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Osteochondral regeneration

Articular cartilage regeneration is a major challenge in orthopedic medicine. Endothelial progenitor cells (EPCs)
are a promising cell source for regenerative medicine applications. However, their roles and functions in cartilage
regeneration are not well understood. Additionally, thermosensitive chitosan hydrogels have been widely used in
tissue engineering, but further development of these hydrogels incorporating vascular lineage cells for cartilage
repair is insufficient. Thus, this study aimed to characterize the ability of EPCs to undergo endothe-
lial-mesenchymal stem cell transdifferentiation and chondrogenic differentiation and investigate the ability of
chondrogenic EPC-seeded thermosensitive chitosan-graft-poly (N-isopropylacrylamide) (CEPC-CSPN) scaffolds to
improve healing in a rabbit osteochondral defect (OCD) model. EPCs were isolated and endothelial-to-
mesenchymal transition (EndMT) was induced by transforming growth factor-pl (TGF-f1); these EPCs are
subsequently termed transdifferentiated EPCs (tEPCs). The stem cell-like properties and chondrogenic potential
of tEPCs were evaluated by a series of in vitro assays. Furthermore, the effect of CEPC-CSPN scaffolds on OCD
repair was evaluated. Our in vitro results confirmed that treatment of EPC with TGF-$1 induced EndMT and the
acquisition of stem cell-like properties, producing tEPCs. Upon inducing chondrogenic differentiation of tEPCs
(CEPCs), the cells exhibited significantly enhanced chondrogenesis and chondrocyte surface markers after 25
days. The TGF-pl-induced differentiation of EPCs is mediated by both the TGF-f/Smad and extracellular signal-
regulated kinase (Erk) pathways. The CEPC-CSPN scaffold reconstructed well-integrated translucent cartilage
and repaired subchondral bone in vivo, exhibiting regenerative capacity. Collectively, our results suggest that the
CEPC-CSPN scaffold induces OCD repair, representing a promising approach to articular cartilage regeneration.

1. Introduction

Osteochondral defects (OCDs) compromise the integrity and stability
of the articular surface, leading to premature osteoarthritis. The suc-
cessful regeneration of damaged articular cartilage remains an unmet
challenge owing to its limited capacity for spontaneous repair. The
emergence of cell-based cartilage tissue engineering offers distinct

advantages over existing treatments for cartilage-related injuries.
Differentiated chondrocytes and bone marrow-derived mesenchymal
stem cells (MSCs) are important cell sources for the treatment of
cartilage-related injuries [1]. However, the limited proliferative capac-
ity and dedifferentiation of chondrocytes, along with an insufficient
supply of bone marrow-derived MSCs, present considerable challenges
in transplantation and cartilage regeneration [2,3]. Furthermore, the
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harvesting of adult MSCs requires additional surgery. Endothelial pro-
genitor cells (EPCs) are a promising alternative cell source for cartilage
repair [4], as they can be obtained through minimally invasive tech-
niques. Late EPCs (LEPCs) are an EPC subtype designated based on their
time-dependent appearance and derived from adult peripheral blood.
LEPCs have an endothelial-like cobblestone morphology, form distinct
clusters, and have unlimited proliferative potential [5]. LEPCs express
not only endothelial cell-specific markers (vascular endothelial
[VE]-cadherin, kinase insert domain receptor, and von Willebrand factor
[VWF]) but also the stem cell pluripotency marker, Oct-4 [6]. Studies
showed that EPCs provide a microenvironment that induces the prolif-
eration and differentiation of surrounding stem cells to repair OCDs [4,
7]. However, evidence regarding the fate of transplanted EPCs is lack-
ing. Whether EPCs transdifferentiate into MSCs and eventually differ-
entiate  into  chondrocytes remains unclear. Thus, the
transdifferentiation potential of EPCs may be a crucial factor for their
application in tissue repair. Regarding cell transdifferentiation, reports
indicated that endothelial cells can acquire a mesenchymal phenotype
through endothelial-to-mesenchymal transition (EndMT) [8].

