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Abstract

Articular cartilage regeneration remains a major challenge due to its limited self-repair capacity. Bone
marrow-derived skeletal stem cells (55Cs) and mesenchymal stem cells (MSCs) are promising
candidates for cartilage engineering, though they differ in their chondrogenic potential. This study
explored whether co-culturing SSCs and MSCs in three-dimensional (3D) organoid systems under
cartilage physioxia (5% O2) and chondrogenic induction could improve cartilage tissue formation.
SSCs, MSCs, and SSC-MSC co-cultures were characterized for morphology, phenotype, and
differentiation capacity. Organoids were generated and cultured for 10 days, followed by analysis of
morphology, viability, gene expression (SOX9, RUNX2, ACAN, COL2A1, COL10A1, PRG4, and
PDPN), chondrocyte-associated antigens (CD44, CD105, CD146, and PDPN), and cartilage ECM
proteins (aggrecan, collagen types I, II, and X, and PRG4). SSCs showed robust chondrogenic and
osteogenic potential, while MSCs exhibited a balanced multipotency. Co-culture-derived organoids
enhanced chondrogenesis and reduced adipogenesis, with higher expression of cartilage-specific
ECM and lower hypertrophic marker levels. These findings highlight the functional synergy between
SSCs and MSCs in co-culture, promoting the formation of stable, cartilage-like structures under
physioxia. The approach offers a promising strategy for generating preclinical models and advancing
regenerative therapies for hyaline cartilage repair.
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1. Introduction

Articular hyaline cartilage is an avascular and aneural tissue that covers the bone surfaces of
synovial joints, providing resistance to compression and reducing friction during movement. It
consists of a single cell population, chondrocytes, embedded in an extracellular matrix (ECM) rich in
type II collagen, aggrecan, and other structural proteins essential for its biomechanical function [1-
3]. However, due to its limited endogenous regenerative capacity, articular cartilage injuries tend to
progress toward degenerative diseases such as osteoarthritis, affecting the quality of life of millions
of people worldwide [4,5]. Currently available treatments, such as microfracture, autologous
chondrocyte implantation (ACI), and allografts, provide symptomatic relief but fail to achieve
complete cartilage tissue regeneration, thereby limiting their long-term efficacy [6].

In this context, tissue bioengineering has explored the development of 3D cultures or cartilage
organoids derived from stem cells as a promising strategy for articular cartilage repair. Cartilage
organoids are three-dimensional structures derived from stem cells that mimic the cellular
organization and ECM composition of native cartilage, providing a physiologically relevant model
for its study and clinical application [7,8]. Nevertheless, questions remain regarding the optimal stem
cell type for generating organoids that closely resemble native cartilage and possess in vivo
regenerative potential [9]. In this regard, although both mesenchymal stem cells (MSCs) [10] and
skeletal stem cells (SSCs) [11] have demonstrated chondrogenic potential. MSCs have been shown to
generate hypertrophic chondrocytes or fibrocartilage-producing cells, which are more associated
with inflammation and tissue damage than with the formation of native hyaline cartilage [12-14].
This observation raises questions about their suitability as a cellular source for cartilage regeneration
strategies. Moreover, it remains unclear whether the interaction between these two chondrogenic
populations could yield optimized organoids for tissue repair, particularly in the context of the stem
cell niche hypothesis [15,16]. According to this hypothesis, MSCs primarily function as support cells
for a more restricted and tissue-specific stem cell population, in this case, SSCs, which would be
directly responsible for cartilage regeneration. Therefore, further characterization of the functional
roles of each cell type within the organoid microenvironment is necessary, along with additional
studies to determine whether MSC-SSC co-culture enhances the structural stability of the resulting
organoids and reduces the risk of hypertrophy and fibrosis in cartilage tissue.

Another critical factor in the formation of functional cartilage is oxygen tension. It has been
demonstrated that physiological oxygen levels in articular cartilage (1-5% O2) promotes
chondrogenic differentiation and ECM production characteristic of hyaline cartilage, whereas in vitro
normoxia (21% O2) induces a hypertrophic phenotype and the production of type X collagen, which
is associated with endochondral ossification [17-19]. However, there is limited evidence regarding
the effect of cartilage physiological oxygen levels or cartilage physioxia on cartilage organoid
generation.

In cartilage organoid development, in addition to identifying the optimal stem cell populations
for their generation and defining appropriate physical conditions, such as oxygen levels, ECM
protein production within these structures is a key factor in their potential clinical application. In
cartilage organoid models, ECM characterization has primarily focused on analyzing classical
structural proteins, such as type II collagen and aggrecan, due to their essential roles in cartilage
formation and functionality. However, other cartilage-associated proteins with key functions during
specific developmental stages and in determining tissue quality have been scarcely explored in these
models. Among them, podoplanin (PDPN), involved in prenatal chondrogenesis, and proteoglycan
4 (PRG4), associated with joint lubrication and considered a potential prognostic marker of success
in cartilage regeneration strategies, stand out [20,21]. PDPN is a transmembrane glycoprotein
expressed in chondrocytes during embryonic development and in the growth plate, playing a role in
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cellular organization and cartilage stability [22,23]. Its expression has been associated with
cytoskeletal regulation and cell-ECM communication [24], although its function in vitro-generated
cartilage organoids remains unclear. On the other hand, PRG4, also known as lubricin, is a key
protein for cartilage lubrication and the prevention of joint friction [25]. Its expression has been linked
to optimal tribological properties following cartilage regeneration processes [26]. Moreover, PRG4
expression increases after the successful implantation of human embryonic stem cell (hESC)-derived
chondrocytes [27] and induced pluripotent stem cell (iPSC)-derived cartilage organoids [20],
suggesting its potential as a biomarker for successful organoid transplantation in cartilage
regeneration therapies. Despite advancements in organoid development, it remains undetermined
whether PDPN and PRG4 expression in these structures is constitutive or dependent on specific
conditions such as physiological cartilage physioxia. Furthermore, it is unknown whether their
expression correlates with the production of chondrocytes or ECM proteins characteristic of hyaline
cartilage.

Since cartilage regeneration represents a significant clinical challenge and current treatments fail
to fully restore its structure and function, it is essential to deepen our understanding of cartilage
organoids and identify key biomarkers associated with their development and quality. In this
context, the present study contributes to this knowledge by generating and characterizing the
structural and functional properties of cartilage organoids derived from mesenchymal and skeletal
stem cells, cultured under cartilage physioxia conditions that replicate the articular cartilage
microenvironment. Additionally, we evaluated classical ECM proteins, such as type II collagen and
aggrecan, as well as other proteins relevant to chondrogenesis or tissue quality indicators, including
podoplanin (PDPN) and proteoglycan 4 (PRG4), which have been scarcely studied in cartilage
organoids.

2. Materials and Methods

2.1. Donor Selection and Bone Marrow Sample Collection

Bone marrow (BM) samples were obtained from patients undergoing hip prosthetic replacement
at the Department of Orthopedics and Traumatology, Hospital Universitario San Ignacio (Bogota,
Colombia), who voluntarily agreed to participate in the study. Written informed consent was
obtained in accordance with approvals from the Research and Ethics Committees of the Faculty of
Sciences at Pontificia Universidad Javeriana (Acta No. 10, June 17, 2021) and Hospital Universitario
San Ignacio (Acta No. 11, June 24, 2021). Samples were collected by orthopedic surgeons during
surgery and subsequently transported to the Faculty of Sciences at Pontificia Universidad Javeriana
for processing and analysis. Donor selection was conducted according to previously published
inclusion criteria [28,29]. Eligible patients were those over 18 years of age, with no prior diagnosis of
hematopoietic system neoplasms, seronegative for hepatitis B virus (HBV), hepatitis C virus (HCV),
and human immunodeficiency virus (HIV), and not receiving immunosuppressive treatments.

2.2. Isolation and Culture of Skeletal Stem Cells (SSCs) and Mesenchymal Stem Cells (MSCs)

Mononuclear cells (MNCs) were isolated from BM samples using a density gradient with
Histopaque 1077 (d = 1.077 g/cm?, Sigma-Aldrich®). Specific cell populations were then separated to
obtain MSCs and SSCs. For MSC isolation, MNCs were directly cultured at a density of 160x10°
cells/cm? in IMDM medium (Gibco, Thermo Scientific®) supplemented with 10% fetal bovine serum
(FBS, Gibco, Thermo Scientific®), 1% sodium pyruvate (Sigma-Aldrich®), 1% non-essential amino
acids (Gibco, Thermo Scientific®), and 1% penicillin/streptomycin (Eurobio®). Cultures were
maintained at 37°C and 5% CO: for 72 hours, after which non-adherent cells were removed. Adherent
cells with fibroblast-like morphology were cultured until reaching 70% confluence [30-32]. For SSC
isolation, a negative immunomagnetic separation was performed from 10x10¢ MNCs using anti-CD45
MicroBeads (Miltenyi Biotec®), followed by a second negative immunomagnetic separation using
anti-CD146-PE and anti-PE MicroBeads (Miltenyi Biotec®), yielding CD45-/CD146- cells. A
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subsequent positive immunomagnetic selection was performed using anti-CD73-PE, anti-CD164-
APC, anti-PE MicroBeads, and anti-APC MicroBeads (Miltenyi Biotec®) to obtain CD45-/CD146-
/CD73+/CD164+ cells. These cells were cultured at a density of 2x10%/cm? in MEM-alpha medium
(Gibco, Thermo Scientific®) supplemented with 10% human platelet lysate (STEMCELL
Technologies®), 1% sodium pyruvate (Sigma-Aldrich®), and 1% penicillin/streptomycin (Eurobio®).
Cultures were maintained at 37°C and 5% CO: for 72 hours, after which non-adherent cells were
removed. Adherent cells with fibroblast-like morphology were cultured until reaching over 70%
confluence [33,34]. For both MSCs and SSCs, three passages of the primary culture were performed,
followed by individual morphological and phenotypic characterization (data not shown).
Subsequently, MSCs and SSCs from each donor were pooled to create a homogeneous population for
each cell type, which was then subjected to morphological, phenotypic, and functional
characterization. Pooling of each cell population and their co-culture was conducted to reduce donor-
dependent biological variability in the isolated cells, as previously demonstrated [35,36].

