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Abstract

Background \We aimed to investigate the development of synovial fibrosis in vitro and how the fibrosis can

be halted. Synovial fibrosis causes joint stiffness in arthritic diseases. The pathway of the fibrotic growth factor,
transforming growth factor-beta (TGF-B), has been associated with joint pain in osteoarthritis (OA) and with the
fibroid phenotype of rheumatoid arthritis (RA). This suggests that synovial fibrosis, thus accumulation of extracellular
matrix (ECM) proteins, plays a role in the clinical manifestations of the diseases. Improving our understanding of

fibrotic development may aid in selecting appropriate treatments and development of drugs that can target synovial
fibrosis.

Methods We isolated primary fibroblast-like synoviocytes (FLS) from the synovial membrane of patients undergoing
total knee replacement surgery. To investigate the development of synovial fibrosis, the FLS were cultured in a
crowded in vitro model mimicking the ECM. TGF-31 was used as the fibrotic initiator, the activin receptor-like kinase
5 inhibitor (ALK5i), the anti-fibrotic drug nintedanib, and the anti-inflammatory drug tofacitinib were used as fibrotic
inhibitors. The ECM protein formation was quantified in the conditioned media using specific biomarkers of type |, Ill,
and VI collagen formation and fibronectin turnover.

Results The TGF-{ stimulation inducted fibrogenesis by increasing the biomarkers of fibronectin turnover, type |,
Ill, and VI collagen formation. ALK5i and nintedanib inhibited the TGF-{3 response across all biomarkers. Tofacitinib
trended towards inhibiting TGF- response with up to 78% inhibition. All the treatments preserved cell viability.

Conclusion We have established an in vitro model for assessing fibrogenesis in primary FLS, which can be used

to assess the anti-fibrotic effect of multiple drug types. Our study implies that synovial fibrosis can be induced by
TGF-B, which additionally can be halted by both direct and indirect inhibition with anti-fibrotic substances. The anti-
inflammatory drug tofacitinib also halted the fibrogenesis to some extent; thus, it may exert an anti-fibrotic effect.
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Background

Patients diagnosed with rheumatoid arthritis (RA) and
osteoarthritis (OA) frequently experience joint stiffness
and pain [1, 2]. The joint stiffness is caused by synovial
fibrosis, which occurs after excessive extracellular matrix
(ECM) protein deposition [3]. The cause of fibrogenesis
in joints has not yet been elucidated. While high levels
of the known fibrotic growth factor transforming growth
factor beta (TGF-P) and accumulations of collagens have
been found in patients with RA and OA [3-7]. The cur-
rent treatment for rheumatic patients is anti-inflam-
matory, while up to 50% of patients with RA do not
respond to the first line of treatment [8, 9]. The inad-
equate response can potentially be caused by synovial
fibrosis. Previous findings in the literature have focused
on the presence of fibrosis or related proteins and not the
fibrotic process in the joints [6, 7, 10-15]. Thus, there is
a lack of models to investigate fibrogenesis in the joints,
how it is triggered, and how it can be inhibited. A broader
understanding of the fibrotic process may aid in deter-
mining if an anti-fibrotic focus can increase the response
rate in patients.

The TGEF-B pathway has been indicated in disease
development in both RA and OA [3, 14-16]. In early-
stage OA, pain has been associated with the upregulation
of TGF-B and Suppressor of Mothers Against Decapen-
taplegic (SMAD) [16]. Moreover, patients with RA pre-
senting the fibroid phenotype have upregulated signaling
of TGF-B, SMAD, and bone morphogenic protein (BMP)
compared to the inflammatory phenotypes [15]. TGE-f is
found in high levels in the synovial membrane and fluid
in both OA and RA [3-5, 14-16]. Thus, TGF-p is pres-
ent in the synovial joints and is related to both pain and
fibrosis.

TGEF-B activates fibroblasts and fibroblast-like syn-
oviocytes (FLS) to myofibroblasts. Myofibroblasts have
a higher formation of ECM proteins, such as collagens
and fibronectin [3-5]. In arthritis diseases, the ECM
composition of the joint changes [6, 7, 10]. In a healthy
synovium, type I collagen is present in the lining of the
synovium, and the ECM is composed of fibronectin, type
II, and VI collagen, among other proteins [10—12]. The
OA synovium is thickened with a collagenous matrix and
small areas of fibronectin compared to healthy. The RA
synovium is inflamed with high fibronectin and small
areas of fibrosis compared to healthy [6, 7, 12]. In addi-
tion to histology, chromatography investigations show
increased type III collagen in RA biopsies [13]. In the
fibroid phenotype of RA, gene expression studies on
biopsies show upregulation of multiple collagens, includ-
ing type I and III collagen, compared to the inflammatory
phenotypes [14, 15]. The ECM composition investiga-
tions are based on patient biopsies [6, 7, 10-15]. From
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a biopsy, information about the fibrotic state and ECM
composition at that specific time can be investigated.

