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and timing on cytokine responses
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Abstract

Osteoarthritis (OA) remains a challenging joint disorder necessitating effective anti-inflammatory interventions. In
this study, our primary objective was to establish an in vitro protocol that replicates the clinical investigation of
anti-inflammatory drugs intended for OA management. Focusing on recombinant IL-10 (rIL-10) as a potential anti-
inflammatory treatment, we designed and implemented two distinct protocols to evaluate the efficacy of rlL-10 in
modulating chondrocyte and synoviocyte inflammation.

The experimental design involved sequential stimulation with IL-13 and TNF-a for 24 h, followed by washing
(model 1) or not washing (model 2) the cells before rlL-10 treatment. Samples were collected after 6-24 h of
treatment. Cellular responses were evaluated by quantifying gene expression and synthesis of key inflammatory
cytokines and proteases.

The expression and synthesis of inflammatory cytokines and proteases was significantly affected by washing
and treatment time. The expression of IL-1(3, TNF-q, IL-8, MMP-13, and ADAMTS5 were effectively reduced in
ril-10-treated chondrocytes and synoviocytes in model 2 after 24 h, particularly at concentrations of 10 and
20 ng/mL. rIL-10 treatment significantly increased IL-6 gene expression in chondrocytes at all time points.
However, in synoviocytes, IL-6 expression was significantly lower in model 2 after 24 h of rIL-10 treatment. ril-10
treatment significantly decreased IL-13 and TNF-a content in synoviocyte supernatants, particularly in model 2 at
concentrations of 10 and 20 ng/mL after 6 and 24 h. rIL-10 treatment in chondrocytes led to a significant decrease
in IL-1(3 supernatant concentrations in model 2 after 24 h only.

This study demonstrated that rlL-10 treatment effectively reduces key inflammatory markers and matrix
metalloproteinase activity in both chondrocytes and synoviocytes, particularly in model 2 where cells were not
washed prior to treatment. These findings highlight rlL-10's potential as a robust anti-inflammatory agent for OA
management and suggest its critical role in developing effective therapeutic strategies for OA.
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Introduction

Osteoarthritis (OA) is a prevalent degenerative joint dis-
ease characterized by the progressive breakdown of carti-
lage, synovial inflammation, and joint pain [1]. Despite its
widespread impact, current treatment options primarily
focus on symptom management rather than addressing
the underlying inflammatory processes. Consequently,
there is an urgent need for effective anti-inflammatory
therapies that can mitigate the progression of OA.

Interleukin (IL)-10 is a potent anti-inflammatory cyto-
kine known for its ability to inhibit the synthesis of pro-
inflammatory cytokines such as IL-1f and tumor necrosis
factor (TNF)-a, which play crucial roles in the patho-
physiology of OA [2]. Because of this, IL-10 has been
investigated as a promising candidate for OA therapy due
to its potential to modulate inflammatory responses and
reduce cartilage degradation [3].

In vitro models are essential tools for preclinical drug
evaluation, allowing for the controlled study of cellu-
lar responses to therapeutic agents [4]. However, the
design of these models must accurately mimic the clini-
cal environment to ensure translational relevance. There
are several in vitro models used to study OA, including
monolayer cultures of chondrocytes and synoviocytes [5,
6], co-culture systems [7], and three-dimensional tissue-
engineered constructs [8]. Each model has its advan-
tages and limitations. Monolayer cultures allow for easy
manipulation and analysis of specific cellular responses
but may not fully replicate the tissue architecture and
cell-matrix interactions found in vivo. Co-culture sys-
tems, which involve multiple cell types such as chondro-
cytes and synoviocytes, provide a more physiologically
relevant environment by mimicking cell-cell interactions
[9]. Three-dimensional constructs offer even greater
complexity, better simulating the extracellular matrix and
mechanical properties of cartilage tissue [10].

One critical aspect of these in vitro models is the
method of inducing inflammation to study the efficacy
of anti-inflammatory treatments. Common approaches
involve stimulating cells with pro-inflammatory cyto-
kines such as IL-1B, TNF-a, or a combination of both.
IL-1f is known to induce cartilage degradation and
inflammation by promoting the expression of matrix
metalloproteinases (MMPs) and other catabolic factors
[11]. TNF-a also plays a significant role in OA patho-
genesis by enhancing the production of inflammatory
cytokines and MMPs [12]. Using these cytokines indi-
vidually or in combination can provide insights into their
specific and synergistic effects on cellular behavior and
inflammation.

In this study, we aim to establish an optimized in vitro
protocol for evaluating the anti-inflammatory effects
of recombinant IL-10 (r.IL-10), synthetic version of the
naturally occurring IL-10, in chondrocytes and syn-
oviocytes. We implemented two distinct experimental
protocols to evaluate the impact of washing and time
on cytokine responses. Specifically, we investigated the
effects of stimulation with IL-1p and TNF-q, followed by
r.JL-10 treatment, on the expression of key inflammatory
markers and MMPs.

Traditionally, in vitro experiments have included
washing between two different treatments; however, we
observed that the washing process itself could reduce
pro-inflammatory markers, complicating the detection
of the treatment effects under investigation. This finding
highlights a gap in the literature regarding the impact of
washing protocols on cytokine responses. We believe it is
essential to address this aspect, as it can provide valuable
insights for researchers designing similar experiments.
While this may seem like a simple procedural step, it can
significantly influence the outcomes of anti-inflammatory
studies.

