; Zeisberg and Kalluri, 2004). However, this
is not true for all fibroblasts. In addition to stromal cells, fibroblasts
function as parenchymal cells, particularly in specialized connective
tissues such as ligaments and tendons. The discovery of multipotent
mesenchymal cells in tendons (Bi et al., 2007) has fueled the
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longstanding hypothesis of a mesenchymal origin of fibroblasts
(McAnulty, 2007). Recent research indicates that bone marrow-derived
MSCs and FLSs are indistinguishable and share numerous features, such
as maintaining and regenerating tissues through ECM components and
responding to various inflammatory and non-inflammatory factors
(Cappellesso-Fleury et al., 2010; Denu et al., 2016a). This similarity
extends to their morphology, highly similar surface marker profile, and
potential to differentiate into multiple cell lineages, suggesting the
assumption of an identical cell type (Blasi et al., 2011; Denu et al.,
2016b).

However, the differentiation pathway from MSCs to FLSs is still
poorly understood and controversially discussed. Various growth fac-
tors, such as connective tissue growth factor (CTGF) (Lee et al., 2006,
2010b; Tong et al., 2011; Yoon et al., 2018), fibroblast growth factor
(FGF) (Han et al., 2011; Li et al., 2017), insulin-like growth factor (IGF)
(Fan et al., 2008; Moreau et al., 2005), and transforming growth factor
(TGF)-p (Bordignon et al., 2019; Li et al., 2017), are capable of pro-
moting the differentiation of MSCs into FLSs. This was evidenced by the
expression of classical fibroblast markers, e.g., vimentin (VIM), collagen
type I (COL1) fibroblast-specific protein 1 (FSP1), and tenascin-C (TNC)
(Lv et al., 2014; Soundararajan and Kannan, 2018). In addition to serum
and growth factors, ascorbic acid — commonly known as vitamin C —
plays a pivotal role in various cellular functions, notably in enhancing
cell proliferation in vitro, as well as being essential for the maintenance
of connective tissues, the healing of wounds, and the process of scar
formation (Ghahremani-Nasab et al., 2023). The pathways through
which MSCs differentiate into FLS to maintain and repair connective
tissues, especially in response to trauma, cancer, and infection, remain
unclear. The main limitation of previous studies is the lack of a suitable
fibroblast cell population for comparison. Furthermore, in contrast to
other well-studied mesenchymal lineages, e.g., osteoblasts, adipocytes,
or chondrocytes, the differentiation pathway from MSCs to FLSs — if one
exists — has been poorly defined and is still controversially discussed.

Here, we aimed to identify a cell source reflecting physiological sy-
novial fibroblasts. Therefore, we investigated the effects of CTGF alone,
in combination with either FGF or IGF as well as with FGF and IGF
together, on the transition of MSCs to FLSs. We compared the pheno-
typic characteristics of trauma patient-derived FLSs with human bone
marrow-derived MSCs and analyzed the proteome of undifferentiated
and differentiated MSCs compared to FLSs from OA patients. Finally, we
tested the potential of the most appropriate cell type to simulate arthritis
in an in vitro model.

2. Material and methods
2.1. Cells and ethic statement

MSCs isolation, expansion, adipogenic, osteogenic and chondrogenic
differentiation, and characterization were performed as described pre-
viously (Damerau et al., 2020). Bone marrow was obtained from pa-
tients undergoing total hip replacement, provided by the Center for
Musculoskeletal Surgery (Charité—Universitatsmedizin), and distributed
by the “Tissue Harvesting” core facility of the Berlin-Brandenburg
Center for Regenerative Therapies (BCRT). FLSs were isolated from sy-
novial tissue sections of (i) trauma patients collected during anterior
cruciate ligament (ACL) reconstruction and (ii) OA patients excised
during knee arthroplasty. Synovial tissue was provided by the Center of
Musculoskeletal Surgery (Charité-Universitaitsmedizin). The study
design and protocols were approved by the Charité-Universitatsmedizin
Ethics Committee and performed according to the Helsinki Declaration
(ethical approval EA1/012/13, January 2013, EA1/146/21, May 2021).

2.2. Isolation of human synovial fibroblasts

The synovium was washed with 0.5 % (w/v) BSA (Sigma-Aldrich,
Munich, Germany) and 5 mM EDTA (Gibco, Waltham, MA, USA) in
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phosphate-buffered saline (PBS; DRFZ, Berlin, Germany; PBS/BSA/
EDTA; pH 7.4) and dissected into small pieces. The small tissue pieces
were filtered through a pre-wetted 100 ym MACS® SmartStrainer
(Miltenyi Biotec, Bergisch Gladbach, Germany), transferred to a 25 cm?
(trauma synovium) or 75 cm? flask (OA synovium), and cultured in a
humidified atmosphere (37 °C, 5 % CO3). Dulbecco’s Modified Eagle
Minimal Essential Medium (DMEM) GlutaMAX™ (Gibco, Waltham, MA,
USA) supplemented with 10 % FCS (FCS, Biowest, Nuaillé, France) and
1 % penicillin/streptomycin (Gibco, Waltham, MA, USA) was changed
weekly. This medium is referred to as normal medium (NM).

2.3. Stimulation with growth factors for MSC to fibroblast transition

To differentiate MSCs toward the fibroblast lineage, cells were
cultured for three weeks using NM supplemented with (i) 25 ng/mL
recombinant human (rh) FGF (ImmunoTools GmbH, Friesoythe, Ger-
many), (ii) 5 and 10 ng/mL rhFGF + rhTGF-f (R&D Systems, Inc.,
Minneapolis, USA), (iii) 100 ng/mL rhCTGF (PeproTech, Hamburg,
Germany) and 50 pg/mL ascorbic acid (Sigma-Aldrich, Munich, Ger-
many), or (iv) unstimulated.

2.4. Flow cytometry analysis

To characterize synovial fibroblasts regarding their surface marker
pattern, flow cytometry staining was performed using 5x10* cells per
well of a U-bottom 96-well plate. After a washing step with PBS/BSA/
Azide, unspecific binding sites of the Fc-receptors were blocked using
10 mg/mL Flebogamma® (IgG1 66.6 %, IgG2 28.5 %, 1gG3 2.7 %, 1gG4
2.2 %); Grifols, Barcelona, Spain) for 10 min on ice. Subsequently, cells
were stained with the antibodies according to the manufacturer’s in-
structions (antibodies listed in Table 1). Cells were washed, centrifuged
(400 x g, 4 min, 4 °C), and suspended in PBS/BSA/Azide. Measurement
was performed using the MACSQuant® Analyzer 10 (Miltenyi Biotec,
Bergisch Gladbach, Germany) and analyzed with FlowJo™ software
(version 7.6.4 and 10.7.1, Tree Star).

2.5. Immunofluorescence staining

Immunofluorescence staining was performed as previously described
(Damerau et al., 2020) using target-specific antibodies listed in Table 2.
All stainings were conducted in a humid chamber. Imaging was
accomplished with the Zeiss LSM 710 Confocal Microscope (Carl Zeiss
AG, Oberkochen, Germany).

