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Objective: to study the effect of a conditioned medium of mesenchymal stromal cells (MSCs) from different
sources on human chondrocyte proliferation. Materials and methods. To confirm functional activity, chondrocytes
were cultured in a cartilage cell-engineered construct (CEC), including 5 x 10° cells and 5 mg of tissue-specific
matrix from decellularized cartilage. The conditioned medium was obtained after culturing MSCs derived from
human adipose tissue (AT), MSCs derived from the pulp of primary teeth and MSCs isolated from umbilical
cord-derived Wharton’s jelly in a complete cell growth medium (CCGM). To evaluate the effect of MSC-derived
secretome on chondrocyte proliferation, the conditioned medium, diluted 1 : 1 with CCGM, was added to wells
containing chondrocytes. The effect of MSCs on human chondrocyte proliferation was studied by indirectly co-
culturing cells in CCGM using Transwell inserts. 5 x 10* MSCs were applied to the bottom of the lower chamber,
and 5 x 10" human chondrocytes and 5 mg of matrix were placed in the upper chamber. Chondrocyte prolife-
ration was assessed at days 7 and 14 by DNA quantification. Interleukin-6 content was determined as a marker
of secretory activity of MSCs in the conditioned medium. The morphology of the samples was studied using
histological staining methods. Results. The ability of chondrocytes to produce cartilage-specific extracellular
matrix was confirmed when forming cartilage CEC with tissue-specific matrix in a chondrogenic differentiation
medium. When comparing the effect of the conditioned medium of MSCs obtained from different sources on the
growth of human chondrocytes in vitro, increased proliferation was observed in all samples compared to controls.
Indirect co-culture of MSCs with chondrocytes as part of CEC showed increased DNA amount in all samples at
day 14, with the amount of DNA in the sample with MSC conditioned medium significantly higher than the con-
trol. Conclusion. Studies on the effect of MSC conditioned medium on chondrocyte proliferation in 2D culture
indicate a possible regenerative potential of MSCs for cartilage tissue repair. Within the scope of this work, we
did not identify significant differences in the effect of secretome derived from MSCs that were obtained from
different sources on chondrocyte proliferation. However, additional in vivo studies are warranted in the future.
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INTRODUCTION

Osteoarthritis (OA) is a disease resulting in “joint fai-

proteoglycans, leading to articular cartilage erosion. In
response to cartilage erosion, chondrocytes undergo a

lure”. It is based on destructive structural changes in the
hyaline cartilage with subsequent degenerative processes
of the underlying bone [1, 2]. OA incidence worldwide
is rising every year, and this has seen an increasing level
of disability globally [3].

Articular cartilage is composed of chondrocytes and
extracellular matrix (ECM). The ECM is composed of
collagens (mainly type II collagen), proteoglycans, and
non-collagenous proteins [4]. In the early stages of knee
OA, there are changes in the structure of collagen and

phase of hypertrophic activity, producing inflammatory
mediators that promote further degradative changes in
articular cartilage. The final stage is chondrocyte apop-
tosis, shifting the balance between synthesis and catabo-
lism of collagen and proteoglycans toward catabolism.
Expression of type II collagen, one of the prominent
components of cartilage, decreases during the growth of
chondrocytes; therefore, mature chondrocytes are unable
to produce type II collagen de novo [3, 5-7]. The situa-
tion is aggravated by the lack of blood supply and low
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metabolic rate in cartilage, leading to its limited ability
to self-repair [8, 9].

Treatment modalities for OA include symptomatic
therapy consisting of the use of analgesics, as well as
radical surgical intervention [10, 11]. However, the use
of such methods does not always result in desired out-
comes [12]. Therefore, in recent years, there has been a
great interest in less invasive but more promising cellular
technologies for cartilage structure restoration and OA
treatment.

Over the past few decades, mesenchymal stem cells
(MSCs) have been in the center of attention due to their
high therapeutic potential. MSC cell therapy is used to
treat various diseases, including OA, which affects 13%
of the Russian population over 18 years of age [13—16].
The advantages of MSCs include their high chondroge-
nic potential, wide availability of sources for isolation
(bone marrow, adipose tissue, pulp of primary teeth,
Wharton’s jelly, umbilical cord), as well as the fact that
MSCs do not induce graft-versus-host disease [17-22].