EndMT contributes to the development of several diseases by
inducing morphological changes and pathological processes. EndMT
generates various types of connective tissue [9], demonstrating its po-
tential for tissue regeneration applications. EndMT transforms endo-
thelial cells into MSCs, which differentiate into chondrocytes and
osteoblasts using specific differentiation conditions [10,11]. EndMT is
stimulated by various factors, including transforming growth factor
(TGF)-f and the family of bone morphogenetic proteins of growth fac-
tors [12]. TGF-p1, a crucial cytokine for inducing MSC chondrogenesis
[13] and maintaining the chondrocyte phenotype [14], is important for
EndMT in endothelial cells [15]. TGF-B-induced EndMT is mediated via
the canonical Smad pathway, with limited involvement of the
non-canonical extracellular signal-regulated kinase (Erk) pathway [16].
The TGF-p/Smad and Erk pathways activate transcription factors
(Snail/Twist) that inhibit endothelial gene expression and induce
mesenchymal gene expression by inducing EndMT [17]. EPCs can un-
dergo TGF-p/Smad-induced EndMT, gain mesenchymal marker expres-
sion, and transform into smooth muscle cells [18]. The versatility of
EndMT offers potential for tissue repair applications in tissue engi-
neering [19].

The thermosensitive polymer poly (N-isopropylacrylamide) is a
popular material for tissue engineering applications. It is soluble in
aqueous solutions below its lower critical solution temperature, above
which it transforms into a solid hydrogel. Although its properties are
essential for tissue regeneration, its application is hindered owing to its
insufficient mechanical strength, biodegradability, and biocompati-
bility. However, it can be modified with chitosan or other natural
polymers to facilitate biodegradation, strengthen its hydrogel mechan-
ical properties, and enhance cell proliferation and differentiation. Using
chitosan to develop cell-based materials for cartilage repair has several
advantages, including biocompatibility, biodegradability, and ease of
modification [20,21]. For example, chitosan-graft-poly (N-iso-
propylacrylamide) (CSPN) hydrogels have been shown to positively
impact the morphology and viability of chondrocytes and meniscus cells
[22] while also enhancing MSC chondrogenesis [23]. A recent study
[24] demonstrated the efficacy of a novel CSPN hydrogel with good
biodegradability, which provided sufficient mechanical support and
created a suitable microenvironment for cell growth and the chondro-
genic differentiation of pericartilage MSCs. The formulated CSPN
hydrogel promoted cartilage regeneration and facilitated cartilage
repair. CSPN hydrogels can also serve as injectable biocomposite car-
riers for delivering cells, mimicking in vivo conditions for culturing MSCs
and chondrocytes. However, most studies have focused on the regen-
erative capacity of tissue-derived stem cells or mature chondrocytes
incorporated into CSPN scaffolds. According to the findings of previous
studies on cartilage repair [24-26], there is limited research regarding
the effects of non-tissue-derived vascular cells in CSPN scaffolds and the
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long-term treatment of cartilage-related injuries using cell-seeded CSPN
scaffolds.

In the current study, we aimed to characterize the ability of EPCs to
undergo endothelial-mesenchymal stem cell transdifferentiation and
chondrogenic differentiation and investigate the ability of chondrogenic
EPC-seeded thermosensitive chitosan-graft-poly (N-iso-
propylacrylamide) (CEPC-CSPN) scaffolds to improve healing in a rabbit
OCD model. Herein, CSPN scaffolds provided an optimal microenvi-
ronment conducive to cell growth, differentiation, and tissue regenera-
tion. Non-tissue-derived EPCs were also stimulated with TGF-1 to
induce EndMT and MSC transformation and redifferentiated into
chondrogenic EPCs (CEPCs) under chondrogenic stimuli. These CEPCs
may function as a viable source of chondrocytes, providing biological
cues that enhance the mobilization, proliferation, and differentiation of
both stem cells and chondrocytes derived from pericartilage, thus
facilitating the repair of damaged cartilage. Moreover, the integration of
CEPCs with CSPN scaffolds could significantly improve the quality of
repair tissue and promote the regeneration of functional osteochondral
tissue. Widespread adoption of this strategy could lead to the develop-
ment of innovative therapeutics for osteochondral regeneration. We
anticipate that CEPC-seeded CSPN hydrogels would serve as a valuable
platform for regenerative medicine.