Preclinical models are often used to investigate the pro-
cess of synovial fibrosis. Biopsies in a collagen-induced
OA mice model were also used to investigate fibrosis, as
in patients. However, in vivo, the animals were sacrificed
to obtain the biopsies. Hence, the in vivo model cannot
investigate synovial fibrosis over time within the same
animal. However, TGF-f stimulation in vivo leads to
persistent fibrosis assessed by histology and upregulated
gene expression of type I collagen and several enzymes
related to fibrosis [17]. When primary FLS is cultured
and stimulated with TGF-f, the gene expression of mul-
tiple enzymes, fibronectin, type I and II collagen are
upregulated [18]. The histology and upregulated genes
found preclinically correlate to what is found in patients
[6, 7, 12, 14, 15]. However, gene expression does not
directly reflect protein levels or fibrogenesis [19]. Thus,
to investigate the development of synovial fibrosis and
fibrogenesis, the protein levels need to be included in the
assessments.

Depending on the preclinical model, different parts
of the synovial fibrosis can be assessed. Ex vivo models
contain degradation products from fibrolysis but lack
fibrogenesis [20]. The lack of fibrogenesis in ex vivo mod-
els might be caused by the fibroblasts leaving the tissue
during culturing, which is also a common way to isolate
the fibroblasts [17]. Standard monolayer in vitro models
only produce non-functional procollagens and no degra-
dation enzymes; thus, they reflect neither fibrolysis nor
fibrogenesis [20-24]. However, adding macromolecular
crowders in vitro can change this, leading to a pseudo-
3D environment [21-24]. The crowded environment
leads to rapid production of mature and functional col-
lagen molecules within days, indicating fibrogenesis in
vitro [21, 25]. The collagens can be assessed with Sirius
red staining; however, this cannot determine the specific
collagens [22, 26, 27]. Fibrogenesis-specific proteins can
be assessed with biomarkers in the supernatant [27-29].
Using joint FLS in a crowded environment could poten-
tially lead to an in vitro model, which enables us to inves-
tigate the protein levels in fibrogenesis.

A fibrogenesis model could increase our understanding
of synovial fibrosis development and how to potentially
inhibit it. In preclinical models, TGF-p stimulation is
often used to initiate fibrosis [3, 14—16]. Moreover, inhibi-
tion of TGEF-P indicates inhibition of fibrosis. In OA-FLS,
this has been shown with type I collagen gene expression:
TGE-B stimulation induces the gene expression and is
halted by inhibition of activin receptor-like kinase (ALK;
TGE-pB type I receptor, TGFBRI) [30]. TGF-p stimula-
tion induces protein levels of fibronectin and type I, III,
and VI collagen in vitro with crowding using healthy skin
and pulmonary fibroblasts. The induced protein levels in
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healthy fibroblasts are inhibited by both an ALK5 inhibi-
tor and nintedanib [28, 29]. Nintedanib, a tyrosine kinase
inhibitor, indirectly inhibits TGF-p signaling by prevent-
ing activation of TGFBRII [31].

Currently, it is difficult to investigate the changes and
accumulation of ECM protein levels relating to syno-
vial fibrosis both clinically and preclinically. The pres-
ent preclinical models can investigate gene expression
but do not directly reflect protein levels or fibrogenesis
[19]. To broaden our understanding of fibrogenesis in
the joints, we investigated the formation of ECM pro-
teins from primary FLS from joints in an in vitro model
with macromolecular crowders. The formation of ECM
proteins was investigated with biomarkers that can be
used both preclinically and in patients, which enables the
preclinical results to be translational to potential clinical
results. TGF-P1 stimulation was used to initiate a fibrotic
response. Furthermore, we investigated the inhibitory
effect of ALK5i, nintedanib, and the Janus kinase (JAK)
inhibitor tofacitinib on the fibrotic response. ALKS5i
directly inhibits TGF-P1 stimulation, while nintedanib
indirectly inhibits it [31, 32]. Tofacitinib targets the JAK
receptors but has been shown to inhibit type I collagen
gene expression promoted by TGF-f1 in combination
with interleukin-6 in FLS [33]. A broader understanding
of fibrogenesis in the joints may aid in selecting appro-
priate treatments and developing drugs that can target
synovial fibrosis.

Materials and methods

Human synovial tissue

FLS was isolated from synovial tissue collected from
patients undergoing total knee replacement surgery at
Gentofte Hospital, Denmark. The study was conducted
in accordance with the Declaration of Helsinki, and all
patients gave written informed consent prior to surgery.
The collection was approved by the Danish Scientific
Ethical Commission (protocol no. H-D-2007-0084). The
collection did not involve additional risk for the patients,
as the synovial tissue was removed in relation to the sur-
gery. The patient information recorded was sex, age, and
disease (OA or RA) (Additional file 1; Table S1). For this
study, we collected FLS from 13 patients undergoing sur-
gery because of severe OA.