Although MSCs are present in many tissues, their
total count in the body is small, while cell therapy pro-
tocols typically require hundreds of millions of MSCs
per treatment course, which requires additional time to
culture them in vitro. Studies have shown that the im-
plantation time of MSCs is usually too short to have an
effective therapeutic effect [22]. In addition, several stu-
dies indicate that MSCs have a low survival rate (<1%)
one week after their administration [23]. This suggests
that the main effects of MSCs are based on paracrine
mechanisms mediated by the production and secretion
of a wide range of cytokines, chemokines, and growth
factors by MSCs [24].

In this regard, the use of cell-free preparations based
on MSC-derived secretome — conditioned media — is of
great interest. /n vivo models have demonstrated that a
conditioned medium of MSCs obtained from various
sources is as effective as transplantation of the corres-
ponding MSCs [22]. It is hypothesized that the MSC-
derived secretome will be able to stimulate the intrinsic
regenerative potential of cartilage through secretion of
various molecules such as interleukin (IL)-1p, IL-6, IL-
10, vascular endothelial growth factor (VEGF), prostag-
landin E2 (PGE2), transforming growth factor (TGF-f),
and others [25].

Note that such a method is aimed not only at symp-
tomatic treatment or at slowing down the development
of OA, but most importantly at restoring the structure
of cartilage tissue. Moreover, the advantage of using
cell-free preparations is immunocompatibility, which
excludes the choice of donors and recipients in therapy
[26]. At the same time, MSCs have different characte-
ristics depending on their origin, and the ideal source of
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MSCs for use in the treatment of knee OA has not yet
been determined.

The aim of this work was to study the effect of a
conditioned medium of MSCs obtained from different
sources on human chondrocyte proliferation.

MATERIALS AND METHODS

Cell isolation

Cultures of MSCs isolated from umbilical cord-deri-
ved Wharton’s jelly and MSCs derived from the pulp of
primary teeth (PPT-derived MSCs) were obtained from
the collection of cell cultures of the cell biology labora-
tory of the Institute of Biomedical Chemistry, Moscow.
Human costal cartilage chondrocytes were obtained from
the collection of cell cultures of the Priorov National
Medical Research Center for Traumatology and Orthope-
dics, Moscow. The source of MSCs derived from human
adipose tissue (hAT-derived MSCs) was subcutaneous
adipose tissue from a healthy donor obtained with infor-
med voluntary consent.

The phenotype of PPT-derived MSCs, hAT-derived
MSCs, and Wharton’s jelly MSCs was investigated for
multipotency criteria by flow cytometry in previous stu-
dies [27].

Culture of chondrocytes on tissue-specific
matrix

To confirm the ability to form a cell-engineered con-
struct (CEC) of cartilage, human chondrocytes were cul-
tured on a tissue-specific decellularized porcine cartilage
scaffold, which is close in composition to natural ECM
and was obtained according to our previously developed
method [28].

The cartilage CECs consisted of 5 x 10° cells and
5 mg of matrix. The matrix was populated with cells
by spinning in test tubes with the culture medium on a
Multi Bio 3D programmable shaker (Biosan, Latvia).
The first 5 days, CEC were cultured in a complete cell
growth medium (CCGM) containing DMEM/F12 (Pan-
Eco, Russia) (1:1) supplemented with 10% fetal bovine
serum (Cytiva, USA), 1% antibiotic/antimycotic solution
(Thermo Fisher Scientific, USA) and 2 mM L-gluta-
mine (PanEco, Russia). The CCGM was then replaced
with chondrogenic differentiation medium containing
DMEM/high Glucose, supplemented with GlutaMAX
(Thermo Fisher Scientific, USA), 10% ITS+ (Corning,
USA), 1% sodium pyruvate (Thermo Fisher Scienti-
fic, USA), 0.25% L-ascorbic acid 2-phosphate (Sigma-
Aldrich, USA), 0.0001% dexamethasone (Merck, FRG),
0.002% TGF-P1 (Thermo Fisher Scientific, USA) and
1% antibiotic/antimycotic solution (Thermo Fisher Sci-
entific, USA). The medium was changed every three
days.
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Cell viability in the CEC was assessed by fluores-
cent staining using the LIVE/DEAD dye (Thermo Fisher
Scientific, USA) and Leica DMi8 Thunder microscope
(Leica Microsystems, Germany).