2.3. Morphological, Phenotypic, and Functional Characterization of MSC, SSC, and MSC-SSC Pools

Three cell pools were generated from the characterized primary cultures: SSCs, MSCs, and an
MSC-5SC co-culture at a 1:1 ratio. Morphological, phenotypic, and functional characterization of the
pools was performed in accordance with ISO 24651 standards for MSCs and experimental
background for SSCs [31,34]. Morphological characterization was conducted using inverted
microscopy with an OLYMPUS CKX3 microscope. For a more detailed morphological evaluation,
cells were subjected to cytocentrifugation in an Aerospray® Hematology Pro system. Cells were then
stained with Wright's stain (Sigma-Aldrich®) and evaluated under a conventional optical
microscope. The phenotype of the cell populations was determined using qRT-PCR to assess the
expression of pluripotency-associated genes [37-40] and spectral flow cytometry (Aurora, Cytek®
Biosciences). Flow cytometry data were analyzed using Flow]Jo v10.10.0 to establish the antigenic
profile reported for each cell population [11,31]. The gating strategy included doublet and debris
exclusion, selection of highly viable cells, and generation of fluorescence intensity histograms to
determine the median fluorescence intensity (MFI) of each antigen.

Functional characterization of the three cell pools (SSCs, MSCs, and MSC-SSC co-culture) was
performed through colony formation and multipotent differentiation assays. Colony formation
assays involved culturing 0.5x102 cells from each pool in their respective culture medium. After 14
days at 37°C and 5% CO, colonies were fixed with 4% paraformaldehyde (Sigma-Aldrich®) and
stained with 3% crystal violet (Sigma-Aldrich®) for counting. Multipotent differentiation capacity
was assessed by culturing cells in lineage-specific induction media: osteogenesis (StemPro®
Osteogenesis Differentiation Kit, Gibco, Thermo Scientific®), adipogenesis (StemPro® Adipogenesis
Differentiation Kit, Gibco, Thermo Scientific®), and chondrogenesis (StemPro® Chondrogenesis
Differentiation Kit, Gibco, Thermo Scientific®). Osteogenesis was confirmed by Von Kossa staining
(Sigma-Aldrich®) for calcium deposits, adipogenesis by Oil Red O staining (Sigma-Aldrich®) for
intracellular lipid vacuoles, and chondrogenesis by Alcian Blue staining for glycosaminoglycans
(GAG) (Santa Cruz Biotechnology®). Multipotency was further evaluated through gqRT-PCR
expression analysis of lineage-specific transcription factors: RUNX2 (osteogenesis), PPARy
(adipogenesis), and SOX9 (chondrogenesis) (Table 1)[41].

2.4. Maintenance of Control Cell Lines: NHAC-kn and HPALF

To compare the phenotypic and functional characteristics of the obtained pools and,
subsequently, the characteristics of the developed organoids, control cell lines were used, including
cartilage-constituting cells (articular chondrocytes) and cells not associated with articular hyaline
cartilage (gingival fibroblasts). The Human Knee Articular Chondrocytes (NHAC-kn) CC-2550 cell
line (Lonza®) was cultured in CGM™ Chondrocyte Growth Medium BulletKit™ supplemented with
1% penicillin/streptomycin (Gibco, Thermo Scientific®). The Human Periodontal Ligament
Fibroblasts (HPdLF) CC-7049 cell line (Lonza®) was cultured in RPMI (STEMCELL Technologies®)
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supplemented with 1% penicillin/streptomycin (Eurobio®). These cells were provided by Centro de
Investigaciones Odontolégicas (CIO) of Pontificia Universidad Javeriana.

2.5. Cartilage Organoid Generation from MSCs, SSCs, and MSC-SSC Co-Culture

Organoids were generated from the three previously described cell pools, which included
skeletal stem cells (55C), mesenchymal stem cells (MSC), and a 1:1 co-culture pool of SSC and MSC.
Each of these cell conditions was seeded into ultra-low attachment 96-well plates (Corning®) at a
density of 1 x 10° cells per well, using an appropriate volume of culture medium. Two culture
conditions were established: without chondrogenic induction medium (-IM), using DMEM-F12
(Gibco, Thermo Scientific®) supplemented with 10% KnockOut™ serum (Gibco, Thermo Scientific®)
and 1% penicillin/streptomycin (Eurobio®); and with chondrogenic induction medium (+IM), using
the StemPro® Chondrogenesis Differentiation Kit (Gibco, Thermo Scientific®) under the same
supplementation conditions. After seeding each pool, the plates were centrifuged at 500xg for 15
minutes to promote cell aggregation and then incubated under physioxic conditions (5% Oz, 5% CO,
37°C) for a period of 10 days. Organoid formation was based on spontaneous cell self-aggregation
without the use of scaffolds, facilitated by the low-adhesion surface of the culture plates and the
physioxic environment, which closely mimics the native cartilage microenvironment.
Simultaneously, control cell lines (NHAC-kn and HPdLF) were cultured under the same conditions,
starting with 1x10% HPALF cells and 4x10° NHAC-kn cells. All experiments described below were
performed in biological triplicates to ensure reproducibility and to allow for appropriate statistical
analysis of the results.

2.6. Evaluation of Cartilage Organoid Morphology, Viability, and Physioxia Condition Validation

The evaluation of morphology, viability, and validation of cartilage physioxia (5% O2)
conditions in the organoids was conducted on days 1, 5, and 10, with data acquisition performed
using the Cytation 5 Cell Imaging Multimode Reader (BioTek®). Morphological evaluation was
carried out by measuring the diameters of the 3D structures in the culture plate using the Line Tool
in the Gen5 software on the multifunctional imaging system. Viability assessment of organoids and
control cell lines was performed on days 1, 5, and 10 using the LIVE/DEAD Cell Imaging Kit
(Invitrogen, Thermo Scientific®) following the manufacturer's protocol. Image acquisition was
conducted using the multifunctional imaging system, and data analysis was performed with Image]J
software. Validation of physioxia conditions in 3D structures was conducted using the BioTracker™
520 Green Hypoxia Dye (Sigma-Aldrich®) [42] and data analysis performed in Image] software.

2.7. Evaluation of Gene and Protein Expression Associated with Chondrogenesis in Cartilage Organoids
Under Physioxia

After 10 days of culture, total RNA was extracted from the organoids using the RNeasy Plus
Mini Kit (Qiagen®) following the manufacturer’s protocol and qRT-PCR was performed according
to the manufacturer’s instructions. Two-step quantitative real-time PCR (qQRT-PCR) was performed.
cDNA was synthesized from 1 ng/ul of total RNA using QuantiTect Reverse Transcription Kit”
(Qiagen®). Quantitative PCR (qPCR) was carried out using PowerUpTM SYBRTM Green Master
Mix” (Biosystems®). Each target and housekeeping gene was analyzed in three technical replicates
[43]. The expression levels of SOX9, ACAN, PDPN, PGR4, RUNX2, and COL10 mRNA were
determined. Expression levels were normalized using the housekeeping genes B2M, GAPDH, and
ACTB (Table 1) following the AACt method [44]. Protein expression associated with chondrocyte
generation in organoids was assessed through enzymatic digestion (1% trypsin, Eurobio®) and
mechanical dissociation by repeated pipetting. The resulting cells were transferred to flow cytometry
tubes with a 35 um cell strainer (Falcon™), incubated with Zombie Aqua Fixable Viability dye
(Biolegend®) and subsequently stained with the following monoclonal antibodies: CD44-PerCy7
(Clone G44-26, BD Pharmingen®), CD105 BV421 (Clone SN6h, Biolegend®), CD146 BV605 (Clone
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P1H12, Biolegend®) and PDPN APC (Clone NC-08, Biolegend®). Data acquisition was performed
using the Cytek Aurora® spectral flow cytometer and analysis was conducted with Flow]Jo 10.10.0
software. The immunophenotype was represented using t-SNE dimensionality reduction algorithms
and heatmaps based on the mean fluorescence intensity of each antigen in viable cells [45]. Table S1
shows the primers used for the gqRT-PCR assays.

2.8. Determination of Cartilage Extracellular Matrix Proteins in Organoids

After 10 days of culture, organoids were transferred to Eppendorf tubes with 0.5% gelatin
(Sigma-Aldrich®) for transportation to the Pathology Department at Hospital Universitario San
Ignacio. The 3D structures were then embedded in CryoMatrix (Feather Health®) and sectioned in a
KD-3000 cryostat microtome at -20°C to obtain 5 um thick slices. Sections were subsequently
transferred to 98% ethanol for one minute and then incubated at 80°C. For immunohistochemistry
(IHC), the Autostainer Link 48 automated system was used with the following antibodies: Aggrecan
(Clone BC-3, Novus®), Collagen I alpha 1 (Clone COL-1, Novus®), Collagen II (Clone 5B2.5,
Novus®), Collagen X alpha 1 (Clone SR3302, Novus®) and PRG4 (NBP1-19048, Novus®). IHC results
were analyzed by double-blind microscopic evaluation performed by pathologists from the
Pathology Department at Hospital Universitario San Ignacio. The results were then tabulated and
assigned a score as follows: 0 (negative), 1 (mildly positive), 2 (moderately positive), 3 (intensely
positive). Negative controls consisted of adipose tissue sections, while positive controls included
sections of fetal trachea, skin, and intervertebral disc.

2.9. Statistical Analysis

The Shapiro-Wilk test was used to assess data normality. Based on these results, the Mann-
Whitney U test and Kruskal-Wallis test, followed by Dunn’s multiple comparison test, were applied
for non-parametric distributions. For parametric distributions, one-way ANOVA followed by
Tukey’s multiple comparison test was performed. Statistical significance was set at p <0.05. Statistical
analyses were conducted using GraphPad Prism 10.1.2.324.

