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Abstract: During rheumatoid arthritis (RA), the pathogenic role of resident cells within the syn-
ovial membrane is suggested, especially for a population frequently referred to as fibroblast-like
synoviocytes (FLSs). In this study, we assess the markers of myofibroblast differentiation of RA-
FLSs by ex vivo observations and in vitro evaluations following the stimulation with both TGF-β
and IL-6. Furthermore, we investigated the possible inhibiting role of tofacitinib, a JAK inhibitor,
in this context. Myofibroblast differentiation markers were evaluated on RA synovial tissues by
immune-fluorescence or immune-histochemistry. RA-FLSs, stimulated with transforming growth
factor (TGF-β) and interleukin-6 (IL-6) with/without tofacitinib, were assessed for myofibroblast
differentiation markers expression by qRT-PCR and Western blot. The same markers were evaluated
following JAK-1 silencing by siRNA assay. The presence of myofibroblast differentiation markers in
RA synovial tissue was significantly higher than healthy controls. Ex vivo, α-SMA was increased,
whereas E-Cadherin decreased. In vitro, TGF-β and IL-6 stimulation of RA-FLSs promoted a signifi-
cant increased mRNA expression of collagen I and α-SMA, whereas E-Cadherin mRNA expression
was decreased. In the same conditions, the stimulation with tofacitinib significantly reduced the
mRNA expression of collagen I and α-SMA, even if the Western blot did not confirm this finding.
JAK-1 gene silencing did not fully prevent the effects of stimulation with TGF-β and IL-6 on these
features. TGF-β and IL-6 stimulation may play a role in mediating myofibroblast differentiation
from RA-FLSs, promoting collagen I and α-SMA while decreasing E-Cadherin. Following the same
stimulation, tofacitinib reduced the increases of both collagen I and α-SMA on RA-FLSs, although
further studies are needed to fully evaluate this issue and confirm our results.
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1. Introduction

Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease mainly affecting
the joints, characterized by synovial hyperplasia and inflammatory cells infiltration [1].
During the disease, the pathogenic role of resident cells within the synovial membrane is
suggested, especially for a population frequently referred to as fibroblast-like synoviocytes
(FLSs) [2]. These cells are accumulated to form a distinct structure called the synovial lining
layer and express mesenchymal markers common to fibroblasts [3]. During RA, FLSs may
contribute to the inflammatory process within synovial tissues, culminating in rheumatoid
pannus formation [1–3]. Further, the synovial lining is described as a mesenchymal tissue
because its function and morphology may resemble those of epithelial tissues [4,5]. The
changes, which occur in the synovial lining during development of RA, may mirror a
process called epithelial-to-mesenchymal transition (EMT) [5]. The latter implies that
polarized epithelial cells may undergo sequential changes toward a mesenchymal cell
phenotype with an increased expression of α-smooth muscle actin (α-SMA), collagen type
I (collagen I), vimentin as well as a decreased expression of E-cadherin (E-Cad) [6]. By
both EMT and the activation of fibroblasts, myofibroblasts are formed and are responsible
for the overproduction of extracellular matrix during fibrosis [6,7]. The accumulation of
extracellular matrix is also found in RA, indicating that both the gain of invasiveness of RA-
FLSs and the increased matrix production observed in fibrosis may represent an additional
pathophysiological event mediated by synoviocytes [5–7]. In this context, the role of
transforming growth factor-β (TGF-β) and interleukin (IL)-6 in inducing the migration
and invasion of RA-FLSs has been recently proposed in inducing an activated phenotype
of these cells [8,9]. Interestingly, the JAK/STAT (Janus kinase and signal transducer and
activators of transcription) pathway may be implicated for TGF-β- and IL-6-induced
effects on RA-FLSs [10,11]. The four JAK proteins (JAK1, 2, 3, and Tyk2) are a family
of signaling molecules that are associated with cytokine receptors [12]. Combinations
of JAK1 and/or JAK2 transduce signals when members of the IL-6 family ligate their
receptors, thus activating their downstream targets, such as STAT1 and STAT3 [12,13].
JAK1/JAK3 combinations induce signaling for cytokines that use the common gamma-
chain receptor, particularly T cell cytokines [14,15]. Tofacitinib is a targeted small molecule
inhibitor of several JAK isoforms, especially JAK3 and JAK1, and its inhibition of signal
transduction may influence the cellular response to the inflammatory environment [12–16].
As observed in other diseases [16–22], tofacitinib could also exert its therapeutic effects
via an inhibition of myofibroblast differentiation from RA-FLSs, although it has not been
fully elucidated yet. On these bases, in this study, we aimed to assess the markers of
myofibroblast differentiation of RA-FLSs by ex vivo observations and in vitro evaluations
following the stimulation with both TGF-β and IL-6. Furthermore, we investigated the
possible inhibiting role of tofacitinib in this context.

2. Results
2.1. JAK-1, STAT-3, and Markers of Myofibroblast Differentiation in RA Synovial Tissues

JAK-1 and STAT-3 were significantly expressed in the synovial lining layer and in
the vascular cells of the RA synovial samples (JAK-1, p = 0.0006; STAT-3, p = 0.0003)
(Supplementary Figure S1). As reported in Figure 1, α-SMA was poorly expressed in the
HC synovial tissues, whereas the cells represented in the synovial lining layer expressed
high levels of E-Cad (Figure 1A). On the contrary, in the RA synovial tissues (Figure 1B), α-
SMA was increased and E-Cad was more significantly decreased than HCs (α-SMA p = 0.01,
E-Cad p = 0.001, respectively). Furthermore, vimentin was expressed in HC synovial tissues,
but the intensity of expression was not significantly different than RA.
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Figure 1. Myofibroblast markers expression in synovial tissue of patients with RA and HCs. (A,B) 
α-SMA (red) and E-Cad (green) immunofluorescence (IF) of HC (A) and RA (B) synovial tissue; 
(C,D) vimentin (green) IF of HC (C) and RA (D) synovial tissue. In RA synovial tissue, the intensity 
of fluorescence of α-SMA (E) was increased, whereas E-Cad (F) was decreased when compared to 
HCs. The histogram showed median for each synovial tissue (* = p = 0.01; ** = p = 0.001). Original 
magnification ×20. 