CEC morphology was examined on day 21 of culture
using histological staining.

Obtaining conditioned medium

hAT-derived MSCs, PPT-derived MSCs, umbilical
cord-derived Wharton’s jelly MSCs and human chon-
drocytes were cultured in 75 cm? vials. Third-passage
cells were used for the experiment. The CCGM was
replaced every three days. The conditioned medium was
collected on day 10 of culture (when the monolayer con-
fluency reached >70%) before the experiment and stored
at +4 °C. The degree of cell monolayer confluency was
determined visually using a Nikon Eclipse TS100 inver-
ted light microscope (Nikon, Japan).

Study of chondrocyte proliferation
in 2D culture

To evaluate the effect of the conditioned media of
different types of MSCs, chondrocytes were cultured in
24-well plates. A conditioned medium diluted 1:1 with
CCGM was introduced into wells containing chond-
rocytes (3000 cells per well). Intravital observation of
cells and photography, as well as determination of the
degree of confluency of the chondrocyte monolayer,
were performed using the IncuCyte Zoom System (Es-
sen BioScience, USA) for intravital observation of cells
and analysis of dynamic processes in the culture medium.
The conditioned medium of chondrocytes diluted 1:1
with CCGM served as a control.

Co-culture of chondrocytes
and mesenchymal stromal cells

The effect of MSCs on human chondrocyte prolife-
ration was studied by indirect cell co-culture in CCGM
using a Transwell plate with polycarbonate membrane
inserts for 24-well plates with a 3 pm pore size (Corning,
USA). 5 x 10* MSCs were plated on the bottom of the
lower chamber. In the upper chamber, 5 x 10* human
chondrocytes and 5 mg of tissue-specific decellularized
porcine cartilage scaffold were placed. Transwell pla-
tes containing chondrocytes in both chambers served as
control. Chondrocyte proliferation on days 7 and 14 was
assessed by DNA quantification using fluorescent dye
Quant-iT PicoGreen (Thermo Fisher Scientific, USA).

DNA quantification

DNA was isolated using the DNeasy Blood&Tissue
Kit (QIAGEN, Germany) according to the manufacturer’s
instructions. For DNA measurement, Quant-iT Picogreen
kit (Thermo Fisher Scientific, USA) was used according

to the manufacturer’s instructions and a Spark 10M plate
reader (Tecan Trading, Switzerland) at 520 nm wave-
length.

Quantification of IL-6 level
in the conditioned medium

As a marker of secretory activity of MSCs in con-
ditioned medium, we determined the level of cytokine
interleukin-6 (IL-6) by solid-phase enzyme-linked im-
munosorbent assay (Vector-Best, Russia). The method is
based on a three-step analysis using mono- and polyclo-
nal antibodies to IL-6. The procedure for the analysis is
recommended by the manufacturer in the kit instructions.
A plate reader was used to quantify IL-6 level at 450 nm
wavelength.

Histological examination

The samples were fixed in a 10% formalin solution,
washed in running water and dehydrated in alcohols of
increasing concentration, kept in an ethanol + chloroform
mixture, then in chloroform and embedded in paraffin.
Sections were deparaffinized, rehydrated, and stained
with hematoxylin and eosin, Alcian blue, and Masson’s
trichrome. Analysis and photography of the preparations
were carried out using an inverted Nikon Eclipse Ti mi-
croscope (Nikon, Japan).