Isolation of joint fibroblast-like synoviocytes

The synovial tissue was collected and stored in Dul-
becco’s modified eagle medium (DMEM)+GlutaMax
(Gibco, Life Technologies, Carlsbad, California, USA
cat. no. 31,966) with 1% Penicillin/Streptomycin (P/S)
(Sigma-Aldrich, cat. no. P4333) at 4 °C. The visible fat
on the synovial tissue was removed with a scalpel, fol-
lowed by a rinse in Dulbecco’s phosphate-buffered saline
(PBS) (Sigma-Aldrich, cat. no. D8537) to remove excess
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fat. The synovial tissue was weighed and minced. The
tissue was digested in digestion media (20 mL/g tissue)
at 300 rpm for 2 h at 37 °C to separate the FLS from the
tissue. The digestion media was 10% fetal bovine serum
(FBS) (Sigma-Aldrich, St. Louis, Missouri, USA, cat. no.
F7524) Roswell Park Memorial Institute (RPMI)-1640
medium without L-glutamine (Sigma-Aldrich, cat. no.
R0883) with 1% P/S, with 1 mg/mL Collagenase Type
II (Worthington, Lakewood, New Jersey, USA, cat. no.
40A1995]). The digestion media was filtered through a
70 pm cell strainer followed by a 0.2 um filter before use.
The digested synovial tissue was filtrated through a 70 pm
cell strainer and centrifuged at 220 g for 5 min. The pellet
was resuspended in 10% FBS RPMI, transferred to a T25
flask, and cultured at 37 °C, 5% CO, [20]. The media was
changed two to three times a week, and the cells were
split when they reached 80% confluency. The FLS were
frozen down at passages 2—4.

Fibroblast cell culture: Scar-in-a-Jar

The primary FLS were cultured at passage 3-5 in 10%
FBS RPMI. The FLS were seeded at 100,000 cells/mL in
48-well plates in 10% FBS DMEM and incubated over-
night at 37 °C, 5% CO,. The cells were serum-starved in
0.4% FBS DMEM and incubated overnight at 37 °C, 5%
CO,, to avoid serum interference with biomarkers mea-
surements. To obtain the crowded environment used in
the Scar-in-a-Jar (SiaJ) model, 0.4% FBS DMEM media
was mixed with ficoll 70 (56.25 mg/mL; GE Healthcare,
Chicago, Illinois, USA, cat. no. 17,031,050), ficoll 400
(37.5 mg/mL; GE Healthcare, cat. no. 17,030,050) and
L-ascorbic acid 2-phosphate (50 pg/mL; Wako, Osaka,
Japan cat. no. 013-19641) [22]. At the beginning of the
experiment, day 0, 200 pL of the 0.4% FBS ficoll DMEM
media was added, together with 100 uL of appropriate
treatment to each well. Each study contained a control of
non-stimulated FLS (without, w/o), where 100 pL of 0.4%
FBS DMEM was added instead of treatment media. The
supernatant was collected on days 0, 4, 8, and 12 of the
experiment. Fresh treatment was added on days 4 and
8. TGF-B1 [24-800 pM] (R&D Systems, Minneapolis,
Minnesota, USA, cat. no. 240-B) was used as the fibrotic
growth factor. The response of TGF-f1 was inhibited
with ALK5i [10-1000 nM] (SB-525,334; Sigma-Aldrich,
cat. no. S8822), nintedanib [10-1000 nM] (Kemprotec
Ltd., Smailthorn, Carnforth, UK) and tofacitinib [12.5—
100 pm] (citrate, CAS no. 540737-29-9; Sigma-Aldrich,
cat. no. PZ0017). The induction and inhibitory concen-
trations used in the experiments are based on previous
experiences in the Sia] model and the literature [28, 29,
31, 34-36]. The inhibitors were added alone or together
with TGF-B1. Each experiment had two to four tech-
nical replicates of each treatment in each FLS donor.
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The supernatant was stored at -20 °C until biomarker
measurements.

Cell viability

Metabolic activity was assessed at the beginning (day 0)
and the end (day 12) of the cell culture experiment. The
alamarBlue (Invitrogen, Carlsbad, California, USA cat.
no. DAL1015) assay was used and carried out according
to the manufacturer’s guidelines. The FLS were incubated
in 10% alamarBlue in 0.4% FBS DMEM for two hours at
37 °C, 5% CO,. The conditioned media was transferred
to black plates (Corning, New York, USA, cat. no. 3915)
and read at 540 nm/590 nm (excitation/emission wave-
lengths) in a fluorescence microplate reader (Spectra-
Max, Molecular Devices, San Jose, California, USA). The
cell viability is based on the metabolic activity of living
cells, which reduces resazurin to resorufin. If no fluores-
cence was detected, the cells were presumed dead.