3. Results
3.1. Characteristics of Donors and Collected Human Bone Marrow Samples

With the support of the medical team from the Department of Orthopedics and Traumatology
at Hospital Universitario San Ignacio (Bogota, Colombia), six bone marrow (BM) samples were
collected for the isolation of skeletal stem cells (SSCs) and six samples for the isolation of
mesenchymal stem cells (MSCs). The SSC isolation samples were obtained from voluntary donors
aged 55 to 73 years, of whom 66.6% were male and 33.5% were female, with an average collected
bone marrow volume of 68,5 ml. The MSC isolation samples were obtained from donors aged 60 to
84 years, with a distribution of 66.5% male and 33.5% female, and an average collected sample volume
of 82,5 ml (Table 1).

Table 1. Donor Characteristics and Bone Marrow Samples for SSC and MSC Isolation.

BM Volume (mL)
Sample No. Age (years) Gender (M: male / F: female)
01 55 M 90
02 61 M 65
03 69 M 42
SSC
04 59 M 95
05 73 F 75
06 68 F 55
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07 79 M 90

08 61 M 75

09 83 F 80
MSC

10 73 M 90

11 84 F 80

12 60 M 80

3.2. Phenotypic and Functional Characterization of SSC Pools

The SSC pool yielded fibroblast-like cells with an average length of 128.4 um and the presence
of perinuclear vacuoles (Figure 1A). Morphological analysis using cytospin revealed cells with an
average diameter of 29.8 um, loose chromatin, 2 to 3 nucleoli, basophilic cytoplasm, cytoplasmic
vacuoles, and a nucleus-to-cytoplasm ratio of 4:6 (Figure 1B). Inmunophenotypic characterization
confirmed that SSCs lacked hematopoietic (CD34 and CD45) and endothelial (CD31) antigens. 99%
of the population expressed typical SSC markers: CD73, CD105, and CD164, while CD146 was absent.
Additionally, 69.1% expressed PDPN (Figure 1C). In colony-forming assays, the SSC pool generated
between 17 and 22 colony-forming units (CFUs), with diameters ranging from 0.4 to 0.7 mm, from 50
seeded cells (Figure 2A-B). Chondrogenic differentiation: Cells exposed to induction medium
exhibited high glycosaminoglycan (GAG) production, evidenced by Alcian blue staining (Figure 2C).,
along with SOX9 mRNA expression higher than control cells (Figure 2D).
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Figure 1. Phenotypic Characterization of the SSC Pool. (A) Cell morphology in culture, Olympus inverted
microscope (10X). (B) Cell morphology in cytospin, ZEISS Axiolab 5 microscope (100X). (C) Immunophenotype
analysis by spectral flow cytometry is displayed as a heatmap using t-SNE dimensionality reduction. The antigen
assessed is indicated in the top right corner of each panel, and the color scale in the bottom left corner denotes
antigen expression levels: negative (blue), weakly positive (green), moderately positive (yellow), and strongly

positive (red).

Osteogenic differentiation: Von Kossa staining revealed calcium salt deposits in induced cells
(Figure 2E). Although RUNX2 expression did not show significant differences (p = 0.1287) (Figure
2F), it demonstrated an upward trend, reaching six times the expression level of control cells.
Adipogenic differentiation: No lipid vacuoles or morphological changes were observed via Oil Red
O staining (Figure 2G), suggesting that SSCs selectively differentiate into osteochondral lineages.
However, PPARYy expression increased significantly (p=0.0082) (Figure 2H), possibly indicating its
involvement in other cellular processes beyond adipogenic differentiation [46]. The isolated SSCs
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correspond to a previously described population in the literature, characterized by fibroblast-like
morphology, expression of CD73, CD105, CD164, and PDPN, and the absence of hematopoietic and
endothelial markers. Their clonogenic capacity, preference for osteochondral differentiation, and
limited adipogenic potential align with the functional profile of human bone marrow-derived skeletal
stem cells [11,21,33,34,47].
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Figure 2. Functional Characterization of the SSC Pool. (A) Colony-forming unit (CFU) assay. Representative
images of SSC-derived colonies after 14 days of culture, stained with 3% crystal violet. Images were acquired
using an Olympus inverted microscope at 10x magnification (inset, 40x). (B) Absolute quantification of SSC-
derived colonies after 14 days of culture. (C) Chondrogenic differentiation. SSC cultured without (left) or with
(right) chondrogenic differentiation medium. Alcian Blue staining at 10x magnification. (D) SOX9 gene
expression in undifferentiated (control) and differentiated (induced) SSC (p = 0.0082). (E) Osteogenic
differentiation. SSC cultured without (left) or with (right) osteogenic differentiation medium. Von Kossa staining

at 10x magnification. (F) RUNX2 gene expression in undifferentiated (control) and differentiated (induced) SSC
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(p=0.1287). (G) Adipogenic differentiation. SSC cultured without (left) or with (right) adipogenic differentiation
medium. Oil Red O staining at 10x magnification (inset, 40x). (H) PPARY gene expression in undifferentiated
(control) and differentiated (induced) SSC (p = 0.0082). Statistical significance was assessed using a two-tailed
Student's t-test.

3.3. Phenotypic and Functional Characterization of MSC Pools

The MSC pool displayed fibroblast-like morphology, with an average cell length of 316.1 um
(Figure 3A). Morphological analysis via cytospin revealed loosely condensed chromatin, 1 to 2
nucleoli, basophilic cytoplasm, and a nucleus-to-cytoplasm ratio of 4:6 (Figure 3B).
Immunophenotypic analysis via spectral flow cytometry (Cytek Aurora®) confirmed the absence of
hematopoietic (CD34 and CD45) and endothelial (CD31) antigens. 99% of the population expressed
CD73, CD105, and CD164, while 84.7% expressed CD146 and 75% expressed PDPN (Figure 3C). In
colony-forming assays, the MSC pool generated between 12 and 17 CFUs, with diameters ranging
from 2 to 3.5 mm (Figure 4A-B). Chondrogenic differentiation: High GAG production was evidenced
by Alcian blue staining (Figure 4C), along with an 18-fold increase in SOX9 expression compared to
control cells (Figure 4D). Osteogenic differentiation: Von Kossa staining revealed calcium deposits
(Figure 4E), but RUNX2 expression showed no significant differences (p=0.3744) and even decreased
slightly in induced cells (Figure 4F). Adipogenic differentiation: Lipid vacuoles were observed via
Oil Red O staining (Figure 4G), along with a 20-fold increase in PPARYy expression compared to non-
induced cells (Figure 4H). These phenotypic and functional characteristics align with previous
literature and ISO 24651 standards [28,30,31,48].
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Figure 3. Phenotypic Characterization of MSCs. (A) Cell morphology in culture, Olympus inverted microscope

(10X). (B) Cell morphology in cytospin, ZEISS Axiolab 5 microscope (100X). (C) Immunophenotype analysis by

spectral flow cytometry is displayed as a heatmap using t-SNE dimensionality reduction. The antigen assessed

is indicated in the top right corner of each panel, and the color scale in the bottom left corner denotes antigen

expression levels: negative (blue), weakly positive (green), moderately positive (yellow), and strongly positive

(red).

© 2025 by the author(s). Distributed under a Creative Co

ns CC BY license.



https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025

12 of 31

N~
n
|

[
=
1

Number of colonies
b
1

104
5
[ ESEE—
MSC
SO0X9
D 0.08
.S. 0.06
Z
g o
1
$ 0.04
@
3 !
=
23
& 0.02
0.00 ———
.00 T T
Control Induced
RUNX2
F 0254
ns
0.20
=
£
g 0.154
=
g
@
Z 0.10
=3
3
-7
0.05
0.00 T T
Control Induced
PPARG
G H ) 46-
-
|
=
2 0.04-
g
A =
= 00w z
@
&
= 0.021
S &z
’
0.00 ;;

T T
200 pm Control Induced

Figure 4. Functional Characterization of the MSC Pool. (A) Colony-forming unit (CFU) assay. Representative
images of MSC-derived colonies after 14 days of culture, stained with 3% crystal violet. Images were acquired
using an Olympus inverted microscope at 10x magnification (inset, 40x). (B) Absolute quantification of MSC-
derived colonies after 14 days of culture. (C) Chondrogenic differentiation. MSC cultured without (left) or with
(right) chondrogenic differentiation medium. Alcian Blue staining at 10x magnification. (D) SOX9 gene
expression in undifferentiated (control) and differentiated (induced) MSC (p = 0.0001). (E) Osteogenic
differentiation. MSC cultured without (left) or with (right) osteogenic differentiation medium. Von Kossa
staining at 10x magnification. (F) RUNX2 gene expression in undifferentiated (control) and differentiated
(induced) MSC (p = 0.3744). (G) Adipogenic differentiation. MSC cultured without (left) or with (right)
adipogenic differentiation medium. Oil Red O staining at 10x magnification (inset, 40x). (H) PPARY gene
expression in undifferentiated (control) and differentiated (induced) MSC (p = 0.0010). Statistical significance

was assessed using a two-tailed Student's t-test.
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3.4. Phenotypic and Functional Characterization of MSC-SSC Co-Culture Pools

The combined SSC-MSC pool was co-cultured, where fibroblast-like morphology was observed
(Figure 5A). Cytospin analysis revealed loosely condensed chromatin, 1 to 2 nucleoli, basophilic
cytoplasm, cytoplasmic vacuoles, and a nucleus-to-cytoplasm ratio of 4:6 (Figure 5B). Spectral flow
cytometry (Cytek Aurora®) analysis confirmed the absence of hematopoietic (CD34 and CD45) and
endothelial (CD31) antigens. 99% of the population expressed CD73, CD105, and CD164. A
heterogeneous CD146 expression pattern was observed, with 55.2% negative cells and 44.7% positive
cells (Figure 5C). In functional assays, the SSC-MSC pool generated between 15 and 22 CFUs from 50
seeded cells (Figure 6A-B). Chondrogenic differentiation: The interaction between SSCs and MSCs
enhanced GAG production, evidenced by Alcian blue staining (Figure 6C), and led to a remarkable
increase in SOX9 expression, with levels 40 times higher than the SSC pool and 50 times higher than
the MSC pool (Figure 6D). Osteogenic differentiation: Positive mineralization was observed via Von
Kossa staining (Figure 6E) and RUNX2 expression remained unchanged in the co-culture (Figure 6F).
Adipogenic differentiation: Lipid vacuoles were detected, but adipogenic potential was reduced, as
indicated by fewer cells with vacuoles (Figure 6G) and decreased PPARYy expression compared to
individual SSC and MSC pools (Figure 6H). No prior studies have explored the synergistic effects of
SSCs and MSCs in cartilage organoid formation. While phenotypic characterization was consistent
with the combination of both cell populations, functional evaluation revealed a significant increase
in SOX9 expression and a sharp decrease in PPARYy, suggesting that SSC-MSC interaction may
enhance chondrogenic potential, promoting commitment to the cartilage lineage.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025