Table 1
Donor information and conducted experiments.
Description Dye Species/ Manufacturer City, State
Clone

Anti-human APC REA804 Miltenyi Bergisch
CD73 Biotec Gladbach,

Anti-human FITC REA897 Germany
CD90

Anti-human APC- REA794
CD105 Vio770

Anti-human PE REA599
CD14

Anti-human PE REA780
CD20

Anti-human PE REA1164
CD34

Anti-human PE REA747
CD45

Anti-human PE REA805
HLA-DR

European Journal of Cell Biology 103 (2024) 151455

Table 2
List of antibodies, kits, and staining solutions.
Description Dye Host Working Manufacturer
concentration
Immunofluorescence antibodies
DAPI - 1 pg/mL DRFZ
Phalloidin TRITC 50 pg/mL Sigma-Aldrich
Vimentin A488 rabbit 5 pug/mL Abcam
THY1 A568 rabbit 5 ug/mL
PDPN - rat 2.5 ug/mL BioLegend
anti-mouse IgG A594 goat 2 pg/mL Abcam
(H+L)
anti-rabbit IgG A488 donkey 4 pg/mL Invitrogen /
(H+L) Thermo Fisher
anti-rabbit IgG A546 goat 4 pg/mL Scientific
(H+L)
anti-mouse IgG A546 goat 4 pg/mL
(H+L)
anti-rat IgG (H+L) A647 goat 4 pg/mL

Kits and solutions

LIVE/DEAD® 2 uM Calcein AM, 4 uM EthD—1 Invitrogen /
Viability/ Thermo Fisher
Cytotoxicity Scientific

FluoroMount-G™ Mounting slides for Sigma-Aldrich

immunofluorescence

Tween® 20 0.1 % for permeabilization Qbiogene Inc.

2.6. Seahorse™ technology

Metabolic characterization was performed as described previously
(Damerau et al., 2022). Briefly, cells were resuspended in XF assay
media (Agilent Technology) supplemented with 10 mM glucose (Sig-
ma-Aldrich), 1 mM pyruvate (Sigma-Aldrich) and 2 mM glutamine
(Sigma-Aldrich) and seeded into the Seahorse XF Cell Culture Micro-
plate (Agilent Technology). The Mito Stress Test was performed using
2 uM oligomycin, 1.5 uM FCCP (carbonyl
cyanide-p-trifluoromethox-yphenyl-hydrazon), 0.5 uM rotenone and
0.5 uM antimycin A (RotAA). The Glycolytic Rate Test was performed
using 0.5 uM RotAA and 50 mM 2-Deoxy-D-glucose. Mitochondrial
stress and glycolytic parameters were measured via OCR in
pmol/min/1x10° cells and PER in pmol/min/1x10° cells.

2.7. Protein isolation and mass spectrometry (LC-MS/MS)

Protein isolation and mass spectrometry from the CMCs were per-
formed by the BIH Proteomics Core Facility as previously described
(Damerau et al., 2022). Protein extracts were digested with trypsin and
peptides were analyzed by LC-MS/MS in data-dependent-mode on an
Orbitrap Thermo instrument, followed by raw data analyses using
MaxQuant software package. A minimum of three LFQ intensity values
in at least one group was required. Missing values were imputed with
low-intensity values simulating the detection limit of the mass spec-
trometer. Differences in protein abundance between the groups were
calculated using the two-sample Students t-test. Proteins passing the
FDR-based significance cut-off of 5 %/10 % were considered differen-
tially expressed.

2.8. RNA isolation, cDNA synthesis, and gPCR

RNA isolation using RNeasy® Fibrous Tissue Mini Kit (Qiagen
GmbH, Germany), cDNA synthesis using TagMan® Reverse Transcrip-
tion Reagents Kit (Applied Biosystems Inc., USA), and quantitative PCR
(qPCR) with the DyNAmo ColorFlash SYBR Green qPCR Kit (Thermo
Fisher Scientific,c, USA) were performed as previously described
(Damerau et al., 2020). The Stratagene Mx3000PTM (Agilent Technol-
ogies Inc., USA) was used for qPCR (duplicates per gene) with the
following profile: 7 min at 95 °C, 60 cycles of 10 s at 95 °C, 7 s at 60 °C,
and 9 s at 72 °C. Primer specificity (sequences listed in Table 3) was
confirmed by product sequencing and melting curve analysis (data not
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Table 3
Primer sequences.
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Gene symbol Gene name Sequence of the forward primer Sequence of the reverse primer
COL3A1 Collagen, type III, alpha 1 CTTTGTGCAAAAGGGGAGCT TGGGTTGGGGCAGTCTAATT
CXCR4 C-X-C chemokine receptor type 4 GCATGACGGACAAGTACAGGCT AAAGTACCAGTTTGCCACGGC
DCN Decorin CCTTTGGTGAAGTTGGAACG TCGCACTTTGGTGATCTCAT
EF1A Elongation factor 1 alpha 1 TGTGCTGTCCTGATTGTTGC GTAGGGTGGCTCAGTGGAAT
FN1 Fibronectin 1 GGTGACACTTATGAGCGTCCTAAA AACATGTAACCACCAGTCTCATGTG
FSP1 Fibroblast-specific protein 1 TCTTGGTTTGATCCTGACTGCT TCACCCTCTTTGCCCGAGTA
GLUT1 Glucose transporter 1 AACCACTGCAACGGCTTAGA TCACGGCTGGCACAAAACTA
HAS2 Hyaluronan synthase 2 TGTCGAGTTTACTTCCCGCC CAGCGTCAAAAGCATGACCC
HIFIA Hypoxia-inducible factor 1 CCATTAGAAAGCAGTTCCGC TGGGTAGGAGATGGAGATGC
IL1B Interleukin—1b AGCTACGAATCTCCGACCAC CGTTATCCCATGTGTCGAAGAA
IL6 Interleukin—6 AAGCAGCAAAGAGGCACTGG TGGGTCAGGGGTGGTTATTG
IL8 Interleukin—8 CAGAGACAGCAGAGCACACA TGGGGTGGAAAGGTTTGGAG
LDHA Lactate dehydrogenase A ACCCAGTTTCCACCATGATT CCCAAAATGCAAGGAACACT
MMP1 Matrix metallopeptidase 1 CTCTGGAGTAATGTCACACCTCT TGTTGGTCCACCTTTCATCTTC
MMP13 Matrix metallopeptidase 13 TCCTGATGTGGGTGAATACAATG GCCATCGTGAAGTCTGGTAAAAT
MMP3 Matrix metallopeptidase 3 ATCCTACTGTTGCTGTGCGT CATCACCTCCAGAGTGTCGG
PGK1 Phosphoglycerate Kinase 1 ATGGATGAGGTGGTGAAAGC CAGTGCTCACATGGCTGACT
TNFA Tumor necrosis factor-alpha TCTGGGCAGGTCTACTTTGG ATCCCAGGTTTCGAAGTGGT
VEGFA Vascular endothelial growth factor A AGCCTTGCCTTGCTGCTCTA GTGCTGGCCTTGGTGAGG

VIM Vimentin GGACCAGCTAACCAACGACA AAGGTCAAGACGTGCCAGAG

shown). Gene expression results were normalized to the housekeeping
gene EF1A.

2.9. Generation of the synovial membrane model

The synovial membrane model was developed using the xeno-free
VitroGel® RGD hydrogel (TheWell Bioscience Inc., North Brunswick
Township, USA). To allow for sufficient nutrient supply, the model was
cultured in a 24-well plate hanging insert with a pore size of 8 um
(Sarstedt, Hildesheim, Germany). Therefore, the polycarbonate mem-
brane was coated with 100 pL hydrogel (1:3 gel-solution) containing
1x10° cells and polymerized for 30 min at RT. Synovial membrane
models were cultivated for up to 21 days in a humidified atmosphere (37
°C, 5 % COg). The medium contains DMEM GlutaMAX™ supplemented
with 2 % human AB serum (Capricorn Scientific, Ebsdorfergrund, Ger-
many) and 1 % penicillin/streptomycin, in the following referred to as
NM-XF.

