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Abstract: The objective of the present work was to develop a three-dimensional culture model
to evaluate, in a short period of time, cartilage tissue engineering protocols. The spheroids were
compared with the gold standard pellet culture. The dental mesenchymal stem cell lines were
from pulp and periodontal ligament. The evaluation used RT-qPCR and Alcian Blue staining of
the cartilage matrix. This study showed that the spheroid model allowed for obtaining greater
fluctuations of the chondrogenesis markers than for the pellet one. The two cell lines, although
originating from the same organ, led to different biological responses. Finally, biological changes
were detectable for short periods of time. In summary, this work demonstrated that the spheroid
model is a valuable tool for studying chondrogenesis and the mechanisms of osteoarthritis, and
evaluating cartilage tissue engineering protocols.

Keywords: cellular spheroid; chondrocyte; tridimensional cell culture; chondrogenic differentiation;
mesenchymal stem cells

1. Introduction

Articular cartilage is an avascular tissue with very low self-repair potential after
trauma or degenerative disease [1,2]. This limited regeneration capacity can lead to degen-
erative changes in the traumatized cartilage, which represents a risk factor for the early
development of osteoarthritis (OA) [3].

Different strategies have been developed to treat cartilage injuries, such as autologous
chondrocyte implantation, microfracture, and mosaicplasty, but they have disadvantages
such as donor site morbidity (and consequent osteoarthritic changes in the donor joint)
and/or inferior repair as fibrocartilage [1,3-5].

Tissue engineering, which aims to restore, maintain, and improve tissue performance
by combining stem cells and biomaterial scaffolds, could promote cartilage repair [6,7].

Regarding stem cells, in recent years, Mesenchymal Stem Cells (MSCs) have emerged
as a promising cell source for the treatment of various degenerative, inflammatory, and
autoimmune diseases [5]. Nevertheless, the therapeutic effects of MSCs are increasingly
being attributed to paracrine secretion, particularly to nanovesicles called exosomes [8].
Investigation regarding the use of MSC exosomes as cell-free alternatives to MSCs for tissue
engineering, particularly bone and cartilage tissue engineering, is increasing [9,10]. Thus, a
tissue engineering technique which combines a bioactive glass scaffold with MSC exosomes
could promote cartilage repair [11,12].
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MSCs are multipotent cells that can differentiate into multiple cell lineages including
osteoblasts, chondrocytes, adipocytes, endothelial cells, muscle cells, and neurons [2,13-16].
In the mentioned context, MSCs have a twofold interest:

e  First, due to their multilineage differentiation potential, they could be differentiated
into chondrocytes [1,2].
e  Secondly, their exosomes could be used for cartilage repair [5].

Further, MSCs are known to exert immunomodulatory and anti-inflammatory ef-
fects [17]. MSCs can be isolated from various tissues (bone marrow, adipose tissue, umbili-
cal cord, skeletal muscle, cartilage, synovium, cardiac tissue, and dental tissue) [18-22] and
MSCs differentiation can be influenced by the cell source [23].

Bone marrow MSCs are the most extensively investigated MSCs and are considered
as the gold standard. Nevertheless, obtaining them is often painful and carries the risk of
infection [13].

Dental MSCs could be the solution to overcome this disadvantage. They are have
a very accessible source since they can be isolated during routine dental surgeries [13].
Besides, they have many benefits:

They are expandable and have relative genomic stability for a long period of time [18].
They can differentiate into multiple lineages including odontoblasts, osteoblasts, chon-
drocytes, myocytes, neurocytes, adipocytes, corneal epithelial cells, and melanocytes [19].
e  The mean doubling time frequency of dental pulp MSCs is comparable to that of bone
marrow MSCs [13].
e  The frequency of colony-forming cells from dental pulp is high compared to those
from bone marrow [13].
They have demonstrated immunomodulatory properties due to secreting cytokines [18].
They have been found in various dental tissues (dental pulp, apical papilla, periodontal
ligament, gingiva, dental follicle, tooth germ, and alveolar bone) [18].

All of these features make dental MSCs distinct from the other human MSCs and an
effective tool for stem cell therapy [18].

The aim of this study was to develop an effective strategy to differentiate dental MSCs
into chondrocytes, using three-dimensional cell cultures as spheroids. Our laboratory
studies silicate bioactive glasses in bone and cartilage tissue engineering. Several recent
studies have demonstrated the role of bioactive glasses in chondrogenesis and cartilage
repair [12,24]. These are, therefore, relevant candidates for osteoarthritis. The objective of
this study was to develop a three-dimensional chondrocyte culture model for screening
innovative bioactive glasses to evaluate our cartilage tissue engineering experiments and
for a mechanobiology model. For this last point, we demonstrated that spheroids were
valuable tools for assessing mechanical stress [25].

For this purpose, the chondrogenic differentiation potential of MSCs from two different
sources (dental pulp and periodontal ligament) was assessed.

The chondrogenic potential of MSCs cultured in spheroids was compared with that of
MSCs cultured in monolayer (negative control) and pellets, pellet cultures being another
type of tridimensional cell culture, which is the gold standard for maintaining chondrocytes
in a differentiated stage [26].

2. Materials and Methods

In this study, two dental cell types were compared: human Dental Pulp Stem Cells
(hDPSC) and human Periodontal Ligament Stem Cells (hPDLSC).

2.1. Isolation and Culture

hDPSC were obtained by explant culture. Extracted third molars were collected from
healthy donors in agreement with French legislation (informed patients and Institutional
Review Board approval/Registration number: DC-2012-1573, 19 April 2012). The pulp
tissue was extracted from the teeth in an aseptic way, rinsed with Minimum Essential
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Medium-Alpha Eagle (x-MEM, Lonza, Verviers, Belgium), and explanted in a 35 mm
Petri dish at seven 1 mm? pieces/well. Explants were cultured in a complete culture
medium consisting of x-MEM supplemented with 10% fetal bovine serum (FBS, Gibco, Life
Technologies, Paisley, UK), 2 mmol/L glutamine (Lonza, Verviers, Belgium), 20 mmol/L
HEPES (Lonza, Verviers, Belgium), and antibiotics (100 U/mL penicillin, 100 pg/mL
streptomycin, Lonza, Verviers, Belgium) until cells emerged from the explant. These cells
were cultured at 37 °C in a humidified atmosphere of 5% CO,.

hPDLSC obtained in the same way in a previous study were used in the present
work [27]. Cells were used from passages 3 to 7.

2.2. Characterization

hPDLSC were characterized in a previous study: their MSCs-like characteristics were
confirmed (spindle appearance, expression of the markers CD73, CD90, and CD105, no
expression of the markers CD34 and CD45, capacity of in vitro differentiation into adipocyte
and osteoblast lineages) [27].

The characterization of hDPSC was performed in the same way: first, a phenotypic
characterization was done by flow cytometry to investigate the expression of the surface
adhesion markers.

Then, a functional characterization was performed:

e  To confirm the stemness of the hDPSC, their ability to form colonies was assessed with
the Colony-Forming Assay.

e  Then, to ensure that the hDPSC were still functional, their capacity for in vitro differ-
entiation into adipocyte and osteoblast lineages was evaluated.