2. Materials and methods
2.1. Materials

Food-grade chitosan (degree of deacetylation, 90 %; molecular
weight = 3 x 10° Da) was obtained from Charming&Beauty (Dayuan,
Taoyuan, Taiwan). N-isopropylacrylamide (NIPAAm), ammonium per-
sulfate, and N,N,N’,N’-tetramethyl ethylene diamine (TEMED) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals,
except chitosan, were of analytical grade and used without further pu-
rification. Fetal bovine serum, Dulbecco’s modified Eagle’s medium,
and antibiotics were purchased from Gibco BRL (Grand Island, NY,
USA).

2.2. Invitro cell culture of rabbit EPCs (rEPCs)

2.2.1. Isolation and culture of rEPCs

The animal experimental protocol was approved by the National
Cheng Kung University Animal Care and Use Committee (protocol
number: 104264). Peripheral blood (10 mL/kg) was obtained from New
Zealand white rabbits through the peripheral ear artery. Peripheral
blood mononuclear cells were isolated via density gradient centrifuga-
tion using Ficoll-Plaque® Plus (Amersham Biosciences, Amersham,
Buckinghamshire, UK). Subsequently, the mononuclear cells were
washed, incubated in 6-well culture plates coated with fibronectin, and
supplemented with endothelial growth medium-2 (Cambrex Corp., East
Rutherford, NJ, USA), comprising endothelial basal medium, 5 % fetal
bovine serum, human epidermal growth factor, vascular endothelial
growth factor, human fibroblastic growth factor-B, insulin-like growth
factor-1, ascorbic acid, and heparin. After 28 days of incubation, the
adherent cells (LEPCs) were harvested through trypsinization for sub-
sequent cytokine induction, analysis, or transplantation (Fig. 1a). The
characterization and confirmation of EPCs isolated from rabbits were
conducted as described previously [27].

2.3. Induction of EndMT and cell differentiation in cultured rEPCs

2.3.1. EndMT induction and tri-lineage differentiation of rEPCs

Briefly, LEPCs in passages 2-5 were cultured and expanded as
monolayers in endothelial growth medium-2 at 37 °C in an atmosphere
containing 5 % COz. Upon reaching ~80 % confluency, LEPCs were
treated with 10 ng/mL TGF-f1 (Thermo Fisher Scientific, Waltham, MA,
USA) for 7 days to induce EndMT (Fig. 1a). After 7 days of culture, we
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Fig. 1. EPCs derived from peripheral blood differentiate into multiple cell types under TGF-f1 stimulation. (a) Schematic of cell culture and differentiation. (b)
Changes in the cultured EPCs: (i) PBMCs immediately after plating, (ii) PBMCs 2 days after seeding, (iii) PBMCs 7 days after seeding, and (iv) exponential growth of
LEPCs 14 days after plating (10 x magnification; scale bar: 100 pm). (¢) Changes in LEPC morphology after TGF-f1 stimulation (days 0 and 7): (i, iii) LEPCs or (ii, iv)
TGF-p1-stimulated LEPCs (10 x magnification; scale bar: 100 pm). Abbreviations: EGM-2, endothelial growth medium-2; EPCs, endothelial progenitor cells; LEPCs,
late EPCs; PBMCs, peripheral blood mononuclear cells; TGF-f1, transforming growth factor-f1.

analyzed the phenotypes of tEPCs after inducing chondrogenesis,
osteogenesis, and adipogenesis. The chondrogenic differentiation of
tEPCs was induced using a differentiation medium comprising Dulbec-
co’s modified Eagle’s medium, 10 % fetal bovine serum (HyClone,
Logan, UT, USA), 1 % non-essential amino acids, 100 U/mL penicillin/
streptomycin (Gibco BRL), 10 ng/mL TGF-p1l, 50 pM r-ascorbate-2-
phosphate (Sigma-Aldrich), and 6.25 pg/mL insulin [28]. Expanded
cells were subjected to osteogenic and adipogenic differentiation by
treating them with osteogenic- and adipogenic-conditioned media (both
from ScienCell Research Laboratories, Carlsbad, CA, USA), respectively.
Cells undergoing differentiation were treated for 25 days, with the
medium replaced every other day. After culture in the aforementioned
differentiation media, the cells were analyzed using Alcian Blue, Aliz-
arin Red S, and Oil Red O staining. In addition, the CEPCs were collected
for both in vitro and in vivo experiments (Fig. 1a).