2.2. TGF-β and IL-6 Promoted Myofibroblast Differentiation in RA-FLSs 
As reported in Figure 2A, following the stimulation with TGF-β + IL-6 for 6 days, the 

collagen I mRNA expression was significantly increased in both RA-FLSs (p = 0.002) and 
HC-FLSs (p = 0.002) more than the UT-cells. Interestingly, the effects of TGF-β + IL-6 on 
the collagen I expression in RA-FLSs were significantly higher than HCs-FLSs (p = 0.002). 
Furthermore, following TGF-β + IL-6 stimulation, the E-Cad mRNA expression was sig-
nificantly decreased in both RA-FLSs (p = 0.002) and HC-FLSs (p = 0.002), without signifi-
cant differences between HC- and RA-FLSs (Figure 2B). Conversely, TGF-β + IL-6 did not 
induce a significant change in the levels of expression of vimentin mRNA in both HCs- 
and RA-FLSs (Figure 2C). 

Figure 1. Myofibroblast markers expression in synovial tissue of patients with RA and HCs. (A,B) α-
SMA (red) and E-Cad (green) immunofluorescence (IF) of HC (A) and RA (B) synovial tissue; (C,D)
vimentin (green) IF of HC (C) and RA (D) synovial tissue. In RA synovial tissue, the intensity of
fluorescence of α-SMA (E) was increased, whereas E-Cad (F) was decreased when compared to
HCs. The histogram showed median for each synovial tissue (* = p = 0.01; ** = p = 0.001). Original
magnification ×20.

2.2. TGF-β and IL-6 Promoted Myofibroblast Differentiation in RA-FLSs

As reported in Figure 2A, following the stimulation with TGF-β + IL-6 for 6 days,
the collagen I mRNA expression was significantly increased in both RA-FLSs (p = 0.002)
and HC-FLSs (p = 0.002) more than the UT-cells. Interestingly, the effects of TGF-β +
IL-6 on the collagen I expression in RA-FLSs were significantly higher than HCs-FLSs
(p = 0.002). Furthermore, following TGF-β + IL-6 stimulation, the E-Cad mRNA expression
was significantly decreased in both RA-FLSs (p = 0.002) and HC-FLSs (p = 0.002), without
significant differences between HC- and RA-FLSs (Figure 2B). Conversely, TGF-β + IL-6
did not induce a significant change in the levels of expression of vimentin mRNA in both
HCs- and RA-FLSs (Figure 2C).

Concerning α-SMA mRNA expression (Figure 2D), only in RA-FLSs, TGF-β + IL-6
induced a significant increased expression more than UT-RA-FLSs. Mirroring qRT-PCR
gene expressions, following TGF-β + IL-6, the collagen I (p = 0.049) and α-SMA (p = 0.049)
protein expressions were significantly increased in RA-FLSs more than UT-cells (Figure 2E
and Supplementary Figure S2).

In the same conditions, the stimulation with tofacitinib significantly reduced the
mRNA expression of both collagen I (Figure 2A, p = 0.01) and α-SMA (Figure 2D, p = 0.004)
more than TGF-β + IL-6 treated cells, even if the Western blot did not confirm this finding
(Supplementary Figure S2). TGF-β + IL-6 stimulation induced a significant increase in
migrated RA-FLSs more than UT cells (p = 0.0004). Tofacitinib did not fully prevent the
migration of RA-FLSs (Supplementary Figure S2).
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(UT)-HC-FLSs 0.00035 (0.00024–0.00041), p = 0.002; collagen I mRNA expression in RA-FLSs treated 
with TGF-β + IL-6 0.0020 (0.0018–0.0035) vs. collagen I mRNA expression in RA-HC-FLSs 0.00041 
(0.00027–0.0013), p = 0.002), (TOFA stimulation: collagen I mRNA expression in RA-FLSs treated 
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Figure 2. The effects of TGF-β and IL-6 with or without tofacitinib (TOFA) stimulations on RA-
FLSs. (A) qRT-PCR of collagen I (TGF-β + IL-6 stimulation: collagen I mRNA expression in HCFLSs
treated with TGF-β + IL-6 0.00058 (0.00047–0.00072) vs. collagen I mRNA expression in untreated
(UT)-HC-FLSs 0.00035 (0.00024–0.00041), p = 0.002; collagen I mRNA expression in RA-FLSs treated
with TGF-β + IL-6 0.0020 (0.0018–0.0035) vs. collagen I mRNA expression in RA-HC-FLSs 0.00041
(0.00027–0.0013), p = 0.002), (TOFA stimulation: collagen I mRNA expression in RA-FLSs treated with
TGF-β + IL-6 0.0020 (0.0018–0.0035) vs. collagen I mRNA expression in RA-FLSs treated with TGF-β +
IL-6 and TOFA 0.0013 (0.00029–0.0020), p = 0.01). (B) E-Cad (TGF-β + IL-6 stimulation: E-Cad mRNA
expression in HC-FLSs treated with TGF-β and IL-6 8.38× 10−7 (4.23 × 10−7–1.46 × 10−6) vs. E-Cad
mRNA expression in UT-HC-FLSs 0.00017 (7.69 × 10−5–0.00023), p = 0.002; E-Cad mRNA expression
in RA-FLSs treated with TGF-β + IL-6 5.99 × 10−6 (7.67 × 10−7–7.70 × 10−6) vs. E-Cad mRNA
expression in UT-RAFLSs 0.00020 (1.28 × 10−5–0.00030), p = 0.002). (C) Vimentin, no significant
results were retrieved following stimulation with TGF-β + IL-6 with or without TOFA. (D) α-SMA
(TGF-β + IL-6 stimulation: α-SMA mRNA expression in RA-FLSs treated with TGF-β + IL-6 0.067
(0.048–0.10) vs. α-SMA mRNA expression in UT-RA-FLSs 0.027 (0.01–0.043), p = 0.002); (TOFA
stimulation: α-SMA mRNA expression in RA-FLSs treated with TGF-β + IL-6 0.067 (0.048–0.10) vs.
α-SMA mRNA expression in RA-FLSs treated with TGF-β + IL-6 and TOFA 0.037 (0.0057–0.055),
p = 0.004). The histogram showed median of triplicate experiments (* = p = 0.01; ** = p < 0.004).
(E) Western blot analyses of collagen I, E-Cad, vimentin, and α-SMA; pictures are representative of
all the experiments. The grouping of gels/blots cropped from different parts of the same gel. No
high-contrast (overexposure) of blots was performed.