2.2.1. Phenotypic Analysis by Flow Cytometry

Immunophenotypic characterization was performed by flow cytometric analysis.
hDPSC were harvested and washed with phosphate buffer saline (PBS) (Lonza, Verviers,
Belgium). BV421 mouse anti-human CD34, FITC mouse anti-human CD45, PE mouse
anti-human CD73, PE-Cy7 mouse anti-human CD90, and APC mouse anti-human CD105
were incubated with cells for 15 min in darkness at room temperature (RT). Then, cells were
washed with PBS for further analysis. A BD LSRFortessa™ X-20 flow cytometer system
(BD Biosciences, San Jose, CA, USA) was used for antigen expression. Antibodies and
buffers were purchased from BD Biosciences (San Jose, CA, USA).

2.2.2. Functional Characterization
Colony-Forming Assay

hDPSC were seeded in 6-well plates on the basis of 500 cells/well and cultured in
complete medium. On day 10, they were fixed for 30 min at RT with formaldehyde (Sigma-
Aldrich, Saint-Louis, MO, USA) 3.7% in PBS. Crystal violet (0.5% in methanol) was used
for 5 min and then samples were washed with distilled water [28]. Colony formation
was observed.

Osteogenic Differentiation

To study osteoblastic differentiation, cells were seeded in 6-well plates (5 x 10* cells/mL).
On day 1, the medium was replaced by an osteoinductive one supplemented with 50 ug/mL
of ascorbic acid (Sigma-Aldrich A4403, Saint-Louis, MO, USA), 10 mM of (3-glycerophosphate
(Sigma-Aldrich G9422, Saint-Louis, MO, USA), and 100 nM of dexamethasone (Sigma-
Aldrich D4902, Saint-Louis, MO, USA). The supernatant was changed every 2 or 3 days.
On day 21, cells were fixed with formaldehyde 10% for 15 min at RT, stained with 40 mM
Alizarin Red solution (Sigma-Aldrich A5533, Saint-Louis, MO, USA) for 20 min at RT, and
washed with distilled water.
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hDPSC isolation and culture

hPDLSC

Adipogenic Differentiation

To assess adipocyte differentiation potential, cells were seeded in 6-well plates
(5 x 10* cells/mL). On day 1, the medium was replaced by an adipocyte differentia-
tion medium supplemented with 100 uM indomethacin (Sigma-Aldrich 17378, Saint-Louis,
MO, USA), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich 15879, Saint-Louis, MO,
USA), 1 uM dexamethasone (Sigma-Aldrich D4902, Saint-Louis, MO, USA), and 1 uM
insulin (Sigma-Aldrich 11882, Saint-Louis, MO, USA). Medium was changed every 2 or
3 days. On day 21, cells were fixed with formaldehyde 10% for 30 min at RT, stained with
Oil Red O solution diluted at 60% in distilled water (Sigma-Aldrich 01391, Saint-Louis,
MO, USA) for 30 min at RT, and washed with distilled water.

2.3. Chondrogenic Differentiation

For chondrogenic differentiation assessment, hDPSC and hPDLSC were both cultured
under 6 experimental conditions: monolayer, pellets, and spheroids, in complete medium
and in chondrogenic medium (Figure 1).

Complete medium

Chondrogenic medium

2D monolayer culture

Complete medium .
i RT-qPCR, Alcian blue
Chondrogenic medium staining

Spheroid culture, liquid overlay

Complete medium

e ———

i TR i |
B e 55 A

Chondrogenic medium

Pellet culture, v-bottom 96-well plate
Figure 1. General plan of the study for chondrogenic differentiation.

Chondrogenic medium used was Dulbecco’s modified Eagle’s medium (DMEM,
Lonza, Verviers, Belgium) supplemented with 10% fetal bovine serum, 2 mmol/L glu-
tamine, 20 mmol/L HEPES, antibiotics (100 U/mL penicillin, 100 ng/mL streptomycin),
1 mM sodium pyruvate (Lonza, Verviers, Belgium), 50 ng/mL ascorbic acid, 0.1 uM dex-
amethasone, 1% insulin-transferrin-selenium (ITS, Sigma-Aldrich 13146, Saint-Louis, MO,
USA), and 10 ng/mL TGFf33 (Sigma-Aldrich SRP3171, Saint-Louis, MO, USA).

Cells were seeded at 2.5 x 10* cells/mL for monolayer, 5 x 10° cells per spheroid, and
1.25 x 10° cells per pellet.

Spheroids were obtained using the liquid overlay technique, as previously described [29].
Briefly, 96-well plates were treated with 1% agarose prepared in PBS to form a non-adhesive
surface. Cells were detached from culture flasks by trypsin/EDTA and a single cell sus-
pension was prepared at 2.5 x 10* cells/mL. To initiate spheroid formation, 200 uL were
seeded into individual wells and incubated at 37 °C.

Pellets were obtained in a v-bottom 96-well plate, as previously described [30]; cells
were seeded and centrifugated at 355x g for 5 min.

2.3.1. RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

On days 3 and 7, total RNA extraction from hDPSC and hPDLSC was performed using
a Nucleospin RNA extraction kit (Macherey Nagel, Dueren, Germany).
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RNA concentration was measured by absorbance at 260 nm and controlled by optical
density ratio at 260/280 nm (1.8 < ratio < 2) and 260/230 nm (2 < ratio < 2.2).

Reverse transcription of total RNA into complementary deoxyribonucleic acid (cDNA)
was performed with the cDNA synthesis kit Protoscript First Strand cDNA Synthesis
Kit® (Biolabs E6560, New England Biolabs, Ipswich, MA, USA). Quantitative RT-PCR was
achieved with a SYBR® Green PCR kit (Applied Biosystems, Foster City, CA, USA) in a
QuantStudioTM 7 Pro system (Applied Biosystems, Life Technologies Ltd., Singapore)
under the following cycling conditions: 2 min at 50 °C; 10 min at 95 °C; 40 cycles of 15 s at
95 °C and 1 min at 60 °C; and a final dissociation step.

The primer sequences used in this experiment are listed in Table 1.

Table 1. Description and characteristics of primers used for RT-qPCR.

Primer Sequence 5'-3' Exon Position Product Size (bp) Primer Efficiency, E, (%) R?
. F: ATTAAGGGTGTGGGCCGAAG F:E1/2 " o1 .
R: GGTGATCACACGTTCCACCT R E2/3 :
F: AAGGTGAAGGTCGGAGTCAAC F:E2
GAPDH R: GGGGTCATTGATGGCAACA R: E3 102 204 1
F: GCACAGCCACCACCTACAAAC F: E15/16
ACAN R: AGCGACAAGAAGAGGACACCG R: E16 175 101.4 0.91
F: GGCAATAGCAGGTTCACGTACA F: E52
COL2A1 R: CGATAACAGTCTTGCCCCACTT R: E53 7 1138 0.93
F: GAAGCTCGCGGACCAGTA F:El
S0X9 R: TCTCGCTCTCGTTCAGAAGT R: E2 89 %6 0.95
F: AGGGTACCCAACTCAGACCA F:Ell
COMP R: AGTTGTCCCGAGAGTCCTGA R: E13 178 %3 1

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ACAN, aggrecan; COL, collagen; SOX,
SRY-related HMG box-containing; COMP, Cartilage oligomeric matrix protein.