200 pm

14 of 31

10 pm

SNE SSC+MSC.fes_2

SNE SSC+MSC.fes_2

tSNE SSC+MSC.fes_2

(SNE SSC+MSC.fes_1
oM W 132412041437

FJComp-CD31_BV78S

(SNE SSC+MSC.fes_1
oM W 132412041437

FJComp-CD34_AlexaFluor700

(SNE SSC+MSC.fes_1
oM W 13241204.1437

FJComp-CD45_PacificBlue

150 = 150 = 30 =
CD73 CD105 CD146
"0 - 0 -
Nl Nl Nl
£ wd £ wd £
3] 5] 3]
Z Z Z
z Z z
5 5 7
= - -
z = z
Z Z Z
g = ¢ 1 2
° °
T v T v T v v T v v
° o 0 B i wo ° B “w < 0 %0
(SNE SSC+MSC.fes_1 tSNE SSC+MSC.fes_1 (SNE SSC+MSC.fes_1
oM 132412041437 oM W 132412041437 ol W 132412041437
FJComp-CD73_FITC FJComp-CD105_BV421 FJComp-CD146_BV60S
00 - 00 ~
CD164 et PDPN
S
8 s
0 - 0 - ¥
R
b . > '\ws ’(?E.Q-D'
£ w4 7 Y e L S o
S g ARXY L
z g w2
= s Vi
& 2 .
g % e a3
z .
w Z
w 2
e
o - o -
° °
T T T T v v
° © “ ° Bl “ 0 " 0

O W 132412041437

FJComp-CD164_PE

(SNE SSC+MSC.fes_1

(SNE SSC+MSC.fes_1

oM 13241204.1437

FJComp-PDPN_APC

Figure 5. Phenotypic Characterization of SSCs in Co-Culture with MSCs. (A) Cell morphology in culture,

Olympus inverted microscope (10X). (B) Cell morphology in cytospin, ZEISS Axiolab 5 microscope (100X). (C)

Immunophenotype analysis by spectral flow cytometry is displayed as a heatmap using t-SNE dimensionality

reduction. The antigen assessed is indicated in the top right corner of each panel, and the color scale in the

bottom left corner denotes antigen expression levels: negative (blue), weakly positive (green), moderately

positive (yellow), and strongly positive (red).
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Figure 6. Functional Characterization of the SSC Pool in Co-Culture with MSCs. (A) Colony-forming unit (CFU)
assay. Representative images of SSC-MSC co-culture-derived colonies after 14 days of culture, stained with 3%
crystal violet. Images were acquired using an Olympus inverted microscope at 10x magnification (inset, 40x). (B)
Absolute quantification of SSC-MSC co-culture-derived colonies after 14 days of culture. (C) Chondrogenic
differentiation. SSC-MSC co-culture without (left) or with (right) chondrogenic differentiation medium. Alcian
Blue staining at 10x magnification. (D) SOX9 gene expression in undifferentiated (control) and differentiated
(induced) MSC (p = 0.0001). (E) Osteogenic differentiation. MSC cultured without (left) or with (right) osteogenic
differentiation medium. Von Kossa staining at 10x magnification. (F) RUNX2 gene expression in undifferentiated
(control) and differentiated (induced) MSC (p = 0.5282). (G) Adipogenic differentiation. MSC cultured without
(left) or with (right) adipogenic differentiation medium. Oil Red O staining at 10x magnification (inset, 40x). (H)
PPARY gene expression in undifferentiated (control) and differentiated (induced) MSC (p = 0.0001). Statistical

significance was assessed using a two-tailed Student's t-test.

As part of the characterization of the three cell pools, the expression of pluripotency genes,
including NANOG, OCT3/4, and TRA1-81, was also assessed. All cell pools exhibited expression of
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these genes, which may be associated with their stem cell characteristics. However, the highest

expression levels were observed in SSCs (Figure 7 A-C), which could be related to the isolation

strategy used for this cell population. Nevertheless, functional assays are required to determine the

pluripotent capacity of these cells. In relation to the comparison of multipotent differentiation

potential based on the expression of lineage-specific genes—SOX9 (chondrogenesis), RUNX2
(osteogenesis), and PPARG (adipogenesis) —among pools derived from SSCs, MSCs, and SSC-MSC
co-cultures, it is noteworthy that the highest SOX9 expression, coupled with the lowest PPARG
expression, was observed in cartilage organoids derived from the SSC-MSC co-culture. This finding

suggests that the interaction between these two stem cell populations may enhance chondrogenic

commitment while suppressing adipogenic differentiation pathways (Figure 7D-F).
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Figure 7. Comparative gene expression profiles associated with pluripotency and multipotency in SSC, MSC,

and SSC-MSC co-culture pools. (A-C) Relative expression levels of pluripotency-associated genes (NANOG,
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OCT3/4, and TRA1-81) in SSC, MSC, and SSC-MSC co-culture pools cultured in basal medium (i.e., without
differentiation stimuli). (D-F) Expression of lineage-specific transcription factors related to multipotency: SOX9
(chondrogenesis), RUNX2 (osteogenesis), and PPARY (adipogenesis) in cell pools subjected to lineage-specific
differentiation media. Statistical significance was assessed using one-way ANOVA followed by post hoc

multiple comparisons. **p < 0.01; ***p < 0.0001.

3.5. Phenotypic Characterization of Control Populations: NHAC-kn and HPdLF

In culture, NHAC-kn and HPALF control cell lines exhibited fibroblast-like morphology.
NHAC-kn cytospin analysis: Condensed chromatin, absence of nucleoli, basophilic cytoplasm, and a
nucleus-to-cytoplasm ratio of 3:7 (Figure 8 A-B). HPALF cytospin analysis: Loosely condensed
chromatin, 1 to 2 nucleoli, slightly basophilic cytoplasm, cytoplasmic vacuoles, and granules, with a
nucleus-to-cytoplasm ratio of 6:4 (Figure 8C-D). Flow cytometry analysis distinguished two different
populations, where HPdLF fibroblasts did not express the evaluated antigens, while NHAC-kn
chondrocytes expressed CD73 (99%), CD105 (52%), CD164 (96%), and PDPN (44%) (Figure 8E).
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Figure 8. Comparative phenotypic characterization of control cell populations. (A-B) NHAC-kn: cell
morphology in culture (Olympus inverted microscope, 10x) and in cytospin preparations (ZEISS Axiolab 5
microscope, 100x). (C-D) HPdLF: cell morphology in culture (Olympus inverted microscope, 10x) and in
cytospin preparations (ZEISS Axiolab 5 microscope, 100x). (E) t-SNE analysis was performed to visualize the
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spatial segregation of the two control cell populations, providing a reference framework for the interpretation
of subsequent immunophenotyping plots. Inmunophenotypic profiling by spectral flow cytometry, displayed
as heatmaps generated using t-SNE dimensionality reduction. The antigen analyzed is indicated in the top right
corner of each panel. The color scale in the bottom left indicates expression levels: negative (blue), weakly

positive (green), moderately positive (yellow), and strongly positive (red).

3.6. Formation and Characterization of Cartilage Organoids Derived from Stem Cells

The morphology, viability, and validation of physioxia in organoids were assessed on days 1, 5,
and 10 of culture. Over time, a decrease in organoid diameter was observed, possibly due to
aggregation and compaction processes characteristic of 3D cultures (Figure 9A). This reduction was
less pronounced in organoids treated with induction medium (+MI), suggesting a higher production
of extracellular matrix (ECM) proteins. By day 10, SSC organoids (-MI) exhibited a 31.5% reduction,
whereas SSC organoids (+MI) showed a smaller decrease of 27.8%. A similar trend was observed in
MSC organoids, with a 36.7% diameter reduction in the -MI condition and 22.8% in the +MI condition.
In SSC+MSC co-culture organoids, the reduction was 27.5% without induction and 14.1% with
induction medium (Figure 9C). Cell viability remained above 90% in all evaluated conditions under
5% Oz (Figure 9 B,D).
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Figure 9. Diameter and viability assessment of cartilage organoids derived from co-cultured SSC, MSC, and
SSC-MSC groups. (A) Representative images of cartilage organoids at days 1, 5, and 10 of culture, derived from
SSC, MSC, and SSC-MSC groups, cultured with or without chondrogenic differentiation medium. Images were
acquired using a Cytation 5 imaging system (BioTek) under 10x magnification. (B) Viability assessment of
spheroids derived from control cell populations (NHAC-kn and HPdLF) and from SSC, MSC, and SSC-MSC
groups, cultured with or without chondrogenic differentiation medium at days 1, 5, and 10. Cell viability was
evaluated using the LIVE/DEAD™ Cell Imaging Kit (Invitrogen, Thermo Fisher Scientific®). Live cells fluoresce
green (calcein AM), and dead cells fluoresce red (ethidium homodimer-1). Images were acquired with the
Cytation 5 system. 10x magnification. (C) Quantification of spheroid diameters at days 1, 5, and 10 of culture.
(D) Percentage viability of control cell populations and cartilage organoids at days 1, 5, and 10. The dashed line
represents the 90% viability threshold, indicating that all populations maintained >90% viability under the
experimental conditions throughout the culture period. Data on diameters and viability under the experimental

conditions were acquired and analyzed using the Cytation 5 imaging system (BioTek).
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Organoids were generated under cartilage physioxia conditions (5% O2) for 10 days, simulating
the native articular cartilage environment. Physioxia validation was performed using a fluorescent
probe sensitive to low oxygen levels [42]. Both control and experimental conditions showed increased
fluorescence when comparing cultures in normoxia (21% Oz2) vs. physioxia (5% O2) (Figure 10).
NHAC-kn control cell line exhibited a 76-fold increase in fluorescence on day 5 and an 82-fold
increase on day 10, while HPALF fibroblasts showed 20-fold and 27-fold increases, respectively
(Figure 10 A-B). Notably, SSC-derived organoids and SSC+MSC co-culture organoids exhibited
fluorescence increases of up to 150-fold, while MSC-derived organoids reached up to 130-fold
increases, when comparing physioxia versus normoxia cultures (Figure 10 C-D). The evaluation of
morphology, viability, and physioxia validation demonstrated that organoids generated under 5%
O:2 maintained high cell viability and underwent progressive compaction, possibly associated with
ECM production under chondrogenic induction medium (+MI). Furthermore, fluorescent probe-
based physioxia validation confirmed that all organoids and control lines adequately responded to
reduced oxygen levels, with significant fluorescence signal increases, particularly in SSC and
SSC+MSC organoids, which exhibited the highest increments. These findings suggest that the
established culture conditions successfully replicate an appropriate microenvironment for cartilage
organoid formation, consistent with the physiological environment of articular cartilage.