We hypothesized that r.IL-10 treatment of inflamed
chondrocytes and synoviocytes would decrease expres-
sion and synthesis of key pro-inflammatory and degrada-
tive proteins and that there would be a temporal effect on
these responses. This work, therefore, represents a signif-
icant step toward establishing a more predictive and reli-
able in vitro screening tool for anti-inflammatory drug
development.

Materials and methods

Cell culture and stimulation protocol

Cartilage and synovium were aseptically collected from
the femoropatellar and femorotibial joints of 4 young
horses (2-8 years) that were euthanized for reasons
unrelated to musculoskeletal disease following approval
from the Institutional Animal Care and Use Commit-
tee (IACUC #806625). Horses were euthanized using
an overdose of intravenous pentobarbital (75 mg/kg).
Cartilage was digested overnight in 0.075% collagenase
(Worthington Biochemical, Lakewood, NJ) as previously
described [13]. Synovium was digested in 0.15% colla-
genase and 0.015% DNAse for 2 h at 37 °C as previously
described [14]. Cells were stored in liquid nitrogen until
future use.

Equine chondrocytes were cultured in Dulbecco’s Mod-
ified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12,
ThermoFisher Scientific), supplemented with 10% fetal
bovine serum (FBS), HEPES (25mM, ThermoFisher Sci-
entific), penicillin-streptomycin (100 pg/mL, Invitrogen),
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L-ascorbic acid (50 mg/mL, A4544, Sigma-Aldrich), and
alpha-ketoglutarate (30 mg/mL, Sigma-Aldrich) [15].
Synoviocytes were cultured in high-glucose DMEM, sup-
plemented with 10% FBS, HEPES (25mM) and penicillin-
streptomycin (100 pg/mL), following Nixon et al. with
slight modifications [16].

Chondrocytes were pooled from 4 horses and syn-
oviocytes from 3 horses. The cells, at passage 0, were
retrieved from liquid nitrogen, and an equal number of
cells were seeded together until confluence. Passage 1
cells were used for all experiments. The cells were seeded
at a density of 5000 cells/cm® in 24-well plates. Prior
to treatment, cells were cultured for 24 h or until they
reached 80% confluence. Chondrocytes and synoviocytes
were cultured separately throughout the experimental
protocols.

To induce a pro-inflammatory state, cells were stimu-
lated with IL-1f (10 ng/mL) and TNF-a (1 ng/mL),
as described in our previous manuscript for effective
inflammation induction in similar cell models [15]. Cells
were then treated with recombinant equine IL-10 (r.IL-
10, catalog number 1605-IL, R&D Systems, Minneapolis,
MN, USA) at three concentrations: 10 ng/mL, 20 ng/mL,
and 50 ng/mL.

Page 3 of 13

Experimental groups
Experimental groups were established for analysis of the
effects of r.IL-10 on equine chondrocytes and synovio-
cytes. The control groups consisted of unstimulated cells
and stimulated cells without r.IL-10 treatment. The treat-
ment groups consisted of stimulated cells treated with
varying concentrations of r.IL-10. Following the defined
incubation period, both cells and supernatant were har-
vested for subsequent analyses. All experiments were
performed in triplicate.

The following culture models, along with the timelines
for each treatment and stimulation, are shown in Fig. 1:

Model 1 Stimulation with IL-1f and TNF-a for 24 h, fol-
lowed by a media change with cell washing using 1 mL of
phosphate buffered saline (PBS) and treatment with r.IL-
10 (10ng/mL, 20ng/mL, or 50ng/mL) for an additional
6-24 h.

Model 2 Stimulation with IL-1 and TNF-a for 24 h, fol-
lowed by a media change without cell washing and treat-
ment with r.IL-10 (10ng/mL, 20ng/mL, or 50ng/mL) for
an additional 6-24 h.

o é
Model 1
Chondrocyte E
Model 2 E
Synoviocyte Model 1 ‘
Model 2 :
IL-1B+TNFa rIL-10 ‘ Washing before
Stimulation Treatment media change

Fig. 1 Experimental design for evaluating IL-10 treatment in equine chondrocytes and synoviocytes. Two experimental models were used to examine
the anti-inflammatory effects of equine recombinant IL-10 (r.IL.-10) on chondrocytes or synoviocytes. Controls included unstimulated cells and stimulated
cells without treatment. Supernatants were collected at the end of the culture period for quantification of cytokines with immunoassays. Cells were col-

lected for gene expression analysis with gRT-PCR
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Gene expression

Triplicate cell samples were pooled prior to RNA extrac-
tion to ensure a representative analysis of each experi-
mental condition. RNA was extracted from chondrocytes
and synoviocytes using RNeasy Mini kit (Qiagen, Ger-
mantown, MD) and reverse transcribed into cDNA
with a High Capacity cDNA Reverse Transcription Kit
(Appliedbiosystems, ThermoFisher Scientific, Waltham,
MA) according to the manufacturer’s protocol. Quanti-
tative reverse transcription-polymerase chain reaction
(qRT-PCR) was performed to quantify expression of
genes using TagMan~ Universal Master Mix II (Applied
Biosystems / ThermoFisher Scientific, Waltham, MA)
and the QuantStudio 6 Flex Real-Time PCR Instrument
(ThermoFisher Scientific, Waltham, MA). Each PCR
reaction was run in triplicate. Genes of interest included
immunomodulatory cytokines (IL-1f5, TNF-a, IL-6, IL-
8), degradative enzymes (MMP-13 and ADAMTSS5), and
pl6 as a marker of apoptosis. 18 S served as the refer-
ence gene. The primer and probe sequence used for 18 S
and pl6 are detailed in Table 1. The primer and probe
sequences for the remaining genes were obtained from
ThermoFisher Scientific’s proprietary equine-specific
gene expression assay database. Relative mRNA expres-
sion was calculated by AACt method.