Enzyme-linked immunosorbent assays

ECM formation and turnover biomarkers were mea-
sured in the collected supernatant. The biomarkers were
technically validated competitive enzyme-linked immu-
nosorbent assays (ELISAs) of type I, III, and VI collagen
formation and fibronectin turnover (PRO-C1 cat. no.
2800, PRO-C3 cat. no. 1700, PRO-C6 cat. no. 4000, and
FBN-C, cat. no. 0101, respectively; Nordic Bioscience,
Herlev, Denmark) [37-40]. The assays were performed
according to the manufacturer’s instructions. Briefly, a
streptavidin-coated plate was incubated with a biotinyl-
ated antigen solution for 30 mins at 20°C. Standards,
quality controls, and samples were added with the sub-
sequent addition of peroxidase-conjugated monoclonal
antibodies. This was then incubated for either 3 hours
(PRO-C1) or 20 hours (PRO-C3, PRO-C6, and FBN-C)
at 4°C. After a wash, the plates were incubated with the
substrate (3,3,5,5-tetramethylbenzidine (TMB ONE),
Kementec, Taastrup, Denmark, cat. no. 4380) for 15 min
at 20 °C. The reaction was stopped with 0.18 M sulfuric
acid (Sigma-Aldrich, cat. no. 30,743). The absorbance
was measured using 450 nm with 650 nm as a reference
on an absorbance microplate reader (Multiskan Sky,
ThermoFisher) [37-40]. Concentrations were calculated
based on a four-parametric standard curve. Samples
above the measurement range were diluted and reana-
lyzed. Samples below the measurement range were given
the lowest measured concentration for statistical pur-
poses. For PRO-C3 measurements, 0.1 ng/mL was used,
and for PRO-C6, 0.07 ng/mL. No samples were below the
measurement range in PRO-C1 and FBN-C.

Statistics
The viability was assessed using the raw data, as the data
was already normally distributed. The treatments were
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compared with one-way repeated measures analysis of
variance (ANOVA) with Tukey’s or Dunnett’s multiple
comparisons tests. The viability is displayed as the fluo-
rescence values, with box plots with whiskers and dots
indicating the value of each donor.

The biomarker measurements were log-transformed
to obtain a normal distribution. The log-transformed
data were compared with two-way ANOVA with Tukey’s
or Dunnett’s multiple comparisons tests. The values are
displayed as the geometric mean+95% confidence inter-
val (CI). The raw biomarker values’ area under the curve
(AUC) was computed for a comprehensive overview. The
AUC was compared with repeated measures one-way
repeated measures ANOVA with Tukey’s or Dunnett’s
multiple comparisons tests. Graphical illustrations and
statistical tests were performed using GraphPad Prism
version 9.5 (GraphPad Software). P-values<0.05 were
considered statistically significant; asterisks (or other
symbols specified) indicate * p<0.05, ** p<0.01, ***
»<0.001, and *** p<0.0001.

Results

Induction of fibrotic response

The primary FLS were stimulated with TGF-f3 to assess
the capacity for ECM protein formation. Based on pre-
vious investigations in healthy dermal and pulmonary
fibroblasts in the Sia] model, we chose to test three doses
of TGF-p (24, 80, and 800 pM) to identify the maximum
response [27]. Cell viability measurements and bio-
markers of ECM formation and turnover assessed the
response.

The fibrotic response was initially tested with TGF-f
[24 pM] and [80 pM] in three donors (Additional file 1;
Figure S1, S2). The viability of the FLS was assessed as a
surrogate for metabolic active and alive fibroblasts. The
assessment was used to evaluate the viability of all indi-
vidual wells and patients, confirming the unity assump-
tion. TGF-p [24 pM] and [80 pM] both increased the
viability compared to w/o (p<0.001) (Additional file 1;
Figure S1). The ECM protein biomarkers were increased
to different extents within the three FLS donors (Addi-
tional file 1; Figure S2). Thus, more donors were investi-
gated with TGF-f [80 pM] and [800 pM].

Eight donors were used to investigate the fibrotic
response of TGF-f [80 pM] and [800 pM]. Both TGF-p
[80 pM] and [800 pM] increased the viability com-
pared to the control (p<0.001, Fig. 1). TGE-$ [800 pM]
also increased the viability compared to TGF-$ [80 pM]
(p<0.05, Fig. 1).

TGEF-B [80 pM] and [800 pM] both increased PRO-C1
from day 4 and onwards compared to the control and
were not different from each other on any of the days
(p<0.0001, Fig. 2A). Both doses of TGF-f increased
the PRO-C1 AUC, while TGF-p [800 pM] achieved a
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Fig. 1 The viability after 12 days of TGF-{3 stimulation. The data are shown
as a box plot with lines indicating the 25-, 50-, and 75-percentiles, with the
whiskers indicating minimum to maximum. The symbols and numbers in-
dicate the different donors. The experiment was conducted on 8 donors,
namely donors 1-8. The data was compared with a one-way repeated
measures ANOVA with Tukey's multiple comparisons test. P-values <0.05
were considered statistically significant. Asterisks indicate: * p<0.05, **
p<0.01,** p<0.001, and **** p<0.0001
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higher AUC than TGEF-f [80 pM] (p<0.0001, p<0.001
and p<0.05, respectively; Fig. 2B). Both TGF- doses
increased PRO-C3 from day 8 compared to the control
and did not differ from each other (p<0.0001, Fig. 2C).
The PRO-C3 AUC was also increased by both doses
(p<0.01 and p<0.05. Figure 2D). TGF-p increased PRO-
C6 on days 4, 8, and 12 compared to the control (p<0.05,
p<0.001, and p<0.0001, respectively. Figure 2E). Both
doses of TGF-P similarly increased the AUC compared
to the control (p<0.0001, Fig. 2F). FBN-C was increased
from day 4 and onwards by both TGF-f doses (p<0.0001,
Fig. 2G). The AUC of FBN-C was increased by both
TGE-B doses (p<0.001, Fig. 2H). The response to the
TGE-p [80 pM] and [800 pM] doses was only different in
the PRO-C1 AUC assessment (Fig. 2A). Due to the lim-
ited difference, TGF-p [80 pM] was chosen for further
studies.