2.10. Short- and long-term exposure to inflammatory stimuli

To mimic cytokine-mediated joint inflammation, stimulation was
performed in NM-XF using 10 ng/mL rh macrophage migration inhibi-
tory factor (MIF), 30 ng/mL rh interleukin (IL)-6, and 10 ng/mL rh
tumor necrosis factor (TNF)-a (all ImmunoTools GmbH, Friesoythe;
Germany), referred as +Cyt. The medium was changed every three days,
including the respective supplements, resulting in a repetitive chronic
cytokine stimulation. Incubation was conducted for 3 days (short-term)
and 21 days (long-term) at 37 °C in a 5 % CO atmosphere.

2.11. Cytotoxicity and viability assay

Cytotoxicity Detection LDH Kit (Sigma-Aldrich, Munich, Germany)
was performed according to the manufacturer’s instructions and as
previously described (Damerau et al., 2020). Cell death was induced by
4 % (v/v) Triton™ X-100 (Sigma-Aldrich, Munich, Germany) for 24 h
(high control). ApoTox-Glo™ Triplex Assay was performed according to
the instructions of Promega Corporation (Walldorf, Germany) using
phenol red-free DMEM (Gibco, Waltham, MA, USA). Cell death was
induced by 4 % (v/v) Triton™ X-100 for 4 h or 100 pg/mL digitonin
(Boehringer Mannheim GmbH, Mannheim, Germany) for 30 min,
whereas apoptosis was induced by 0.1 mM camptothecin (Sigma-Al-
drich) for 4 h.

2.12. BrdU proliferation assay

According to the manufacturer’s instructions, the proliferation assay
was performed using the BrdU (colorimetric) assay (Roche, Mannheim,
Germany). The BrdU labeling solution was added to the cell culture
medium on the synovial membrane model 20 h before endpoint mea-
surement. Cells were fixed for 30 min at RT, followed by the addition of
an anti-BrdU-POD working solution. After 90 min, cells were washed
three times with 1x PBS, substrate solution was added, and incubation
was stopped with 25 pL. 2 N HySO4 after 30 min. Measurement was
performed at 450 nm (reference wavelength 630 nm). In addition, cells
were treated with 1 pg/mL actinomycin D (Sigma-Aldrich, Munich,
Germany) to suppress proliferation (negative control).

2.13. Glucose and lactate concentration

Glucose and lactate content — as a measure of glycolysis — were
analyzed using the Biosen C-Line Glucose and Lactate analyzer (EKF-
diagnostic GmbH, Barleben, Germany). For this, 20 pL supernatant was
mixed with 1 mL PBS, while instrument calibration and electrode vali-
dation were performed with the manufacturer’s solutions before the
measurements.

2.14. Statistics

Statistical analyses were performed using the software GraphPad®
Prism Version 9.3.0 (La Jolla, San Diego, CA, USA). Since the data sets
were not normally distributed, non-parametric tests were performed.
Mann-Whitney U test was used for direct comparisons of two indepen-
dent datasets. For comparisons of more than two independent datasets,
one-way analysis using Kruskal-Wallis with Dunn’s multiple compari-
sons test was performed. A two-tailed Wilcoxon matched-pairs signed-
rank test was applied for dependent datasets. For comparisons of more
than two dependent datasets, one-way analysis using Friedman with
Dunn’s multiple comparisons test was performed. P-values of <0.05
were considered statistically significant (*p <0.05, **p <0.01, ***p
<0.005). Data are shown as box plots (centerline, median; box limits,
upper and lower quartiles; whiskers, maximum and minimum) if not
indicated otherwise.
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3. Results Oil-Red-O and mineralization positive for Alizarin Red staining,

respectively (Fig. 1A), emphasizing their mesenchymal character. Flow
cytometric analysis of MSCs and FLSs showed similar expression pat-
terns for stem cell markers such as CD105, CD73, and CD90, whereas
negative markers such as CD14, CD20, CD34, CD45, and HLA-DR were
almost absent (Fig. 1B).

This similarity in surface marker profiles suggests a close phenotypic
relationship between FLSs and MSCs. Due to their heterogeneity and
lack of a specific marker, identifying FLSs and MSCs remains chal-
lenging. Traditionally, FLSs have been determined using the mesen-
chymal marker vimentin. However, recent studies have shown that
subgroups of FLSs in RA differ in their expression of thymic cell antigen
1 (THY1, CD90). In contrast, podoplanin (PDPN) expression is associ-
ated with severe chronic inflammation (Astarita et al., 2012; Damerau
et al.,, 2022; Mizoguchi et al., 2018). In our study, visualization of
THY1" cells confirmed the flow cytometry results and showed a similar
expression pattern of PDPN in both MSCs and FLSs (Fig. 1C). The
comparable expression of PDPN in both cell types suggests a

3.1. Comparative phenotypic analysis of human knee-derived FLSs from
trauma patients and bone marrow-derived MSCs

Hypothesizing that non-inflamed FLSs own similar features to MSCs,
we compared the phenotypic attributes of FLSs isolated from patients
with ligament injuries (trauma-FLSs) with those of MSCs in a compre-
hensive manner. Therefore, we firstly analyzed the isolated cells during
their second passage using standardized protocols for the characteriza-
tion of MSCs based on the minimal criteria to define human MSCs as
proposed by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy (Damerau et al., 2022, 2020).
We observed for both cell types the adhesion to plastic surfaces and the
characteristic spindle-shaped morphology of mesenchymal cells as
visualized by brightfield microscopy (Fig. 1A). Both cell types could be
successfully differentiated into an adipogenic or osteogenic lineage after
21 days, as evidenced by the formation of lipid droplets positive for
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Fig. 1. Phenotypic characterization of trauma-FLSs compared with bone marrow-derived MSCs. (A) MSCs and FLSs adhere to plastic and show spindle-shaped cell
morphology. Representative images of the Oil Red (adipogenesis), Alizarin Red S (osteogenesis), and Alcian Blue (chondrogenesis) staining demonstrate their ability
to differentiate into multiple lineages. Scale bars show 100 um. (B) Flow cytometry was used to investigate the expression of CD73, CD90, and CD105 and the absence
of CD14, CD20, CD34, CD45, and HLA-DR. (C) Exemplary images comparing MSCs and trauma-FLS regarding THY1(magenta), PDPN (yellow), vimentin (cyan), and

DAPI (gray). Scale bars show 50 pm.
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non-inflammatory phenotype of MSCs, further supporting the potential
of MSCs as a valuable cell source for engineering "healthy" tissue.

Furthermore, to elucidate the metabolic differences between MSCs
and trauma-FLSs, we utilized Seahorse™ technology, which is a rapid
and robust methodology to measure mitochondrial oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) of living cells
(Fig. 2). We first performed the Mito Stress Test assay, in which OCR is
assessed at baseline and then following stepwise application of mito-
chondrial inhibitors via the instrument ports. Our results show that
trauma-FLSs exhibit decreased basal respiration and mitochondrial ATP
production compared to MSCs (Fig. 2A), which is consistent with an
observed slightly higher ECAR (Fig. 2B, C). In addition, trauma-FLSs
showed a significantly higher spare capacity (Fig. 2D), indicating
more mitochondria in FLSs. This observation is consistent with a pre-
vious study on FLSs derived from patients with OA (Damerau et al.,
2022). The slight increase in proton efflux rate (PER) observed in
trauma-FLSs aligns with the ECAR profile. This suggests that MSCs favor
oxidative phosphorylation (OXPHOS) over trauma-FLSs for energy
production.