3.7. Evaluation of Cartilage-Associated Gene Expression in Organoids Under Physiological Physioxia

The analysis of cartilage-associated gene expression in organoids is crucial to assessing their
ability to mimic the molecular characteristics of articular cartilage, as well as their potential to
reproduce key aspects of cartilage development and homeostasis. To this end, the transcriptional
expression of key chondrogenesis and cartilage function genes was analyzed, including SOX9,
ACAN, PDPN, PRG4, RUNX2, and COL10, comparing organoids cultured with (+MI) and without (-
MI) chondrogenic induction medium, as well as against the NHAC-kn control articular chondrocyte
line. SSC and MSC organoids treated with +MI exhibited a more than 10-fold increase in SOX9
expression compared to organoids cultured without MI, similar to the trend observed in the
SSC+MSC co-culture organoids (Figure 11A). Although ACAN expression did not show statistically
significant differences between organoids with and without MI, a clear upward trend was observed
under MI conditions, with levels 5 times higher than in non-induced organoids (Figure 11B). PDPN
gene expression showed an increasing trend in Ml-treated organoids, although it did not reach
statistical significance compared to -MI conditions. However, among organoids, the SSC+MSC co-
culture-derived organoids exhibited the highest PDPN expression levels relative to their -MI
counterpart (Figure 11C). PRG4, a key protein for joint lubrication and ECM maintenance, exhibited
significantly higher expression in Ml-treated organoids compared to non-treated counterparts
(Figure 11D). RUNX2 and COL10A1 expression followed a similar pattern, with higher expression in
organoids exposed to MI (Figure 11E, F).
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Figure 10. Assessment of oxygen levels in cartilage organoids and control cell populations. (A) Representative
images of control cell lines (NHAC-kn and HPALF) after 10 days of culture under 5% O:. Brightfield and
fluorescence images were acquired following staining with the hypoxia-sensitive probe BioTracker™ 520 Green
Hypoxia Dye (Sigma-Aldrich®). Under normoxic conditions (21% Oz), the dye remains inactive or exhibits low
fluorescence. Under hypoxic conditions (5% Oz), it is chemically reduced by intracellular enzymes, such as
oxidoreductases, resulting in green fluorescence activation. (B) Quantification of fluorescence intensity in control
cell populations cultured under 21% and 5% O2. Increased fluorescence intensity indicates lower oxygen
availability. (C) Fluorescence and brightfield images of cartilage organoids derived from SSC, MSC, and SSC-
MSC co-culture pools, cultured with or without chondrogenic differentiation medium. Organoids were cultured
at 21% Oz (no fluorescence) or 5% O: for 1, 5, and 10 days, showing increasing green fluorescence under hypoxic
conditions. (D) Quantification of fluorescence intensity in cartilage organoids cultured under 21% and 5% Ox.
Significantly higher fluorescence was observed at 5% O. Statistical significance was determined by one-way

ANOVA with post hoc multiple comparisons. ***p < 0.001; ***p < 0.0001.
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Figure 11. Expression of genes associated with chondrogenesis in cartilage organoids derived from SSC, MSC,
and SSC-MSC co-culture pools after 10 days of culture. (A-D) Relative expression of SOX9, ACAN, PDPN, and
PRG4 in chondrocytes from the NHAC-kn cell line and in cartilage organoids cultured with or without
chondrogenic differentiation medium. (E-F) Relative expression of RUNX2 and COL10A1 in chondrocytes from
the NHAC-kn cell line and in cartilage organoids under the same conditions. Statistical significance was assessed
using a two-tailed Student’s t-test. *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

Organoids demonstrated a gene expression profile similar to that of articular chondrocytes,
particularly in the expression of SOX9, ACAN, PDPN and RUNX2, with no significant differences
compared to the NHAC-kn control line. This result is highly promising, as it suggests that the
organoids successfully replicate key characteristics of the control chondrocyte line, reinforcing their
potential for cartilage regeneration applications. A particularly relevant finding was the expression
of PRG4 in MI-treated organoids, albeit at lower levels than in chondrocytes. Since PRG4 expression
is particularly modulated by the biomechanical forces of cartilage [49], its detection in organoids
despite not being exposed to such conditions is an encouraging result. This suggests that organoids
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may be acquiring tissue-quality characteristics and that PRG4 expression could serve as a prognostic
indicator of successful transplantation and functional integration in a physiological environment.

3.8. Generation of Chondrocytes from Cartilage Organoids Derived from SSCs, MSCs, and SSC-MSC Co-
Cultures

To evaluate the antigenic profile associated with chondrocytes in organoids cultured with
chondrogenic induction medium (+MI), the expression of chondrocyte-associated antigens was
analyzed: CD44, CD105, CD146, and PDPN [22,50]. Additionally, the expression levels of these
antigens were compared with those of control cell lines of chondrocytes and fibroblasts (Figure 12).
The chondrocyte control line exhibited high expression of CD44, CD105, CD146, and PDPN, whereas
fibroblasts showed low CD44 expression and absence of the other evaluated antigens. SSC-derived
organoids exhibited lower expression of CD44, CD105, and CD146 compared to chondrocytes and
the other conditions (Figure 12A); however, PDPN expression was higher compared to MSC-derived
organoids and SSC-MSC co-culture organoids (Figure 12B-C). MSC-derived organoids expressed
CD44, CD105, and CD146, but had the lowest PDPN expression among the three types of organoids
(Figure 12B). Interestingly, SSC-MSC co-culture organoids expressed all the evaluated antigens,
although at lower levels compared to chondrocytes (Figure 12C).
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Figure 12. Generation of chondrocytes from cartilage organoids derived from SSCs, MSCs, and SSC-MSC co-
cultures. After 10 days of culture in chondrogenic differentiation medium, cartilage organoids were
enzymatically disaggregated, and the generation of chondrocytes exhibiting a CD44*/CD105*/CD146*/PDPN*
phenotype was assessed by spectral flow cytometry. The immunophenotypic profiles of organoid-derived cells
were compared with those of control cell lines (NHAC-kn and HPdLF). (A) t-SNE analysis illustrating the spatial
distribution of the two control populations and SSC-derived organoid cells. Heatmaps and t-SNE plots show the
expression levels of CD44, CD105, CD146, and PDPN. (B) t-SNE analysis illustrating the spatial distribution of
the control populations and MSC-derived organoid cells. Heatmaps and t-SNE plots show the expression of the
same antigenic markers. (C) t-SNE analysis illustrating the spatial distribution of the control populations and
cells derived from SSC-MSC co-culture organoids. Heatmaps and t-SNE plots indicate expression of CD44,
CD105, CD146, and PDPN. Statistical significance was assessed using one-way ANOVA followed by multiple
comparisons. ****p < 0.0001. The antigen analyzed is indicated in the top right corner of each panel. The color
scale in the bottom left indicates expression levels: negative (blue), weakly positive (green), moderately positive

(yellow), and strongly positive (red).

This evaluation identified PDPN as a potentially relevant marker, particularly in SSC-derived
organoids and SSC-MSC co-culture organoids, which exhibited significantly higher PDPN expression
compared to MSC-derived organoids. The high PDPN expression suggests a possible association
with an immature chondrogenic phenotype, characteristic of early differentiation stages toward
hyaline cartilage, as PDPN expression has been demonstrated during prenatal chondrogenesis
[23,51]. In contrast, the low PDPN expression observed in MSC-derived organoids may reflect greater
plasticity toward other cell lineages, potentially compromising the chondrogenic stability of these
organoids. The antigenic profile evaluation in organoids provided insight into chondrocyte
generation within these structures. However, these results are not conclusive, as confirming
chondrocyte generation or maturation status requires cell isolation and further phenotypic and
functional assays to validate their identity. Nonetheless, these findings are particularly interesting in
SSC-MSC co-culture organoids (Figure 12C), where the expression of all evaluated antigens suggests
that cellular interaction may enhance chondrogenesis.