Inhibition with ALK5i

The fibrotic response to TGF-f [80 pM] was inhibited
using ALK5i, a TGF-B type I receptor inhibitor. Non-
stimulated fibroblasts (w/0) and ALK5i [1000 nM] were
negative controls. Three doses of ALK5i (10, 100, and
1000 nM) were added together with TGF-f [80 pM] to
assess inhibition. Five FLS donors were used for this
assessment.
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The viability of TGF-B stimulated FLS was increased
compared to the control (w/o) and ALKS5i [1000 nM]
(p<0.001, Additional file 1; Figure S3). TGF-B+ALK5i
[1000 nM] and TGF-B+ALK5i [100 nM] reduced the via-
bility compared to TGF-p alone (p<0.001, and p<0.01;
Additional file 1; Figure S3). TGF-B+ALKS5i [10 nM] did
not affect the viability. Viability was maintained within all
treatment groups. Thus, the inhibitor was not toxic to the
cells.

The control (w/o) was lower than single stimulation
of TGF-f from day 4 in PRO-C1 and FBN-C, and from
day 8 in PRO-C3 and PRO-C6, and within the AUC of all
biomarkers (p<0.05, Fig. 3). The ALK5i [1000 nM] con-
trol was lower than TGF-p from day 4 in PRO-C1, PRO-
C6, and FBN-C and day 8 in PRO-C3 (p<0.05, Fig. 3A,
C, E, G). The AUC of the ALK5i [1000 nM] control was
also lower than TGF-B within all assessed biomarkers
(p<0.05, Fig. 3B, D, F, H).

The PRO-C1 response of TGF-} was reduced by ALK5i
[1000 nM] from day 4 (p<0.01, p<0.0001, and p<0.001,
respectively), while ALK5i [100 nM] reduced the PRO-
C1 response from day 8 (p<0.05; Fig. 3A). Similarly, the
TGF-B induced PRO-C1 AUC was inhibited by both
ALK5i [1000 nM] and [100 nM] (p<0.05; Fig. 3B). The
PRO-C3 response of TGF-p was reduced by ALK5i [1000
nM] from day 8 (p<0.01 and p<0.001, respectively),

) Type | collagen formation
2500 ~ an 25
A i

Type lll collagen formation
on
B 2000

1500-|

PRO-C1 [ng/mL]
Geometric mean + 95% ClI

a B

8 8

PRO-C3 [ng/mL]
Geometric mean + 95% CI

°
o

E) G)

m

Page 6 of 12

while ALK5i [100 nM] reduced the response on day 12
(p<0.05; Fig. 3C). The TGF-p induced PRO-C3 AUC
response was similarly inhibited by both ALKS5i [1000
nM] and [100 nM] (p<0.05; Fig. 3D). Only ALK5i [1000
nM] was able to reduce the TGF-f induced PRO-C6
response and reduced it from day 8 (p<0.01; Fig. 3E).
Both ALKS5i [1000 nM] and [100 nM] inhibited the
TGE-B induced PRO-C6 AUC (p<0.05; Fig. 3F). The
TGE-p induced FBN-C was reduced from day 4 by ALK5i
[1000 nM] (p<0.01, p<0.001, and p<0.001, respec-
tively), while ALK5i [100 nM] reduced the response on
day 12 (p<0.001; Fig. 3G). The TGF- induced FBN-C
AUC response was only inhibited by ALK5i [1000 nM]
(p<0.05; Fig. 3H). ALK5i [10 nM] was not able to inhibit
the TGF-f response in any of the biomarkers (Fig. 3).

Inhibition with Nintedanib
The anti-fibrotic drug nintedanib was used to character-
ize the effect of indirect inhibition of TGF-f [80 pM] and
the related fibrotic response. Non-stimulated fibroblasts
(w/o) and Nintedanib [1000 nM] was used as negative
controls. Three doses of nintedanib (10, 100, and 1000
nM) were added together with TGF-f [80 pM] to assess
inhibition on seven FLS donors.

TGF-B increased the viability compared to the con-
trol (w/o) and Nintedanib [1000 nM] after 12 days
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of treatment (p<0.001, Additional file 1; Figure S4).
TGF-B+Nintedanib [1000 nM] and TGEF-p+Nintedanib
[100 nM] reduced the viability compared to TGF-p
(p<0.001 and p<0.01; Additional file 1; Figure S4).
TGF-B+Nintedanib [10 nM] did not affect the viability.
Viability was maintained within all treatment groups.
Thus, nintedanib was not toxic for the cells.