The mRNA levels were normalized using the transcripts of the 185 and GAPDH
housekeeping gene. The geometric mean Ct of GAPDH and 18S was used to normalize the
results. Design and Analysis software v2.6.0 (Applied Biosystems, Life Technologies Ltd.,
Singapore) was used for quantitative results determination. Each gene analysis was carried
out in triplicate. The recommendations of Taylor and Mrkusich were used for primers
validation, purity and RNA integrity, and amplification efficiency [31].

2.3.2. Alcian Blue Staining

On day 7, hDPSC and hPDLSC were fixed in 4% buffered formaldehyde (Sigma-
Aldrich, Saint-Louis, MO, USA) at 1-h RT. The fixed cells were concentrated by centrifuga-
tion, excess buffer formaldehyde was removed, and then the cells were washed three times
with PBS to remove excess fluid.

Then, two drops of Reagents were applied (Thermo Scientific Shandon Cytoblock Cell
Block), and cells were embedded in paraffin wax with Excelsior ES 50 for 3 h.

Paraffin blocks sections were cut at 4um thickness and mounted on glass slides.

After deparaffinization, cells sections were stained with Alcian Blue pH 2.5 (Leica,
Nanterre, France) for 20 min and counterstained with Nuclear Fast Red (Diapath, Marti-
nengo, BG, Italy) for 2 min with Leica ASP 300.

Cell colorations were observed with scanner Hamamatsu Photonics France (Nanozoomer
2.0RS/ C10730-12, Massy, France).

2.4. Statistical Analysis

Data analysis was performed with GraphPad Prism v9.3.1 (GraphPad Software, San
Diego, CA, USA). The tests used were non-parametric Kruskal-Wallis tests and Dunn’s
post hoc tests. Data are expressed as the means + standard deviation, and differences were
considered significant when p < 0.05.
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3. Results
3.1. Cell Lines Isolation and Characterization

Before starting the experiments, it was confirmed that the hDPSC isolated from explant
cultures had MSCs-like characteristics. They exhibited a spindle appearance, similar to
those of MSCs, and they were plastic-adherent cells.

The cytometric flow analysis revealed the expression of CD73, CD90, and CD105, and
no expression of CD34 and CD45.

The hDPSC were able to form colonies 10 days after seeding (Figure 2A). Moreover,
the osteoblastic and adipogenic differentiation potentials were confirmed by Alizarin Red
staining and Oil Red O staining, respectively.

Figure 2. Characterization of hDPSC. (A) Colony-forming assay. (B) Alizarin red staining. (C) Oil
Red O staining.

In fact, the hDPSC produced nodules of mineralization after being cultured with os-
teogenic medium for 21 days (Figure 2B). Similarly, after 21 days of culture with adipogenic
medium, the formation of lipid droplets was observed (Figure 2C).

3.2. Chondrogenic Differentiation
3.2.1. Alcian Blue Staining
On day 7, Alcian blue staining was positive in all cultures, except for the monolayer

with complete medium. The pellet and spheroids cultures were positive for Alcian blue
staining, regardless of the culture medium (Figures 3 and 4).

Figure 3. Alcian Blue Staining; hDPSC; day 7. (A) Monolayer with complete medium; (B) monolayer
with chondrogenic medium; (C) spheroids with complete medium; (D) spheroids with chondrogenic
medium; (E) pellets with complete medium; (F) pellets with chondrogenic medium.
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Figure 4. Alcian Blue Staining; hPDLSC; day 7. (A) Monolayer with complete medium; (B) monolayer
with chondrogenic medium; (C) spheroids with complete medium; (D) spheroids with chondrogenic
medium; (E) pellets with complete medium; (F) pellets with chondrogenic medium.

For spheroids cultures on day 7, there were two parameters:

Changes in cell shape;
Noticeable presence of cartilage extracellular matrix (Figures 3 and 4; arrow).

These changes were more discreet, even absent, in pellets cultures.

3.2.2. Real-Time Polymerase Chain Reaction (RT-qPCR)

The most striking results were the significant increase in Acan and Comp expression
in the spheroids of hDPSC cultured with chondrogenic medium compared with those
cultured with complete medium, on days 3 and 7.

The same significant increase was observed in the hPDLSC spheroids cultured with
chondrogenic medium, except in Acan on day 3 (Figure 5A,B).

In the spheroids with chondrogenic medium, Comp expression was very important,
with 128- to 1536-fold increases over complete medium (Tables 2 and 3).

Acan expression was also very important in the hDPSC spheroids cultured with
chondrogenic medium, with 38- to 57-fold increases over complete medium (Table 2).

Regarding pellet culture, Acan expression was increased in the chondrogenic medium
only in hDPSC, but the difference was not statistically significant. Comp expression was
significantly increased in chondrogenic medium, except for hPDLSC at day 7, where the
increase, although not significant, was much lower than in the spheroids (Figure 5A,B,
Tables 2 and 3).

Regarding the monolayer culture, Acan expression was significantly increased in
chondrogenic medium compared to complete medium, in both cell lines at days 3 and
7. Acan expression in monolayer with chondrogenic medium was higher in hDPSC com-
pared to hPDLSC, but was much lower than that in the hDPSC spheroids cultured with
chondrogenic medium.

Comp expression was significantly increased in the chondrogenic medium only in
hDPSC at day 3 and in both cell lines at day 7. Comp expression in the chondrogenic
medium was much lower in monolayer compared to the spheroids in both cell lines at
days 3 and 7 (Figure 5A,B, Tables 2 and 3).
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At both times, Col2al and Sox9 expression was higher in three-dimensional cul-
tures (spheroids and pellets), especially in spheroids, regardless of the culture medium
(Figure 5C,D, Tables 2 and 3).
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Figure 5. Quantitative reverse transcription-polymerase chain reaction showing gene expression
under the different culture conditions. (A) Acan; (B) Comp; (C) Col2al; (D) Sox9. CM: Complete
medium; ChM: Chondrogenic medium. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

Table 2. Gene expression under the different hDPSC culture conditions: ratio chondrogenic
medium/complete medium.

Monolayer Spheroids Pellets
Acan 12.36 38.49 2.03

Dav 3 Comp 14.72 128.02 293.75
y Col2al 132 0.43 0.39
Sox9 0.54 1.07 0.79
Acan 22.31 57.71 2.79

Dav 7 Comp 513.74 910.12 1046.70
y Col2al 251 0.57 1.19
Sox9 0.55 0.68 0.62

Table 3. Gene expression under the different hPDLSC culture conditions: ratio chondrogenic
medium/complete medium.

Monolayer Spheroids Pellets
Acan 473 3.64 127

Dav 3 Comp 25.26 1536.67 278.17
y Col2al 1.20 0.33 0.28
Sox9 0.53 0.96 1.22
Acan 424 59.33 1.40

Dav 7 Comp 2122.08 1144.45 257.64
y Col2al 428 0.17 0.56
Sox9 0.40 0.63 0.74

When comparing the expression of chondrogenic markers in spheroids and pellets
cultured with chondrogenic medium to that of the monolayer cultured with chondrogenic
medium, the spheroids of hDPSC exhibited increased expression for all markers at both
times (Figure 6). The pellets of hDPSC also showed increased expression, except for
Acan. In hPDLSC, the increases in expression were lower and did not involve all markers
(Figure 6).
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Figure 6. Gene expression relative to monolayer with chondrogenic medium. (A) Spheroids with
chondrogenic medium; (B) pellets with chondrogenic medium.