3.9. Evaluation of Extracellular Matrix Protein Production Associated with Hyaline Cartilage in Organoids

To determine whether the generated organoids replicate the structure and composition of
hyaline cartilage, the production of extracellular matrix (ECM) proteins was analyzed via
immunohistochemistry (IHC) under different experimental conditions. The expression of aggrecan,
type II collagen, and proteoglycan-4 (PRG4), hallmark hyaline cartilage markers, was assessed, as
well as type I and type X collagen, which are associated with hypertrophic cartilage. For expression
controls, the following tissues were used: Negative control (for all proteins): Adipose tissue, Positive
controls: Fetal trachea (for aggrecan, type II collagen, and PRG4), skin (for type I collagen), and
intervertebral disc (for type X collagen) (Figure S1). The chondrocyte control line exhibited aggrecan,
type Il collagen, and PRG4 production, along with low levels of type I and type X collagen, consistent
with its chondrogenic lineage and absence of hypertrophy markers (Figure S2 and Figure 13 G, H).
SSC-derived organoids (+MI) displayed a more homogeneous structure compared to non-induced
organoids (-MI) (Figure 13A). Under +MI conditions, there was a significant increase in aggrecan
production, along with a moderate increase in type Il and type X collagen. In contrast, -MI organoids
did not produce type X collagen. However, PRG4 production showed no significant differences
between conditions (Figure 13A, D). MSC-derived organoids exhibited very low levels of aggrecan
and type II collagen but showed higher PRG4 and type X collagen production when comparing +MI
and -MI conditions (Figure 13 B, E). SSC-MSC co-culture organoids displayed high levels of aggrecan
and PRG4, along with low levels of type II and type X collagen (Figure 13 C, F).
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Figure 13. Extracellular matrix (ECM) protein production in cartilage organoids. (A) Immunohistochemical
detection of aggrecan, type II collagen, proteoglycan-4, type I collagen, and type X collagen in SSC-derived
organoids cultured without (-MI) or with (+MI) chondrogenic induction medium. Images acquired with an
Olympus microscope at 10x magnification. (B) Immunohistochemical detection of the same ECM proteins in
MSC-derived organoids under the same conditions. (C) Immunohistochemical detection of ECM proteins in
organoids derived from SSC-MSC co-cultures, with or without chondrogenic induction medium. Images
acquired with an Olympus microscope at 10x magnification. (D-F) Semi-quantitative scoring of ECM protein
expression (aggrecan, type II collagen, proteoglycan-4, type I collagen, and type X collagen) in SSC-derived
organoids (D), MSC-derived organoids (E), and SSC-MSC co-culture organoids (F), cultured with or without
chondrogenic induction medium. (G) Comparative scoring of aggrecan, type II collagen, and proteoglycan-4
expression between cartilage organoids and the NHAC-kn chondrocyte line. (H) Comparative scoring of type I
and type X collagen expression between cartilage organoids and the NHAC-kn chondrocyte line. Statistical
significance was determined using the Kruskal-Wallis test followed by multiple comparisons. ****p < 0.0001.
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4. Discussion

The results of this study provide valuable insights into the characterization and functional
behavior of skeletal stem cells (S5Cs) and mesenchymal stem cells (MSCs) derived from human bone
marrow, as well as their capacity to form hyaline cartilage organoids under cartilage physioxia
conditions. This discussion focuses on three main aspects: (i) initial characterization of the cell
populations, (ii) formation and characterization of organoids, including molecular and functional
assessments related to hyaline cartilage, and (iii) the potential role of PRG4 and PDPN as key markers
for evaluating the chondrogenic quality of organoids.

The phenotypic and immunophenotypic characterization of SSCs was consistent with previous
reports, showing expression of CD73, CD105, CD164, and PDPN, with absence of CD31, CD34, CD45,
and CD146. These cells exhibited high colony-forming capacity (up to 22 CFUs) and demonstrated
strong chondrogenic and osteogenic potential, but limited adipogenic differentiation, reflecting their
preference for the osteochondral lineage. In contrast, MSCs displayed a classical mesenchymal
phenotype, expressing CD146, a marker associated with greater plasticity and hypertrophic potential.
Their colony-forming capacity was lower (17 CFUs), and they exhibited multipotent differentiation
potential, including chondrogenesis, osteogenesis, and adipogenesis [11,30,31,33,34].

The SSC-MSC co-culture allowed for the exploration of potential synergies between both
populations, revealing a positive effect on chondrogenesis, with higher glycosaminoglycan
production and increased SOX9 expression, surpassing the levels observed in individual cell pools.
This interaction suggests possible paracrine signaling and partial recreation of a physiological niche.
Additionally, a reduction in adipogenesis was observed, indicating preferential commitment toward
chondrogenesis, with relevant implications for cartilage engineering applications. Organoids
generated under cartilage physioxia conditions exhibited high viability (>90%), maintained diameters
close to 600 pm, and underwent progressive compaction. This greater cohesion was more evident in
SSC-derived and SSC-MSC co-culture organoids, likely due to increased extracellular matrix (ECM)
protein production and differences in cell adhesion molecule expression, although this remains to be
confirmed. Molecular evaluation of these organoids revealed a gene expression profile similar to that
of chondrocytes, with SOX9, ACAN, PDPN, RUNX2, and COL10 expression, along with notable
PRG4 expression. Protein detection further demonstrated that, particularly in SSC-derived and SSC-
MSC co-culture organoids, high levels of aggrecan and PRG4 were produced, with low type X
collagen expression. In contrast, MSC-derived organoids exhibited a more hypertrophic protein
profile, with higher RUNX2 and type X collagen expression, suggesting a greater tendency toward
calcification.

The results of this study suggest that PDPN expression may play a key role in the structural
stability and maintenance of an immature chondrogenic phenotype in SSC-derived organoids and
SSC-MSC co-culture organoids. Although chondrogenic induction did not significantly increase
PDPN expression at the gene level, it did enhance PDPN protein expression, which may be related
to better organoid compaction, higher aggrecan production, and elevated SOX9 expression. In
contrast, MSC-derived organoids, which exhibited lower PDPN expression, showed reduced three-
dimensional stability, absence of aggrecan, higher type X collagen production, and greater RUNX2
expression, reflecting a tendency toward hypertrophy. These findings highlight PDPN as a functional
marker associated with the chondrogenic quality of organoids, with the potential to promote a
phenotype compatible with immature hyaline cartilage, particularly in SSC and SSC-MSC co-culture
organoids under conditions simulating the physiological articular microenvironment. Similarly,
PRG4 emerged as a relevant marker for assessing chondrogenic organoid quality, given its role in
cartilage lubrication and homeostasis, as well as its hypertrophy-inhibitory function [54]. High PRG4
expression in SSC-derived and SSC-MSC co-culture organoids, combined with its low expression in
MSC-derived organoids, reinforces its potential as a functional predictor for organoids with
regenerative potential.

Future studies should evaluate these organoids in vivo models under relevant biomechanical
conditions, allowing for a deeper investigation of the functional roles of PRG4 and PDPN during
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cartilage defect regeneration. Additionally, it will be essential to analyze the transcriptomic and
proteomic profiles before and after implantation, as well as assess tribological properties (friction and
lubrication), to further establish these organoids as a viable tissue engineering strategy. Finally,
integrating in vitro mechanical stress simulations could provide key insights into cellular adaptation
to the native articular environment, allowing for further optimization of the functional chondrogenic
organoid generation process.

5. Conclusions

This study demonstrates that skeletal stem cells (SSCs) and mesenchymal stem cells (MSCs)
derived from human bone marrow exhibit distinct phenotypic, functional, and chondrogenic profiles,
with S5Cs showing a preferential commitment toward the osteochondral lineage and MSCs
displaying broader multipotency. Under cartilage physioxia conditions, SSC-derived and SSC-MSC
co-culture organoids exhibited superior chondrogenic features, including higher aggrecan and PRG4
production, greater structural cohesion, and reduced hypertrophy compared to MSC-derived
organoids. The consistent association of PDPN expression with enhanced organoid stability and an
immature hyaline cartilage phenotype highlights its potential as a structural and functional quality
marker. Similarly, elevated PRG4 levels in SSC-containing organoids reinforce its relevance as a
predictor of regenerative potential, owing to its roles in cartilage lubrication, homeostasis, and
hypertrophy inhibition. Together, these findings support the use of SSCs, alone or in combination
with MSCs, as promising cellular sources for generating high-quality chondrogenic organoids.
Future in vivo studies under relevant biomechanical conditions, combined with transcriptomic,
proteomic, and tribological analyses, will be critical for validating their therapeutic applicability in
cartilage defect regeneration.

Supplementary Materials: The following supporting information can be downloaded at:

https://www.mdpi.com/article/doi/s1, Table S1, Figure S1 and Figure S2 (Please refer to the supplementary
table and figures provided at the end of the manuscript)

Author Contributions: CAMA: Writing - original draft, Data curation, Methodology. ANSD: Writing - original
draft, Data curation, Methodology. TCCB: Writing - original draft, Data curation, Methodology. LFUG: Review
and editing, Investigation, Methodology, Results Discussion. JMC: Review and editing, Investigation,
Methodology, Results Discussion. RJQ: Review and editing, Investigation, Methodology, Results Discussion.
LFJG; Review and editing, Investigation, Methodology, Results Discussion. JAFZ: Review and editing,
Investigation, Methodology, Results Discussion. RCS: Investigation, Methodology, Results Discussion. JCUR:
Review and editing, Investigation, Methodology, Results Discussion. IGR: Review and editing, Investigation,
Methodology, Results Discussion. RS: Review and editing. CLCP: Review and editing, Methodology,
Conceptualization, Supervision, Results Discussion. VMRP: Writing - original draft, Writing - review and

editing, Data curation, Formal Analysis, Investigation, Methodology.

Funding: The authors declare that this research was funded by Ministerio de Ciencia y Tecnologia - MinCiencias
of Colombia through Grant 897-2021: Grant for CTel Projects in Health on Personalized Medicine and
Translational Research, with the support of Pontificia Universidad Javeriana and Hospital Universitario San

Ignacio.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki
and approved by the Research and Ethics Committees of the Faculty of Sciences at Pontificia Universidad
Javeriana (Acta No. 10, June 17, 2021) and Hospital Universitario San Ignacio (Acta No. 11, June 24, 2021). Written
informed consent was obtained from all participants prior to sample collection. Samples were collected by
orthopedic surgeons during surgery and subsequently transported to the Faculty of Sciences at Pontificia

Universidad Javeriana for processing and analysis.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025 d0i:10.20944/preprints202508.1549.v1

28 of 31

Data Availability Statement: The data related to the voluntary bone marrow donors who attended the
Department of Orthopedics and Traumatology at Hospital Universitario San Ignacio are confidential and cannot
be publicly disclosed to protect donor privacy. However, the anonymized data corresponding to the analyzed

variables are available from the corresponding author upon reasonable request.