The control (w/o) and Nintedanib [1000 nM] were
lower than TGF-B from day 4 in PRO-C1, PRO-C3, and
FBN-C, and from day 8 in PRO-C6, and within the AUC
of all the biomarkers (p<0.05, Fig. 4).

TGE-B+Nintedanib [1000 nM] reduced the PRO-C1
response from day 4 compared to TGF-p (p<0.01), and
the PRO-C1 AUC (p<0.001, Fig. 4A-B). TGF-B+Nint-
edanib [100 nM] did not affect the TGF-f PRO-C1
response on any day, while the PRO-C1 AUC was
reduced compared to TGF-$ alone (p<0.05, Fig. 4A-
B). TGF-B+Nintedanib [1000 nM] reduced the
PRO-C3 response of TGF-p on days 8 and 12, while
TGEF-B+Nintedanib [100 nM] reduced the response on
day 12 compared to TGF- (p<0.01, p<0.01, and p<0.05,
respectively. Figure 4C). Both TGF-p+Nintedanib [1000
nM] and [100 nM] reduced the TGF-f induced PRO-C3
AUC response compared to the TGF-p response (p<0.01,
Fig. 4D). TGF-p+Nintedanib [1000 nM] reduced the
PRO-C6 response on days 8 and 12 compared to TGF-3
(p<0.05 and p<0.001. Figure 4E). The PRO-C6 AUC
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response was reduced by TGF-B+Nintedanib [1000
nM] and [10 nM] compared to TGF-B (p<0.05, Fig. 4F).
TGE-B+Nintedanib [1000 nM] reduced the FBN-C
response from day 4 and onwards compared to TGF-p
(p<0.001, p<0.0001, and p<0.0001, respectively. Fig-
ure 4G). Nintedanib [1000 nM] also reduced the FBN-C
AUC response compared to TGF-f alone (p<0.001,
Fig. 4H).

Inhibition with Tofacitinib

Tofacitinib has been shown to have an inhibitory effect
on both skin and pulmonary fibrosis ex vivo; thus, we
also characterized the anti-fibrotic effect of Tofacitinib
in this system [41]. TGF-$ [80 pM] was used to induce
fibrogenesis, and non-stimulated fibroblasts (w/o) and
Tofacitinib [100 um] was used as negative controls. Four
doses of Tofacitinib (12.5, 25, 50, and 100 um) were
added together with TGF-p [80 pM] to assess inhibition
on three FLS donors.

The viability of TGF-p was higher than both the con-
trol (w/0) and single stimulation of Tofacitinib [100 pum]
(p<0.05, Additional file 1; Figure S5). TGF-+ Tofacitinib
[100 pm] reduced the viability compared to TGF-f alone
(p<0.01, Additional file 1; Figure S5). TGF-+ Tofacitinib
[12.5, 25, and 50 um] did not change the viability com-
pared to TGF-p, and the viability was maintained within
all treatment groups (Additional file 1; Figure S5).
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The response of the control (w/o) and Tofacitinib
[100 um] were lower than TGF-f from day 4 in PRO-C1
and FBN-C, from day 8 in PRO-C3 and on day 8 in PRO-
C6 (p<0.05, Fig. 5). The FBN-C AUC of w/o and Tofaci-
tinib [100 pm] were also lower than TGF-$ [80 pM]
(p<0.01, Fig. 5H).

TGE-B+Tofacitinib [100 pm] did not statistically
reduce the effect of TGF-f on PRO-C1 on any days or
PRO-C1 AUC (Fig. 5A-B). However, the PRO-C1 AUC of
the control and Tofacitinib [100 um] were 95% lower than
the TGF-p AUC (Fig. 5B). TGF-pB+ Tofacitinib [100 pm]
reduced the PRO-C1 AUC response by 48% compared
to TGF-B, and the lower doses of Tofacitinib reduced
the PRO-C1 AUC response by 15% compared to TGF-p
(Fig. 5B). TGF-p+Tofacitinib [100 pum] and [50 um]
reduced the PRO-C3 response on day 12 compared to
TGE-B (p<0.05, Fig. 5C). There was no statistical signifi-
cance between any of the PRO-C3 AUCs; however, both
the control and Tofacitinib [100 pm] had a PRO-C3 AUC
94% lower than TGF-B (Fig. 5D). Additionally, did the
Tofacitinib doses (100 pm, 50 um, 25 pum, and 12.5 pm,
respectively) inhibit PRO-C3 AUC response by 78%, 71%,
59%, and 51% compared to TGF-p (Fig. 5D). The PRO-
C6 response of TGF-B was not inhibited by any dose of
Tofacitinib (Fig. 5E-F). The PRO-C6 AUC of the control
and Tofacitinib [100 pm] were 75% and 84% lower than
TGEF-B alone (Fig. 5F). TGF-B+Tofacitinib [100 pm]
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reduced the PRO-C6 AUC by 57% compared to TGEF-f,
while the lower doses of tofacitinib were in the range of
the TGF-p response+10% (Fig. 5F). The FBN-C response
was only affected by TGF-B+ Tofacitinib [12.5 um] on day
12 (Fig. 5G). The FBN-C AUC of the control and Tofaci-
tinib [100 pm] was lower than TGF-$ (p<0.01, Fig. 5H).
Neither of the Tofacitinib doses significantly reduced the
FBN-C AUC of TGF-f; however, Tofacitinib [100 um]
reduced the AUC by 28% (Fig. 5H). The lower doses of
tofacitinib increased the FBN-C AUC by 12-26% com-
pared to TGF-f (Fig. 5H).