4. Discussion

The clinical use of MSCs is an attractive therapeutic option, especially due to their
multilineage potential and their immunomodulatory properties [32]. MSCs are investigated
in many fields, including chronic inflammatory bowel disease [33]; autoimmune, neurode-
generative, and cardiovascular diseases [34]; and tissue engineering [19]. Scaffolds seeded
with MSCs are widely studied in bone and cartilage tissue engineering [32]. However, the
number of approved MSCs treatments worldwide remains limited [34].

MSCs therapy in OA would be appropriate because of their differentiation capacity
and paracrine properties [35]. MSCs clinical trials that have been conducted for OA have
used different injection methods: intra-articular injection, combination with a scaffold, or
combination with platelet-poor plasma [34]. MSCs are multipotential cells with a high ca-
pacity for proliferation and multi-lineage differentiation, such as osteoblasts, chondrocytes,
and adipocytes [19]. In the present study, a phenotypic characterization (flow cytome-
try) of dental MSCs was performed, and their ability to differentiate into osteoblasts and
adipocytes was confirmed. Besides, since MSCs and fibroblasts are both plastic adherent,
share similar cell morphology, and express many similar cell surface proteins [36]; the
presence of MSCs rather than fibroblast was verified by the Colony-Forming Assay [37].
Even if bone marrow was the first source reported to contain MSCs, MSCs can be isolated
from various tissues, including adipose tissue, umbilical cord, skeletal muscle, cartilage,
synovium, cardiac tissue, and dental tissue [18-20]. Dental MSCs exhibit many advantages,
with the main one being their very easy access [18,20]. Besides, they can be found in various
dental tissues [18]. This ease of access makes them very attractive, including for cartilage
regeneration, especially since they were already studied on OA models and showed promis-
ing results [38,39]. These advantages led us to choose dental MSCs to conduct the present
study. Furthermore, since the tissue source can vary the properties of human MSCs [40],
we chose to use two cell lines from two different parts of the same organ: dental pulp and
periodontal ligament. Indeed, even if MSCs have a dental origin, they have shown different
properties depending on their source (dental pulp, periodontal ligament, apical papilla,
dental follicle, etc.) [41], which is confirmed by the present study, with hDPSC and hPDLSC
exhibiting different gene expression profiles. We chose hDPSC and hPDLSC since both
have been reported to differentiate into chondrocyte [13,42]. Besides, both showed a higher
number of population doublings than bone marrow MSCs in culture [43] and can be easily
isolated from almost all adults [42,44]. Moreover, although dental pulp and periodontal
ligament have immunologic, neurologic, pathologic, and circulatory similarities, they have
different functions [44].
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Our MSC populations were characterized in accordance with the recommendations
of the International Society for Cellular Therapy (plastic adherence, expression of the
surface markers, lacking the expression of hematopoietic markers, capacity of in vitro
differentiation into adipocyte and osteoblast lineages, and fibroblast-like spindle shape in
culture) [19,45].

Three-dimensional and high-density cell cultures are needed for chondrogenic differ-
entiation [26] because high cell density cultures mimic the condensation of mesenchymal
cells that induces chondrogenesis during development [46]. Most often, chondrogenic
differentiation is performed with pellet culture, which is the gold standard to maintain
chondrocytes in a differentiated stage [26]. Three-dimensional cultures (spheroids or pellets)
have many advantages: when cultured in three dimensions, MSCs maintain their intrinsic
phenotypic properties by cell-extracellular matrix interactions [47]. Thus, these culture
methods are regarded as more physiological, and better mimic in vivo conditions [48]. Be-
sides, 3D cultures result in a higher expression of paracrine factors, including exosomes [49].
Nevertheless, the spheroid culture system has many advantages over pellet culture, in-
cluding fewer required cells (5 x 103 cells for one spheroid; 1.25 x 10° cells for one pellet)
and ease of handling. Besides, recent studies found that the reduction in pellet size can
improve chondrogenesis [50]. At last, the use of spheroids for MSCs transplantation is well
documented in tissue engineering, and they have been reported to enhance the overall ther-
apeutic potential of MSCs after transplantation [51], whereas few studies have reported the
use of pellets. These advantages led us to choose the spheroid culture system for the present
study. A comparison was made with pellet culture. Monolayer culture, with complete and
chondrogenic media, was used as negative control. The chondrogenesis of dental pulp stem
cells cultured as spheroids has been studied by several authors [52-54], but few studies
have compared spheroid culture to pellet culture (the gold standard for chondrogenic
differentiation). Besides, the methods used for spheroid culture differ in the literature;
therefore, one of the objectives of this study was to test the liquid overlay technique.

To investigate chondrogenic differentiation, chondrocyte-specific markers expression was
assessed by RT-qPCR. The following markers were evaluated, according to the literature [55]:

e  Aggrecan (Acan), a proteoglycan of the extracellular matrix (ECM), which is the major
component of cartilage [56].

e  Cartilage oligomeric matrix protein (Comp), which is a non-collagenous extracellular
matrix glycoprotein that is primarily found in the human skeleton system (articular
cartilage, meniscus, ligaments, tendons, and synovium) [57].

e  Type Il collagen (Col2al), which is one of the main components of the ECM of hyaline
articular cartilage [58].

e  SRY-related HMG box-containing-9 (50x9), which is a master transcription factor that
regulates multiple events in chondrogenesis. SOX9 is involved in the transactivation
of Col2al and Acan [58].

Regarding Acan and Comp markers, their expression was significantly increased
when hDPSC were grown as spheroids in chondrogenic medium compared to complete
medium, at days 3 and day 7. In hPDLSC, the same results were observed, except for
Acan, which was significantly increased only at day 7. Acan was also increased when
cells were grown as spheroids in chondrogenic medium compared to complete medium at
day 3, but the difference was not significant. This significant increase in expression was
very strong for Comp, in both cell lines, and for Acan only in hDPSC. Comp expression
was also increased in pellets culture with chondrogenic medium compared with complete
medium, at day 3 and day 7 in hDPSC, and only at day 3 in hPDLSC. Nevertheless, its
expression was lower than in spheroids, and no increase in Acan expression was observed
in pellets. These results show a great potential of spheroid culture for chondrogenic
differentiation. The same phenomenon was observed in monolayer, even though the
increase in Comp expression was much lower, confirming a great potential of dental MSCs
in chondrogenic differentiation.
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The Alcian Blue staining results also suggest a great potential of dental MSCs in chon-
drogenic differentiation, since they were slightly positive in monolayer with chondrogenic
medium. Besides, they were also positive in pellet and spheroid cultures in chondrogenic
medium, and also in complete medium. Nevertheless, for the 3D culture models (spheroids
and pellets), only the spheroids showed changes in cell shape, and the cartilage extracellular
matrix clearly appeared. These changes were less obvious for the pellets for this 7-day
incubation time. This work will be continued by a quantification of the extracellular matrix
using morphometric analysis.