Acknowledgments: The authors thank all the bone marrow donors who voluntarily agreed to participate in this
study, the administrative staff of the Faculty of Sciences, and the entire team of the Department of Orthopedics
and Traumatology and the Department of Pathology at Hospital Universitario San Ignacio. Additionally, we
acknowledge the administrative teams of the Faculty of Sciences at Pontificia Universidad Javeriana for their

continuous assistance throughout the development of this work.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

SSCs Skeletal Stem Cells
MSCs Mesenchymal Stem Cells
ECM Extracellular Matrix

PDPN Podoplanin

References

1. Ishida, O.; Tanaka, Y.; Morimoto, I; Takigawa, M.; Eto, S. Chondrocytes Are Regulated by Cellular
Adhesion Through CD44 and Hyaluronic Acid Pathway. ]. Bone Miner. Res. 2009, 12, 1657-1663,
doi:10.1359/jbmr.1997.12.10.1657.

2. Belluzzi, E.; Todros, S.; Pozzuoli, A.; Ruggieri, P.; Carniel, E.L.; Berardo, A. Human Cartilage Biomechanics:
Experimental and Theoretical Approaches towards the Identification of Mechanical Properties in Healthy
and Osteoarthritic Conditions. Processes 2023, 11, 1014, doi:10.3390/pr11041014.

3. Berni, M.; Marchiori, G.; Baleani, M.; Giavaresi, G.; Lopomo, N.F. Biomechanics of the Human
Osteochondral Unit: A Systematic Review. Materials 2024, 17, 1698, d0i:10.3390/ma17071698.

4.  Householder, N.A.; Raghuram, A.; Agyare, K.; Thipaphay, S.; Zumwalt, M. A Review of Recent
Innovations in Cartilage Regeneration Strategies for the Treatment of Primary Osteoarthritis of the Knee:
Intra-Articular Injections. Orthop. ] Sports Med. 2023, 11, 23259671231155950,
doi:10.1177/23259671231155950.

5. Arruda, A.L; Katsoula, G.; Chen, S.; Reimann, E.; Kreitmaier, P.; Zeggini, E. The Genetics and Functional
Genomics of Osteoarthritis. Annu. Rev. Genom. Hum. Genet. 2024, 25, 239-257, doi:10.1146/annurev-genom-
010423-095636.

6.  Berger, P.; Mendes, L.F.; Emans, P.J.; Custers, R.J.; Luyten, F.P. Meta-Analysis and Systematic Review of
the Outcome of Reparative Strategies for the Treatment of Deep Joint Defects of the Knee in Adult Patients.
J. Cartil. Jt. Preserv. 2024, 100229, doi:10.1016/j.jcjp.2024.100229.

7. Bai, L.; Zhou, D; Li, G, Liu, J.; Chen, X,; Su, J. Engineering Bone/Cartilage Organoids: Strategy, Progress,
and Application. Bone Res. 2024, 12, 66, d0i:10.1038/s41413-024-00376-y.

8. Huang, J; Li, A,; Liang, R.; Wu, X;; Jia, S.; Chen, J.; Jiao, Z.; Li, C.; Zhang, X.; Lin, J. Future Perspectives:
Advances in Bone/Cartilage Organoid Technology and Clinical Potential. Biomater. Transl. 2024, 5, 425-443,
doi:10.12336/biomatertransl.2024.04.007.

9.  Dortaj, H.; Pourentezari, M.; Zakizadeh, F.; Izadi, S.; Dortaj, S.; Dehghan, M.; Rajabi, A. Production of
Cartilaginous Organoids: Potential Opportunities and Challenges, A Review Article. Cell ]. (Yakhteh) 2024,
26, 427-435, d0i:10.22074/cellj.2024.2023118.1510.

10. Schwarzl, T.; Keogh, A.; Shaw, G.; Krstic, A.; Clayton, E.; Higgins, D.G.; Kolch, W.; Barry, F. Transcriptional
Profiling of Early Differentiation of Primary Human Mesenchymal Stem Cells into Chondrocytes. Sci. Data
2023, 10, 758, d0i:10.1038/s41597-023-02686-y.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025 d0i:10.20944/preprints202508.1549.v1

29 of 31

11. Chan, CK. Articular Cartilage Regeneration by Activated Skeletal Stem Cells. Osteoarthr. Cartil. 2021, 29,
S33, doi:10.1016/j.joca.2021.05.053.

12. Mueller, M.B.; Tuan, R.S. Functional Characterization of Hypertrophy in Chondrogenesis of Human
Mesenchymal Stem Cells. Arthritis Rheum. 2008, 58, 1377-1388, doi:10.1002/art.23370.

13.  Chu, C.R;; Fortier, L.A.; Williams, A.; Payne, K.A.; McCarrel, T.M.; Bowers, M.E.; Jaramillo, D. Minimally
Manipulated Bone Marrow Concentrate Compared with Microfracture Treatment of Full-Thickness
Chondral Defects: A One-Year Study in an Equine Model. ]J. Bone Jt. Surg. 2018, 100, 138-146,
doi:10.2106/jbjs.17.00132.

14. Mancini, .A.D.; Schmidt, S.; Brommer, H.; Pouran, B.; Schfer, S.; Tessmar, ].; Mensinga, A.; Rijen, M.H.P.
van; Groll, J.; Blunk, T.; et al. A Composite Hydrogel-3D Printed Thermoplast Osteochondral Anchor as
Example for a Zonal Approach to Cartilage Repair: In Vivo Performance in a Long-Term Equine Model.
Biofabrication 2020, 12, 035028, d0i:10.1088/1758-5090/ab%ce.

15. Lane, S.W.; Williams, D.A.; Watt, FM. Modulating the Stem Cell Niche for Tissue Regeneration. Nat.
Biotechnol. 2014, 32, 795-803, doi:10.1038/nbt.2978.

16. Hicks, M.R,; Pyle, A.D. The Emergence of the Stem Cell Niche. Trends Cell Biol. 2023, 33, 112-123,
doi:10.1016/j.tcb.2022.07.003.

17. Sieber, S.; Michaelis, M.; Giihring, H.; Lindemann, S.; Gigout, A. Importance of Osmolarity and Oxygen
Tension for Cartilage Tissue Engineering. BioResearch Open Access 2020, 9, 106-115,
doi:10.1089/biores.2020.0009.

18.  Fu, L.; Zhang, L.; Zhang, X.; Chen, L.; Cai, Q.; Yang, X. Roles of Oxygen Level and Hypoxia-Inducible Factor
Signaling Pathway in Cartilage, Bone and Osteochondral Tissue Engineering. Biomed. Mater. 2021, 16,
022006, doi:10.1088/1748-605x/abdb73.

19. Lammi, M.]J.; Qu, C. Regulation of Oxygen Tension as a Strategy to Control Chondrocytic Phenotype for
Cartilage Tissue Engineering and Regeneration. Bioengineering 2024, 11, 211,
doi:10.3390/bioengineering11030211.

20. Abe, K,; Yamashita, A.; Morioka, M.; Horike, N.; Takei, Y.; Koyamatsu, S.; Okita, K.; Matsuda, S.; Tsumaki,
N. Engraftment of Allogeneic IPS Cell-Derived Cartilage Organoid in a Primate Model of Articular
Cartilage Defect. Nat. Commun. 2023, 14, 804, doi:10.1038/s41467-023-36408-0.

21. He,J;Yan,J; Wang, J.; Zhao, L.; Xin, Q.; Zeng, Y.; Sun, Y.; Zhang, H.; Bai, Z.; Li, Z.; et al. Dissecting Human
Embryonic Skeletal Stem Cell Ontogeny by Single-Cell Transcriptomic and Functional Analyses. Cell Res.
2021, 31, 742757, doi:10.1038/s41422-021-00467-z.

22. Vinod, E,; Parasuraman, G.; J.,, ].L.; Amirtham, S.M.; Livingston, A.; Varghese, ].J.; Rani, S.; Francis, D.V;
Rebekah, G.; Daniel, A.J.; et al. Human Fetal Cartilage-Derived Chondrocytes and Chondroprogenitors
Display a Greater Commitment to Chondrogenesis than Adult Cartilage Resident Cells. PLOS ONE 2023,
18, e0285106, d0i:10.1371/journal.pone.0285106.

23.  Smith, S.M.; Melrose, J. Podoplanin Is Expressed by a Sub-Population of Human Foetal Rib and Knee Joint
Rudiment Chondrocytes. Tissue Cell 2011, 43, 3944, d0i:10.1016/j.tice.2010.11.003.

24. Cheok, Y.Y.; Tan, GM.Y,; Chan, Y.T.; Abdullah, S.; Looi, C.Y.; Wong, W.F. Podoplanin and Its Multifaceted
Roles in Mammalian Developmental Program. Cells Dev. 2024, 180, 203943, doi:10.1016/j.cdev.2024.203943.

25. Damen, A.H.A.; Donkelaar, C.C. van; Cardinaels, R.M.; Brandt, J.-M.; Schmidt, T.A.; Ito, K. Proteoglycan 4
Reduces Friction More than Other Synovial Fluid Components for Both Cartilage-Cartilage and Cartilage-
Metal Articulation. Osteoarthr. Cartil. 2021, 29, 894-904, doi:10.1016/j.joca.2021.02.566.

26. Qiao, Z.; Xin, M.; Wang, L,; Li, H; Wang, C.; Wang, L.; Tang, T.; Zhu, B.; Huang, G.; Wang, Y; et al.
Proteoglycan 4 Predicts Tribological Properties of Repaired Cartilage Tissue. Theranostics 2020, 10, 2538-
2552, d0i:10.7150/thno.39386.

27. Petrigliano, F.A.; Liu, N.Q.; Lee, S.; Tassey, J.; Sarkar, A.; Lin, Y.; Li, L.; Yu, Y.; Geng, D.; Zhang, J; et al.
Long-Term Repair of Porcine Articular Cartilage Using Cryopreservable, Clinically Compatible Human
Embryonic Stem Cell-Derived Chondrocytes. NP] Regen. Med. 2021, 6, 77, d0i:10.1038/s41536-021-00187-3.

28. Barreto-Duran, E.; Mejia-Cruz, C.C.; Leal-Garcia, E.; Pérez-Nufiez, R.; Rodriguez-Pardo, V.M. Impact of
Donor Characteristics on the Quality of Bone Marrow as a Source of Mesenchymal Stromal Cells. Am. ].
stem cells 2018, 7, 114-120.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025 d0i:10.20944/preprints202508.1549.v1

30 of 31

29. Rodriguez-Pardo, V.M.; Fuentes-Lacouture, M.F.; Aristizabal-Castellanos, J.A.; Hernandez, J.P.V.
Aislamiento y Caracterizacién de Células “Stem” Mesenquimales de Médula Osea Humana Segtin
Criterios de La Sociedad Internacional de Terapia Celular. Univ. Sci. 2010, 15, 224-239,
doi:10.11144/javeriana.sc15-3.iaco.