Discussion

In this study, we investigated the formation of ECM pro-
teins from primary joint FLS in an in vitro model using
macromolecular crowders called the Scar-in-a-Jar (SiaJ)
model. We characterized the FLS’s response to fibrotic
growth factors in the model by measuring the protein
levels with biomarkers in 13 FLS donors. The growth
factors increased the protein levels, and the inhibitors
of fibrosis decreased the protein levels. Our findings
demonstrate that the growth factor, TGF-p, promotes
increased fibronectin turnover and formation of type I,
111, and VI collagens in FLS. We observed that ALK5i and
nintedanib could inhibit the fibrotic response induced
by TGE-p stimulation in all assessed ECM biomarkers.
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Additionally, tofacitinib indicated a tendency to inhibit
the fibrotic response in the assessed biomarkers.

Studies in the literature have identified the presence of
various types of collagens and fibronectin in the OA and
RA synovium and upregulation of collagen gene expres-
sion [6, 7, 10-15, 17, 18]. However, the reflection of gene
expression on protein levels and fibrogenesis is unknown
[19]. In our study, the non-stimulated FLS in the SiaJ
model did not produce any of the assessed ECM proteins.
This indicates the Sia] model does not provoke a fibrotic
response in the 13 FLS donors tested. Furthermore, the
FLS had no inherent predisposition for excessive fibrotic
response. When the FLS were stimulated with TGF-
[, there was an increase in fibronectin turnover, type I,
and VI collagen formation from day 4, with a subsequent
increase in type III collagen formation from day 8. The
differential induction times may suggest that FLS initially
deposits fibronectin, type I, and VI collagen, followed by
a secondary deposition of type III collagen. This could be
due to a requirement of continuous TGF-p stimulation
for initiating type III collagen formation or the poten-
tial involvement of other ECM components in triggering
the production of type III collagen. However, the pattern
with subsequent deposition of type III collagen to fibro-
nectin, type I, and VI collagen formation is also observed
in dermal and pulmonary fibroblasts after TGF-p stimu-
lation in the Sia] model [27-29]. Thus, it might be a
general response to TGF-f stimulation in FLS and fibro-
blasts. The increase in fibrogenesis biomarkers in our
study correlates with the upregulation of type I and III
collagen gene expression and the presence of fibronectin
observed in patients with RA [12, 14, 15]. Similar obser-
vations have been detected in OA joints, where TGF-f3
induces type I collagen, fibronectin, and fibrosis (indi-
cated by staining of collagen fibers) [6, 12, 17, 42]. Thus,
TGE-B stimulation of primary FLS imitates an expression
profile similar to RA and OA joints.

Our study demonstrates that TGF-p can induce a
fibrotic response consistently in multiple joint FLS
donors. Inhibiting the fibrotic response triggered by
TGF-p is relevant, as there is a substantial amount of
TGE-B in the articular cartilage and joint fluid of both
patients with RA and OA [32, 43]. As TGF-B1 activates
TGFPR1/ALKS5, inhibition of this receptor is likely to
counteract a fibrotic response [32]. ALK5i has been
shown to inhibit the upregulated gene expression of type
I collagen induced by TGF-p in OA-FLS [30]. However,
the effect on protein levels has not been elucidated. In
our study, ALK5i inhibited the TGF-$ induced increase
in protein levels across five FLS donors. Both ALKS5i
[1000 nM] and ALK5i [100 nM] were able to reduce the
TGEF-B induced formation of type I, III, and VI collagen.
The TGEF-P induced fibronectin turnover was only inhib-
ited by ALK5i [1000 nM]. The inhibitory effect of ALK5i
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on type I collagen protein formation correlates with the
inhibition of gene expression in the literature [30]. The
effect of ALK5i on the protein levels in FLS correlates
with previous findings in pulmonary fibroblasts, where
ALKS5i inhibited the same biomarkers [28]. The ALKS5i
[100 nM] dose inhibited the TGF-f induced fibrotic
response to different extents within the four biomarkers.
The difference suggests that the different proteins may be
induced or inhibited through different pathways in the
FLS. The ALK5i [1000 nM] dose caused complete inhibi-
tion of the TGF-f response, but this might cause prob-
lems in the joint, as TGF-P regulates multiple cellular
processes [3].