Supernatant analysis

Supernatant was collected at the end of the culture
period, pooled from triplicate samples, and analyzed
in duplicate. After collection, samples were centri-
fuged at 3,000 x g for 10 min and stored at -20 °C until
further analysis. The concentrations of IL-1B, TNF-q,
IL-6, and IL-8 were measured using a fluorescent bead-
based multiplex immunoassay (Milliplex® Equine Cyto-
kine/Chemokine Magnetic Bead Panel, catalog no.
EQCYTMAG-93 K, Millipore, Burlington, MA) on the
Luminex®200 instrument (Luminex, Austin, TX) follow-
ing the manufacturer’s instructions and as previously
described [17]. Briefly, 25 uL of standard, control, or
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sample and 25 pL of antibody-immobilized beads were
added to individual wells on a 96-well plate. Plates were
incubated at 4°C overnight and then washed 3 times
before adding 25 pL of detection antibody to each well.
Plates were then incubated on a shaker at room tempera-
ture for 1 h followed by addition of 25 pL of streptavi-
din-phycoerythrin to each well. Plates were incubated
for an additional 30 min on a shaker at room tempera-
ture before washing and addition of 150 pL of drive fluid.
All plates were analyzed on the Luminex°200 instrument
with xPONENT® software with 50 events per bead and a
sample size of 100 pL.

Prostaglandin E2 (PGE2) concentration in superna-
tants was quantified using a competitive enzyme-linked
immunosorbent assay (ELISA) (SKGE004B, R&D Sys-
tems, MN, USA) according to the protocol provided by
the manufacturer. Briefly, 150 pL of calibrator diluent was
added to wells followed by 150 pL of standard, control,
or sample. Next, 50 pL of primary antibody solution was
added to each well and plates were incubated on a shaker
for 1 h at room temperature. Following incubation, 50
uL of PGE2 conjugate was added to each well and plates
were incubated for 2 h at room temperature on a shaker.
Plates were then washed 4 times and 200 pL of substrate
solution was added to each well. Plates were incubated
for 30 min at room temperature, 100 pL of stop solution
was added to each well, and the optical density was deter-
mined using a microplate reader at 450 nm.

Statistical analysis

Data was tested for normal distribution using the
Shapiro-Wilk test accompanied by Q-Q plots for fur-
ther validation of normality. Statistical comparisons
were executed through two-way Analysis of Variance
(ANOVA), which allowed for the evaluation of both
individual effects of the treatment conditions (e.g., pres-
ence or absence of r.JL-10) and the experimental models
(washed vs. unwashed), as well as any interaction effects
between them on inflammatory marker expression.

Table 1 Equine primer sequences/id used to analyze gene expression

Gene Role Sequence/Assay ID

18 S ribosomal Reference gene Forward GCCGCTAGAGGTGAAATTCT
Reverse TCGGAACTACGACGGTATCT
Probe AAGACGGACCAGAGCGAAAGCAT

p16 (CDKN2A) Cell-cycle inhibitor Forward CTCTTGGCCGACATGCT
Reverse CCCATCATCACGACCTGAAT
Probe ACCTCACCCAACGCGCTGAA

IL-13 Pro-inflammatory cytokine Assay ID Ec04260298_s1

TNF-a Inflammatory cytokine Assay ID Ec03467871_m1

IL-6 Pro-inflammatory cytokine and Anti-inflammatory myokine Assay ID Ec03468678_m1

IL-8 Chemoattractant cytokine Assay ID Ec03468860_m1

MMP-13 Degradation of extracellular matrix Assay ID Ec03467796_m1

ADAMTS-5 degrading articular cartilage matrix Assay ID Ec03470669_m1
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Dunnett’s multiple comparisons test was used as a post-
hoc analysis to compare each experimental group to the
stimulated non-treated control group. The significance
threshold was set at p<0.05. All statistical analyses were
performed using GraphPad Prism version 10.3.1. Results
are presented as meanzstandard deviation (SD), except
for supernatant cytokine concentrations, which are pre-
sented as mean = coefficient of variation (CV%). Statisti-
cal significance denoted by asterisks (*p<0.05, **p<0.01,
***p<0.001, ****p<0.0001).

Results

Gene expression in chondrocytes in response to

stimulation and r.IL-10 treatment

The effect of culture model and r.IL-10 treatment on gene

expression in chondrocytes is shown in Fig. 2.
Stimulation led to a significant increase in IL-1j

expression at 6 h in model 1 and model 2. However, at
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24 h, only cells that were not washed continued to show
upregulation of /L-1p.

IL-1B gene expression was significantly decreased in
chondrocytes treated with r.IL-10 in model 2, where
cells were not washed. Specifically, chondrocytes treated
with 20 ng/mL and 50ng/mL of r.IL-10 had significantly
decreased expression of IL-1f3 at 6 h (»p<0.0001), while
only chondrocytes treated with 20ng/mL had signifi-
cantly decreased expression of IL-15 at 24 h (p<0.001,
Fig. 2A).