2.3.2. Cell morphology analysis

To examine the effects of TGF-p1 on cell morphology, LEPCs were
seeded and cultured at an initial concentration of 1 x 10° cells/mL. After
a day of culture, the cells were treated with 10 ng/mL TGF-f1 for 0 and 7
days. Subsequently, cobblestone and spindle-like cells were observed
and documented using a phase contrast microscope (BX41; Olympus,

Tokyo, Japan).

2.3.3. Colony-forming unit (CFU) efficiency

Stem cell colony formation was assessed as described previously
[29]. Briefly, tEPCs from the primary culture were harvested on the sixth
day and seeded in six-well plates at a density of 100 cells/well. After 14
days of culture in an incubator (37 °C, 5 % COs), the cells were washed
with phosphate-buffered saline (PBS), fixed with 75 % ethanol for 15
min, and stained for 30 min with a Crystal Violet Staining Solution (2.3
% certified Crystal Violet, 0.1 % ammonium oxalate, and 20 % ethanol;
Sigma-Aldrich). After washing thrice with deionized water, the cell
colonies formed in the wells were visualized and counted under a mi-
croscope. Colonies comprising over 50 cells were defined as CFUs and
counted. The CFU efficiency was calculated using the following formula:
CFU efficiency = (counted CFUs/cells originally seeded) x 100.

2.3.4. Flow cytometry analysis of cell surface marker profiles

Flow cytometry analysis was used to examine the expression of
cluster of differentiation (CD)44, CD90, and CD105 (MSC markers),
CD34 (hematopoietic and endothelial cell marker), and CD45 (leukocyte
marker) on the tEPC surface. Following the manufacturer’s instructions,
tEPCs were harvested from culture dishes upon treatment with 0.25 %
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trypsin/ethylenediaminetetraacetic acid in PBS. Next, 1 x 10° tEPCs
were suspended in 500 pL of PBS containing 20 pg/mL of fluorescein
isothiocyanate (FITC)-conjugated antibodies against CD44 (Novus,
Centennial, CO, USA), CD90 (Bioworld, Louis Park, MN, USA), CD105
(Bioss, Woburn, MA, USA), CD34 (Bioss), and CD45 (Bioss). FITC-
conjugated non-specific mouse IgG (Bioss) served as an isotype control
to exclude non-specific binding. Following a 30-min incubation at 4 °C,
the cells were washed three times with PBS and then resuspended in 1
mL of PBS for analysis. Cell samples were analyzed using a BD FACS-
Calibur™ instrument (BD Biosciences, Franklin Lakes, NJ, USA).

2.3.5. Immunofluorescence assay

Briefly, tEPCs grown on coverslips were fixed in 4 % para-
formaldehyde for 30 min. After blocking with 2 % bovine serum albumin
for 1 h, the cells were incubated with primary antibodies, including EC
markers (CD31, endothelial nitric oxide synthase [eNOS], VE-cadherin,
and vWF; Bioss) or MSC markers (CD44, CD90, and CD105) at 4 °C
overnight. Subsequently, the cells were treated with FITC-conjugated
secondary IgG (Molecular Probes, Eugene, OR, USA) and 46-dia-
midino-2-phenylindole (DAPI) (Sigma-Aldrich) at 25 °C in the dark for
1 h. A negative control, lacking treatment with primary antibodies, was
included. Cells were visualized and photographed using a scanning
confocal microscope (LSM 510 META; Carl Zeiss, Oberkochen, Ger-
many; and TCS SP5; Leica, Wetzlar, Germany).

2.4. In vitro chondrogenic differentiation and signal molecule analysis
after TGF-p-induced EndMT in rEPCs

2.4.1. Intracellular sulfated glycosaminoglycan (sGAG)

After the chondrogenic induction of tEPCs for 25 days, we collected
CEPCs and detected cartilage-specific extracellular matrix (ECM) for-
mation in induced cells; EPCs without chondrogenic treatment served as
a control group. DNA content and sGAG accumulation were quantified
via spectrofluorometry using Hoechst 33258 dye and dimethyl-
methylene blue (DMMB), respectively [30]. Standard curves for the
DMMB assay were generated using an aqueous solution of chondroitin
sulfate C (Sigma-Aldrich), with concentrations ranging from 0 to 25

Hg/mL.

