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Abstract: Osteoarthritis (OA) is the most prevalent joint disease, and it is characterized by cartilage
degeneration, synovitis, and bone sclerosis, resulting in swelling, stiffness, and joint pain. TAM
receptors (Tyro3, Axl, and Mer) play an important role in regulating immune responses, clearing
apoptotic cells, and promoting tissue repair. Here, we investigated the anti-inflammatory effects of
a TAM receptor ligand, i.e., growth arrest-specific gene 6 (Gas6), in synovial fibroblasts from OA
patients. TAM receptor expression was determined in synovial tissue. Soluble Axl (sAxl), a decoy
receptor for the ligand Gas6, showed concentrations 4.6 times higher than Gas6 in synovial fluid of OA
patients. In OA fibroblast-like synoviocytes (OAFLS) exposed to inflammatory stimuli, the levels of
sAxl in the supernatants were increased, while the expression of Gas6 was downregulated. In OAFLS
under TLR4 stimulation by LPS (Escherichia coli lipopolysaccharide), the addition of exogenous
Gasb6 by Gas6-conditioned medium (Gas6-CM) reduced pro-inflammatory markers including IL-6,
TNF-«, IL-13, CCL2, and CXCL8. Moreover, Gas6-CM downregulated IL-6, CCL2, and IL-1$3 in LPS-
stimulated OA synovial explants. Pharmacological inhibition of TAM receptors by a pan inhibitor
(RU301) or by a selective Axl inhibitor (RU428) similarly abrogated Gas6-CM anti-inflammatory
effects. Mechanistically, Gas6 effects were dependent on Axl activation, determined by Axl, STAT1,
and STAT3 phosphorylation, and by the downstream induction of the suppressors of the cytokine
signaling family (SOCS1 and SOCS3). Taken together, our results showed that Gas6 treatment
dampens inflammatory markers of OAFLS and synovial explants derived from OA patients associated
with SOCS1/3 production.
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1. Introduction

Osteoarthritis (OA) is a musculoskeletal disorder and the most prevalent form of
arthritis, considered the leading cause of joint pain and disability. OA is a multifactorial
disease in which genetic and environmental factors contribute to its development and
progression. The major locations affected are the hand, shoulder, hip, and the knee joints,
which are most prevalently affected. Pathologies like degradation of the articular cartilage,
subchondral bone sclerosis, and synovial inflammation develop along the progression
of OA and are accompanied by severe joint pain [1]. Symptoms are typically managed
through a combination of non-pharmacological procedures and the administration of anti-
inflammatory drugs focused on pain management. For end-stage disease, surgical joint
replacement is the only treatment option available.
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The pathogenesis of OA is marked by tissue damage accumulated over time, which
locally triggers an innate immune reaction [2]. This synovial inflammation (synovitis)
supports a significant contribution to OA progression [3,4]. The inflammatory process is
maintained by damage-associated molecular patterns (DAMPs), e.g., SI00A8/ A9, derived
from cartilage and the inflamed synovium, which activate TLR4. Thus, this effect induces
the production of cytokines (e.g., IL-6, IL-1$3, and TNF) and chemokines (e.g., CXCLS,
CCL2, and CCL5), which favor a proinflammatory environment in the joints of OA patients
promoting a positive feedback loop [5-7]. The triggered inflammatory pathways upregulate
several catabolic mediators and cartilage matrix-degrading proteases in the joints, which
might cause more severe pain and tissue injury [8].

TAM receptors (Tyro3, Axl, and Mer) play a critical role in modulating the immune
system and tissue homeostasis, via efferocytosis (phagocytosis of apoptotic cells) [9]. The
efferocytosis is mediated by TAM receptor ligands, namely growth arrest-specific 6 (Gas6)
and protein S (Prosl), which facilitate the interaction between TAM receptors in phagocytes
and phosphatidylserine in apoptotic cells [9,10]. Gas6 interacts with all three receptors,
exhibiting the highest affinity for Axl, while Prosl interacts only with Tyro3 and Mer [10].
Gas6 has been described to inhibit the production of pro-inflammatory cytokines in vitro
(TNF, IL-6, and IL-1§3) [11]. In the context of inflammatory diseases, activation of TAM recep-
tors by Gas6 has been associated with downregulation of inflammatory cytokines [11-13]
and induction of pro-resolving mediators contributing to inflammation resolution [14].

Emerging evidence suggests that TAM receptors might play a significant and mul-
tifaceted role in arthritis [15]. TAM receptors and Gas6 have been described as being
expressed in synovial tissue of rheumatoid arthritis (RA) patients [16,17], in which Gas6
levels were lower in erosive RA compared with non-erosive RA [18]. In addition, the
soluble form of Axl, which acts as a decoy receptor and may reduce the interaction of Gas6
with membrane-bound receptors [19,20], was detected in the synovial fluids of RA and OA
patients [16,21,22]. We have previously shown that overexpression of the TAM receptor
ligand genes Pros1 or Gas6 successfully reduced arthritis pathology in a murine model of
collagen-induced arthritis [23]. Moreover, in the context of TAM deficiency, we described
that TAM receptors play a protective role in mouse models of RA [24-26]. Although the
role of TAM receptors has been more widely studied for RA, their involvement in the
pathophysiology of OA has not yet been elucidated. Thus, in this study, we investigated
the effect of Gas6 exposure on the inflammatory response of synovial fibroblasts obtained
from patients with osteoarthritis.