Interestingly, stimulation of chondrocytes did not elicit
a significant increase in TNF-a gene expression. Expres-
sion was only detectable in stimulated, untreated chon-
drocytes in both models after 24 h but not at 6 h. TNF-a
expression was significantly decreased in both model 1
and model 2 at 24 h when treated with r.IL-10 at a con-
centration of 20 ng/mL (p<0.001 and p<0.05, respec-
tively). However, TNF-a expression was significantly
higher at 6 h in chondrocytes treated with rIL-10 at a
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Fig. 2 Relative mRNA expression of (A) IL-13, (B) TNF-a, (C) IL-6, (D) IL-8, (E) MMP-13, (F) ADAMTSS and (G) p16 in chondrocytes. PCR runs were performed
in triplicate for each treatment group. Treatment groups included unstimulated control (CTRL U), stimulated control (CTRL S), and stimulated followed
by IL-10 treatment (T) at three different concentrations (10, 20, and 50 ng/mL). Cells were collected 6-24 h after initiation of rIL-10 treatment. The data
are expressed as mean + SD. Significant differences between CTRL S and other treatment groups are denoted as *p <0.05, **p <0.01, ***p <0.001, and
**¥%p <0.0001. The dotted line demarcates the level of the stimulated group without IL-10 treatment. (H) This schematic diagram illustrates the inflam-
matory genes that were suppressed as a result of specific treatment protocols at defined time point, highlighting the optimal model for downregulating
the majority of these inflammatory genes
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concentration of 20 ng/mL and 50 ng/mL (p<0.0001,
Fig. 2B).

IL-6 gene expression was increased in both models
at all time points following stimulation with expres-
sion increasing between 6 and 24 h. r.IL-10 treatment at
all concentrations led to a further increase in IL-6 gene
expression compared to stimulated, untreated chondro-
cytes cultured using model 1 at 24 h and using model 2 at
both 6 and 24 h (p<0.0001, Fig. 2C).

The expression of IL-8 was also increased in both mod-
els at all time points following stimulation. There was a
temporal effect noted in chondrocytes cultured in model
2 with expression increasing from 6 to 24 h. The expres-
sion of /L-8 was significantly decreased with r.IL-10 treat-
ment at all concentrations in chondrocytes cultured in
model 2 at 24 h (p<0.0001, Fig. 2D).

The expression of MMP-13 increased significantly with
stimulation over time with small increases noted at 6 h in
both models and larger increases noted at 24 h. At 24 h,
chondrocytes cultured in both models and treated with
10 ng/mL or 20 ng/mL r.IL-10 had significantly decreased
expression of MMP-13 compared to stimulated controls
(p<0.0001, Fig. 2E). Interestingly, treatment with 50
ng/mL r.IL-10 led to a significant increase in MMP-13
expression compared to stimulated controls.

ADAMTSS5 expression was significantly increased fol-
lowing stimulation at 6 and 24 h (p<0.0001). Treatment
with r.IJL-10 at 10 ng/mL in model 1 at 24 h led to signifi-
cant decreases in ADAMTSS, while treatment with r.IL-
10 at both 10 ng/mL and 20 ng/mL in model 2 at 24 h led
to significant decreases in ADAMTS5 gene expression
(p<0.0001, Fig. 2F).

The expression of pI6 did not vary significantly
between different groups, except for significantly
decreased expression at 6 h in chondrocytes in model
2 treated with r.IL-10 at a concentration of 20 ng/mL
(p<0.05) and significantly increased expression at 6 h in
chondrocytes in model 2 treated with r.IL-10 at a concen-
tration of 50 ng/mL (p<0.001, Fig. 2G).

Gene expression in Synoviocytes in response to
stimulation and r.IL-10 treatment

The effect of culture model and r.IL-10 treatment on gene
expression in synoviocytes is shown in Fig. 3.

Stimulation led to a significant increase in IL-1§ only
at 24 h in model 2, where the cells were not washed.
Treatment with r.IL-10 at the three tested concentrations
significantly reduced IL-1j expression in synoviocytes,
observed exclusively in model 2 after 24 h (p<0.0001,
Fig. 3A).

Similar to chondrocytes, TNF-a gene expression in
synoviocytes appeared to be minimally affected by cul-
ture model or stimulation. Interestingly, at 24 h, expres-
sion of TNF-a was significantly decreased in synoviocytes

Page 6 of 13

treated with all concentrations of r.IL-10 at 24 h in model
2 compared to both stimulated and unstimulated con-
trols (Fig. 3B).

Unlike chondrocytes, expression of IL-6 was not
affected by stimulation at 6 h; however, IL-6 was signifi-
cantly upregulated by stimulation at 24 h in both models.
Treatment with r.IL-10 at all concentrations significantly
decreased expression of IL-6 in model 2 (p<0.0001),
while in model 1, IL-6 expression was significantly
increased with r.IL-10 treatment compared to stimulated
controls (»<0.0001, Fig. 3C).

Stimulation led to significant increases in /L-8 expres-
sion in both models with expression increasing over time.
Treatment with r.IL-10 led to downregulation of IL-8 in
model 1 at 6 h at a concentration of 10 ng/mL only, while
IL-8 was significantly downregulated by r.IL-10 at all
concentrations in model 2 at 6 h (p<0.001). At 24 h, IL-
8 expression was significantly increased in model 1 cul-
tures treated with r.IL-10 at 10 and 20 ng/mL. In model 2,
IL-8 continued to be significantly downregulated at 24 h
at all concentrations of r.IL-10 (p<0.0001, Fig. 3D).