3.2. Impact of CTGF, IGF, and FGF on MSC differentiation into FLS-like
cells

In a second approach, we examined the potential of CTGF (100 ng/
mL) and its combination with either FGF (10 ng/mL) or IGF (10 ng/mL)
as well as both together to differentiate bone marrow-derived MSCs into
FLSs. Previous studies have focused on proteins of the ECM such as
collagens and the cytoskeleton such as vimentin as evidence of differ-
entiation (Lee et al., 2006, 2010b; Xu et al., 2015). Here, we examined a
broader range of fibroblast markers to understand this differentiation
pathway better. MSCs were stimulated and cultured for three weeks in
comparison to an untreated control. Using real-time PCR, we analyzed
the expression of various fibroblast markers, including fibronectin
(FN1), collagen III (COL3A1), fibroblast-specific protein (FSP1), decorin
(DCN ) and hyaluronan synthase 2 (HAS2) after 7, 14 and 21 days of
incubation. We demonstrate an increase in all fibroblast markers in all
conditions tested after 21 days in combination (Fig. 3). After 7 days of
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stimulation, in particular, FN1 gene expression of the major component
of the extracellular matrix was significantly higher in the CTGF+IGF
group compared to the control group. The expression of DCN , a key
protein of the ECM involved in cell signaling, was also significantly
higher in the CTGF group than in the control group. In addition, we
observed a significant increase in COL3A1 expression in MSCs treated
with CTGF+FGF after 7 days.

After 14-day stimulation, FNI gene expression decreased in all
treatment groups but was still higher in the CTGF group than in the
control group, indicating an early response to CTGF stimulation. Also,
COL3A1 expression significantly increased after treatment with
CTGF+IGF. After 21 days, FN1 gene expression increased compared to
the values observed after 14 days. Moreover, COL3A1 expression
significantly increased after treatment with CTGF alone. Gene expres-
sion of HAS2, an enzyme crucial for synthesizing hyaluronan, a major
component of synovial fluid was significantly enhanced after 21 days of
stimulation with CTGF compared to unstimulated MSCs. However, it is
important to note that no significant differences were observed in the
expression of VIM , FSP1, and PDPN, indicating the selective effects of
CTGF on the expression of fibroblast markers.

To assess the viability of MSCs after 21 days of the different treat-
ments, Live-Dead staining was applied and showed that the stimulation
did not affect cell survival (Fig. 4). In addition, we observed that stim-
ulated cells showed a spindle-shaped morphology and a higher cell
confluence than untreated MSCs - a morphology characteristic for
fibroblast differentiation.

To confirm gene expression data, we examined the protein expres-
sion of HAS2 and VIM. Remarkably, HAS2 expression was most pro-
nounced in cells treated with CTGF (Fig. 4). In contrast, the stability of
VIM staining was not affected regardless of treatment, suggesting se-
lective effects of stimulation on fibroblast-specific protein expression
and confirming the result from the gene expression analyses (Fig. 4). In
summary, our results show that CTGF especially effectively induces MSC
activation. The selective expression of certain fibroblast markers and the
stability of others, such as vimentin, emphasize the complexity of MSC
differentiation and the different roles of various growth factors in this
process.
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Fig. 2. Metabolic profile of MSCs and trauma-FLSs. (A) Seahorse XF Mito Stress Test data for oxygen consumption rate (OCR) and (B) extracellular acidification rate
(ECAR) were assessed over time, before or after addition of 2 uM oligomycin 1.5 uM FCCP, and 0.5 pM Rot/AA. Data represent 5 technical replicates. (C) Radar plot
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obtained for the same parameter. (D) Results of the Mito Stress Test (n=6-8) and (E) Glycolytic Rate Assay (n=4-6) are shown in pmol/min/ 10° and represent 5
technical replicates. Data are shown as box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values; all data
points). Statistical analysis was performed using a mixed-effects model with the Geisser-Greenhouse correction and Sidak’s multiple comparisons test. The resulting

p-values are indicated in the figures with **p <0.01.
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Fig. 3. CTGF stimulation exerts distinct effects on fibroblastic differentiation of MSC on mRNA level. Fibroblast-specific markers were progressively increased after
7, 14, and 21 days of treatment. Data are represented as scatter dot plots with the median. Statistical analysis was performed using a mixed-effects model with the
Geisser-Greenhouse correction and Tukey’s multiple comparison test, with individual variances calculated for each comparison. The resulting p-values are indicated

in the figures with *p <0.05, ***p <0.001.

3.3. Global and unbiased identification of the differentially expressed
proteins in OA-FLS, MSCs, and CTGF-differentiated MSCs

To identify proteins altered in MSCs by CTGF treatment on a global
level, especially in comparison to OA-FLS, we performed proteome
analysis using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). First, we performed principal component analysis (PCA) to
compare MSC, and OA-FLS, with NHDF cells (normal human dermal
fibroblasts) commonly used in in vitro 3D modeling. PCA showed that
fibroblast types clustered according to their origin (Fig. 5A). Interest-
ingly, synovial fibroblasts and bone marrow-derived MSCs were more
closely related on proteome level (Fig. 5A). With regard to CTGF treat-
ment, our analysis identified 57 differentially expressed proteins be-
tween the CTGF-treated MSCs and the control group using a two-sample
(paired) t-test with a false discovery rate (FDR) cut-off of 5 % (Fig. 5B).
Focusing on classical MSC and fibroblast markers, we identified colla-
gens to be highly expressed in both the MSC and CTGF-treated groups
(Fig. 5C, D). In contrast, aminopeptidase E (ANPEP), previously detected
in OA synovial fluid (Balakrishnan et al., 2014), and MMP2 were higher
expressed in OA-FLS (Fig. 5C, D). Interestingly, hyaluronan-related
proteins showed no significant differences between all groups,
including CTGF treatment (Fig. 5E). An important observation of our
study is that proteome profiles of MSCs and CTGF-treated MSCs do not
completely correlated despite sharing common features. This includes
different expression patterns of known marker genes and highlights the
complexity of MSC differentiation under the influence of CTGF. In
summary, our proteomic analysis provides valuable insights into the
effects of CTGF on MSCs, particularly on OA-FLS. The differential
expression of key proteins such as collagens, ANPEP, and MMP2 high-
lights the distinct proteomic signatures of these cell types and the dif-
ferential effects of CTGF on MSCs.