The effect of nintedanib on joint fibrogenesis has yet
to be investigated. Nintedanib, an anti-fibrotic drug used
to treat idiopathic pulmonary fibrosis (IPF) and systemic
sclerosis (SSc)-associated interstitial lung disease (ILD),
has been suggested as a possible treatment for RA-ILD
[44]. However, the approval for use in IPF and SSc-ILD
was not based on nintedanib’s effect on fibrosis but on
the drug’s ability to reduce the expected decline forced
vital capacity (FVC) in patients [45, 46]. Our study shows
that nintedanib can halt the fibrotic response of TGF-$
reflected by type I, III, and VI collagen protein forma-
tion and fibronectin turnover. Our findings correlate with
nintedanib’s inhibitory effect on type I collagen and fibro-
nectin gene expression and protein levels of type I, III,
and VI collagen and fibronectin observed in pulmonary
fibroblasts [28, 31]. Nintedanib can reduce the fibrotic
response in both pulmonary fibroblasts and joint FLS.
Thus, the inhibitory effect on pulmonary fibrosis might
also be able to inhibit synovial fibrosis in patients with
RA or OA. Additionally, if patients with RA have devel-
oped synovial fibrosis alongside pulmonary fibrosis, nint-
edanib may be effective in treating both conditions.

Tofacitinib is a JAK inhibitor approved as an anti-
inflammatory treatment for RA [1]. Besides the anti-
inflammatory effect, JAK inhibitors might also have
an anti-fibrotic effect. An anti-fibrotic effect has been
observed in both SSc-ILD and RA-ILD [41, 47, 48]. In
our study, we found a trend of tofacitinib inhibiting the
fibrotic response of TGF-f: Tofacitinib [100 pm] reduced
the fibrotic response by 48%, 78%, 43%, and 28% of type
I, III, VI collagen formation and fibronectin turnover
respectively. The effect of tofacitinib on protein levels
has not been investigated in FLS before. However, the
inhibitory trend of tofacitinib in our study correlates with
Ruscitti et al., who demonstrated that tofacitinib inhibits
type I collagen gene expression in RA-FLS induced by
co-stimulation of TGF-f and interleukin-6 [33]. Addi-
tionally, Lescoat et al. showed that another JAK inhibi-
tor, ruxolitinib, inhibits the gene expression of TGF-$
and fibrotic components such as fibronectin and type I
and III collagens in mice [49]. The results indicate that
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tofacitinib has an inhibitory effect on the protein levels
of fibrogenesis, which is in correlation with the effect
on gene expression from the literature [33, 49]. Addi-
tionally, tofacitinib has also been shown to reduce type
I collagen gene expression in the skin and lungs of mice
with bleomycin-induced fibrosis [41]. Overall, this indi-
cates that tofacitinib has an anti-fibrotic effect in multiple
organs. Our study only investigated the effect in three
FLS donors; thus, more investigations are needed to
determine the effect of tofacitinib in joint FLS. However,
tofacitinib has a potential anti-fibrotic effect on both
joint and pulmonary fibroblasts, indicating a potential
efficacy across multiple organs associated with RA and
its comorbidities.

This study has several limitations; one was the lim-
ited availability of primary synovial fibroblasts, which
were only available from patients with OA and not RA.
However, the 13 FLS donors in our study had a fibrotic
response to TGF-B stimulation in the Sia] model. The
FLS were isolated from synovial membranes as they
became available. The donors were not included or
excluded based on sex or age, and these factors were not
considered during our investigations. Both sex and age
might affect the synovial membrane; thus, further inves-
tigations should potentially take this into account. The
diverse responses of the different FLS donors to TGE-f
induction and fibrotic inhibitors were both a limitation
and a strength of this study, as it indicates how differ-
ently patients’ cells can respond to the same treatments.
We speculate whether there is an association between the
high fibrotic response to TGF-f in vitro and the postop-
erative stiffness and pain that some patients experience.
Thus, this should be investigated further in a study where
more patient information should be collected. Fibrogen-
esis in the joints might also be induced by other growth
factors that TGEF-f; thus, further investigations should
be conducted to determine this. As the inhibition of the
response might differ between different target receptors,
further investigations should be conducted to determine
the effect of other potential anti-fibrotic drugs. Addition-
ally, as synovial fibrosis and synovitis might coexist in the
joint, further investigations of the fibrotic response of
inflamed and fibro-inflamed joints should be conducted.

Conclusion

We have established an in vitro model for assessing fibro-
genesis in primary FLS from joints. The increased fibrotic
response was characterized by increased ECM protein
levels of fibronectin and type I, III, and VI collagen. We
found TGEF-f to induce the fibrotic response, which can
be halted by both direct and indirect inhibition with the
anti-fibrotic substances ALK5i and nintedanib. We also
found that the anti-inflammatory drug tofacitinib also
halted the fibrotic response to some extent; thus, it may
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exert an anti-fibrotic effect. TGF-B stimulation induces
fibrogenesis across multiple FLS donors, thus imply-
ing that TGF-P increases synovial fibrosis. Anti-inflam-
matory and anti-fibrotic drugs can reduce the TGF-p
induced fibrogenesis in vitro. Thus, the drugs might
affect patients with rheumatic diseases similarly.
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