A similar effect was observed in MMP-13 gene expres-
sion. Expression of MMP-13 was upregulated with stim-
ulation and this effect increased over time. MAMP-13
expression was decreased in model 1 at 6 h treated with
r.JL-10 at a concentration of 10 ng/mL but was increased
in model 1 at 6 h treated with r.IL-10 at a concentration
of 50 ng/mL (p<0.0001). No downregulation in MMP-13
was noted at 24 h following r.IL-10 treatment in model 1.
In model 2, MMP-13 was significantly decreased at 6 and
24 h at all concentrations of r.IL-10 (p<0.0001, Fig. 3E).

Expression of ADAMTSS was also upregulated with
stimulation but only cells cultured in model 2 showed an
increase in expression over time (p<0.0001). In model 1,
treatment with r.IL-10 at a concentration of 10 ng/mL led
to significant downregulation of ADAMTSS5 at 6 h, while
treatment with higher concentrations of r.IL-10 led to
increased expression of ADAMTSS5. At 24 h, ADAMTSS5
expression was decreased in cells treated with 10 and 50
ng/mL of r.IL-10. In model 2, expression of ADAMTS5
was significantly downregulated at 24 h at all concentra-
tions of r.IL-10 (p<0.0001, Fig. 3F).

pl6 gene expression was only slightly affected by
model, stimulation, and treatment. Interestingly, treat-
ment with r.IL-10 at 20 and 50 ng/mL led to significantly
decreased pl6 expression in model 2 at 24 h compared
to both stimulated and unstimulated controls (p<0.01,
p<0.001 respectively, Fig. 3G).

Cytokine quantification in chondrocyte cultures in
response to stimulation and r.IL-10 treatment

The concentration of the immunomodulatory cytokines
IL-1B, TNF-qa, IL-6, and IL-8 in chondrocyte culture
supernatants is shown in Fig. 4.
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Fig. 3 Relative mRNA expression of (A) IL-1B, (B) TNF-a, ((C) IL-6, (D) IL-8, (E)

MMP-13, (F) ADAMTSS and (G) p16 in synoviocytes. PCR runs were performed

in triplicate for each treatment group. Treatment groups included unstimulated control (CTRL U), stimulated control (CTRL S), and stimulated followed
by IL-10 treatment (T) at three different concentrations (10, 20, and 50 ng/mL). Cells were collected 6-24 h after initiation of rIL-10 treatment. The data
are expressed as mean +SD. Significant differences between CTRL S and other treatment groups are denoted as *p <0.05, **p <0.01, ***p <0.001, and
**¥¥p <0.0001. The dotted line demarcates the level of the stimulated group without IL-10 treatment. (H) This schematic diagram illustrates the inflamma-
tory genes that were suppressed as a result of specific treatment protocols at defined time points, highlighting the optimal model for downregulating

the majority of these inflammatory genes

IL-1p concentration was only significantly increased by
stimulation in chondrocytes cultured using model 2 at
6 and 24 h. No effect of r.IL-10 treatment was noted at
6 h, however, at 24 h, r.IL-10 treatment at 10, 20, and 50
ng/mL (p<0.0001, 0.001, 0.01, Fig. 4A) led to significant
decreases in IL-1f concentration compared to stimulated
controls.

TNF-a concentration was also minimally increased
by stimulation in chondrocytes cultured using model 2.
Treatment with r.IL-10 did not lead to decreased TNF-a
supernatant concentrations. In fact, rIL-10 treatment at
10 and 50ng/mL was associated with significantly higher
concentrations of TNF-a at both 6 and 24 h (Fig. 4B).

IL-6 concentration was significantly increased by stim-
ulation in both models at 6 and 24 h. This was especially
notable in model 2 at 24 h. Treatment with r.IL-10 was
associated with further increased IL-6 concentration in

model 2 at all concentrations at 6 h and at 20 and 50ng/
mL at 24 h (Fig. 4C).

Finally, IL-8 concentration was significantly increased
by stimulation in both models and at both time points.
Treatment with r.IL-10 was not associated with decreased
IL-8 concentration in either model or at any time point
(Fig. 4D).

Cytokine quantification in synoviocyte cultures in response
to stimulation and r.IL-10 treatment

The concentration of the immunomodulatory cytokines
IL-1p, TNF-a, IL-6, and IL-8 in synoviocyte culture
supernatants is shown in Fig. 5.

IL-1p concentrations were significantly higher in both
models at 6 h and further increased at 24 h following
stimulation with higher concentrations of IL-1B noted
in model 2. Treatment with r.IL-10 at concentrations of
10 and 20 ng/mL showed a significant reduction of IL-1j
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in model 2 at both time points (6 and 24 h) (p<0.0001,
Fig. 5A).

Similar to chondrocyte cultures, TNF-a concentrations
were minimally increased with stimulation in model 2.
Treatment with r.IL-10 at 10 and 20 ng/mL led to sig-
nificantly decreased TNF-a concentrations at 6 and 24 h
(Fig. 5B).

IL-6 concentration was significantly increased by
stimulation in both models at 24 h but not at 6 h. There
was no notable difference between stimulation and r.IL-
10 treatment in model 1 at both 6 and 24 h. Similarly, in
model 2, IL-6 levels were not significantly different at 6 h,
but r.IL-10 at a concentration of 50 ng/mL exhibited sig-
nificantly higher IL-6 levels after 24 h (Fig. 5C).

Finally, IL-8 concentration was significantly increased
by stimulation in both models and at both time points.
Treatment with r.IL-10 was not associated with signifi-
cant decrease in IL-8 concentration in either model or at
any time point (Fig. 5D).