Analyzing similarities between MSCs stimulated with CTGF and the
protein expression profile of OA-FLS, we observed that proteins such as
serpin family B member 2 (SERPINB2), lysyl oxidase-like 4 (LOXL4),
latent transforming growth factor beta binding protein 1 (LTBP1), sulfite
oxidase (SUOX), integrin subunit beta 3 (ITGB3), and intercellular
adhesion molecule 1 (ICAM1) were upregulated in CTGF-treated MSCs,

similar to OA-FLS (Fig. 6A). In addition, certain proteins, including
integrin subunit beta 1 (ITGB1) and collagen type 1, were less expressed
in CTGF-treated MSCs and OA-FLS. Conversely, proteins such as podo-
can (PODN), SERPINB2, oligoadenylate synthetase (OAS), and
interferon-induced GTP-binding protein MX1 were most highly
expressed in the CTGF group. Interestingly, the expression of fibroblast
markers (e.g., VIM, TNC, DCN, FSP1, and FN1) and MSC markers (e.g.,
THY1, ecto-5-nucleotidase (NT5E; CD73) and endoglin (ENG))
remained unaffected by CTGF stimulation (Fig. 6B, C). However, FSP1
was significantly higher in OA-FLS, while FN1 was substantially lower
expressed. Regarding cell metabolism, our data showed that CTGF-
treated MSCs had considerably higher levels of carnitine palmitoyl-
transferase 1 A (CPT1A), indicating a shift in metabolism towards
increased fatty acid oxidation (Fig. 6D). This result is particularly
interesting as it implies a possible metabolic adaptation of MSCs under
CTGF influence. In addition, our comparative analysis of proteins
involved in fibrosis showed that MSCs express more proteins associated
with fibrosis than OA-FLS, which was further enhanced by CTGF treat-
ment, increasing the expression of markers such as smooth muscle actin
alpha (ACTA), LTBP1, and SEPINE] (Fig. 6E). Functional comparison of
trauma-FLSs and MSCs in terms of cell proliferation, demonstrated a
lower proliferation rate in FLSs than MSCs (Fig. 6F). In contrast, both,
CTGF-stimulated MSCs and OA-FLSs showed a significantly higher
proliferation. Our investigation of the classical fibroblast marker genes
showed similar expression profiles at both protein and mRNA levels.
CTGF treatment significantly enhanced HAS2 gene expression (Fig. 6G).
Of note, FN1 was downregulated in OA-FLS at both protein and RNA
levels, correlating with disease status (Fig. 6G).

In summary, our results demonstrate no significant differences be-
tween MSCs and trauma-FLSs. However, treatment of MSCs with CTGF
results in changes in ECM protein expression and a higher proliferation
rate that bring them more in line with OA-FLSs and point to a potential
role of CTGF in modulating the behavior and properties of MSCs towards
an activated fibroblast-like phenotype.
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treated with CTGF alone and combined with FGF and IGF. Live Dead, HAS2 (cyan), vimentin (magenta), and DAPI (gray). The scale bar shows 100 um.

3.4. Mimicking the geometry of the synovial membrane using a
biocompatible 3D hydrogel construct

As demonstrated in the previous sections of our study, the applica-
tion of CTGF tends to shift MSCs towards a more activated state, which
may not accurately reflect the conditions of non-diseased joint tissues.
To develop an in vitro model that more closely represents the healthy,
non-activated state of joint tissues, we created a 3D synovial lining layer
using untreated MSCs representative of the synovial membrane in its
natural, non-pathological state. Therefore, we have imitated the

following three features of the synovial lining layer:

o The synovial membrane is characterized by its lack of a basement
membrane and tight junctions (Kiener et al., 2006).

e It is a loose composite of cells embedded in an amorphous matrix
composed of collagens such as collagen type I and III (Kiener et al.,
2006; Orr et al., 2017).

e The intimal lining is typically one to four cell layers thick and
directly contacts the synovial fluid within the joint cavity.
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Fig. 5. Distinct protein expression between CTGF-treated MSC, untreated MSCs, and OA-FLS. (A) PCA analysis comparing MSCs (green, triplicates for n=5), OA-FLS
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To replicate this environment, we used synthetic hydrogel to embed
cells, creating a simplified 3D model of the synovial lining membrane.
The model was cultured on a polycarbonate-based hanging insert,
allowing for apical and basal nutrient supply. Our initial experiments
established that embedding 1*10° cells within the hydrogel yielded an
optimal confluent layer of viable cells. To assess the biocompatibility of
our hydrogel, we conducted an LDH assay. The results demonstrated no
significant LDH release in the hydrogel samples compared to the high
control, indicating that the hydrogel did not induce cytotoxicity
(Fig. 7A). Further analysis of cell viability, cytotoxicity, and pro-
grammed cell death (apoptosis) after 21 days of incubation within the
synthetic hydrogel revealed a predominance of viable, non-cytotoxic,
and non-apoptotic cells (Fig. 7B). LIVE/DEAD staining showed a
confluent layer of viable Calcein AM-positive cells (Fig. 7C, D). To assess
the distribution and density of cells within the hydrogel, tissue sections
were stained for F-actin and examined horizontally and vertically. The
horizontal analysis confirmed a uniform distribution of cells, with two to
three cell layers evident on the z-axis. This observation was corroborated
by the vertical section analysis, which also supported a multi-layered
cell structure within the hydrogel (Fig. 7E, F). Our data demonstrate
that the simplified model fulfilled the synovial layer’s three
characteristics.

3.5. Short-term exposure to inflammatory stimuli leads to an
inflammatory gene expression, while long-term exposure results in hyper-
proliferation of the synovial membrane model

To validate the functional responsiveness of our animal-free synovial
membrane model, we exposed it to a pro-inflammatory cytokine cocktail
comprising TNF-a, IL-6, and macrophage migration inhibitory factor
(MIF). These cytokines induce hypoxia-adaptive responses, angiogen-
esis, and invasiveness within the synovial membrane. The concentra-
tions used were previously established as non-cytotoxic (Damerau et al.,
2020). The model was stimulated for two distinct periods: 3 days and 21
days, and the results were compared with those from an untreated
control group. After short-term exposure (3 days), we observed signifi-
cant increases in cellular proliferation and glucose uptake, key markers
of glycolytic activity (Fig. 8A, B). Additionally, the cytokine-treated cells

exhibited increased thickness and enhanced expression of PDPN, an
indicator of cellular activation (Fig. 8C). Regarding gene expression, the
cytokine stimulation markedly upregulated pro-inflammatory markers,
significantly increasing IL6 and IL8 expression. TNFA also tended to
have higher expression following short-term exposure than the un-
treated control (Fig. 8D). Furthermore, the pro-inflammatory environ-
ment substantially increased the expression of vascular endothelial
growth factor A (VEGFA) and phosphoglycerate kinase 1 (PGK1), which
are key mediators in angiogenesis and glycolytic processes, respectively.
LDHA expression also tended to increase under these conditions. How-
ever, the expression levels of glucose transporter 1 (GLUT1) remained
similar to those in the untreated control group (Fig. 8E).

We further explored the inflammatory response of the animal-free
synovial membrane model using repetitive long-term exposure to bet-
ter mimic the chronic aspects of inflammatory joint diseases such as
rheumatoid arthritis. A key characteristic of arthritis is synovial hyper-
plasia, so we focused on the proliferation rate in the lining layer of the
synovial membrane. After comparing results from short-term (3 days)
and long-term (21 days) exposure, we found a marked increase in lining
layer proliferation following the 21-day exposure period (Fig. 9A). After
long-term exposure, a significant increase in IL8 expression was
observed on the gene expression level. However, other pro-
inflammatory markers, such as TNFA, IL6, and IL1B, only increased
numerically but not significantly (Fig. 9B). This suggests a nuanced and
specific inflammatory response over time. Given the distinctive inva-
siveness of fibroblasts during inflammation, we also analyzed the
expression of MMPs, which play a crucial role in tissue remodeling and
inflammation. Notably, long-term exposure to the inflammatory cyto-
kines significantly increased the expression of MMP1 and MMP13
compared to the untreated control (Fig. 9C). This indicates enhanced
tissue-remodeling capabilities under chronic inflammatory conditions.
Another hallmark of inflammation is hypoxia, often marked by the
interplay between MIF and hypoxia-inducible factor (HIF)-1. In our
model, we observed a significant upregulation of HIF-1 under long-term
exposure (Fig. 9D), underscoring the model’s ability to replicate key
features of the inflammatory environment in synovial membranes.