2.3. JAK-1 Gene Silencing Did Not Fully Affect Myofibroblast Differentiation in RA-FLSs

To address the role of JAK-1 during the induction of myofibroblast markers in RA-FLSs
treated with TGF-β + IL-6, we silenced the JAK-1 gene using JAK-1-siRNA or scr-siRNA.
JAK-1-siRNA efficiently knocked down the JAK-1 molecule in RA-FLSs, and, after silencing,
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TGF-β + IL-6 did not modulate the JAK-1 expression (p = 0.002) (Figure 3A). Interestingly,
in cells transfected with scr-siRNA, TGF-β + IL-6 stimulation induced a significant decrease
in the JAK-1 gene expression (p = 0.002) (Figure 3A). Furthermore, in RA-FLSs silenced with
JAK-1-siRNA, TGF-β + IL-6 induced a significant increase in collagen I mRNA expression
more than UT cells (p = 0.002) (Figure 3B). These results paralleled with those derived
from the cells transfected with scr-siRNA (p = 0.002). Additionally, in cells silenced with
JAK-1-siRNA, TGF-β + IL-6 promoted a significant decrease in E-Cad mRNA expression
(p = 0.004) more than UT cells, paralleling the results obtained in cells transfected with
scr-siRNA (p = 0.004) (Figure 3C). Furthermore, the silencing of JAK-1 in UT cells induced
a significant decrease in E-Cad mRNA expression more than UT cells transfected with
scr-siRNA (p = 0.002). Additionally, in scr-siRNA, TGF-β + IL-6 induced an increase in
α-SMA mRNA levels (p = 0.04). However, the silencing of JAK-1 made TGF-β + IL-6 unable
to induce an increase in α-SMA mRNA expression.
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Figure 3. The silencing of JAK-1 gene did not fully affect the effects induced by TGF-β and IL-6.
(A) JAK-1-siRNA efficiently knocked down JAK-1 molecule in RA-FLSs, and, after silencing, TGF-β +
IL6 were unable to modulate the JAK-1 expression; qRT-PCR of JAK- 1 (JAK-1 mRNA expression in
scr-siRNA untreated (UT)-RA-FLSs 0.027 (0.023–0.042) vs. JAK-1 mRNA expression in JAK-1-siRNA
UT-RA-FLSs 0.00037 (0.00035–0.00050, p = 0.002), (JAK-1 mRNA expression in scr-siRNA UT-RA-FLSs
0.027 (0.023–0.042) vs. JAK-1 mRNA expression in scr-siRNA RA-FLSs treated with TGF-β + IL-6
0.0078 (0.0029–0.0093), p = 0.002). (B) In the RA-FLSs silenced with JAK-1-siRNA, TGF-β + IL-6
stimulation induced a more significant increase in collagen I than UT cells; collagen I (collagen I mRNA
expression in JAK-1-siRNA UT-RA-FLSs 0.00031 (0.00030–0.00040) vs. collagen I mRNA expression in
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JAK-1-siRNA RA-FLSs treated with TGF-β + IL-6 0.00051 (0.00043–0.0025), p = 0.002; Collagen
I mRNA expression in scr-siRNA UT-RA-FLSs 0.00021 (0.00013–0.00026) vs. collagen I mRNA
expression in scr-siRNA RA-FLSs treated with TGF-β + IL-6 0.00048 (0.00042–0.00062), p = 0.002).
(C) In the cells silenced with JAK-1-siRNA, the treatment with TGF-β + IL-6 promoted a significant
decrease in E-Cad mRNA expression when compared to UT cells; E-Cad, (ECad mRNA expression
in JAK-1-siRNA UT-RA-FLSs 8.98 × 10−5 (7.50 × 10−5–0.0001512) vs. E-Cad mRNA expression in
JAK-1-siRNA RA-FLSs treated with TGF-β + IL-6 9.45 × 10−7 (2.02 × 10−8–6.52 × 10−6), p = 0.004;
E-Cad mRNA expression in scr-siRNA UT-RA-FLSs 0.00045 (0.00040–0.00094) vs. E-Cad mRNA
expression in scr-siRNA RA-FLSs treated with TGF-β + IL-6 7.03 × 10−7 (3.07 × 10−9–2.12 × 10−6),
p = 0.004). (D) In scr-siRNA, TGF-β and IL-6 induced a significant increase in α-SMA mRNA levels.
α-SMA; (α-SMA mRNA expression in scr-siRNA UT-RA-FLSs 0.020 (0.020–0.03) vs. α-SMA mRNA
expression in scr-siRNA RA-FLSs treated with TGF-β + IL-6 0.036 (0.027–0.041), p = 0.04). The
histogram showed median of triplicate experiments (* = p < 0.05 > 0.001; ** = p < 0.001).

3. Discussion

In this work, the stimulation of RA-FLS with both TGF-β and IL-6 down-regulated
the expression of E-cadherin and simultaneously up-regulated those of both collagen I
and α-SMA in promoting an activated phenotype on these cells. Tofacitinib significantly
reduced the mRNA expression of both collagen I and α-SMA on RA-FLSs, advocating a
possible further mechanism of action of the drug in RA, although additional studies are
needed to fully evaluate this issue and confirm our results.