PGE2 concentration in chondrocyte and synoviocyte
cultures in response to stimulation and r.IL-10 treatment
The concentration of PGE2 in chondrocyte and synovi-
ocyte culture supernatants is shown in Fig. 6. Stimula-
tion led to significant increases in PGE2 concentrations
in chondrocyte cultures in both models and both time
points. r.IL-10 treatment at 50 ng/mL led to a significant
reduction in PGE2 concentration in chondrocyte super-
natants compared to the stimulated controls, but only in
model 1 after 6 h (p<0.001). Notably, PGE2 levels were
significantly higher after r.IL-10 treatment at all concen-
trations in model 2 after both 6 and 24 h (Fig. 6A).

In synoviocyte cultures, stimulation also led to signifi-
cant increases in PGE2 concentrations from both models
and both time points. PGE2 levels were further increased
above stimulated controls in synoviocytes treated at all
concentrations of r.IL-10 in model 1 at 24 h (p<0.0001,
Fig. 6B).
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Discussion

Our study aimed to elucidate the differential modula-
tion of inflammation by r.IL-10 in IL-1p and TNF-a-
stimulated chondrocytes and synoviocytes, with a focus
on the impact of cell washing and time on cytokine
responses. The findings demonstrated that r.IL-10 effec-
tively reduces several key inflammatory markers and
degradative enzymes, particularly in model 2 where cells
were not washed prior to treatment. This response was
also more profound after 24 h of r.IL-10 treatment versus
6 h of treatment.

In our study, the effect of washing the cells prior
to treatment significantly influenced the outcomes
observed. Washing the cells likely removed residual
pro-inflammatory cytokines and other mediators from
the culture medium, which may have contributed to the
observed differences in cytokine expression. In model
2, where cells were not washed before treatment, there
appeared to be a prolonged inflammatory response in
the cells. This in turn provided a more suitable environ-
ment to examine the immunomodulatory effects of r.IL-
10 treatment with reduction of several key inflammatory
markers and degradative enzymes noted. This finding
aligns with previous studies indicating that washing, such
as joint lavage, can influence inflammatory responses. For
instance, histological evaluations in rabbit models have
shown that joint lavage reduced the breakdown of artic-
ular cartilage and inflammation of the synovium, with a
significant decrease in /L-1f and TNF-a levels in synovial
fluid compared to control [18]. In our study, the stimula-
tion groups that underwent washing may have lost these
critical factors more rapidly, which would explain why
cells in model 1 had diminished gene expression and pro-
tein synthesis, and a less robust response to r.IL-10 treat-
ment when compared to the unwashed model 2 cultures.

In contrast, while Wu et al. [19] demonstrated sig-
nificant downregulation of pro-inflammatory mark-
ers, including IL-18, TNF-a, MMP-3, MMP-9, and
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10000 wrxs i = CTRLU
= xx = P f e OIS
. S BB e 10000 —
\é | B ran 'I E ] poriog s '%‘- = 113 ng/ml
: 3000 ~ 3000 - == T 20 ng/ml
w w T 50 ng/ml
¢ ¢
0~ -
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
6 hours 24 hours 6 hours 24 hours

Fig. 6 PGE2 concentration in supernatants from (A) chondrocyte and (B) synoviocyte cultures. Treatment groups included: unstimulated (CTRL U),
stimulated (CTRL S), and stimulated followed by IL-10 treatment (T) at three different concentrations (10, 20, and 50 ng/mL) 6 and 24 h after initiation of
rIL-10 treatment. Experimental runs were performed in duplicate for each treatment group. The data are expressed as mean = SD. Significant differences
between CTRL S and other groups are denoted as *p < 0.05, ***p <0.001, and ****p < 0.0001. The dotted line demarcates the level of the stimulated group
without IL-10 treatment
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Ki-67 following baicalein treatment, they specifically
noted washing of the treated cells between the stimula-
tion and treatment phases. However, they did not detail
whether the stimulated non-treated cells were washed in
a similar manner. This raises questions about the poten-
tial impact of residual cytokines in their non-treated
controls, as the absence of this detail leaves the wash-
ing protocol unclear. The differences in methodology
highlight the complexities involved in designing in vitro
studies for evaluating anti-inflammatory treatments.
While our no-wash approach aimed to reflect in vivo
conditions, the lack of washing in Wu et al's study for
the non-treated cells may have influenced their results,
emphasizing the need for clarity in experimental pro-
tocols to better understand the effects of therapeutic
agents.

A clear temporal response in cytokine expression and
synthesis was also observed. Interestingly, at the 6-hour
time point, an immediate early response to stimulation
was evident, showing initial upregulation of pro-inflam-
matory cytokines and degradative enzymes, however,
this early response was more robust in chondrocytes
than synoviocytes. By 24 h, the sustained effects became
more apparent with further increases in expression of
pro-inflammatory mediators, especially in model 2 cul-
tures where cells were not washed. Interestingly, at 24 h,
the increased expression of pro-inflammatory mediators
was more profound in synoviocytes, not chondrocytes, as
was noted at 6 h. These temporal changes in gene expres-
sion were reflected in the quantification of IL-18, TNF-
a, IL-6 and IL-8 in the supernatants of chondrocyte and
synoviocyte cultures. Taken together, our observations
demonstrate a significant temporal effect on gene expres-
sion and protein synthesis in response to stimulation
and also demonstrate how different cell types respond to
stimulation. These observations are consistent with pre-
vious research reported that the effect of IL-10 has been
observed to be more pronounced after prolonged expo-
sure, with significant anti-inflammatory effects detected
even after 48 h in vitro [20].