Pellet culture was not the most favorable model for these two cell types for chon-
drogenic differentiation. In addition, hDPSCs showed better chondrogenic differentiation
than hPDLSCs, confirming that dental MSCs have different properties depending on their
source [41]. The other markers (Col2al and Sox9) did not increase with chondrogenic
medium but seemed to increase in three-dimensional cultures (spheroids and pellets),
highlighting the need for three-dimensional culture for chondrogenic differentiation. These
results are consistent with some studies in the literature: Prideaux et al. developed two
multipotent mesenchymal progenitor murine cell lines. In the first one, they found an
increase in all chondrogenic markers (Col2al, Acan, Comp, and Sox9). In the second cell
line, only Comp and Sox9 were increased, confirming the results of the present study, in
which differences were observed between the cell lines. Besides, as in this study, Prideaux
et al. found a very large increase in Comp in cells cultured with chondrogenic medium
compared to those cultured in complete medium (about 200-fold) [55]. These results agree
with some studies in the literature: in a study by Joanna L. James et al., no increase in Sox9
was observed during chondrogenesis [23]. Similarly, Prideaux et al. generated two cell
lines capable of chondrogenic differentiation. One showed an increase in Col2al during
chondrogenesis, but not the other [55].

In the present study, the Comp marker was strongly increased when cells were cul-
tured as spheroids with chondrogenic medium, compared to all other conditions, at day 3.
These results demonstrate that spheroid culture is an excellent model for the chondrogenic
differentiation of dental MSCs. In addition to Comp, Acan expression was strongly in-
creased after day 3 in hDPSC spheroids with chondrogenic medium, showing the value of
this cell line in chondrogenic differentiation. The results of the present study are consistent
with those of Liangming Zhang et al., who found that the spheroid culture system was
a promising tool for in vitro chondrogenic studies. In their study, chondrogenic differ-
entiation was investigated at days 7, 14, and 21 [59]. The present study showed that the
spheroids of dental MSCs are a comparable or even superior model to the gold standard
pellet culture. Although the majority of studies on chondrogenesis showed an optimal
result after three or four weeks of culture, the present work demonstrated that, after three
and seven days, several markers of chondrocyte differentiation fluctuated. These gene
variations are early assessment tools for our three-dimensional chondrocyte cultures and
can be used for innovative bioactive glasses and to evaluate our cartilage tissue engineering
protocols. The results of the present study were consistent with those of Ji-Yun Ko et al., who
showed chondrogenic differentiation as early as day 3 on adipose-derived stromal/stem
cells grown in spheroids [60].

It is well known that tissue source can vary the exact properties of human MSCs [40]. In
the present study, hDPSC showed better results for chondrogenic differentiation, compared
to hPDLSC. Moreover, hDPSC spheroids cultured with chondrogenic medium were the best
condition for chondrogenic differentiation. In fact, they were the only ones that showed an
increased expression of all markers compared to the negative control. Thus, these results
showed that, although derived from the same organ, these two cell lines exhibited different
properties. Besides, it can be concluded that hDPSC are the most interesting cell line to
develop a chondrocyte model for bioactive glass screening in tissue engineering. This work
should be continued in order to confirm the value of dental MSC spheroids in chondrogenic
differentiation, and then to study their interest in cartilage tissue engineering.
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5. Conclusions

The present study showed strong potential for the chondrogenic differentiation of
dental MSCs from the third day of culture.

The spheroid culture system using the liquid overlay technique is an excellent model
to obtain spheroids of homogeneous size for chondrogenic differentiation.

The very easy access and the multiple sources available make dental MSCs attractive
for chondrogenic differentiation.

Dental MSCs exhibit different properties according to their tissue source. In this study,
hDPSC showed better chondrogenic differentiation than hPDLSC.

Spheroids of hDPSC would allow for rapidly obtaining chondrocytes with easily
accessible cells.

Author Contributions: Conceptualization: P.P.-M., D.C.-L. and C.M.; Methodology: PP-M., D.C.-L.
and C.M.; Software: PP-M.,, S.T., A.N. and C.M.; Validation: P.P.-M. and D.C.-L.; Formal analysis:
PP-M. and D.C.-L.; Investigation: S.T., A.N., S.N., PB. and C.M.; Resources: PP.-M., D.C.-L. and C.M.;
Data curation: S.T., A.N. and C.M.; Writing original draft preparation: PP-M., D.C.-L. and C.M.;
Writing-review and editing: PP.-M. and C.M.; Visualization: PP-M., D.C.-L. and C.M.; Supervision:
PP-M., D.C.-L. and D.B.; Project administration: P.P.-M.; All authors have read and agreed to the
published version of the manuscript.

Funding: There was no funding for this study.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board “Ministere de I'enseignement supérieur
et de la recherche. Direction générale pour la recherche et I'innovation” (Approval Code: DC-2012-
1573; Approval Date: 19 April 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors state no conflict of interest.

References

1. Chen, S.; Xu, Z.; Shao, J.; Fu, P; Wu, H. MicroRNA-218 promotes early chondrogenesis of mesenchymal stem cells and inhibits
later chondrocyte maturation. BMC Biotechnol. 2019, 19, 6. [CrossRef]

2. Danisovi¢, L.; Varga, L; Polak, S. Growth factors and chondrogenic differentiation of mesenchymal stem cells. Tissue Cell 2012, 44,
69-73. [CrossRef] [PubMed]

3. Grevenstein, D.; Mamilos, A.; Schmitt, V.H.; Niedermair, T.; Wagner, W.; Kirkpatrick, C.J.; Brochhausen, C. Excellent histological
results in terms of articular cartilage regeneration after spheroid-based autologous chondrocyte implantation (ACI). Knee Surg.
Sport. Traumatol. Arthrosc. 2021, 29, 417-421. [CrossRef]

4.  Driessen, B.J.H,; Logie, C.; Vonk, L.A. Cellular reprogramming for clinical cartilage repair. Cell Biol. Toxicol. 2017, 33, 329-349.
[CrossRef] [PubMed]

5. Zhang, S.; Chuah, SJ.; Lai, R.C.; Hui, ] H.P; Lim, S.K,; Toh, W.S. MSC exosomes mediate cartilage repair by enhancing proliferation,
attenuating apoptosis and modulating immune reactivity. Biomaterials 2018, 156, 16-27. [CrossRef] [PubMed]

6. Liu, S; Deng, Z.; Chen, K; Jian, S.; Zhou, F; Yang, Y.; Fu, Z.; Xie, H.; Xiong, J.; Zhu, W. Cartilage tissue engineering: From
proinflammatory and anti-inflammatory cytokines to osteoarthritis treatments. Mol. Med. Rep. 2022, 25, 99. [CrossRef] [PubMed]

7. Rahaman, M.N,; Day, D.E.; Bal, B.S.; Fu, Q.; Jung, S.B.; Bonewald, L.F.; Tomsia, A.P. Bioactive glass in tissue engineering. Acta
Biomater. 2011, 7, 2355-2373. [CrossRef]

8.  Zhang, S.; Teo, KY.W.; Chuah, S.J.; Lai, R.C.; Lim, S.K.; Toh, W.S. MSC exosomes alleviate temporomandibular joint osteoarthritis
by attenuating inflammation and restoring matrix homeostasis. Biomaterials 2019, 200, 35-47. [CrossRef]

9.  Cooper, L.F; Ravindran, S.; Huang, C.C.; Kang, M. A Role for Exosomes in Craniofacial Tissue Engineering and Regeneration.
Front. Physiol. 2020, 10, 1569. [CrossRef]