2. Results
2.1. TAM Receptors Are Distinctively Expressed in OA Synovial Tissue

TAM receptor expression was determined by immunohistochemistry on the OA syn-
ovium tissue (Figure 1A). Tyro3-positive cells were identified mainly as lining cells, as
well as blood vessels, particularly endothelial cells. Mer-positive cells were observed in
both the lining and sublining compartments. Axl-positive cells were only detected in
synovial lining cells (Figure 1A). The gene expression of TAM receptors was determined in
OA synovium (synovial explants freshly isolated) and OA synovial fibroblasts (OAFLS,
passages 4 to 8). The expression of TYRO3 and AXL was similar among synovium and
OAFLS, while the expression of MER was reduced in OAFLS when compared with synovial
explants (Figure 1B). These results showed that TAM receptors can be expressed in different
compartments of the OA synovium, but all TAM receptors were detected in the lining cells.
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Figure 1. Determination of TAM receptor expression in synovial tissue of osteoarthritis patients.
Synovial biopsies (1 = 8) from osteoarthritis (OA) patients were processed for immunohistochem-
ical staining of Axl, Mer, Tyro3, and IgG isotype control (A). Sections were counterstained with
hematoxylin. Pictures were taken at 20 x magnification. Expression of AXL, MER, and TYRO3 in
synovial explants freshly isolated from individual patients (1 = 10), and OA synovial fibroblasts
(OAFLS) (n = 10) were determined by qPCR (B). Results are shown as the mean + SEM; p values
were determined by unpaired Student’s ¢-test.

2.2. The Soluble Forms of TAM Receptors Are Present in OA Synovial Fluid with Higher Levels
of sAxl

It has been shown that TAM receptors are cleaved in an inflammatory milieu, generat-
ing soluble forms [19,27]. In this regard, the soluble forms of TAM receptors (STAM) and
Gas6 were evaluated in the synovial fluid of OA patients (OASF). Interestingly, the levels
of sAxl were predominant in the OASF when compared with sMer and sTyro3 (Figure 2A).
The amount of sAxl found was ~4.6 times higher than the amount of Gas6 (Figure 2A). A
positive correlation between sAxl and Gas6 was observed in OASF (Figure 2B) without
correlations among Gas6 and sMer or sTyro3 (Supplementary Figure S1). Because Gas6 has
been suggested to exhibit anti-inflammatory effects [11,28], the correlations between the
soluble forms of TAM receptors, Gas6, and inflammatory cytokines were also investigated
in OASEF (Table 1). No correlations were observed when comparing Gas6 and inflammatory
cytokines or when comparing TAM-soluble forms and inflammatory cytokines; however,
a trend for a positive correlation between sAxl and TNF-« was observed. The lack of
correlation among Gas6 versus inflammatory cytokines in association with the increased
levels of sAxl in the synovial fluids suggests that sAxl may act as a decoy receptor in the OA
joints and may be responsible for inhibiting the Gas6-mediated anti-inflammatory effects.

Table 1. Relationship between soluble TAM receptors and Gas6 levels, and inflammatory markers in
synovial fluid of OA patients.

IL-6 CCL2 TNF-x IL-1B3 CXCLS8
r p-Value r p-Value r p-Value r p-Value r p-Value
Gas6 —0.401 0.250 0.359 0.252 0.444 0.199 0.093 0.826 —0.314 0.378
sAxl —0.241 0.503 0.266 0.404 0.616 0.058 —0.026 0.952 —0.114 0.753
sMer —0.440 0.204 0.115 0.772 —0.110 0.762 —0.267 0.523 —0.470 0.170
sTyro3 —0.245 0.500 —0.485 0.110 —0.369 0.294 —0.613 0.106 —0.007 0.984

Relationship between Gasé6, soluble Axl (sAxl), soluble Mer (sMer), soluble Tyro3 (sTyro3), and cytokine levels in
synovial fluid of OA patients (n = 12). Data are presented as Pearson r value (r) and p-value for each correlation.
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Figure 2. Determination of soluble TAM receptors and Gas6 levels in synovial fluid of osteoarthritis
patients. Soluble AxI (sAxl), soluble Mer (sMer), soluble Tyro3 (sTyro3), and Gas6 levels were deter-
mined in synovial fluids of OA patients (n = 12) by ELISA (A). The correlation between sAxl and Gas6
in synovial fluid was evaluated by Pearson’s coefficients (B). Results are shown as the mean & SEM.
*p <0.05 and *** p < 0.001 when comparing sAxl with sMer, sTyro3, and Gasé. ## p <0.01 and
### 1 < 0.001 when comparing sMer versus sTyro3, and sTyro3 versus Gas6, respectively; p values
were determined by ANOVA with post hoc Tukey’s test (multiple groups).