Researchers have investigated the potential use of
IL-10 to treat OA due to its potent anti-inflammatory
properties and studies have demonstrated that IL-10 can
mitigate the inflammatory cascade in osteoarthritic con-
ditions. For instance, AAV-mediated overexpression of
IL-10 has been shown to reduce inflammation in stimu-
lated equine chondrocyte pellets [21] and sustained IL-10
transgene expression following intra-articular AAV5-
IL-10 administration in horses has provided evidence of
its long-term therapeutic potential [22]. Additionally, IL-
10 is upregulated in response to pro-inflammatory cyto-
kines such as IL-1p and TNEF-q, potentially counteracting
their detrimental effects in osteoarthritic cartilage [23].
Our results align with these findings, as we observed
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that r.IL-10 treatment significantly reduces IL-18, TNF-a,
IL-8, MMP-13, and ADAMTSS5 gene expression in both
chondrocytes and synoviocytes, particularly in model
2. This model, which did not involve washing the cells
prior to rIL-10 treatment, more closely mimics the in
vivo environment where continuous cytokine signaling
occurs. The concentration of cytokines in culture super-
natants further reinforced the efficacy of r.IL-10, show-
ing a significant decrease in IL-1p and TNF-a content in
synoviocyte supernatants, particularly in model 2, at con-
centrations of 10 and 20 ng/mL after 6 and 24 h. In chon-
drocytes, r.IL-10 treatment led to a significant decrease
in IL-1P in model 2 after 24 h only. These results suggest
that the timing and context of cytokine exposure are crit-
ical determinants of r.IL-10’s anti-inflammatory effects.

The pro-inflammatory cytokines IL-1 and TNF-a have
been reported to induce tissue degradation by decreas-
ing anabolism and inducing the expression and activa-
tion of proteases, including MMP-13 and ADAMTS5
[24, 25]. In our study, stimulation in both models suc-
cessfully induced similar effects, significantly increasing
expression of MMP-13 and ADAMTSS in both chon-
drocytes and synoviocytes at all time points. IL-10 treat-
ment reduced the expression of ADAMTSS, an enzyme
responsible for aggrecan degradation [21] and the expres-
sion of MMP-13, an enzyme that contributes to degrada-
tion of collagen type II [26]. The NF-xB signaling pathway
has been shown to play a critical role in the progression
of OA by upregulating the expression of pro-inflamma-
tory cytokines such as IL-1f5 and catabolic enzymes like
MMP-13, thereby accelerating the deterioration of artic-
ular cartilage [27]. IL-10 has demonstrated the ability to
inhibit NF-«B activity, which in turn mitigates these del-
eterious effects. Similar results have been reported by
Behrendt et al. in which IL-10 significantly reduced the
expression of MMP-3, MMP-13, and ADAMTS4 [26].
Limiting expression of these degradative enzymes has the
potential to effectively protect the extracellular matrix
from degradation.

Interestingly, rIL-10 treatment of stimulated cul-
tures increased [L-6 gene expression in chondrocytes
in both models at 24 h, while significantly lowering /L-6
gene expression in synoviocytes in model 2. This con-
trasts with a previous study where IL-10 had no effect
on IL-6 in TNF-a stimulated human synovial fibroblasts
[28], suggesting that the experimental model influence
IL-10’s anti-inflammatory effects. In a tri-culture model
of OA, the addition of regulatory T cells (Tregs), known
producers of IL-10, was associated with increased con-
centrations of the anti-inflammatory cytokines IL-10
and IL-4 in the medium. While Tregs were associated
with increased expression of tissue inhibitor of metal-
loproteinase (TIMP)-1, an important protective cyto-
kine, in chondrocytes and synoviocytes, Tregs also led to
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increased expression of /L-6 and decreased expression of
collagen type 2 and aggrecan in IL-1B-stimulated chon-
drocytes [29]. This indicates that while IL-10 promotes
chondroprotective conditions, it may also support the
synthesis of IL-6 in response to inflammatory stimuli.
Additionally, IL-10-treated chondrocytes showed signifi-
cantly higher IL-6 levels compared to non-treated, stimu-
lated chondrocytes, though IL-6 levels remained lower
in chondrocytes than in synoviocytes under the same
condition. Notably, during OA, IL-6 expression differs
significantly between cell types, with a recent study using
single cell RNA sequencing showing that less than 1% of
chondrocytes expressed IL-6 compared to 5-36% of syn-
oviocytes [30]. Another study by Cameron et al. (2021)
demonstrated that AAV-mediated IL-10 overexpression
in equine BM-MSCs reduced IL-1 and IL-6 expres-
sion in stimulated cartilage explants, though BM-MSCs
transduced with AAV null produced similar effects, sug-
gesting IL-10 alone may not drive the anti-inflammatory
response [31]. IL-6 likely mediates both pro-inflamma-
tory and anti-inflammatory responses depending on
the cytokine environment and cellular context [32]. Its
increase after IL-10 treatment may reflect a complex
regulatory interaction balancing inflammation and carti-
lage repair by promoting the survival and proliferation of
chondrocytes under certain conditions [17].