10. Zhang, S.; Chu, W.C,; Lai, R.C.; Lim, S.K.; Hui, ].H.P,; Toh, W.S. Exosomes derived from human embryonic mesenchymal stem
cells promote osteochondral regeneration. Osteoarthr. Cartil. 2016, 24, 2135-2140. [CrossRef]

11. Kim, Y.G.; Choj, J.; Kim, K. Mesenchymal Stem Cell-Derived Exosomes for Effective Cartilage Tissue Repair and Treatment of
Osteoarthritis. Biotechnol. ]. 2020, 15, 2000082. [CrossRef]

12.  Gogele, C.; Wiltzsch, S.; Lenhart, A.; Civilleri, A.; Weiger, T.M.; Schifer-Eckart, K.; Minnich, B.; Forchheimer, L.; Hornfeck, M.;

Schulze-Tanzil, G. Highly porous novel chondro-instructive bioactive glass scaffolds tailored for cartilage tissue engineering.
Mater. Sci. Eng. C Mater. Biol. Appl. 2021, 130, 112421. [CrossRef]


https://doi.org/10.1186/s12896-018-0496-0
https://doi.org/10.1016/j.tice.2011.11.005
https://www.ncbi.nlm.nih.gov/pubmed/22185680
https://doi.org/10.1007/s00167-020-05976-9
https://doi.org/10.1007/s10565-017-9382-0
https://www.ncbi.nlm.nih.gov/pubmed/28144824
https://doi.org/10.1016/j.biomaterials.2017.11.028
https://www.ncbi.nlm.nih.gov/pubmed/29182933
https://doi.org/10.3892/mmr.2022.12615
https://www.ncbi.nlm.nih.gov/pubmed/35088882
https://doi.org/10.1016/j.actbio.2011.03.016
https://doi.org/10.1016/j.biomaterials.2019.02.006
https://doi.org/10.3389/fphys.2019.01569
https://doi.org/10.1016/j.joca.2016.06.022
https://doi.org/10.1002/biot.202000082
https://doi.org/10.1016/j.msec.2021.112421

Biomedicines 2023, 11, 1314 14 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Berebichez-Fridman, R.; Montero-Olvera, P.R. Sources and Clinical Applications of Mesenchymal Stem Cells. Sultan Qaboos Univ.
Med. ]. 2018, 18, €264-77. [CrossRef]

Martellucci, S.; Manganelli, V.; Santacroce, C.; Santilli, F; Piccoli, L.; Sorice, M.; Mattei, V. Role of Prion protein-EGFR multi-
molecular complex during neuronal differentiation of human dental pulp-derived stem cells. Prion 2018, 12, 117-126. [CrossRef]
[PubMed]

Mattei, V.; Santacroce, C.; Tasciotti, V.; Martellucci, S.; Santilli, F.; Manganelli, V.; Piccoli, L.; Misasi, R.; Sorice, M.; Garofalo, T. Role
of lipid rafts in neuronal differentiation of dental pulp-derived stem cells. Exp. Cell Res. 2015, 339, 231-240. [CrossRef]

Delle Monache, S.; Pulcini, F,; Frosini, R.; Mattei, V.; Talesa, V.N.; Antognelli, C. Methylglyoxal-Dependent Glycative Stress Is
Prevented by the Natural Antioxidant Oleuropein in Human Dental Pulp Stem Cells through Nrf2/Glo1 Pathway. Antioxidants
2021, 10, 716. [CrossRef]

Lanzoni, G.; Linetsky, E.; Correa, D.; Messinger Cayetano, S.; Alvarez, R.A.; Kouroupis, D.; Alvarez Gil, A.; Poggioli, R.; Ruiz, P;
Marttos, A.C.; et al. Umbilical cord mesenchymal stem cells for COVID-19 acute respiratory distress syndrome: A double-blind,
phase 1/2a, randomized controlled trial. Stem Cells Transl. Med. 2021, 10, 660-673. [CrossRef] [PubMed]

Gan, L.; Liu, Y.; Cui, D.; Pan, Y.; Zheng, L.; Wan, M. Dental Tissue-Derived Human Mesenchymal Stem Cells and Their Potential
in Therapeutic Application. Stem Cells Int. 2020, 2020, 8864572. [CrossRef] [PubMed]

Sanz, A.R.; Carrion, ES.; Chaparro, A.P. Mesenchymal stem cells from the oral cavity and their potential value in tissue engineering.
Periodontology 2000 2015, 67, 251-267. [CrossRef]

Isobe, Y.; Koyama, N.; Nakao, K.; Osawa, K.; Ikeno, M.; Yamanaka, S.; Okubo, Y.; Fujimura, K.; Bessho, K. Comparison of human
mesenchymal stem cells derived from bone marrow, synovial fluid, adult dental pulp, and exfoliated deciduous tooth pulp. Int. J.
Oral Maxillofac. Surg. 2016, 45, 124-131. [CrossRef]

Gronthos, S.; Mankani, M.; Brahim, J.; Robey, P.G.; Shi, S. Postnatal human dental pulp stem cells (DPSCs) in vitro and in vivo.
Proc. Natl. Acad. Sci. USA 2000, 97, 13625-13630. [CrossRef]

Martellucci, S.; Santacroce, C.; Manganelli, V.; Santilli, E.; Piccoli, L.; Cassetta, M.; Misasi, R.; Sorice, M.; Mattei, V. Isolation,
Propagation, and Prion Protein Expression During Neuronal Differentiation of Human Dental Pulp Stem Cells. J. Vis. Exp. Jove
2019, 145, €59282.

James, ].L.; Umapathy, A.; Srinivasan, S.; Barker, C.N.; Brooks, A.; Hearn, J.; Chhana, A.; EWilliams, E.; Sheppard, H.; McGlashann,
S.R. The Chondrogenic Potential of First-Trimester and Term Placental Mesenchymal Stem /Stromal Cells. Cartilage 2021, 13,
5445-558S. [CrossRef]

Gogele, C.; Miiller, S.; Belov, S.; Pradel, A.; Wiltzsch, S.; Lenhart, A.; Hornfeck, M.; Kerling, V.; Riibling, A.; Kiihl, H.; et al.
Biodegradable Poly(D-L-lactide-co-glycolide) (PLGA)-Infiltrated Bioactive Glass (CAR12N) Scaffolds Maintain Mesenchymal
Stem Cell Chondrogenesis for Cartilage Tissue Engineering. Cells 2022, 11, 1577. [CrossRef]

Brezulier, D.; Pellen-Mussi, P; Tricot-Doleux, S.; Novella, A.; Sorel, O.; Jeanne, S. Development of a 3D human osteoblast cell
culture model for studying mechanobiology in orthodontics. Eur. J. Orthod. 2020, 42, 387-395. [CrossRef] [PubMed]

Grigull, N.P,; Redeker, ].I.; Schmitt, B.; Saller, M.M.; Schonitzer, V.; Mayer-Wagner, S. Chondrogenic Potential of Pellet Culture
Compared to High-Density Culture on a Bacterial Cellulose Hydrogel. Int. J. Mol. Sci. 2020, 21, 2785. [CrossRef] [PubMed]
Novello, S.; Tricot-Doleux, S.; Novella, A.; Pellen-Mussi, P.; Jeanne, S. Influence of Periodontal Ligament Stem Cell-Derived
Conditioned Medium on Osteoblasts. Pharmaceutics 2022, 14, 729. [CrossRef] [PubMed]