In conclusion, our study has successfully established a simplified
human-based in vitro model of the synovial membrane using a synthetic
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Fig. 6. CTGF induces a proliferative, profibrotic phenotype. (A) Heatmap with all samples of the 57 significant proteins determined using a two-sample (paired) t-test
with a false discovery rate (FDR) of 5 % cut-off. (B) Protein abundance of classical fibroblast markers, (C) MSC-related markers, (D) metabolic markers, and (E)
fibrotic markers (n=5-6). Shown are log2 transformed LFQ intensity values. (F) BrdU assay was conducted after 24 h and 72 h to explore the proliferation rate
(n=5-13). Cells were treated with 1 ug/mL actinomycin D (neg. ctrl) to suppress the proliferation. (G) Total RNA extraction was performed from undifferentiated
MSCs and after differentiation with 100 ng/mL CTGF for three weeks compared with FLS from trauma and OA patients (n=5-10). Gene expression of classical
fibroblast markers was performed using SYBR Green and normalized to the housekeeper gene EFIA. Data are shown as box plots (centerline, median; box limits,
upper and lower quartiles; whiskers, maximum and minimum values). Statistical analysis for (B)-(F) was performed using a mixed-effects model with the Geisser-
Greenhouse correction and Tukey’s multiple comparison tests, with individual variances calculated for each comparison. Kruskal-Wallis with Dunn’s multiple
comparisons tests was performed in (G). P-values are indicated in the graphs with *p <0.05, **p <0.01, ***p <0.001.

hydrogel. Furthermore, the model’s ability to dynamically respond to
pro-inflammatory stimuli, reflecting key cellular and molecular changes
seen in inflammatory joint diseases, validates its applicability for
studying disease mechanisms and testing potential therapeutic in-
terventions. Overall, these findings underscore the model’s potential to
provide insights into the pathophysiology of conditions of arthritis and
to aid the development of novel treatment approaches.

4. Discussion

The potential of bone marrow-derived MSCs to differentiate into
various cells, in conjunction with the presumed mesenchymal origin of
synovial fibroblasts, has raised interest in exploring the differentiation
capabilities of MSCs into fibroblastic cells. This investigation is partic-
ularly relevant for the purpose of tissue engineering and regenerative
medicine. A novel aspect of our study is that we compared synovial fi-
broblasts from trauma patients with MSCs and investigated the CTGF-

10

mediated fibroblastic transition of MSCs compared to OA-FLS. More-
over, we innovatively developed and characterized an animal-free, MSC-
embedded, multilayered, RGD-functionalized hydrogel-based synovial
construct. This construct mimics the morphology, functionality, and
reactivity to inflammatory stimuli observed in native synovial tissue.
Understanding the cellular mechanisms and interactions within the sy-
novial membrane is important for developing and screening effective
therapeutic strategies. This underscores the importance of robust in vitro
models that can accurately replicate the complexity of the synovial
environment. Within the study, we unrevealed that (i) human knee-
derived FLS from trauma patients exhibit a stem cell-like phenotype
similar to that of human bone marrow-derived MSCs, and (ii) CTGF
induced the differentiation of MSCs toward the fibrotic fibroblast
phenotype, both underlining the profound suitability of MSCs in the
development of both healthy and diseased in vitro synovial constructs.
Furthermore, our study also demonstrated (iii) the ability to mimic the
geometry of the synovial membrane using a biocompatible, synthetic
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Fig. 7. The RGD-based synovial membrane results in a biocompatible 3D construct with a homogenous one to four cell layers thick lining. (A) LDH cytotoxicity assay
was conducted after 24 h to confirm the biocompatibility of the synthetic hydrogel. High ctrl = 4 % Triton™ X-100 for 24 h; SM = synovial membrane model (n=4).
(B) ApoTox-Glo™ Assay analyzing cell viability, cytotoxicity, and apoptosis level for n=4. Neg. Ctrl for viability: 100 ug/mL Digitonin. Pos. Ctrl for cytotoxicity: 4 %
Triton™ X-100. Pos. Ctrl for apoptosis: 0.1 mM Camptothecin. (C) Relative number of viable cells was visualized using LIVE/DEAD staining. The staining was
performed after 21 days and quantified using ImageJ (n=8). (D) Exemplary image of LIVE/DEAD staining. Living cells are presented in cyan (Calcein-AM+), and
dead cells in yellow (EthD+). (E) Horizontal analysis of the synovial membrane. F-actin (red), DAPI (blue). (F) Vertical histological section. F-actin (magenta),
vimentin (cyan), DAPI (grey). Scale bars = 100 um. Statistics: Two-tailed Wilcoxon matched-pairs signed-rank test and Wilcoxon signed-rank test to the ctrl.

RGD-hydrogel supporting cell arrangement in a lining layer-like struc-
ture. In addition, (iv) exposure to inflammatory stimuli increased gene
expression of pro-inflammatory, pro-angiogenic, and matrix-degrading
proteins, increased proliferation, and a rise in glucose consumption,
mirroring responses observed in human arthritis.

Fibroblasts occur in different tissues across the body. They are
remarkably diverse between the various tissues and even within the
same tissue, as different subsets of fibroblasts exist (Damerau et al.,
2024). These have different functions. Recent research revealed, e.g., for
synovial fibroblasts, that certain subtypes can be assigned to RA and
others to OA (Damerau et al., 2024). Our previous research has shown
that even after prolonged culture, OA-FLSs retain a disease-specific
imprint characterized by the release of pro-inflammatory cytokines,
high proliferation rates, and altered metabolism (Damerau et al., 2022).
OA is characterized by chronic inflammation, which significantly im-
pacts the behavior of resident cells.