2.4.2. Total collagen synthesis

To quantify collagen synthesis, Sirius Red dye (Direct Red, Sigma-
Aldrich) was used to stain total collagen. Briefly, EPCs and CEPCs
were collected and lysed using the freeze-thaw method. Cell extracts (50
pL/well) were dispersed in 96-well plates and desiccated in a dry incu-
bator at 37 °C. Each well was washed thrice with 200 pL of distilled HoO
for 1 min/wash. Subsequently, 100 pL of 0.1 % Sirius Red stain (0.05 g of
Sirius Red powder per 50 mL picric acid) was added to each well, and the
wells were incubated at 25 °C for 1 h. After the unattached stain was
removed, the plate was washed five times with 200 pL of 0.1 M HCL. The
attached stain was then extracted by agitating the well with 200 pL of
0.1 M NaOH for 5 min. The extracted stain was transferred to a second
plate, and the absorbance at a wavelength of 540 nm was determined
using a microplate reader (SpectraMax Plus 384; Molecular Devices,
Silicon Valley, CA, USA).

2.4.3. Flow cytometry analysis

As described previously, CEPCs were harvested from culture dishes
upon treatment with 0.25 % trypsin/ethylenediaminetetraacetic acid in
PBS. Subsequently, 1 x 10® CEPCs were suspended in 500 pL of PBS
containing 20 pg/mL of FITC-conjugated antibodies targeting CD49c
and CD151 (articular chondrocyte surface markers) (Thermo Fisher
Scientific). Appropriate isotype control antibodies were used to exclude
non-specific binding. After washing, the samples were analyzed using a
BD FACSCalibur™ instrument (BD Biosciencces).

Materials Today Bio 28 (2024) 101174

2.4.4. Immunofluorescence assay

Briefly, EPCs and CEPCs grown on coverslips were fixed in 4 %
paraformaldehyde for 30 min. After blocking with 2 % bovine serum
albumin for 1 h, the cells were incubated with primary antibodies
against TGF-f type II receptor (TGF-pRII) (Bioworld), signaling mole-
cules (phospho-Smad2 and -Smad3 [P-Smad2 and P-Smad3; Thermo
Fisher Scientific], Snail [Bioworld], and phospho-Erkl/2 [P-Erkl1/2;
Thermo Fisher Scientific]) or chondrocyte transcription factors (sex-
determining region Y-box 9 [SOX9; Spring Bioscience, San Francisco,
CA, USA]), cartilage-specific ECM (collagen type II [Col II]), and
fibrocartilage-specific ECM (collagen type I [Col I]) (Bioss) at 4 °C
overnight. Subsequently, the cells were incubated with DAPI (Sigma-
Aldrich) and FITC-conjugated secondary IgG (Molecular Probes) at 25
°C in the dark for 1 h. A negative control, not treated with primary
antibodies, was included. Cells were visualized and photographed using
a scanning confocal microscope (LSM 510 META and TCS SP5).

2.4.5. Immunocytochemistry

After 25 days of culture, CEPCs and EPCs were fixed with 4 %
paraformaldehyde and assessed using immunocytochemistry staining. A
rabbit-mouse horseradish peroxidase/diaminobenzidine (DAB) polymer
detection kit (BioTnA, Kaohsiung, Taiwan) was employed. Primary an-
tibodies against TGF-BRII, P-Smad2, P-Smad3, Snail, P-Erk1/2, SOX9,
Col I1, and Col I were used at a dilution of 1:100. All staining procedures
were performed according to the manufacturer’s instructions.

2.4.6. RNA isolation and real-time quantitative polymerase chain reaction
(real-time qPCR)

After 25 days of culture, CEPCs and EPCs were harvested for gene
expression analysis. TRIzol® reagent (Gibco, Thermo Fisher Scientific)
was used to extract total RNA from the cells, according to the manu-
facturer’s instructions. Briefly, 0.5-1 pg of total RNA per 20 pL reaction
was reverse-transcribed into ¢cDNA using a SuperScript® First-Strand
Synthesis System (Invitrogen, Waltham, MA, USA). Real-time qPCR re-
actions were performed and monitored using the iQ™ SYBR Green®
Supermix and real-time qPCR detection system (both from Bio-Rad
Laboratories, Hercules, CA, USA). cDNA samples (2 pL per 25 pL per
reaction) were analyzed for both the gene of interest and the reference
gene glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). The
expression level of each target gene was then calculated using the 2
AACt method. For each gene of interest, four readings were obtained for
each experimental sample, and the experiments were repeated at least
three times. The primer sequences used are listed in Table S1.