Patil, V.R.; Kharat, A.H.; Kulkarni, D.G.; Kheur, S.M.; Bhonde, R.R. Long term explant culture for harvesting homogeneous
population of human dental pulp stem cells. Cell Biol. Int. 2018, 42, 1602-1610. [CrossRef]

Kyffin, J.A; Sharma, P.; Leedale, J.; Colley, H.E.; Murdoch, C.; Harding, A.L.; Mistry, P.; Webb, S.D. Characterisation of a functional
rat hepatocyte spheroid model. Toxicol. Vitr. 2019, 55, 160-172. [CrossRef]

Schon, B.S.; Schrobback, K.; van der Ven, M.; Stroebel, S.; Hooper, G.]J.; Woodfield, T.B.F. Validation of a high-throughput
microtissue fabrication process for 3D assembly of tissue engineered cartilage constructs. Cell Tissue Res. 2012, 347, 629-642.
[CrossRef]

Taylor, S.C.; Mrkusich, E.M. The state of RT-quantitative PCR: Firsthand observations of implementation of minimum information
for the publication of quantitative real-time PCR experiments (MIQE). |. Mol. Microbiol. Biotechnol. 2014, 24, 46-52. [CrossRef]
Han, Y; Li, X;; Zhang, Y.; Han, Y.; Chang, E; Ding, ]. Mesenchymal Stem Cells for Regenerative Medicine. Cells 2019, 8, 886.
[CrossRef] [PubMed]

Eiro, N.; Fraile, M.; Gonzalez-Jubete, A.; Gonzalez, L.O.; Vizoso, F.J. Mesenchymal (Stem) Stromal Cells Based as New Therapeutic
Alternative in Inflammatory Bowel Disease: Basic Mechanisms, Experimental and Clinical Evidence, and Challenges. Int. ]. Mol.
Sci. 2022, 23, 8905. [CrossRef] [PubMed]

Hwang, J.J.; Rim, Y.A.; Nam, Y.; Ju, ].H. Recent Developments in Clinical Applications of Mesenchymal Stem Cells in the
Treatment of Rheumatoid Arthritis and Osteoarthritis. Front. Immunol. 2021, 12, 631291. [CrossRef]

Maumus, M.; Pers, YM.; Ruiz, M.; Jorgensen, C.; Noél, D. Cellules souches mésenchymateuses et médecine régénératrice: Quel
avenir pour 'arthrose? Médecine/Sciences 2018, 34, 1092-1099. [CrossRef] [PubMed]

Lv, EJ.; Tuan, R.S.; Cheung, KM.C.; Leung, V.Y.L. Concise Review: The Surface Markers and Identity of Human Mesenchymal
Stem Cells. Stem Cells 2014, 32, 1408-1419. [CrossRef]

Alt, E.; Yan, Y.; Gehmert, S.; Song, Y.H.; Altman, A.; Gehmert, S.; Vykoukal, D.; Bai, X. Fibroblasts share mesenchymal phenotypes
with stem cells, but lack their differentiation and colony-forming potential. Biol. Cell. 2011, 103, 197-208. [CrossRef]


https://doi.org/10.18295/squmj.2018.18.03.002
https://doi.org/10.1080/19336896.2018.1463797
https://www.ncbi.nlm.nih.gov/pubmed/29644924
https://doi.org/10.1016/j.yexcr.2015.11.012
https://doi.org/10.3390/antiox10050716
https://doi.org/10.1002/sctm.20-0472
https://www.ncbi.nlm.nih.gov/pubmed/33400390
https://doi.org/10.1155/2020/8864572
https://www.ncbi.nlm.nih.gov/pubmed/32952572
https://doi.org/10.1111/prd.12070
https://doi.org/10.1016/j.ijom.2015.06.022
https://doi.org/10.1073/pnas.240309797
https://doi.org/10.1177/19476035211044822
https://doi.org/10.3390/cells11091577
https://doi.org/10.1093/ejo/cjaa017
https://www.ncbi.nlm.nih.gov/pubmed/32144430
https://doi.org/10.3390/ijms21082785
https://www.ncbi.nlm.nih.gov/pubmed/32316353
https://doi.org/10.3390/pharmaceutics14040729
https://www.ncbi.nlm.nih.gov/pubmed/35456563
https://doi.org/10.1002/cbin.11065
https://doi.org/10.1016/j.tiv.2018.12.014
https://doi.org/10.1007/s00441-011-1311-6
https://doi.org/10.1159/000356189
https://doi.org/10.3390/cells8080886
https://www.ncbi.nlm.nih.gov/pubmed/31412678
https://doi.org/10.3390/ijms23168905
https://www.ncbi.nlm.nih.gov/pubmed/36012170
https://doi.org/10.3389/fimmu.2021.631291
https://doi.org/10.1051/medsci/2018294
https://www.ncbi.nlm.nih.gov/pubmed/30623767
https://doi.org/10.1002/stem.1681
https://doi.org/10.1042/BC20100117

Biomedicines 2023, 11, 1314 15 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lo Monaco, M.; Gervois, P.; Beaumont, J.; Clegg, P.; Bronckaers, A.; Vandeweerd, ].M.; Lambrichts, I. Therapeutic Potential of
Dental Pulp Stem Cells and Leukocyte- and Platelet-Rich Fibrin for Osteoarthritis. Cells 2020, 9, 980. [CrossRef]

Maldonado, D.C.; Nicoliche, T.; Faber, ].; Kerkis, I.; Saez, D.M.; Sasaki, R.T.; Cavenaghi Pereira da Silva, M. Intra-articular human
deciduous dental pulp stem cell administration vs. pharmacological therapy in experimental osteoarthritis rat model. Eur. Rev.
Med. Pharmacol. Sci. 2021, 25, 3546-3556.

Mushahary, D.; Spittler, A.; Kasper, C.; Weber, V.; Charwat, V. Isolation, cultivation, and characterization of human mesenchymal
stem cells. Cytom. Part A 2018, 93, 19-31. [CrossRef] [PubMed]

Zhou, T.; Pan, J.; Wu, P; Huang, R.; Du, W.; Zhou, Y.; Wan, M,; Fan, Y.; Xu, X.; Zhou, X,; et al. Dental Follicle Cells: Roles in
Development and Beyond. Stem Cells Int. 2019, 2019, 1-17. [CrossRef] [PubMed]

Liu, J.; Yu, F; Sun, Y,; Jiang, B.; Zhang, W.; Yang, J.; Xu, G.T.; Liang, A.; Liu, S. Concise Reviews: Characteristics and Potential
Applications of Human Dental Tissue-Derived Mesenchymal Stem Cells. Stemn Cells 2015, 33, 627-638. [CrossRef] [PubMed]
Seo, B.M.; Miura, M.; Gronthos, S.; Mark Bartold, P.; Batouli, S.; Brahim, J.; Young, M.; Robey, P.G.; Wang, C.Y.; Shi, S. Investigation
of multipotent postnatal stem cells from human periodontal ligament. Lancet 2004, 364, 149-155. [CrossRef] [PubMed]