However, similarities between OA-FLS and MSCs can be attributed to
their biological functions, developmental origins, and responses to
microenvironmental conditions, which can result in the expression of
similar genes and proteins. There is general agreement that synovial
fibroblasts originate from synovial tissue and are of mesenchymal
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origin. Their shared lineage might contribute to the expression of similar
surface markers, transcription factors, and signaling molecules. How-
ever, there are two different views on the origin of synovium-derived
MSCs. One view is that MSCs are brought to the synovium via
migrating blood vessels. On the other hand, there is evidence that
synovium-derived MSCs originate from the synovial intima (Matsuo
et al., 2018). As our group has previously shown, OA-FLS and MSCs
share common phenotypic features and are indistinguishable in terms of
(i) morphology, represented as spindle shape, (ii) plastic adherence, (iii)
multipotency potential, (iv) expression of mesenchymal cell surface
markers, and (v) absence of hematopoietic cell surface markers
(Damerau et al., 2022). This was also observed when comparing fibro-
blast strains from different tissue sources (Brohem et al., 2013a; Denu
et al., 2016b; Lorenz et al., 2008a). In general, both MSCs and synovial
fibroblasts are identified by a combination of nonspecific markers rather
than by a specific marker. Although fibroblasts are assumed to be of
mesenchymal origin, we first confirmed the stem cell-like phenotype of
synovial tissue-derived trauma-FLSs compared to bone marrow-derived
MSCs. The former is the most suitable inflammatory-unexposed control,
as healthy patient-derived FLSs are not justifiable for ethical reasons.
Here, we show for the first time that trauma-FLSs and MSCs are also
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Fig. 8. Short-term exposure to inflammatory stimuli leads to enhanced glycolysis and induced gene expression of pro-inflammatory markers. (A) BrdU assay was
conducted to explore the proliferation rate (n=4). (B) Glucose uptake and lactate production were analyzed after day 3 days (n=7). (C) Exemplary top-view images
comparing short-term exposure with the unstimulated control regarding THY1 (magenta), PDPN (yellow), and DAPI (gray). (D) The expression of pro-inflammatory
cytokine marker genes, (E) hypoxia-related and pro-angiogenic genes was studied via qPCR and normalized to the housekeeper gene EF1A (n=>5). Data are shown as
box plots (centerline, median; box limits, upper and lower quartiles; whiskers, maximum and minimum values). Statistics: Two-tailed Wilcoxon matched-pairs
signed-rank test (A, B) and Mann-Whitney U test (D, E). P-values are indicated in the figure with *p <0.05 and **p <0.01.
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Fig. 9. Gene expression after long-term exposure to inflammatory stimuli. (A) BrdU assay was conducted to explore the proliferation rate of short- and long-term
exposure as a ratio to the untreated control (n=4). (B) Expression of pro-inflammatory cytokine marker genes, (C) invasive, and (D) hypoxia-related was studied via
qPCR and normalized to the housekeeper gene EFIA (n=4). Data are shown as box plots (centerline, median; box limits, upper and lower quartiles; whiskers,
maximum and minimum values). Statistics: Wilcoxon Signed Rank Test compared to the control (A); Mann-Whitney U test (A-C); p-values are indicated in the graphs
with *p <0.05.

indistinguishable in terms of plastic adherence, the characteristic elon- influenced by a number of factors, including the age and health status of
gated, spindle-shaped morphology, and the presence of mesenchymal- the donor, and the precise conditions used for cell culture and expansion
specific markers, coupled with the absence of hematopoietic-specific in an in vitro environment. Studies have shown that the nutrient-rich
markers. This observation is consistent with the findings of Ugurlu environment typical of in vitro cultures leads to a metabolic shift in
and Karaoz, who performed a comparative analysis between Wharton’s MSCs that directs their dependence on energy production more towards
jelly-derived MSCs and dermal FLSs (Lorenz et al., 2008a). Their study OXPHOS (Pattappa et al., 2011; Yuan et al., 2019). In this study, we
showed that the expression levels of important cellular markers differed newly present comparative analyses between trauma-FLSs and MSCs,
only slightly in these cell types, indicating a high phenotypic similarity both exposed to a nutrient-rich in vitro culture environment. Our results
(Lorenz et al., 2008a). Although studies report that FLSs exhibit an show that under such conditions, MSCs preferentially utilize OXPHOS
MSC-like phenotype, it has also been observed that MSCs express for energy production, in contrast to trauma-FLSs. Different metabolic
markers commonly associated with FLSs, including collagen and orientations emphasize the intrinsic cellular adaptability to environ-
vimentin (Damerau et al., 2022; Lorenz et al., 2008b). Moreover, the mental factors and highlight the importance of metabolic pathways for
differentiation ability was traditionally used to distinguish FLSs from cell function and therapeutic potential, which needs to be further
MSCs, with FLSs being the negative control (Brendel et al., 2005). explored.

Recent research revealed that FLSs from various tissues such as skin, Moreover, studies reported that adding CTGF promotes MSC differ-
bronchial, and synovium could differentiate into lineages of the entiation into FLSs, at least regarding markers such as COL1, COL3, FN1,
mesenchyme - e.g., adipogenic and osteogenic (Brohem et al., 2013b; FSP1, and TNC (Lee et al., 2006, 2010a; Xu et al., 2015, 2017). As
Chen et al., 2007; Damerau et al., 2022; Sabatini et al., 2005a, 2005b). described by Lee et al., recombinant CTGF was used at a concentration of
However, a clear distinction between these cell types remains elusive as 100 ng/mL in combination with 50 ug/mL ascorbic acid (Lee et al.,
no specific marker exists (Dominici et al., 2006; Lin et al., 2013). 2010b). Considering the pathways leading to fibroblast formation, FGF
Therefore, it is unclear whether the characterized cells are MSC or sy- and IGF were used as potential inducers of fibroblastic differentiation at
novial fibroblasts. The metabolic robustness of cells is significantly concentrations referring to Hegner et al. and Han et al. (Han et al., 2011;
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Hegner et al., 2016). Here, we found no significant differences compared
to CTGF stimulation alone. Our unbiased global proteome analysis
showed that fibroblast markers such as COL1A1, COL1A2, and COL1A3
tended to be reduced by CTGF, while features such as VIM, FN1, FSP1,
TNC, and DCN remained unchanged. In this regard, the expression of the
classical marker vimentin was significantly higher in OA-FLS compared
to MSCs, but unchanged at the gene level. Activated fibroblasts and
myofibroblasts are the leading producers of structural proteins of the
ECM (Karsdal et al., 2017). In this line, induced COL4 and COL6
expression is a driver and biomarker in fibrosis associated with
pro-fibrotic myofibroblasts (Mak and Mei, 2017; Naugle et al., 2006;
Williams et al., 2021). The primary function of FLSs is to synthesize ECM
components, predominantly hyaluronan, primarily regulated by HAS2,
as delineated by Caon et al. (Caon et al., 2021). The upregulation of
HAS2 by CTGF stimulation suggests the improved ability to synthesize
hyaluronic acid. This expression is not comparable to fibroblasts from
trauma and OA patients but was observed in myofibroblasts induced by
TGF-B1 (Evanko et al., 2015). In addition, overexpression of HAS is
associated with fibroblast invasiveness, which promotes fibrosis (Li
etal., 2016). CTGF also induced the expression of LOXL4, an indicator of
fibrosis that correlates with tissue stiffness (Perryman and Gray, 2022).
Interestingly, Elsafadi et al. identified SERPINB2 as a gene repressed by
TGF-f, whereas CTGF tended to induce it at the protein level (Lee et al.,
2018). FN is a circulating protein component of the ECM that is readily
degraded into fragments. Carnemolla et al. (Carnemolla et al., 1984) and
Chevalier et al. (Chevalier, 1993) reported that elevated levels of FN
fragments have been detected in the synovial fluid OA and RA patients.
In contrast to studies indicating increased levels of FN in the synovial
fluid and cartilage, our results show a significantly reduced FN1
expression in OA-FLS compared to MSCs and trauma-FLSs. This obser-
vation is in line with our previous data showing a significantly reduced
expression of FN1 in OA-FLSs at the protein level (Damerau et al., 2022).
It is known that FLSs display characteristic gene expression patterns
depending on their origin (Rinn et al., 2006). However, our data showed
that MSCs are a suitable cell source to mimic the healthy synovial
membrane in vitro, as MSCs and FLSs are phenotypically indistinguish-
able (Denu et al., 2016a). For developing healthy synovial membrane
models, MSCs are better suited than CTGF-differentiated MSCs.