2.3. sAxl Is Increased in OAFLS Supernatants under Inflammatory Stimuli

To assess the influence of inflammation on sAxl and Gasé6 levels in the context of
osteoarthritis in vitro, OAFLS were stimulated with LPS (10 ng/mL) and the recombinants
of human IL-1$3 (0.1 ng/mL) or TNF-« (1 ng/mL) for 24 h. A dose response for these stimuli
and the expression of inflammatory markers were determined (Supplementary Figure S2).
In an inflammatory milieu, sAxl levels were increased in the supernatants of OAFLS,
regardless of the type of stimulus (Figure 3A-C) while Gas6 levels in the supernatants were
not changed at 24 h post-stimulus (Figure 3D-F). No correlations between sAxl and Gas6
in the supernatants of unstimulated or stimulated OAFLS were observed. It was already
described that Gas6 expression is downregulated in macrophages under a proinflammatory
environment [29]; thus GAS6 expression was also evaluated in our experimental settings.
Interestingly, GAS6 expression was reduced in OAFLS after stimulation with LPS, IL-1§3, or
TNF-« (Figure 3G-I). The increased sAxl levels in the supernatants of OAFLS and in OA
synovial fluids (Figure 2) suggest that to be effective in dampening OA inflammation, Gasé
levels must be increased to overcome the scavenging potential of sAxl.
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Figure 3. Cont.
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Figure 3. sAxl and Gas6 levels in OAFLS supernatants and GAS6 expression in OAFLS under an
inflammatory milieu. OA synovial fibroblasts (OAFLS) were stimulated with LPS (10 ng/mL) or the
recombinants human IL-1f3 (0.1 ng/mL) and TNF-« (1 ng/mL) for 24 h. Soluble AxI (sAxl) (A—C) and
Gasb6 (D-F) levels were determined by ELISA. GAS6 expression in OAFLS was determined by qPCR
(G-I). Results are shown as the mean + SEM; p values are shown in the figure and were determined
by paired Student’s t-test.

2.4. Activation of TAM Receptors by Gas6 Downregulates Pro-Inflammatory Markers in OAFLS
and OA Synovial Explants

Next, experiments were performed using a Gas6-conditioned medium (Gas6-CM) [30-33].
The efficacy of the Gas6-CM was determined by an efferocytosis assay co-culturing THP-1
cells with apoptotic neutrophils. Gas6-CM promoted the efferocytosis of apoptotic neu-
trophils, which was abrogated by a pan-TAMR inhibitor (RU301) (Supplementary Figure S3).
To examine whether Gas6 can have protective effects on OA synovitis, OAFLS under LPS
stimulation were concentration-dependently treated with Gas6-CM (Figure 4A). Gas6-CM
reduced the expression of the inflammatory markers evaluated (Figure 4A), and a concen-
tration of 16 nM was the most effective. IL-6 and CCL2 protein levels were also reduced
in the OAFLS supernatants after Gas6-CM treatment (Supplementary Figure S4) without
changes in CXCLS8. The levels of TNF-a and IL-1 in the supernatants were below the
standard curve detection level. Moreover, Gas6-CM treatment reduced the inflammatory
markers IL-6, TNF-«, IL-13, CCL2, and CXCL-8 (Figure 4B-F) in OAFLS from different
patients. To better simulate OA inflammation pathology in humans, the effect of Gas6-CM
was also evaluated in OA synovial explants. Gas6-CM treatment reduced IL-6, IL-13, and
CCL2 of LPS-stimulated synovial explants (Figure 4G,L]), and a trend for CXCLS8 reduction
was observed (Figure 4K). Although a reduction in TNF-o for some patients was observed,
this effect was not statistically significant when considering all patients (Figure 4H). These
results suggest that exogenous Gas6 can be effective in reducing inflammatory mediators
associated with OA pathology in OAFLS.
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Figure 4. Effect of Gas6-CM on inflammatory OAFLS cytokine production. OA synovial fibroblasts
(OAFLS) were pre-treated with Gas6-CM (16, 8, and 1.6 nM) for 1 h and then stimulated for 24 h
with LPS (10 ng/mL). Cells were processed for qPCR analyses of the pro-inflammatory cytokines
IL-6, TNF-«, IL-13, CCL2, and CXCLS8 (A). OAFLS (n = 10) and synovial explants (1 = 5) were pre-
treated with Gas6-CM (16 nM) for 1 h and then stimulated for 24 h with LPS (10 ng/mL). Cells were
processed for qPCR analyses of the pro-inflammatory cytokines IL-6 (B,G), TNF-« (C,H), IL-1 (D,I),
CCL2 (EJ), and CXCLS8 (F,K). Results are shown as the mean + SEM. *** p < 0.001 when comparing
LPS with untreated (UT) group. # p < 0.05 and ** p < 0.001 when comparing Gas6 treated with LPS
group; p values were determined by ANOVA with post hoc Tukey’s test (multiple groups) and paired
Student’s t-test (When comparing 2 groups).