RESULTS AND DISCUSSION

The immunophenotypic profile of marker expres-
sion in PPT-derived MSCs, hAT-derived MSCs and
Wharton’s jelly MSCs was investigated by us in previ-
ous work, and met the International Society for Cell &
Gene Therapy (ISCT) criteria for multipotency of MSCs
[29]. All primary cultures were characterized by high
expression of CD29, CD44, CD49b, CD73 and CD90,
while no expression of CD34, CD45 or HLA-DR was
observed [27].

Staining of CEC with fluorescent dye LIVE/DEAD
revealed a significant mass of viable chondrocytes on
the surface of the matrix from decellularized cartilage
(Fig. 1).

When chondrocytes were cultured in the differen-
tiation medium as part of cartilage CEC on day 21 of
cultivation, we observed the formation of large clusters
of cartilage microparticles united by cells — conglome-
rates (Fig. 2). Cells were visualized on the surface of all
cartilage microparticles, and the entire cell population
was characterized by polymorphism. Thus, fibroblast-
like cells could be detected in the periphery, whereas
round-shaped cells were distributed in the central zone.
In addition, cell growth was accompanied by significant
ECM production.

The specimens were fixed in 10% formalin solution,
washed in running water and dehydrated in alcohols of
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ascending concentration, incubated in a mixture of etha-
nol and chloroform, then in chloroform and embedded

Fig. 1. Examination of human chondrocyte viability in carti-
lage CEC at day 21 of culturing. LIVE/DEAD staining. Scale
bar: 100 pm

in paraffin. Sections were deparaffinized, rehydrated,
and stained with hematoxylin and eosin, alcian blue, and
Masson’s trichrome. The preparations were analyzed
and photographed using a Nikon Eclipse Ti inverted
microscope (Nikon, Japan).

Due to their regenerative properties, MSC-derived
secretome is considered as a promising treatment for ar-
ticular cartilage diseases [30]. However, the composition
and effect of a conditioned medium of MSCs will differ
depending on the source of cells, and the methods and
conditions of their cultivation. Therefore, we compared
the effects of a conditioned medium, derived from MSCs
that were obtained from different sources, on the growth
of human chondrocyte culture in vitro.

Images obtained using a lifetime cell imaging system
demonstrate an increase in the number of chondrocytes
on the culture plate over time. Cell count in all samples
did not differ significantly at day 24 of culturing. At both
day 7 and 14 of observation, a decrease in proliferation
could be observed in the control sample (CCGM diluted
1:1 with conditioned medium from chondrocytes) com-
pared to the samples of the experimental groups.

Chondrocyte monolayer confluency on day 7, when
cultured in the presence of a conditioned medium of PPT-
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Fig. 2. Growth of human chondrocytes on tissue-specific
matrix from decellularized pig cartilage in a chondrogenic
culture medium on day 21 of cultivation: a, H&E stain; b,
Masson’s trichrome stain; c¢, Alcian blue stain. Scale bar:
100 pum
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derived MSCs and hAT-derived MSCs was 1.2 times 14, monolayer confluency in the experimental samples
higher than that of the control sample, and 1.4 times was 1.2 times higher than that of the control (Fig. 4).

when cultured in the presence of a conditioned medium Table presents data on the influence of the paracrine
of umbilical cord-derived Wharton’s jelly MSCs. Onday  effect of MSCs of different origins on the quantitative

Fig. 3. Effect of conditioned medium on human chondrocyte proliferation in a 2D culture. (a, b, ¢, d), 24 hours; (e, f, g, h),
day 7; (i, j, k, 1), day 14; (a, e, 1), conditioned medium of dental pulp MSCs; (b, f, j), conditioned medium of AT-MSCs; (c,
g, k), conditioned medium of umbilical cord-derived Wharton’s jelly MSCs; (d, h, 1), conditioned medium of chondrocytes
(control). Scale bar: 300 pm
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Fig. 4. Chondrocyte monolayer confluency in the presence of conditioned media from MSCs obtained from different sources
(n/s, no statistically significant differences; *, there are differences at p < 0.05)
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Table