In RA synovial tissues, α-SMA was increased, and, simultaneously, E-Cad was de-
creased more than HCs, suggesting the presence of markers associated with myofibroblast
differentiation [7]. To further investigate this issue, we isolated RA-FLSs and these cells
were stimulated with both TGF-β and IL-6. A down-regulation of E-cad and a concomitant
up-regulation of both collagen I and α-SMA were observed, suggesting the induction of a
more invasive phenotype on RA-FLSs. In fact, TGF-β and IL-6 decreased E-Cad, which is an
important component of extracellular connections, and its down-regulation may facilitate
RA-FLSs migration and invasion [5,20]. Furthermore, TGF-β and IL-6 increased collagen I
and α-SMA, which are markers of myofibroblast differentiation and activation [7,16,18,19].
Thus, an activated phenotype of RA-FLSs may be induced by these molecules, supporting
the hypothesis that a process of EMT may be involved in the pathogenesis of the dis-
ease [23,24]. EMT could contribute to pannus formation and, ultimately, to joint destruction
in RA [5,23,24]. Considering the role of the JAK/STAT pathway in this context [10,11], we
assessed the possible inhibiting role of tofacitinib. Based on our results, tofacitinib could
inhibit this mechanism since it reduced the mRNA expression of both collagen I and α-SMA
in RA-FLSs following the stimulation with both TGF-β and IL-6. However, the Western
blot analysis did not fully confirm this finding, highlighting the need of further studies
to entirely clarify this topic. Probably, a longer time of stimulation with tofacitinib might
confirm the results of the RT-PCR with the Western blot analysis as well [17–19].

In addition, JAK-1 gene silencing did not fully prevent the effects of stimulation with
TGF-β and IL-6 on these features. Conflicting results are available regarding this topic,
probably related to the different experimental conditions [25–28]. TGF-β and IL-6 may
regulate the JAK/STAT pathway either in a positive or negative manner, depending on the
cell type [25–28], and further studies are required to entirely elucidate these issues.

Our work is affected by some limitations; therefore, our results should be carefully
interpreted and subsequent confirmatory studies are warranted. We did not evaluate the
phosphorylation of JAK/STAT factors in our cell cultures following the administration
of tofacitinib. However, the inhibition of the phosphorylation of JAK/STAT factors on
synovial cells as well as on immune cells following the treatment with tofacitinib has
already been demonstrated [29–31]. On these bases, we focused our work on further
possible mechanisms of tofacitinib in RA-FLSs, exploring additional effects of this drug
on markers of fibroblast activation. Thus, further studies are needed to fully confirm
these findings.
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In conclusion, the stimulation of RA-FLS with both TGF-β and IL-6 down-regulated
the expression of E-cadherin and simultaneously up-regulated those of both collagen I
and α-SMA in promoting an activated phenotype on these cells. Although further studies
are needed to confirm our findings, tofacitinib reduced the expression of both collagen
I and α-SMA on RA-FLSs, suggesting an additional mechanism of action of this drug.
Finally, JAK-1 gene silencing did not fully affect myofibroblast differentiation in RA-FLSs,
suggesting that other additional mechanisms could be involved in this process.

4. Materials and Methods
4.1. Patients and Samples Collection

The synovial tissues were obtained from involved knees of 7 patients affected by
moderate to active RA (DAS28 > 3.2) who fulfilled 2010 ACR/EULAR classification cri-
teria [32] (Supplementary Table S1) but who were not treated with biologic DMARDs.
Normal synovial tissues were obtained from 7 healthy controls (HCs) who underwent
surgery due to knee trauma. The local ethics committee approved the study protocol
(ASL1, Avezzano-Sulmona-L’Aquila, L’Aquila, Italy, protocol number #11261) and it has
been performed according to the Good Clinical Practice guidelines and the Declaration of
Helsinki. Informed consent was obtained from all involved participants.

4.2. Reagents

Human recombinant TGF-β was obtained from R&D Systems Inc. (Minneapolis, MN,
USA). We used TGFb1 isoform that was diluted in sterile 4 mM HCl containing 1 mg/mL
human serum albumin (HSA). IL-6 was obtained from Peprotech (East Windsor, NJ, USA)
and was reconstituted in sterile PBS containing 0.1% HSA.

4.3. Immunofluorescence

Synovial sections (thickness 3 µm), fixed in paraffin, were deparaffinized and treated
with protein block (DAKO, Santa Clara, CA, USA). After blocking, sections were incubated
with primary antibodies, including conjugated anti-α-SMA (Sigma-Aldrich, Burlington,
MA, USA), anti-E-Cad (Proteintech, Chicago, IL, USA), and anti-vimentin (Proteintech,
USA). Visualization of the primary antibodies was performed using Alexa Fluor 488-
conjugated (Invitrogen, Waltham, MA, USA). Negative controls were obtained by omitting
the primary antibody. Sections were examined and photographed with Olympus BX53
fluorescence microscope. The intensity of fluorescence was measured by using NIHimageJ
version 1.5 freeware.

4.4. Immunohistochemistry

Synovial sections (thickness 3 µm), fixed in paraffin, were deparaffinized and treated
with peroxidase-blocking reagent (DAKO, USA) to inactivate endogenous peroxidase and
then with protein block (DAKO, USA) to block non-specific binding. After blocking, sec-
tions were incubated with primary antibodies, including anti-JAK-1 (Abcam, Cambridge,
UK), and anti-STAT-3 (Abcam, UK). Visualizations of the primary antibodies were per-
formed using DAB (diaminobenzidine) (DAKO, USA). Negative controls were obtained
by omitting the primary antibody. Sections were examined and photographed under
light microscope (Olympus BX53). The OD was measured by using NIHimageJ version
1.5 freeware.