2.5. Gas6 Anti-Inflammatory Effects Are Dependent on Axl Receptor

We next examined whether Gas6 anti-inflammatory effects were dependent on TAM
receptor activation. For this purpose, TAM receptors and Axl receptor alone were inhibited
by a pan-TAM receptor inhibitor (RU301) and a selective Axl inhibitor (RU428), respectively,
prior to Gas6-CM treatment of LPS-stimulated OAFLS. Interestingly, the anti-inflammatory
effects of Gas6-CM downregulating IL-6, IL-13, CCL2, and CXCL8 were abrogated by
both RU301 and RU428 to the same magnitude (Figure 5A), suggesting that Axl is the
main receptor responsible for mediating Gas6 anti-inflammatory effects in OAFLS. In fact,
Gas6-CM induced the phosphorylation of Axl receptor (Figure 5B) in OAFLS. P-Ax]l was
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detected from 30 min to 2 h after Gas6 treatment. As increased sAxl levels were observed
in OAFLS supernatants under an inflammatory milieu (Figure 3), the protein amount of the
Axl receptor in cells was also evaluated after pro-inflammatory stimuli. Interestingly, the
protein levels of Ax] in OAFLS were not changed after stimulation with LPS, IL-1f3, or TNF-
o (Figure 5C). These observations were also confirmed by qPCR for LPS and TNF-« stimuli,
where the expression of Axl did not change (Figure 5D,F). However, downregulation of Axl
was observed after IL-1p stimulation (Figure 5E). These results suggest that Gas6 mediates
its anti-inflammatory effects through the Axl receptor.
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Figure 5. Pharmacological effects of TAM inhibition in OAFLS, and determination of AxI phosphory-
lation and Axl expression. OAFLS were pre-treated with a pan-TAM inhibitor RU301 (10 pM), or
a selective Axl inhibitor RU428 (1 uM) for 1 h, followed by Gas6-CM (16 nM) for an additional 1 h
and then were stimulated for 24 h with LPS (10 ng/mL). Cells were processed for qPCR analyses of
the pro-inflammatory cytokines IL-6, TNF-«, IL-1p3, CCL2, and CXCL8 (A). OA synovial fibroblasts
(OAFLS) were treated with Gas6-CM (16 nM) for different time points and processed for Western
blotting analyses for Axl phosphorylation (B). OA synovial fibroblasts (OAFLS) were stimulated with
LPS (10 ng/mL) and the recombinants human IL-1p (0.1 ng/mL) and TNF-« (1 ng/mL) for 24 h.
Axl expression in OAFLS was determined by Western blotting analysis (C) and qPCR (D-F). For
loading control, membranes were reprobed with anti-GAPDH. Results are shown as the mean £ SEM.
**p < 0.01 and *** p < 0.001 when comparing with untreated (UT) group. * p < 0.05, and # p < 0.01
when comparing with LPS + Gas6 treated group; p values were determined by ANOVA with post
hoc Tukey’s test (multiple groups) or paired Student’s t-test (when comparing 2 groups).
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2.6. Gas6 Induces STAT-SOCS Signaling in OAFLS

Previous studies have demonstrated that TAM receptor activation is associated with
upregulation of the suppressors of the cytokine signaling family 1/3 (SOCS1/3) [12,23,34,35],
well-known molecules that negatively regulate the JAK-STAT cascade [36]. To further
address by which mechanism Gas6 exerts its anti-inflammatory effects on OAFLS, Axl
downstream signaling pathways were determined. STAT3 and STAT1 phosphorylation
were observed after Gas6-CM treatment of OAFLS (Figure 6A). Moreover, increased expres-
sion of SOCS1 and SOCS3 was also detected (Figure 6B) after 30 min of Gas6-CM treatment.
We next examined whether SOCS1/3 expression was dependent on Axl activation by block-
ing Gas6 interaction with TAM receptors by RU301 and Axl by RU428 pre-treatment of
cells. Interestingly, both RU301 and RU428 similarly inhibited Gas6-CM-induced SOCS1/3
(Figure 6C). Taken together, these results suggest that the Gas6/Axl axis anti-inflammatory
effects observed were paralleled with the induction of SOCS1/3 expression.
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Figure 6. Evaluation of signaling pathways induced by Gas6 in OAFLS. OA synovial fibroblasts
(OAFLS) were treated with Gas6-CM (16 nM) for different time points. Cells were processed for
Western blotting analyses and the levels of P-STAT1 and P-STAT3 (A) were determined. For loading
control, membranes were reprobed with anti-GAPDH. Cells were also processed for qPCR analyses
of the suppressors of the cytokine signaling family 1/3 (SOCS1/3) (B). Results are shown as the
mean £ SEM. * p < 0.05, ** p < 0.01, and *** p < 0.001 when comparing Gasé6-treated with untreated
(UT) group; p values were determined by ANOVA with post hoc Tukey’s multiple comparison test.
OAFLS were pre-treated with a pan-TAM inhibitor RU301 (10 uM) or a selective Axl inhibitor RU428
(1 uM) for 1 h, followed by Gas6-CM (16 nM) for an additional 1 h. Cells were processed for qPCR
analyses of SOCS1/3 (C). Results are shown as the mean + SEM. ** p < 0.01 and *** p < 0.001 when
comparing with untreated (UT) group; p values were determined by ANOVA with post hoc Tukey’s
test (multiple groups).