Chondrocyte proliferation on decellularized porcine cartilage at days 7 and 14 of indirect co-culture
in Transwell with mesenchymal stromal cells from different sources

Culture DNA (ug/CEC)
time PPT-derived MSCs hAT-derived MSCs Umbilical cord-derived Chondrocytes (control)
Wharton’s jelly MSCs
Day 7 0.57+£0.25 0.36+0.14 0.80+0.11 0.51+0.25
Day 14 1.20 +£0.09 1.34+0.15 1.24+0.27 0.90 +0.26

DNA content in CECs consisting of chondrocytes and tis-
sue-specific matrix from decellularized porcine cartilage
when they are indirectly co-cultured in Transwell cells.
On day 7, the least amount of DNA was found in sam-
ples with conditioned medium of hAT-derived MSCs,
while on day 14, all samples showed cell growth and,
consequently, increased amount of DNA. DNA amount
in the sample with conditioned medium of hAT-derived
MSCs was significantly higher than that of the control
(p <0.05).

On day 14 of culture, the differences between the
samples were insignificant, which may indicate a re-
latively similar effects of the conditioned medium of
different MSCs on chondrocyte proliferation in this ex-
periment.

Many research works have revealed the fundamental
role of MSC-derived secretome as an active ingredient
that can modulate cellular responses and signaling pa-
thways, thereby promoting tissue repair [31]. One of the
components of MSC-derived secretome is IL-6, a multi-
functional cytokine that is an important factor in various
physiological processes, including immune regulation,
hematopoiesis and inflammation, and also modulates cell
proliferation, differentiation and apoptosis [32].

To identify differences in cytokine secretion between
PPT-derived MSCs, hAT-derived MSCs and Wharton’s
jelly MSCs, the IL-6 levels in the conditioned medium
on days 1, 3 and 6 of culture were compared. So, on days
3 and 6 of culture, IL-6 levels in all samples were al-
most twofold higher (day 3: PPT-derived MSCs —3.89 +
0.31 ng/mL; hAT-derived MSCs —26.99 + 1.22 ng/mL,
Wharton’s jelly MSCs >70 ng/mL; day 6: 3.72 £ 0.44 ng/
mL, 22.08 = 3.71 ng/mL, and >70 ng/mL, respectively)
than on day 1 of culture (1.85 £ 0.07 ng/mL, 16.94 +
0.68 ng/mL, and >70 ng/mL, respectively). This confirms
active cell proliferation and secretion of active factors
over time.

Probably, the difference in the effect of conditioned
medium of MSCs isolated from different sources on hu-
man chondrocyte proliferation, as well as the difference
in IL-6 secretion, is mediated by the initial microenviron-
ment (niche) of MSCs. It is worth noting that MSCs are
found in many tissues of the body, but only MSCs from
bone marrow and adipose tissue have been widely stu-

died for the treatment of OA [12]. However, the number
of MSCs in bone marrow is small, it also decreases with
the age of the donor, and the cell collection procedure
is quite traumatic. In this regard, research has begun to
explore alternative sources of obtaining MSCs, including
dental pulp and umbilical cord-derived Wharton’s jelly.
Umbilical cord-derived Wharton’s jelly MSCs have been
shown to have a positive effect on the regeneration of
damaged hyaline cartilage in pigs [33]. Nowzari et al.
showed the regenerative potential of human dental pulp
MSCs and their secretome on a collagenase-induced OA
model in rats [34].

CONCLUSION

Thus, studies on the effect of a conditioned medium
of hAT-derived MSCs, PPT-derived MSCs and umbilical
cord-derived Wharton’s jelly MSCs on human chond-
rocyte proliferation in a 2D culture indicate that MSCs
have a possible regenerative potential for cartilage tissue
repair. Within the framework of this work, we did not
identify any significant differences in the effect of the
secretome of MSCs obtained from different sources on
chondrocytes in indirect co-culture. However, further in
vivo studies are warranted in the future.

The study was funded by the Russian Science Foun-
dation, grant No. 21-15-00251, https://rscf.ru/pro-
ject/21-15-00251/.
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