2.4.7. Western blot analysis

Briefly, EPCs and CEPCs were lysed in radioimmunoprecipitation
assay buffer (50 mM Tris, 150 mM NaCl, 0.5 % sodium deoxycholate, 1
% nonyl phenoxypolyethoxylethanol, and 0.1 % sodium dodecyl sul-
fate), and the total protein was extracted and denatured for 5 min at 95
°C. Proteins were separated using 10 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred onto a polyvinylidene
fluoride membrane, and blocked in a 4 % bovine serum albumin
blocking buffer. The membrane was then probed with polyclonal anti-
bodies against TGF-BRII, P-Smad2, Smad2 (Bioworld), P-Smad3, Smad3
(Bioworld), and Snail. Furthermore, the membranes were incubated
with peroxidase-conjugated anti-rabbit secondary antibodies (Jackson
ImmunoResearch, West Grove, PA, USA). In addition, the membranes
were reacted with monoclonal antibodies against -actin (1:5000 dilu-
tion, MAB1501; MilliporeSigma, Burlington, MA, USA) and subse-
quently incubated with peroxidase-conjugated anti-mouse secondary
antibodies (Jackson ImmunoResearch). The bands were visualized with
Hyperfilm (Amersham Pharmacia, Amersham, Buckinghamshire, UK)
using an ECL Plus Kit (Millipore), and the images were analyzed using
Mutigel-21 (MGIS-21-C2-1M; TOPBIO Corp., New Taipei, Taiwan).
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2.5. Preparation of chitosan-PNIPAAm (CSPN) scaffolds

Porous CSPN scaffolds were manufactured according to the proced-
ure outlined in our previous report [24]. To synthesize the CSPN
copolymer, chitosan and NIPAAm monomers were dissolved in 10 mL of
a 1 wt% acetic acid solution at 25 °C for 20 min to ensure complete
dissolution. The mixture was stirred magnetically and degassed in an
oxygen-free nitrogen environment at 4 °C for 30 min. Ammonium per-
sulfate and TEMED were then added as the initiator and accelerator,
respectively. The polymerization reaction was performed at 4 °C for 1
day to ensure its completion. Copolymers with a NIPAAm-to-chitosan
feeding ratio of 5:1 were prepared. All products were dialyzed against
distilled water using a cellulose membrane (molecular weight cut-off =
50 kDa) at 25 °C for 3 days to produce CSPN copolymers, which were
subsequently freeze-dried under vacuum conditions.

2.6. Cell culture in CSPN scaffolds

Dry CSPN copolymers were sterilized under ultraviolet irradiation in
a laminar flow hood for 1 h and dissolved in sterile PBS at 25 °C to obtain
5 wt% CSPN solutions. The CSPN solutions were then cooled to 4 °C and
exposed to ultraviolet irradiation for another 24 h. EPCs and CEPCs were
harvested using trypsin (Invitrogen) and mixed with 5 wt% CSPN
hydrogel to a cell density of approximately 5 x 10° cells/mL copolymer
solution. Before delivering EPC- or CEPC-seeded CSPN scaffolds (EPC-
CSPN or CEPC-CSPN, respectively) to animals, the harvested EPCs or
CEPCs were labeled with a cell tracker (CM-Dil, Molecular Probes) [31]
immediately before seeding onto scaffolds to trace cell fate. After 4 and
12 weeks of implantation, cell proliferation, differentiation, and
migration were monitored and observed using a fluorescence micro-
scope (BX51, Olympus) and a Xenogen IVIS® Spectrum System (Caliper
Life Sciences, Hopkinton, MA, USA).