3. Discussion

In this study, we examined the expression of Gas6 and TAM receptors in the synovial
tissue of OA patients and the effect of exogenous Gas6 exposure on the inflammatory
response of synovial fibroblasts in the context of OA. Our findings demonstrated that TAM
receptors are expressed in OA synovial tissue and detected in synovial fluids in their soluble
forms, and that the activation of Axl receptor in OAFLS and synovial explants by Gas6 can
reduce the expression of pro-inflammatory cytokines, most likely in a SOCS1/3-dependent
mechanism.
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TAM receptors mediate negative feedback signaling in the immune system, controlling
the inflammation process. In this sense, the role of TAM receptors in the joints seems to be
relevant, as mice lacking TAM receptors (triple knockout) develop bone marrow edema,
a pre-stage (pre-clinical phase) of arthritis [25]. Here, we determined the expression of
TAM receptors in the synovium of OA patients. The expression of Axl has been described
in the joints of RA patients [17] as well as in murine models of arthritis [24,37]. More
specifically, it has been described that Axl is highly expressed by a distinct subset of
CX3CR1" tissue-resident macrophages, which form an internal immunological barrier at
the synovial lining [37]. Here we demonstrated that Axl is also expressed in OAFLS and
synovial explants in the same order of magnitude, and that Axl was detected predominantly
in the lining compartment of the synovium. Also, our data showed higher expression of
Mer in synovial explants from OA patients when compared to OAFLS, which we speculate
is due to the presence of macrophage subtypes in the OA synovium. Recent studies
using single-cell RNA sequencing analyses of synovial tissue have identified distinct
subsets of synovial macrophages expressing Mer [38,39]. In RA patients, a specific anti-
inflammatory subset of macrophages displayed upregulation of Mer [38]. More recently,
synovial macrophages from RA patients revealed two subpopulations (MerTK* TREM2*
and MerTK*LYVE1") with unique remission transcriptomic signatures enriched in negative
regulators of inflammation [39]. The authors concluded that sustained RA remission is
actively maintained by MerTK* macrophages.

Shedding of TAM receptors and generation of soluble forms can reduce TAM-mediated
anti-inflammatory signaling by decreasing the amount of membrane-bound TAM receptors
and/or by acting as a decoy receptor, capturing TAM receptor ligands in the extracellular
compartment [19,20,27,40,41]. Either way, TAM activation on the cell surface can be im-
paired. In OA synovial fluids, the correlations between Gas6 and sAxl were positive, and
the levels of sAx]l were 4.6 times higher than Gas6. In fact, among the soluble forms of TAM
receptor, Gas6 has the highest affinity for sAxl [32]. A limitation of our study is that no
healthy donor controls were included in the analysis of synovial fluid. It has already been
demonstrated in serum and plasma of healthy donors that all Gasé6 in circulation is bound
to sAx1 [20]. Increased levels of sAxl have also been observed in several diseases [21,42-47],
suggesting that the amount of Gasé6 available (unbound to sAxl) may be insufficient to
stimulate the intact TAM receptors on the cell surface in this milieu. Increased levels of
sAxl have been described as being elevated in the serum of OA patients compared to
healthy donors [21]. This effect was directly related to the severity of OA as determined
by radiographic analyses. Gas6 levels were also increased in OA patients and showed a
positive correlation with sAxl. Although these analyses were carried out in serum, they
corroborate our data in synovial fluid, which suggests that TAM receptor activation may
be compromised in the context of OA.