4.5. FLSs Isolation and Culture

Synovial fibroblasts were obtained from the synovium of RA patients and HCs. Syn-
ovium was minced and incubated with 1 mg/mL collagenase type VIII (Sigma-Aldrich,
USA) in serum-free RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA) for 1 h at
37 ◦C. Successively, the digested synovium was filtered, washed extensively, and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) medium (Sigma, St. Louis, MO, USA)
supplemented with 10% FBS (Standard South America origin, Lonza Cohasset, MN, USA)
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and 100 units/mL penicillin, and 100 ng/mL streptomycin (Sigma, USA) at 37 ◦C in a
humidified atmosphere of 5% CO2. FLSs were used from passages 3 to 7. Isolated FLSs
were characterized by flow cytometry (Becton Dickinson FACS Melody cell sorter and
Becton Dickinson FACS Chorus™ software) as a homogeneous population (phenotype:
0% CD14+, >90% CD90+ and 7% CD68+/CD90+). CD90+ (Thy1.1), CD14+ and, CD68+
cells were gated from the whole obtained population and stained according to manufacturer
instructions (ThermoFischer Scientific, Rodano, Italy).

4.6. FLSs stimulation with TGF-β + IL-6

FLSs were stimulated with both TGF-β 10 ng/mL (R&D, USA) and IL-6 100 ng/mL
(Proteintech, USA) according to previous works [8,10]. To establish the optimal timing
for these two molecules in our system, we performed a pilot experiment assessing the
α-SMA mRNA expression (data not shown) using P3 FLSs obtained from one patient,
stimulated with TGF-β and IL-6, alone and together, for 2 days and 6 days. The best
retrieved condition for FLSs stimulation was TGF-β and IL-6 together for 6 days (these
molecules were administered every 2 days).

4.7. FLSs Stimulation with Tofacitinib

In addition to TGF-β + IL-6, FLSs were also treated with tofacitinib (1 µM) to evaluate
its inhibitory effects on expression of myofibroblast differentiation. The concentration of
tofacitinib followed what was already published in similar experimental models [14,15].

4.8. qRT-PCR Analysisc

Total RNA was extracted from FLSs using All prep DNA/RNA/miRNA universal
kit (Qiagen, Hilden, Germany) and reverse transcribed into complementary DNA (cDNA)
with the High Capacity cDNA Reverse transcription kit (Applied Biosystems, Waltham,
MA, USA). The qRT-PCR was performed by using SYBR green kits (Applied Biosystems,
Bleiswijk, The Netherlands). The qRT-PCR was run in triplicate. Primers were designed based
on the reported sequences (Primer bank NCBI: β-Actin: 5′-CCTGGCACCCAGCACAAT-
3′(forward) and 5′-AGTACTCCGTGTGGATCGGC-3′(reverse); α-SMA: 5′-CGGTGCTGT
CTCTCTATGCC-3′(forward) and 5′-CGCTCAGTCAGGATCTTCA-3′(reverse); collagen I:
5′-AGGGCCAAGACGAAGACA-3′(forward) and 5′-AGATCACGTCATCGCACAACA-
3′(reverse); vimentin: 5′-AGTCCACTGAGTACCGGAGAC-3′(forward) and 5′-CATTTCAC
GCATCTGGCGTTC-3′(reverse); E-Cad: 5′-CGA-GAGCTACACGTTCACGG-3′(forward)
and 5′-GGGTGTCGAGGGAAAAA-TAGG-3′(reverse)). Results were analyzed after 45 cy-
cles of amplification using the ABI 7500 Fast Real Time PCR System.

4.9. Western Blot

FLSs were lysed in lysis buffer (RIPA buffer, Cell Signaling Danvers, MA, USA) for
10 min and cleared by centrifugation. The protein concentration was calculated by Bicin-
choninic Protein Assay kit (EuroClone, Pero, Italy). Forty µg of proteins was separated by
SDS-PAGE and transferred to nitrocellulose membranes. After blocking in 10% non-fat
milk in tris-buffered saline/1% tween 20 (TBS/T), as previously reported [16], incuba-
tion took place with the following primary antibodies collagen I (ThermoFisher Scientific,
Waltham, MA, USA), α-SMA (Abcam, UK), vimentin (Proteintech, USA), E-Cad (Pro-
teintech, USA), and CDH-11 (ThermoFisher Scientific, USA). Successively, horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers, MA, USA) were
appropriately used. The detection was performed by Long Lasting Chemiluminescent
Substrate (EuroClone, Pero, Italy). All the signals were quantified by normalizing against a
β-actin signal (Santa Cruz Biotechnology, Dallas, TX, USA). Immunoreactive bands were
acquired by chemidoc (ImageLab). All the bands were quantified by densitometry using
NIHimageJ version 1.5 freeware. The experiments were performed in triplicate, and the
blot of each experiment was reported in supporting information file.
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4.10. Chemoinvasion Assays

FLSs chemoinvasion was evaluated by 48-well modified Boyden chamber. We used
filters (8 mm) coated with Matrigel. For the evaluation of the basal motility, medium
supplemented with 0.5% FBS was used in the lower chamber. Following the stimulation
with both TGF-β 10 ng/mL and IL-6 100 ng/mL and/or tofacitinib (1 µM), the cells were
added to the upper chamber at a density of 5 × 104 cells per well and suspended in media
containing 2% fetal bovine serum. After 12 h of incubation at 37 ◦C, non-migrated cells on
the upper surface of the filter were removed by scraping. The cells that migrated to the
lower side of the filter were stained with Diff-Quik stain and counted using an Olympus
BX53 microscope. The assays were run in triplicate. Results were reported as median
(range) of number of cells migrated per microscopic field.

4.11. siRNA Assay

To silence JAK-1 expression, RA-FLSs were transfected with Silencer Select JAK-1-
siRNA (Life Technologies, USA) or with Silencer Select non-targeting scramble siRNA (scr)
(Life Technologies, USA) using Lipofectamine™ 2000 (Life Technologies, USA). Transfection
was performed according to the manufacturer’s instructions. Briefly, RA-FLSs were plated
in completed medium 24 h prior to transfection. After, the cultures were incubated for
24 h with 30 pmol of siRNA in 2 mL of OptiMem. After incubation, plates were washed,
and cells were allowed to recover in growth conditions (1% FBS) supplemented with TGF-
β (10 ng/mL) and IL-6 (100 ng/mL) for 6 days (the administration was repeated every
2 days).