30. Mejia-Cruz, C.C.; Barreto-Duran, E.; Pardo-Pérez, M.A_; Jimenez, M.C.; Rincdn, J.; Vanegas, K.; Rodriguez,
J.L,; Jaramillo-Garcia, L.F.; Ulloa, J.C.; Diaz, R.M.; et al. Generation of Organotypic Multicellular Spheres
by Magnetic Levitation: Model for the Study of Human Hematopoietic Stem Cells Microenvironment. Int.
J. Stem Cells 2019, 12, 51-62, d0i:10.15283/ijsc18061.

31. Viswanathan, S.; Blanc, K.L.; Ciccocioppo, R.; Dagher, G.; Filiano, A.].; Galipeau, J.; Krampera, M.; Krieger,
L.; Lalu, M.M.; Nolta, J.; et al. An International Society for Cell and Gene Therapy Mesenchymal Stromal
Cells (MSC) Committee Perspectives on International Standards Organization/Technical Committee 276
Biobanking Standards for Bone Marrow-MSCs and Umbilical Cord Tissue-Derived MSCs for Research
Purposes. Cytotherapy 2023, 25, 803-807, doi:10.1016/j.jcyt.2023.04.005.

32. Henao, J.C; Grismaldo, A.; Barreto, A.; Rodriguez-Pardo, V.M.; Mejia-Cruz, C.C.; Leal-Garcia, E.; Pérez-
Nufiez, R.; Rojas, P.; Latorre, R.; Carvacho, I; et al. TRPM8 Channel Promotes the Osteogenic
Differentiation in Human Bone Marrow Mesenchymal Stem Cells. Front. Cell Dev. Biol. 2021, 9, 592946,
doi:10.3389/fcell.2021.592946.

33. Chan, CKF,; Gulati, G.S.; Sinha, R.; Tompkins, J.V.; Lopez, M.; Carter, A.C.; Ransom, R.C.; Reinisch, A.;
Wearda, T.; Murphy, M,; et al. Identification of the Human Skeletal Stem Cell. Cell 2018, 175, 43-56.e21,
doi:10.1016/j.cell.2018.07.029.

34. Hoover, M.Y.; Ambrosi, T.H.; Steininger, H.M.; Koepke, L.S.; Wang, Y.; Zhao, L.; Murphy, M.P.; Alam,
A.A.; Arouge, EJ.; Butler, M.G.K,; et al. Purification and Functional Characterization of Novel Human
Skeletal Stem Cell Lineages. Nat. Protoc. 2023, 18, 2256-2282, d0i:10.1038/s41596-023-00836-5.

35. Thej, C,; Balasubramanian, S.; Rengasamy, M.; Walvekar, A.; Swamynathan, P.; Raj, S.S.; Shahani, P.;
Uzzaman, S.; Kolkundkar, U.; Seetharam, R.N.; et al. Human Bone Marrow-Derived, Pooled, Allogeneic
Mesenchymal Stromal Cells Manufactured From Multiple Donors at Different Times Show Comparable
Biological Functions in Vitro, and in Vivo to Repair Limb Ischemia. 2021, d0i:10.21203/rs.3.rs-146863/v1.

36. Willer, H.; Spohn, G.; Morgenroth, K.; Thielemann, C.; Elvers-Hornung, S.; Bugert, P.; Delorme, B.; Giesen,
M.; Schmitz-Rixen, T.; Seifried, E.; et al. Pooled Human Bone Marrow-Derived Mesenchymal Stromal Cells
with Defined Trophic Factors Cargo Promote Dermal Wound Healing in Diabetic Rats by Improved
Vascularization and Dynamic Recruitment of M2-like Macrophages. Front. Immunol. 2022, 13, 976511,
doi:10.3389/fimmu.2022.976511.

37. Matic, I; Antunovic, M.; Brkic, S.; Josipovic, P.; Mihalic, K.C.; Karlak, I; Ivkovic, A.; Marijanovic, I
Expression of OCT-4 and SOX-2 in Bone Marrow-Derived Human Mesenchymal Stem Cells during
Osteogenic Differentiation. Open Access Maced. ]. Méd. Sci. 2016, 4, 9-16, d0i:10.3889/0amjms.2016.008.

38. Guo, X,; Tang, Y.; Zhang, P.; Li, S.; Chen, Y.; Qian, B.; Shen, H.; Zhao, N. Effect of Ectopic High Expression
of Transcription Factor OCT4 on the “Stemness” Characteristics of Human Bone Marrow-Derived
Mesenchymal Stromal Cells. Stem Cell Res. Ther. 2019, 10, 160, doi:10.1186/s13287-019-1263-4.

39. Shahini, A.; Mistriotis, P.; Asmani, M.; Zhao, R.; Andreadis, S.T. NANOG Restores Contractility of
Mesenchymal Stem Cell-Based Senescent Microtissues. Tissue Eng. Part A 2017, 23, 535-545,
doi:10.1089/ten.tea.2016.0494.

40. Andrews, P.W.; Gokhale, P.J. A Short History of Pluripotent Stem Cells Markers. Stem Cell Rep. 2024, 19, 1—-
10, doi:10.1016/j.stemecr.2023.11.012.

41. Almalki, S.G.; Agrawal, D.K. Key Transcription Factors in the Differentiation of Mesenchymal Stem Cells.
Differentiation 2016, 92, 41-51, doi:10.1016/j.diff.2016.02.005.

42. DPiao, W.; Tsuda, S.; Tanaka, Y.; Maeda, S.; Liu, F.; Takahashi, S.; Kushida, Y.; Komatsu, T.; Ueno, T.; Terai,
T.; et al. Development of Azo-Based Fluorescent Probes to Detect Different Levels of Hypoxia. Angew.
Chem. Int. Ed. 2013, 52, 1302813032, doi:10.1002/anie.201305784.

43.  Schmittgen, T.D.; Livak, K.J. Analyzing Real-Time PCR Data by the Comparative CT Method. Nat. Protoc.
2008, 3, 1101-1108, doi:10.1038/nprot.2008.73.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 August 2025 d0i:10.20944/preprints202508.1549.v1

31 of 31

44. Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR
and the 2-AAC T Method. Methods 2001, 25, 402—408, doi:10.1006/meth.2001.1262.

45. Cossarizza, A.; Chang, H.; Radbruch, A.; Abrignani, S.; Addo, R.; Akdis, M.; Andrd, I.; Andreata, F.;
Annunziato, F.; Arranz, E.; et al. Guidelines for the Use of Flow Cytometry and Cell Sorting in
Immunological Studies (Third Edition). Eur. J. Immunol. 2021, 51, 2708-3145, doi:10.1002/eji.202170126.

46. Kim, S.P.; Seward, A.H.; Garcia-Diaz, J.; Alekos, N.; Gould, N.R.; Aja, S.; Stains, ].P.; Wolfgang, M.].; Riddle,
R.C. Peroxisome Proliferator Activated Receptor-y in Osteoblasts Controls Bone Formation and Fat Mass
by Regulating Sclerostin Expression. iScience 2023, 26, 106999, doi:10.1016/j.isci.2023.106999.

47. Niemann, T.; Joneleit, J.; Storm, ]J.; Nacke, T.; Wahnert, D.; Kaltschmidt, C.; Vordemvenne, T.; Kaltschmidt,
B. Analyzing Sex-Specific Dimorphism in Human Skeletal Stem Cells. Cells 2023, 12, 2683,
d0i:10.3390/cells12232683.

48. Sorrentino, A.; Ferracin, M.; Castelli, G.; Biffoni, M.; Tomaselli, G.; Baiocchi, M.; Fatica, A.; Negrini, M.;
Peschle, C.; Valtieri, M. Isolation and Characterization of CD146+ Multipotent Mesenchymal Stromal Cells.
Exp. Hematol. 2008, 36, 1035-1046, d0i:10.1016/j.exphem.2008.03.004.

49. Statham, P.; Jones, E.; Jennings, L.M.; Fermor, H.L. Reproducing the Biomechanical Environment of the
Chondrocyte for Cartilage Tissue Engineering. Tissue Eng. Part B: Rev. 2022, 28, 405-420,
doi:10.1089/ten.teb.2020.0373.

50. Vinod, E.; Boopalan, PRJ.V.C.; Sathishkumar, S. Reserve or Resident Progenitors in Cartilage?
Comparative Analysis of Chondrocytes versus Chondroprogenitors and Their Role in Cartilage Repair.
CARTILAGE 2018, 9, 171-182, d0i:10.1177/1947603517736108.

51.  Ariizumi, T.; Ogose, A.; Kawashima, H.; Hotta, T.; Li, G.; Xu, Y.; Umezu, H.; Sugai, M.; Endo, N. Expression
of Podoplanin in Human Bone and Bone Tumors: New Marker of Osteogenic and Chondrogenic Bone
Tumors. Pathol. Int. 2010, 60, 193-202, doi:10.1111/j.1440-1827.2009.02510.x.

52. Roggio, F.; Petrigna, L.; Trovato, B.; Rosa, M.D.; Musumeci, G. The Role of Lubricin, Irisin and Exercise in
the Prevention and Treatment of Osteoarthritis. Int. . Mol. Sci. 2023, 24, 5126, doi:10.3390/ijms24065126.

53. Goldring, M.B.; Marcu, K.B. Cartilage Homeostasis in Health and Rheumatic Diseases. Arthritis Res. Ther.
2009, 11, 224-224, doi:10.1186/ar2592.

54. Lee, Y.; Choi, J.; Hwang, N.S. Regulation of Lubricin for Functional Cartilage Tissue Regeneration: A
Review. Biomater. Res. 2018, 22,9, d0i:10.1186/s40824-018-0118-x.

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.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1549.v1
http://creativecommons.org/licenses/by/4.0/