Murine peritoneal macrophages under LPS stimulation displayed Gas6 downregu-
lation [29]. Deng et al. showed that Gas6 downregulation is dependent on NF-«B activa-
tion [11]. In the context of arthritis, conflicting findings regarding the levels of Gasé6 and its
role in the RA pathophysiology have been reported [18,21,39,48]. Reduced plasma levels
of Gas6 were described in RA patients when compared with healthy control subjects [18].
Furthermore, decreased Gas6 levels were found in RA patients with erosive disease when
compared with nonerosive disease [18]. In contrast, increased levels of circulating Gas6
were detected after induction of arthritis by a K/BxN serum-transfer model in mice [48].
Interestingly, plasma levels of Gas6 in RA patients have been reported to positively correlate
with disease activity scores (DAS-28), erythrocyte sedimentation rate (ESR), leukocytosis,
and IL-6 [18]. In addition, increased serum levels of Gas6 were described in OA patients
when compared with healthy controls [21]. Based on these studies in mice and humans,
we speculate that changes in Gas6 expression in arthritic diseases may be due to a com-
pensatory mechanism in an attempt to control inflammation. As recently reported, Gas6 is
expressed in a specific sublining layer cluster of FLS (THY*CXCL14"), and its expression
was increased in FLS of patients in disease remission compared to active RA [39].
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TAM receptor activation by Gas6 and Prosl has been suggested to induce anti-
inflammatory effects mediated by upregulation of SOCS1 and SOCS3 [12,23,34,35]. In
a model of collagen-induced arthritis, our group demonstrated that overexpression of Gas6
or Prosl in the joint cavity was protective and decreased proinflammatory cytokine produc-
tion in the knee joints, increasing the expression of SOCS1/3 [23]. Gas6 overexpression was
accompanied by changes in histopathological scores, with reductions in many parameters
including knee inflammation, knee swelling, cartilage degradation, and bone erosion [23].
Indeed, proinflammatory cytokines have been implicated in arthritis pathogenesis [49]. In
OA, inflammatory cytokines influence the balance of cartilage matrix degeneration and
repair, leading to excessive production of articular proteolytic enzymes responsible for
cartilage breakdown, which in turn amplifies synovial inflammation, creating a vicious
circle [3,50]. The cytokines evaluated in this study were chosen based on findings that
demonstrated their importance for the pathogenesis of OA, especially their impact on
synovial tissue and the development of synovitis [7]. The ability of TAM receptors to
restrain the overproduction of inflammatory cytokines is particularly important in the
context of OA, as these cytokines can sustain the inflammatory process. For instance, CCL2,
a chemoattractant for monocytes and macrophages, has been associated with OA sever-
ity and symptoms such as pain, by inducing recruitment and accumulation of activated
macrophages in the joints [51]. Indeed, higher levels of CCL2 in the peripheral blood of OA
patients when compared to healthy donors have been reported [52].

Pharmacological strategies on targeting inflammatory cytokines well-known to be
involved in OA pathogenesis, including TNF-o and IL-1f3, have been conducted [53,54].
However, some studies have shown that blocking these cytokines individually has failed to
prevent the progression of OA [53,55]. It is important to consider that OA pathogenesis is
not dependent only on a single cytokine, since downstream signaling pathways associated
with the onset and progression of the disease can be activated by different mediators. Here,
we showed no correlation between Gas6 and inflammatory cytokine levels in the synovial
fluids of OA patients associated with increased levels of sAxl, suggesting that sAxl may
act as a decoy receptor inhibiting Gasé6 effects in the OA joints. Importantly, despite the
increased shedding of Axl observed in OAFLS supernatants under inflammatory stimuli
(Figure 3), we showed that the amount of intact Axl on cells (Figures 1 and 5C) was sufficient
to mediate the Gas6 anti-inflammatory signal. Thus, we demonstrated that the activation
of the Gas6/Axl axis is essential in reducing important inflammatory cytokines associated
with OA pathogenesis, including IL-6, CCL2, TNF-«, IL-13, and CXCLS, in OAFLS and
OA synovial explants.

In summary, the present study described for the first time that Gas6 displayed anti-
inflammatory effects in cells and biopsies derived from the joints of OA patients and that
this effect was associated with SOCS1/3 upregulation mediated by Gas6/Axl receptor
interaction. Thus, we propose that Gas6-based treatment of OA patients might be efficacious
in reducing inflammation and possibly OA-related pain, as Gas6 had the strongest effect
on CCL2 and IL-6.

4. Materials and Methods
4.1. Patient Material

A total of 32 patients were included in this study. The procedures were in accordance
with the Helsinki Declaration of 1964, as revised in 2013. OA knee synovial explants
(n =10; 6 female, 4 male; mean age, 72 years; range, 56 to 83 years) and synovial fibrob-
lasts (OAFLS) (n = 10; 6 female, 4 male; mean age, 68 years; range, 56 to 81 years) were
isolated from patients undergoing total knee arthroplasty (TKA) at the department of Or-
thopedics (Radboud University Medical Center) and the Sint Maartenskliniek (Nijmegen,
The Netherlands). The Kellgren—-Lawrence radiographic changes were grade 3 or 4. A TKA
had been recommended to all patients. Samples were obtained with informed consent prior
to surgery in an anonymized manner. The synovial fluids were taken from OA patients
(n =12; 7 female, 5 male; mean age, 57 years; range, 41 to 67 years) during appointments
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at the polyclinic to alleviate pressure and pain in knee joints due to edema or swelling
(synovial inflammation). Written informed consent was obtained from all patients.

4.2. OA Fibroblast-like Synoviocyte and Synovial Explant Isolation

Synovial samples were selected by visual inspection, separating fat, cartilage, and
bone tissue from synovial tissue. Biopsy-derived synovial tissue was digested with Liberase
TM (50 ng/mL) (Roche Diagnostics, Basel, Switzerland) for 1 h at 37 °C in RPMI medium
(Gibco). OAFLS were cultured in RPMI enriched with 10% heat-inactivated fetal calf serum
(FCS), pyruvate (1 mM), and 1% penicillin/streptomycin. Cells were maintained at 37 °C
and 5% CO,. The medium was refreshed weekly. Cells between passages 4 and 8 were
used for experiments. Synovial explants were obtained by punched biopsies (3 mm) from
synovial tissue and were incubated at 37 °C and 5% CO, overnight.