4.12. Statistical Analysis

GraphPad Prism 5.0 software was used for statistical analyses. Results were expressed
as median (range) due to the non-parametric distribution of our data. The Mann–Whitney
U test was used as appropriate for analyses. Statistical significance was expressed by a
p value ≤ 0.05.

5. Conclusions

The stimulation of RA-FLS with both TGF-β and IL-6 down-regulated the expression
of E-cadherin and simultaneously up-regulated the expression of both collagen I and
α-SMA in promoting an activated phenotype on these cells. Although further studies
are needed to confirm our findings, tofacitinib reduced the expression of both collagen
I and α-SMA on RA-FLSs, suggesting an additional mechanism of action of this drug.
Finally, JAK-1 gene silencing did not fully affect myofibroblast differentiation in RA-FLSs,
suggesting that other additional mechanisms could be involved in this process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ph15050622/s1, Figure S1: JAK-1 and STAT-3 expression in
synovial tissue of patients with RA and HCs; Figure S2: Western blot analyses of Collagen I, E-
Cad, Vimentin and α-SMA; Table S1: Demographic and clinical characteristics of patients with RA
and HCs.

Author Contributions: Conceptualization, P.R., V.L., R.G. and P.C.; methodology, P.R., V.L., N.P.,
E.D.N., R.G. and P.C.; software, P.R. and P.C.; validation, P.R., V.L., N.P., A.A., O.B., E.D.N., L.N.,
M.V., F.U., D.M., V.D., F.C., R.G. and P.C.; formal analysis, P.R.; investigation, P.R., V.L., N.P., A.A.,
O.B., E.D.N., L.N., M.V., F.U., D.M., V.D., F.C., R.G. and P.C.; resources, P.R., V.L., P.C. and R.G.;
data curation, P.R., V.L., N.P., A.A., O.B., E.D.N., L.N., M.V., F.U., D.M., V.D., F.C., R.G. and P.C.;
writing—original draft preparation, P.R.; writing—review and editing, P.R., V.L., N.P., A.A., O.B.,
E.D.N., L.N., M.V., F.U., D.M., V.D., F.C., R.G. and P.C.; visualization, P.R., V.L., N.P., A.A., O.B.,
E.D.N., L.N., M.V., F.U., D.M., V.D., F.C., R.G. and P.C.; supervision, A.A., F.U., D.M., V.D., F.C., R.G.
and P.C.; project administration, P.R., V.L., N.P., E.D.N., R.G. and P.C.; funding acquisition, V.L. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported from an unrestricted grant by Pfizer (Pfizer Tracking # WI223382).

https://www.mdpi.com/article/10.3390/ph15050622/s1
https://www.mdpi.com/article/10.3390/ph15050622/s1


Pharmaceuticals 2022, 15, 622 10 of 11

Institutional Review Board Statement: The local ethics committee approved the study (ASL1,
Avezzano-Sulmona-L’Aquila, L’Aquila, Italy, protocol number #11261), which was performed accord-
ing to Good Clinical Practice guidelines and the Declaration of Helsinki.

Informed Consent Statement: Written informed consent was obtained from all involved participants.

Data Availability Statement: All the generated data are included in the body of the article or
uploaded as Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest for this work.

References
1. Smolen, J.S.; Aletaha, D.; McInnes, I.B. Rheumatoid arthritis. Lancet 2016, 388, 2023–2038. [CrossRef]
2. McInnes, I.B.; Schett, G. Pathogenetic insights from the treatment of rheumatoid arthritis. Lancet 2017, 389, 2328–2337. [CrossRef]
3. Masoumi, M.; Bashiri, H.; Khorramdelazad, H.; Barzaman, K.; Hashemi, N.; Sereshki, H.A.; Sahebkar, A.; Karami, J. Destructive

Roles of Fibroblast-like Synoviocytes in Chronic Inflammation and Joint Damage in Rheumatoid Arthritis. Inflammation 2021, 44,
466–479. [CrossRef] [PubMed]

4. Iwanaga, T.; Shikichi, M.; Kitamura, H.; Yanase, H.; Nozawa-Inoue, K. Morphology and functional roles of synoviocytes in the
joint. Arch. Histol. Cytol. 2000, 63, 17–31. [CrossRef]

5. Steenvoorden, M.; Tolboom, T.C.; van der Pluijm, G.; Löwik, C.; Visser, C.P.; DeGroot, J.; Gittenberger-DeGroot, A.C.;
DeRuiter, M.C.; Wisse, B.J.; Huizinga, T.W.; et al. Transition of healthy to diseased synovial tissue in rheumatoid arthritis
is associated with gain of mesenchymal/fibrotic characteristics. Arthritis Res. Ther. 2006, 8, R165. [CrossRef]

6. Di Gregorio, J.; Robuffo, I.; Spalletta, S.; Giambuzzi, G.; De Iuliis, V.; Toniato, E.; Martinotti, S.; Conti, P.; Flati, V. The Epithelial-
to-Mesenchymal Transition as a Possible Therapeutic Target in Fi-brotic Disorders. Front. Cell Dev. Biol. 2020, 8, 607483.
[CrossRef]

7. Schuster, R.; Rockel, J.S.; Kapoor, M.; Hinz, B. The inflammatory speech of fibroblasts. Immunol. Rev. 2021, 302, 126–146. [CrossRef]
8. Zhu, D.; Zhao, J.; Lou, A.; Huang, Q.; OuYang, Q.; Zhu, J.; Fan, M.; He, Y.; Ren, H.; Yang, M. Transforming growth factor β1

promotes fibroblast-like synoviocytes migration and invasion via TGF-β1/Smad signaling in rheumatoid arthritis. Mol. Cell
Biochem. 2019, 459, 141–150. [CrossRef]