Lee, S.; Chen, D.; Park, M.; Kim, S.; Choi, Y.J.; Moon, S.J.; Shin, D.M.; Lee, ].H.; Kim, E. Single-Cell RNA Sequencing Analysis of
Human Dental Pulp Stem Cell and Human Periodontal Ligament Stem Cell. J. Endod. 2022, 48, 240-248. [CrossRef] [PubMed]
Viswanathan, S.; Shi, Y.; Galipeau, J.; Krampera, M.; Leblanc, K.; Martin, I.; Nolta, J.; Phinney, D.G.; Sensebe, L. Mesenchymal
stem versus stromal cells: International Society for Cell & Gene Therapy (ISCT®) Mesenchymal Stromal Cell committee position
statement on nomenclature. Cytotherapy 2019, 21, 1019-1024. [PubMed]

Freyria, A.M.; Courtes, S.; Mallein-Gerin, F. Différenciation des cellules souches mésenchymateuses adultes humaines: Effet
chondrogénique de la BMP-2. Pathol. Biol. 2008, 56, 326-333. [CrossRef]

Ryu, N.E.; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019, 8,
1620. [CrossRef]

Cesarz, Z.; Tamama, K. Spheroid Culture of Mesenchymal Stem Cells. Stem Cells Int. 2016, 2016, 9176357. [CrossRef]

Hazrati, A.; Malekpour, K.; Soudi, S.; Hashemi, S.M. Mesenchymal stromal/stem cells spheroid culture effect on the therapeutic
efficacy of these cells and their exosomes: A new strategy to overcome cell therapy limitations. Biomed Pharmacother. 2022,
152,113211. [CrossRef]

Staubli, F; Stoddart, M.J.; D’Este, M.; Schwab, A. Pre-culture of human mesenchymal stromal cells in spheroids facilitates
chondrogenesis at a low total cell count upon embedding in biomaterials to generate cartilage microtissues. Acta Biomater. 2022,
143, 253-265. [CrossRef]

Petrenko, Y.; Sykov4, E.; Kubinova, S. The therapeutic potential of three-dimensional multipotent mesenchymal stromal cell
spheroids. Stem Cell Res. Ther. 2017, 8, 94. [CrossRef]

Tsvetkova, A.V.; Vakhrushev, I.V.; Basok, Y.B.; Grigor’Ev, A.M.; Kirsanova, L.A.; Lupatov, A.Y.; Sevastianov, V.I; Yarygin, K.N.
Chondrogeneic Potential of MSC from Different Sources in Spheroid Culture. Bull. Exp. Biol. Med. 2021, 170, 528-536. [CrossRef]
Chan, Y.H,; Lee, Y.C.; Hung, C.Y,; Yang, PJ.; Lai, P.C.; Feng, S.W. Three-dimensional Spheroid Culture Enhances Multipotent
Differentiation and Stemness Capacities of Human Dental Pulp-derived Mesenchymal Stem Cells by Modulating MAPK and
NF-kB Signaling Pathways. Stem Cell Rev. Rep. 2021, 17, 1810-1826. [CrossRef] [PubMed]

Bu, N.U,; Lee, H.S,; Lee, B.N.; Hwang, Y.C; Kim, S.Y.; Chang, S.W.; Choi, KK,; Kim, D.S,; Jang, ].H. In Vitro Characterization of
Dental Pulp Stem Cells Cultured in Two Microsphere-Forming Culture Plates. . Clin. Med. 2020, 9, 242. [CrossRef]

Prideaux, M.; Wright, C.S.; Noonan, M.L.; Yi, X.; Clinkenbeard, E.L.; Mevel, E.; Wheeler, J.A.; Byers, S.; Wijenayaka, A.R,;
Gronthos, S.; et al. Generation of two multipotent mesenchymal progenitor cell lines capable of osteogenic, mature osteocyte,
adipogenic, and chondrogenic differentiation. Sci. Rep. 2021, 11, 22593. [CrossRef]

Watanabe, H. Aggrecan and versican: Two brothers close or apart. Am. J. Physiol. Cell Physiol. 2022, 322, C967-C976. [CrossRef]
[PubMed]

Cui, J.; Zhang, J. Cartilage Oligomeric Matrix Protein, Diseases, and Therapeutic Opportunities. Int. J. Mol. Sci. 2022, 23, 9253.
[CrossRef]

Song, H.; Park, K.H. Regulation and function of SOX9 during cartilage development and regeneration. In Seminars in Cancer
Biology; Academic Press: Cambridge, MA, USA, 2020; Volume 67, pp. 12-23.

Zhang, L.; Su, P; Xu, C; Yang, J.; Yu, W,; Huang, D. Chondrogenic differentiation of human mesenchymal stem cells: A
comparison between micromass and pellet culture systems. Biotechnol. Lett. 2010, 32, 1339-1346. [CrossRef]

Ko, J.; Park, J.; Kim, J.; Im, G. Characterization of adipose-derived stromal/stem cell spheroids versus single-cell suspension in
cell survival and arrest of osteoarthritis progression. J. Biomed. Mater. Res. A 2021, 109, 869-878. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/cells9040980
https://doi.org/10.1002/cyto.a.23242
https://www.ncbi.nlm.nih.gov/pubmed/29072818
https://doi.org/10.1155/2019/9159605
https://www.ncbi.nlm.nih.gov/pubmed/31636679
https://doi.org/10.1002/stem.1909
https://www.ncbi.nlm.nih.gov/pubmed/25447379
https://doi.org/10.1016/S0140-6736(04)16627-0
https://www.ncbi.nlm.nih.gov/pubmed/15246727
https://doi.org/10.1016/j.joen.2021.11.005
https://www.ncbi.nlm.nih.gov/pubmed/34801591
https://www.ncbi.nlm.nih.gov/pubmed/31526643
https://doi.org/10.1016/j.patbio.2007.09.010
https://doi.org/10.3390/cells8121620
https://doi.org/10.1155/2016/9176357
https://doi.org/10.1016/j.biopha.2022.113211
https://doi.org/10.1016/j.actbio.2022.02.038
https://doi.org/10.1186/s13287-017-0558-6
https://doi.org/10.1007/s10517-021-05101-x
https://doi.org/10.1007/s12015-021-10172-4
https://www.ncbi.nlm.nih.gov/pubmed/33893620
https://doi.org/10.3390/jcm9010242
https://doi.org/10.1038/s41598-021-02060-1
https://doi.org/10.1152/ajpcell.00081.2022
https://www.ncbi.nlm.nih.gov/pubmed/35385326
https://doi.org/10.3390/ijms23169253
https://doi.org/10.1007/s10529-010-0293-x
https://doi.org/10.1002/jbm.a.37078
https://www.ncbi.nlm.nih.gov/pubmed/32776432

	Introduction 
	Materials and Methods 
	Isolation and Culture 
	Characterization 
	Phenotypic Analysis by Flow Cytometry 
	Functional Characterization 

	Chondrogenic Differentiation 
	RNA Extraction and Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 
	Alcian Blue Staining 

	Statistical Analysis 

	Results 
	Cell Lines Isolation and Characterization 
	Chondrogenic Differentiation 
	Alcian Blue Staining 
	Real-Time Polymerase Chain Reaction (RT-qPCR) 


	Discussion 
	Conclusions 
	References