4.3. Synovial Fluid Preparation

The synovial fluids were centrifuged at 1700x g for 10 min at 4 °C, followed by 30 min
at 10,000x g at 4 °C to remove cells and debris. Supernatants were aliquoted and stored at
—80 °C. Synovial fluid samples were thawed and treated with 75 U/mL of hyaluronidase
(H3506; Sigma-Aldrich, Saint Louis, MO, USA) for 15 min at 37 °C to reduce viscosity and,
subsequently, centrifuged at 1000 g for 10 min at 4 °C. Samples were aliquoted and stored
at —20 °C until further analysis.

4.4. Cloning and Lentivirus Production for Gas6 Overexpression

For lentiviral vector production, the third-generation self-inactivating (SIN) lentiviral vec-
tor system was used. Vectors for human GAS6 (pLV[Exp]-EGFP:T2A:Puro-EF1A > hGAS6)
(VectorBuilder, Guangzhou, China) were in Escherichia coli hosts. Plasmids were purified
from bacterial culture using Maxiprep kits (Qiagen). Viral supernatants were generated in
Lenti-X 293T cells (TakaraBio, Kusatsu, Shiga, Japan) using 1 mg/mL polyethylenimine
(PEL; Polysciences, Warrington, PA, USA), 5.3 ug of plasmid DNA vector, 4.0 ng MDL
packaging plasmid, 3.5 ug of vesicular stomatitis virus glycoprotein G (VSV-G) envelope ex-
pression plasmid, and 1.8 pg of RSV-REV packaging expression plasmid. Viral supernatant
was concentrated using Lenti-X concentrator (TakaraBio) according to the manufacturer’s
protocol. Lentiviral concentration was determined using a p24 INNOTEST ELISA assay
(Fujirebio, Ghent, Belgium). Cells were transduced for 6-8 h with 50 ng of virus particles
per 5 x 10* cells and with 8 pg/mL polybrene (Sigma Aldrich, St. Louis, MO, USA) in
DMEM medium without FCS, penicillin, or streptomycin. Viral transduced cells were
selected with 1 ug/mL puromycin (Sigma Aldrich).

4.5. Gas6-Conditioned Medium

Gas6-conditioned medium (Gas6-CM) was prepared as described previously [30-33].
Briefly, Lenti-X 293T-transduced cells were serum-starved in DMEM, supplemented with
1% penicillin/streptomycin, pyruvate (1 mM), and vitamin K (4 uM) (Cheplapharm,
Greifswald, Germany) to induce carboxylated Gas6 GLA domain, for 72 h. The super-
natant was collected and centrifuged at 1500 rpm for 10 min at 4 °C and filtered (0.22 pm).
Gasb6 concentrations were evaluated by ELISA, and a standard curve against purified
recombinant Gas6 (R&D Systems) was used as a control. The levels of Gas6 were 2 pg/mL.

4.6. OAFLS and Synovial Explant Stimulation and Treatments

OAFLS (passages 4-8) and freshly isolated synovial explants were serum-starved
overnight. Cells were stimulated with 0.1 ng/mL of recombinant human IL-13 (R&D
systems, Oxford, UK), 1 ng/mL of recombinant human TNF-« (R&D systems, Oxford, UK),
or 10 ng/mL Escherichia coli lipopolysaccharide (LPS) (Invivogen, San Diego, CA, USA)
for 24 h. Inhibition of TAM receptor was performed with a pan-TAM inhibitor, RU301
(10 uM) (Axon Medchem, Groningen, The Netherlands), or with a selective AxI inhibitor,
RU428 (1 uM) (MedChemExpress, South Brunswick, NJ, USA), 1 h prior to Gas6-CM.
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Concentrations were determined based on previous studies [33,56]. Gas6-CM was added
in a dose-response curve of 16, 8, and 1.6 nM, 1 h prior to LPS stimulation. Supernatants
were collected for ELISA or Luminex analyses, and cells were processed for RNA isolation
and Western blotting analyses.

4.7. gPCR Analysis

Total RNA was extracted using TRI reagent (Sigma, St. Louis, MO, USA) according
to the manufacturer’s recommendations. A maximum of 1 ug of mRNA was treated with
1 uL of DNAse (Life Technologies, Carlsbad, CA, USA) for 15 min at room temperature
to remove possible genomic DNA, followed by 10 min of inactivation by incubation at
65 °C with 1 pL of 25 mM EDTA (Life Technologies). The cDNA production was performed
by using MLV reverse transcriptase (Invitrogen) and oligo(dT) primers. Quantitative
polymerase chain reaction (qPCR) analysis was performed with 5 uL of power SYBR green
PCR master mix (Applied Biosystems, Waltham, MA, USA), 1 uL of forward primer (2 uM),
1 pL of reverse primer (2 uM), and 3 pL of cDNA. Primer sequences are listed in the
Supplementary Table S1. The PCR protocol consisted of 10 min at 95 °C, followed by
40 cycles of 15 s at 95 °C and 60 s at 60 °C. Melting curves were performed to confirm gene-
specific amplification. Data were expressed as relative gene expression corrected for the
reference gene GAPDH, depicted as —ACrt. To determine the fold change in gene expression,
log base 2 of relative gene expression corrected for reference gene and unstimulated control
(AACT) was calculated (2~2ACT),