9. Song, H.Y.; Kim, M.Y.; Kim, K.H.; Lee, I.H.; Shin, S.H.; Lee, J.S.; Kim, J.H. Synovial fluid of patients with rheumatoid arthritis
induces alpha-smooth muscle actin in human adipose tissue-derived mesenchymal stem cells through a TGF-beta1-dependent
mechanism. Exp. Mol. Med. 2010, 42, 565–573. [CrossRef]

10. Liu, R.Y.; Zeng, Y.; Lei, Z.; Wang, L.; Yang, H.; Liu, Z.; Zhao, J.; Zhang, H.T. JAK/STAT3 signaling is required for TGF-β-induced
epithelial-mesenchymal transition in lung cancer cells. Int. J. Oncol. 2014, 44, 1643–1651. [CrossRef]

11. Wang, B.; Liu, T.; Wu, J.C.; Luo, S.Z.; Chen, R.; Lu, L.G.; Xu, M.Y. STAT3 aggravates TGF-β1-induced hepatic epithelial-to-
mesenchymal transition and migration. Biomed. Pharmacother. 2018, 98, 214–221. [CrossRef] [PubMed]

12. O’Sullivan, L.A.; Liongue, C.; Lewis, R.S.; Stephenson, S.E.; Ward, A.C. Cytokine receptor signaling through the Jak-Stat-Socs
pathway in disease. Mol. Immunol. 2007, 44, 2497–2506. [CrossRef] [PubMed]

13. Haan, C.; Kreis, S.; Margue, C.; Behrmann, I. Jaks and cytokine receptors—An intimate relationship. Biochem. Pharmacol. 2006, 72,
1538–1546. [CrossRef] [PubMed]

14. O’Shea, J.J.; Laurence, A.; McInnes, I.B. Back to the future: Oral targeted therapy for RA and other autoimmune diseases. Nat.
Rev. Rheumatol. 2013, 9, 173–182. [CrossRef]

15. Shuai, K.; Liu, B. Regulation of JAK-STAT signalling in the immune system. Nat. Rev. Immunol. 2003, 3, 900–911. [CrossRef]
16. Favoino, E.; Prete, M.; Catacchio, G.; Ruscitti, P.; Navarini, L.; Giacomelli, R.; Perosa, F. Working and safety profiles of JAK/STAT

signaling inhibitors. Are these small molecules also smart? Autoimmun. Rev. 2021, 20, 102750. [CrossRef]
17. Pohlers, D.; Beyer, A.; Koczan, D.; Wilhelm, T.; Thiesen, H.J.; Kinne, R.W. Constitutive upregulation of the transforming growth

factor-beta pathway in rheumatoid arthritis synovial fibroblasts. Arthritis Res. Ther. 2007, 9, R59. [CrossRef]
18. Di Benedetto, P.; Ruscitti, P.; Berardicurti, O.; Panzera, N.; Grazia, N.; Di Vito Nolfi, M.; Di Francesco, B.; Navarini, L.; Maurizi, A.;

Rucci, N.; et al. Blocking Jak/STAT signalling using tofacitinib inhibits angiogenesis in ex-perimental arthritis. Arthritis Res. Ther.
2021, 23, 213. [CrossRef]

19. Di Benedetto, P.; Liakouli, V.; Ruscitti, P.; Berardicurti, O.; Carubbi, F.; Panzera, N.; Di Bartolomeo, S.; Guggino, G.; Ciccia, F.;
Triolo, G.; et al. Blocking CD248 molecules in perivascular stromal cells of patients with systemic sclerosis strongly inhibits their
differentiation toward myofibroblasts and proliferation: A new potential target for antifibrotic therapy. Arthritis Res. Ther. 2018,
20, 223. [CrossRef]

20. Sfikakis, P.P.; Vlachogiannis, N.I.; Christopoulos, P.F. Cadherin-11 as a therapeutic target in chronic, inflammatory rheumatic
diseases. Clin. Immunol. 2017, 176, 107–113. [CrossRef]

21. Cipriani, P.; Di Benedetto, P.; Ruscitti, P.; Liakouli, V.; Berardicurti, O.; Carubbi, F.; Ciccia, F.; Guggino, G.; Zazzeroni, F.;
Alesse, E.; et al. Perivascular Cells in Diffuse Cutaneous Systemic Sclerosis Overexpress Activated ADAM12 and Are Involved in
Myofibroblast Transdifferentiation and Development of Fibrosis. J. Rheumatol. 2016, 43, 1340–1349. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(16)30173-8
http://doi.org/10.1016/S0140-6736(17)31472-1
http://doi.org/10.1007/s10753-020-01371-1
http://www.ncbi.nlm.nih.gov/pubmed/33113036
http://doi.org/10.1679/aohc.63.17
http://doi.org/10.1186/ar2073
http://doi.org/10.3389/fcell.2020.607483
http://doi.org/10.1111/imr.12971
http://doi.org/10.1007/s11010-019-03557-0
http://doi.org/10.3858/emm.2010.42.8.057
http://doi.org/10.3892/ijo.2014.2310
http://doi.org/10.1016/j.biopha.2017.12.035
http://www.ncbi.nlm.nih.gov/pubmed/29268242
http://doi.org/10.1016/j.molimm.2006.11.025
http://www.ncbi.nlm.nih.gov/pubmed/17208301
http://doi.org/10.1016/j.bcp.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/16750817
http://doi.org/10.1038/nrrheum.2013.7
http://doi.org/10.1038/nri1226
http://doi.org/10.1016/j.autrev.2021.102750
http://doi.org/10.1186/ar2217
http://doi.org/10.1186/s13075-021-02587-8
http://doi.org/10.1186/s13075-018-1719-4
http://doi.org/10.1016/j.clim.2017.01.008
http://doi.org/10.3899/jrheum.150996
http://www.ncbi.nlm.nih.gov/pubmed/27252423