p16, also known as CDKN2A, is a key regulator of cel-
lular senescence, a state of stable cell cycle arrest that
cells enter in response to various stressors, including
DNA damage, oxidative stress, and inflammatory cyto-
kines [33]. Senescence serves as a protective mechanism
to prevent the proliferation of damaged cells, but it can
also contribute to tissue aging and dysfunction if senes-
cent cells accumulate [34]. p16 inhibits cyclin-dependent
kinases 4 and 6 (CDK4/6), preventing the phosphoryla-
tion of the retinoblastoma (RB) protein and blocking cell
cycle progression from the G1 to the S phase, thereby
inducing senescence [35]. Our findings suggest that
chondrocytes are less responsive to IL-13 and TNF-a
stimulation in terms of pl16 expression, which might
indicate a more robust mechanism to avoid senescence
under inflammatory conditions. In contrast, synoviocytes
showed a significant increase in pl16 expression upon
stimulation, suggesting a higher sensitivity to inflamma-
tory signals and a potential predisposition to senescence.
However, treatment with r.IL-10 effectively downregu-
lated p16 expression in synoviocytes, demonstrating its
protective effect against inflammation-induced senes-
cence in these cells. A previous study found that IL-10
overexpression in chondrocytes rescued proliferation
and suppressed apoptosis, as well as reduced the expres-
sion of degeneration markers like collagen type X, IL-6,
and TNF-a in IL-1pB-pretreated chondrocytes [36].
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Our study assessed PGE2 synthesis in response to stim-
ulation and rIL-10 treatment. We found that a signifi-
cant reduction in PGE2 was observed only at the highest
concentration of 50 ng/mL in model 1, where chondro-
cytes were washed and supernatants collected after 6 h
of treatment. In synoviocytes, PGE2 levels were either
similar to stimulated controls or significantly higher fol-
lowing rIL-10 treatment, particularly in model 1 after
24 h. These findings contrast with a previous report in
which 5 ng/mL IL-10 inhibited PGE2 release and down-
regulated the TNF receptor and cyclo-oxygenase-2 in
TNFa-induced synovial fibroblasts [37]. On the other
hand, conditioned medium from adipose-derived stem
cells (ASCs) was shown to increase PGE2 produced by
ASCs and shown to be directly involved in their anti-
inflammatory effects, primarily through the EP4 receptor
[38]. Increased PGE2 levels may act through EP2 and EP4
receptors to elevate cAMP, inhibiting pro-inflammatory
cytokines and promoting anti-inflammatory pathways
[39]. IL-10 may upregulate PGE2 as part of a strategy to
enhance anti-inflammatory mediators [40], or as a feed-
back mechanism to control excessive inflammation and
maintain tissue homeostasis [41]. Additionally, PGE2 sig-
naling has been demonstrated to suppress the release of
inflammatory cytokines by macrophages, including TNF,
IL-1pB, and interferon (IFN)-p [42, 43].

One notable limitation of our study is the pooling of
cells from individual horses for culture, which limits our
ability to assess variability between horses and may lead
to falsely decreased standard deviations and coefficients
of variance. Additionally, we were unable to assess the
protein synthesis of MMP-13 and ADAMTS5 as we did
with the other cytokines in this study. This limitation
arises from the lack of reliable antibodies that specifically
bind to equine MMP-13 and ADAMTS5. Consequently,
our findings regarding these enzymes are limited to gene
expression analysis, which may not fully capture the post-
transcriptional regulation and functional activity of these
proteins. Furthermore, this study relies on monolayer,
single-cell culture systems, which have inherent limita-
tions when evaluating osteoarthritis as this system does
not fully capture the complexity of the in vivo environ-
ment, where multiple cell types, tissue interactions, and
systemic factors play crucial roles. It remains uncertain
whether residual IL-1f and TNF-a are present in the
unwashed cell culture supernatants at the time of anal-
ysis. This potential residual presence could impact the
measured cytokine concentrations and, consequently, the
interpretation of our results.

In summary, this study highlights the potential of r.IL-
10 as a potential anti-inflammatory agent for OA man-
agement. By optimizing the in vitro conditions to better
reflect the clinical environment, we demonstrated the sig-
nificant impact of washing and timing on the modulation
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of inflammatory responses. These findings pave the way
for developing more effective therapeutic strategies for
OA, emphasizing the need for carefully designed preclin-
ical models that consider the dynamic nature of cytokine
signaling in vivo.

Given the findings of this study, future research should
explore the application of this optimized in vitro model
for testing new generations of anti-inflammatory drugs
and plasmids. Additionally, investigating different time
points, including long-term effects, as well as assess-
ing cytotoxicity and the stimulation protocol, will be
important for a comprehensive understanding of the
treatment effects. Utilizing a broader range of equine
samples could help assess inter-animal variability, provid-
ing a more robust dataset. Furthermore, in vivo studies
could be designed to validate our in vitro findings, exam-
ining the therapeutic potential of r.IL-10 in induced or
naturally occurring osteoarthritis. Further investigating
the downstream signaling pathways affected by r.IL-10,
particularly in relation to other pro-inflammatory cyto-
kines, could also yield deeper insights into its mechanism
of action, ultimately informing better strategies for the
management of osteoarthritis and other inflammatory
conditions.

Conclusion

This study demonstrates that r.IL-10 significantly reduces
inflammatory markers and degradative enzyme expres-
sion in IL-1p and TNF-a-stimulated chondrocytes and
synoviocytes. Notably, the efficacy of r.IL-10 was signifi-
cantly enhanced in a model where cells were not washed
prior to treatment, highlighting the importance of exper-
imental conditions in preclinical evaluations. These
findings highlight the potential of r.IL-10 as an effec-
tive anti-inflammatory agent for OA management and
underscore the importance of experimental conditions
in preclinical evaluations. Overall, this study advances
our understanding of rIL-10’s role in modulating joint
inflammation and provides a foundation for developing
effective therapeutic strategies for OA.
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