4.8. Western Blot Analysis

Protein extracts (30-50 ug) produced using RIPA lysis buffer (Cell Signaling) were
separated by electrophoresis on bis-acrylamide-SDS PAGE gels and electrically trans-
ferred to 0.45 pm pore nitrocellulose membranes (GE Healthcare, Chicago, IL, USA).
Non-specific antibody binding was blocked with 5% non-fat dry milk for 1 h. Mem-
branes were incubated with specific primary antibodies against Axl, P-STAT1, P-STAT3
(Cell Signaling), P-Axl (R&D systems), and GAPDH (Sigma Aldrich), and with species-
specific immunoglobulins/HRP-conjugated secondary antibodies. Enhanced chemilumi-
nescence ECL prime kit (GE Healthcare) was used to visualize bands using the ImageQuant
LAS4000 (Leica).

4.9. ELISA

Synovial fluid sAxl (DY154), sMer (DY6488), sTyro3 (DY859), and Gas6 (DY885B)
levels were determined using the DuoSet sandwich ELISA kits purchased from R&D
Systems (Minneapolis, MN, USA). sAxl and Gasé6 in supernatants of OAFLS were also
determined. ELISAs were performed according to the manufacturer’s instructions using the
DuoSet ELISA Ancillary Reagent Kit 2 (DY008; R&D Systems). Absorbance at 450 nm with
a correction wavelength of 540 nm was detected using a microplate reader (CLARIOstar,
BMG LABTECH).

4.10. Measurement of Cytokines by Multiplex ELISA

The concentrations of IL-13, CXCLS, IL-6, TNF-«, and CCL2 in synovial fluids and
OAFLS supernatants were determined by a Bio-Plex 200 system using a magnetic bead-
based multiplex immunoassay (Bio-Rad Laboratories, Hercules, CA, USA). The assay
was performed according to manufacturer protocols, using reagents (diluents, calibrators,
blocking reagents, and antibody-detecting mixtures) included in the kits. Data analysis
was performed with Bio-Plex Manager software (Bio-Rad Laboratories).

4.11. Immunohistochemistry

Immunostaining was performed as previously described [16]. OA synovial tissues
were used to determine protein expression of Axl, Mer, and Tyro3. Sections of syn-
ovial tissues were incubated with rabbit anti-human Axl (1:600; C89E7; Cell Signaling,
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Danvers, MA, USA), rabbit anti-human Mer (1:2000; ab52968; Abcam, Cambridge, UK),
rabbit anti-human Tyro3 (1:500; ab109231; Abcam), or rabbit anti-human IgG (1:74,000;
X0936; Agilent Technologies, Santa Clara, CA, USA) overnight at 4 °C and subsequently
with biotinylated goat anti-rabbit IgG (1:400; PK-6101; Vector Laboratories, Peterborough,
UK) for 30 min at RT. A biotin-streptavidin horseradish peroxidase detection system was
used according to the manufacturer’s protocol (PK6101; Vector Laboratories). Bound com-
plexes were visualized with diaminobenzidine by incubation for 10 min at RT. Sections
were counterstained with hematoxylin. Pictures were taken with a Leica DMR microscope
(Leica Microsystems, Wetzlar, Germany) at 20 x and 40 x magnification.

4.12. Efferocytosis Assay

THP-1 cells were stimulated with PMA (20 ng/mL) for 24 h. Peripheral blood neu-
trophils were isolated by a density gradient centrifugation method using Ficoll-Paque PLUS
(GE Healthcare). Neutrophils were treated with staurosporine (2 uM) (Sigma Aldrich) to
induce apoptosis. Apoptotic cells were labeled with pHrodo succinimidyl ester (40 ng/mL)
(Life Technologies). Apoptosis was morphologically determined using Giemsa staining
(cells exhibited chromatin condensation, nuclear fragmentation, and formation of apop-
totic bodies). THP-1 cells were co-incubated with apoptotic cells at a ratio of 1:10. The
fluorescence of pHrodo was measured at 590 nm with CLARIOstar.

4.13. Statistical Analysis

The statistical significance between groups was determined by Student’s t-tests or
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test.
Correlations were assessed using Pearson’s correlation coefficient. Data are presented as
mean + SEM; p < 0.05 was considered significant. Calculations were performed using the
prism 8.0.2 software program for Windows (GraphPad software, San Diego, CA, USA).
Outliers were excluded from the analyses.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph16050703/s1, Figure S1: Correlations between Gas6 and soluble
Mer and Tyro3 in synovial fluids of OA patients; Figure S2: Dose response of LPS, IL-13 and TNF-
o and the expression of inflammatory markers on OAFLS; Figure S3: Evaluation of efferocytosis
mediated by Gas6-conditioned medium in THP-1 cells; Figure S4: Effect of Gas6-CM on cytokine
production in the supernatants of OAFLS; Table S1: Primers sequences used in this study.
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