Pharmaceuticals 2022, 15, 622 11 of 11

22. Cipriani, P.; Di Benedetto, P.; Ruscitti, P.; Capece, D.; Zazzeroni, F.; Liakouli, V.; Pantano, I.; Berardicurti, O.; Carubbi, F.;
Pecetti, G.; et al. The Endothelial-mesenchymal Transition in Systemic Sclerosis Is Induced by Endothelin-1 and Transforming
Growth Factor-β and May Be Blocked by Macitentan, a Dual Endothelin-1 Receptor Antagonist. J. Rheumatol. 2015, 42, 1808–1816.
[CrossRef] [PubMed]

23. Li, G.Q.; Zhang, Y.; Liu, D.; Qian, Y.Y.; Zhang, H.; Guo, S.Y.; Sunagawa, M.; Hisamitsu, T.; Liu, Y.Q. PI3 kinase/Akt/HIF-1α
pathway is associated with hypoxia-induced epithelial-mesenchymal transition in fibroblast-like synoviocytes of rheumatoid
arthritis. Mol. Cell. Biochem. 2013, 372, 221–231. [CrossRef] [PubMed]

24. Zvaifler, N.J. Relevance of the stroma and epithelial-mesenchymal transition (EMT) for the rheumatic diseases. Arthritis Res. Ther.
2006, 8, 210. [CrossRef] [PubMed]

25. Wiegertjes, R.; Van Caam, A.; Van Beuningen, H.; Koenders, M.; Van Lent, P.; Van Der Kraan, P.; van de Loo, F.; Davidson, E.B.
TGF-β dampens IL-6 signaling in articular chondrocytes by decreasing IL-6 receptor expression. Osteoarthr. Cartil. 2019, 27,
1197–1207. [CrossRef]

26. Luo, K. Signaling Cross Talk between TGF-β/Smad and Other Signaling Pathways. Cold Spring Harb. Perspect. Biol. 2017,
9, a022137. [CrossRef]

27. Wang, G.; Yu, Y.; Sun, C.; Liu, T.; Liang, T.; Zhan, L.; Lin, X.; Feng, X.H. STAT3 selectively interacts with Smad3 to antagonize
TGF-β signalling. Oncogene 2016, 35, 4422. [CrossRef]

28. Wu, X.; Zhao, J.; Ruan, Y.; Sun, L.; Xu, C.; Jiang, H. Sialyltransferase ST3GAL1 promotes cell migration, invasion, and TGF-β1-
induced EMT and confers paclitaxel resistance in ovarian cancer. Cell Death Dis. 2018, 9, 1102. [CrossRef]

29. Boyle, D.L.; Soma, K.; Hodge, J.; Kavanaugh, A.; Mandel, D.; Mease, P.; Shurmur, R.; Singhal, A.K.; Wei, N.; Rosengren, S.; et al.
The JAK inhibitor tofacitinib suppresses synovial JAK1-STAT signalling in rheumatoid arthritis. Ann. Rheum. Dis. 2015, 74,
1311–1316. [CrossRef]

30. Palmroth, M.; Kuuliala, K.; Peltomaa, R.; Virtanen, A.; Kuuliala, A.; Kurttila, A.; Kinnunen, A.; Leirisalo-Repo, M.; Silven-
noinen, O.; Isomäki, P. Tofacitinib Suppresses Several JAK-STAT Pathways in Rheumatoid Arthritis In Vivo and Baseline Signaling
Profile Associates with Treatment Response. Front. Immunol. 2021, 12, 738481. [CrossRef]

31. Isailovic, N.; Ceribelli, A.; Cincinelli, G.; Vecellio, M.; Guidelli, G.; Caprioli, M.; Luciano, N.; Motta, F.; Selmi, C.; De Santis, M.
Lymphocyte modulation by tofacitinib in patients with rheumatoid arthritis. Clin. Exp. Immunol. 2021, 205, 142–149. [CrossRef]
[PubMed]

32. Aletaha, D.; Neogi, T.; Silman, A.J.; Funovits, J.; Felson, D.T.; Bingham, C.O., III; Birnbaum, N.S.; Burmester, G.R.; Bykerk, V.P.;
Cohen, M.D.; et al. 2010 rheumatoid arthritis classification criteria: An American College of Rheumatology/European League
Against Rheumatism collaborative initiative. Arthritis Rheum. 2010, 62, 2569–2581. [CrossRef] [PubMed]

http://doi.org/10.3899/jrheum.150088
http://www.ncbi.nlm.nih.gov/pubmed/26276964
http://doi.org/10.1007/s11010-012-1463-z
http://www.ncbi.nlm.nih.gov/pubmed/23001847
http://doi.org/10.1186/ar1963
http://www.ncbi.nlm.nih.gov/pubmed/16689999
http://doi.org/10.1016/j.joca.2019.04.014
http://doi.org/10.1101/cshperspect.a022137
http://doi.org/10.1038/onc.2016.145
http://doi.org/10.1038/s41419-018-1101-0
http://doi.org/10.1136/annrheumdis-2014-206028
http://doi.org/10.3389/fimmu.2021.738481
http://doi.org/10.1111/cei.13609
http://www.ncbi.nlm.nih.gov/pubmed/33899926
http://doi.org/10.1002/art.27584
http://www.ncbi.nlm.nih.gov/pubmed/20872595

	Introduction 
	Results 
	JAK-1, STAT-3, and Markers of Myofibroblast Differentiation in RA Synovial Tissues 
	TGF- and IL-6 Promoted Myofibroblast Differentiation in RA-FLSs 
	JAK-1 Gene Silencing Did Not Fully Affect Myofibroblast Differentiation in RA-FLSs 

	Discussion 
	Materials and Methods 
	Patients and Samples Collection 
	Reagents 
	Immunofluorescence 
	Immunohistochemistry 
	FLSs Isolation and Culture 
	FLSs stimulation with TGF- + IL-6 
	FLSs Stimulation with Tofacitinib 
	qRT-PCR Analysisc 
	Western Blot 
	Chemoinvasion Assays 
	siRNA Assay 
	Statistical Analysis 

	Conclusions 
	References