During inflammatory joint diseases, activated FLSs of the synovial
membrane have been identified as critical drivers of persistent inflam-
mation and cartilage degradation. However, profound insights into the
pathogenic mechanisms and the impact of FLSs in the early stages of
cartilage degradation are still limited. To study processes that occur in
the synovium during rheumatic diseases, various in vitro alternative
approaches to mimic the synovial membrane have been developed to
overcome the current limitations of experiments using phylogenetically
distant species (e.g., rodents) and break the translation barrier. A pio-
neering study by Kiener et al. used primary FLSs from RA patients to
generate a 3D synovial membrane micromass (Kiener et al., 2006). They
demonstrated that RA-FLSs when suspended in an ice-cold Matrigel™
matrix, can form a lining layer architecture at the interface between the
matrix and liquid phase (Kiener et al., 2006). The extension of this
model by including monocytes further demonstrated that RA-FLSs pro-
mote monocyte survival and accumulation in the lining layer (Broeren
et al.,, 2019; Kiener et al., 2010). However, such models that rely on
RA-FLS and animal-derived Matrigel™ do not represent the "healthy"
state of the synovial membrane. Compared to standard static culture
conditions, on-a-chip approaches have been demonstrated to better
resemble the biochemical environment as well as mechanical forces that
occur within the joint (Ong et al., 2023; Zou et al., 2022). Mimicking
joint movement through mechanical stress in cartilage constructs
contributed to cartilage matrix maintenance and is observed to slow the
progression of OA (Ong et al.,, 2023). Mondadori and colleagues
designed a microfluidic chip including synovial and chondral compart-
ment to recapitulate the extravasation of monocytes to the synovium
under perfused conditions (Mondadori et al., 2021). Moreover, Krebs
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et al. developed a microfluidic synovial chip platform to analyze the
frequency of specific cell surface marker within synovial fluid aspirates
(Krebs et al., 2017). The organoid-on-a-chip for joints developed to date
can be divided into four main categories: Modeling inflammation,
recapitulating immune responses, simulating mechanical forces, and
studying genetic predisposition (Li et al., 2023). The study presented
here aimed to simulate the geometry of the synovial membrane on the
basis of MSCs. Therefore, MSCs were embedded in a synthetic hydrogel
and, in contrast to a major part of previous studies, cultured under
xeno-free conditions (Broeren et al., 2019; Kiener et al., 2006, 2010).
Synthetic hydrogels possess desirable features for tissue engineering can
be precisely tailored through chemical modifications (Samvelyan et al.,
2021). For instance, incorporating chondrogenic molecules, such as
biotinylated TGF-p3, facilitated the delivery of these molecules to cells
embedded within the hydrogel. This process promoted the collagen type
IT expression and enhanced chondrogenesis (Stiidle et al., 2018). In our
study, the synthetic hydrogel was modified with RGD sequences to
enable the formation of a synovial lining layer. During the cultivation
period, the cells formed a synovial lining structure consisting of two to
four layers of viable cells, as described for the native synovial membrane
(Smith, 2011). The synovial membrane model was incubated in a
trans-well system to enable future stimulation with cytokines from basal
and application of immune cells from apical. We demonstrated immune
cell migration through the hydrogel and the trans-well system. Short-
and long-term exposure to TNF-a, IL-6, and MIF in pathophysiological
concentrations showed that pro-inflammatory effects could be studied in
the animal-free synovial membrane model. In addition to the master
cytokines TNF-a and IL-6, which essentially trigger inflammation in RA,
they are also associated with OA pathology (Akeson and Malemud,
2017; Nishimoto et al., 2000; Yu et al., 2018). TNF-a promotes the
expression and secretion of IL-6 and IL-8, which contribute to RA sy-
novitis (Broeren et al., 2019; Mueller et al., 2010; Namba et al., 2017;
Tanabe et al., 2010). Namba et al. investigated dogs’ mitogen-activated
protein kinase (MAPK) signaling pathway in synovial fibroblasts. They
showed that TNF-o induced the IL-8 secretion and expression
time-dependent (Namba et al., 2017). In this line, MAPK pathways have
been found to upregulate the expression of MMP1, MMP3, and MMP13
(Holvoet et al., 2003; Jia et al., 2019; Park et al., 2011). Our synovial
membrane model resembles a significant induced IL8 expression already
after short-term exposure and the MMP expression after long-term
exposure in vitro. While TNF-o induces the proliferation of synovial
cells, IL-6 inhibits it in the presence of the soluble IL-6 receptor (sIL-6R)
(Nishimoto et al., 2000). As reported by Broeren and colleagues for
TNF-a, we could recreate pathogenic processes such as enhanced
glycolysis and hyperproliferation of the synovial lining layer — a hall-
mark of RA (Broeren et al., 2019; Kiener et al., 2010; Koedderitzsch
et al., 2021). This is a major advantage compared to studies using sy-
novial biopsies or diseased cells in which hyperplasia has already
occurred. However, in this study the proliferation rate was the measure
of hyperplasia. Future studies should also consider a spatial histologic
evaluation, which would be possible using synovial organoids. In
addition, we observed a substantial increase in the expression of VEGFA
and HIF1A, both generally activated by hypoxia. However, recent
research revealed that TNF-a and MIF could induce HIF-1a expression
under normoxic conditions (Gaber et al., 2011; Zhou and Brune, 2006).
Moreover, cell-cell and cell-matrix interactions are crucial for enhancing
the robustness and applicability of this platform. These interactions
regulate many aspects of cell function, including proliferation, migra-
tion, and differentiation (Shao et al., 2024). Understanding these dy-
namics can lead to more accurate models of disease. In addition,
mechanical properties like forces, pressure, and stiffness influence cell
behavior, differentiation, and tissue formation (Damerau et al., 2024).
Accurately mimicking the mechanical environment of musculoskeletal
tissues can create more physiologically relevant models. Finally, utiliz-
ing stem cells, particularly MSCs, is vital due to their ability to differ-
entiate into various cell types found in musculoskeletal tissues. This
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enables the creation of complex, multi-cellular models that closely
replicate in vivo conditions. In future applications, cell types such as
macrophages will be incorporated to mimic the processes that occur
during arthritis more closely. Although the available 3D models still face
major challenges, our animal-free approach can serve as an alternative
to animal experiments to (i) study basic mechanisms in RA and OA, (ii)
identify targets, and (iii) test treatment strategies. This is the first
animal-free in vitro 3D synovial membrane model to study
cytokine-driven mechanisms.

5. Conclusion

The assumption that synovial fibroblasts are derived from mesen-
chymal cells has driven research on the differentiation capacity of MSCs
towards fibroblastic cell lineages, which is of particular interest and
highly relevant for the purpose of tissue engineering and regenerative
medicine. This study aimed to explore this potential by comparing sy-
novial fibroblasts from trauma patients with MSCs, focusing on the role
of CTGF in mediating this transition and comparing it with OA-FLS. Our
results show that human knee-derived FLS from trauma patients exhibit
a stem cell-like phenotype similar to bone marrow-derived MSCs. We
also demonstrate that stimulation with CTGF induces MSCs to differ-
entiate into a fibrotic fibroblast phenotype, highlighting the potential of
MSCs in the development of healthy and diseased in vitro tissues.
Furthermore, our study illustrates the ability to mimic the geometry of
the synovial membrane using a biocompatible, RGD-functionalized
synthetic hydrogel that supports cell arrangement in a lining layer-like
structure. While exposure to inflammatory stimuli may not fully repli-
cate arthritis, the MSC-based model offers a controlled system to
investigate key events observed in human arthritis. This research con-
tributes to understanding synovial fibroblast origin and MSCs as an
optimal cell source for in vitro tissue engineering in health and disease.
The latter is of utmost importance if access to healthy and diseased sy-
novial tissue samples is limited.
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