2.7. Generation of an in vivo rabbit knee joint OCD model and
histopathological examination

The Animal Care and Use Committee of the National Cheng Kung
University approved all surgical animal experiments and aseptic pro-
cedures (protocol number: 104264). Twenty (40 knees in total) 4-5-
month-old New Zealand white male rabbits (each weighing 2-3 kg) were
purchased from the Livestock Research Institute, Tainan, Taiwan. The
animals were anesthetized with a subcutaneous injection of tiletamine
(25 mg/mL) and zolazepam (25 mg/mL; Zoletil® 50; Virbac, Carros,
France) combined with a mixture of 2 % isoflurane (Panion & BF
Biotech, Taipei, Taiwan) and oxygen, administered through an auto-
matic ventilator for intubation and maintenance. Following anesthesia,
both hind legs were sanitized with ethanol, brushed, shaved, disinfected
by applying 1 % ethanol-iodine to the target area, and covered with a
drape. The knee was accessed through anteromedial parapatellar lon-
gitudinal and capsular incisions. The knee joint was then immobilized in
a maximally hyper-flexed position, and the patella was laterally dis-
located to expose the medial femoral condyles. A full-thickness OCD (3
mm in diameter and 3 mm in depth) was created in the rabbits by
drilling the weight-bearing zone of the medial femoral condyle in the
knee [32]. Animals subjected to a sham operation (no defect was created
in the rabbit knee) were used as the control group (n = 4). After OCD
surgery, the rabbit knees were immediately injected with CSPN,
EPC-CSPN, and CEPC-CSPN (n = 12 in each group) into the defect holes
(total, 36 knees), and the solutions were gelled using a heat lamp (Video
S1). Subsequently, the patellas were repositioned in their correct posi-
tions, and the incisions were closed. The joint capsule was sutured using
3-0 absorbable Vicryl sutures (Ethicon, Bridgewater, NJ, USA), and
subcutaneous tissues and skin wounds were repaired using 3-0 nylon
sutures. After the operation, the control, CSPN, EPC-CSPN, and
CEPC-CSPN groups were allowed free activity in their cages. After 4 or
12 weeks, the rabbits were euthanized by administering an overdose of
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the anesthetic agent and intravenous injection of potassium chloride.

Repaired osteochondral tissues were harvested for further examination.
Supplementary video related to this article can be found at https://

doi.org/10.1016/j.mtbio.2024.101174

2.8. Macroscopic evaluations

After postoperative euthanasia at 4 and 12 weeks (CSPN, EPC-CSPN,
and CEPC-CSPN groups: 6 knees each at each time-point; control group:
4 knees), two researchers blindly determined the macroscopic scores for
the reparative tissues using our previously established scoring system
[33], which considers coverage, tissue color, and surface condition. The
maximum total score was 12 points (Table S2).

2.9. Histological and immunohistochemical processing

Histological sections were prepared by the Department of Pathology
of the Chi-Mei Medical Center (Tainan, Taiwan) using standard pro-
cedures, including 10 % formalin fixation, dehydration in gradient
ethanol solutions, decalcification, infiltration, and paraffin embedding.
Sections were prepared (4-pm thick) and stained with hematoxylin and
eosin to assess cell morphology and regenerative tissue matrix distri-
bution, Masson’s trichrome to determine the collagen content, and
Safranin O/Fast Green Stain to analyze the sGAG content. Microscopic
examination was performed using a microscope (BX51, Olympus), and
sections were imaged using a digital CCD (DP70, Olympus). Further-
more, to determine the contents of Col II (hyaline cartilage) and Col I
(fibrocartilage) in the regenerated tissues, the sections were subjected to
immunohistochemical analysis using anti-Col II and I antibodies (1:100
dilution), and the rabbit/mouse horseradish peroxidase/DAB polymer
detection kit, according to the manufacturer’s standard protocols.
Quantitative analysis of Safranin O staining and Col II and I staining
were performed using ImageJ 1.50i software (National Institutes of
Health, Bethesda, MD, USA).

2.10. Micro-computed tomography (micro-CT) evaluations

To individually perform qualitative and quantitative measurements
of bone regeneration within the defects, the medial femoral condyles of
the CSPN, EPC-CSPN, and CEPC-CSPN groups were scanned using a
microtomography 1076 scanner (Skyscan 1076; Bruker Corp., Billerica,
MA, USA). The CSPN, EPC-CSPN, and CEPC-CSPN groups (12 knees in
each group) were compared at 4 and 12 weeks post-operation. The
formalin-fixed ends of the rabbit femurs were loaded onto a sample
holder, aligning the femur axis perpendicular to the scanning plane.
Considering the X-ray source parameters or assessing the mineralized
tissue, the voltage was set to 50 kV and the current was set to 160 pA
[33]. The samples were scanned through a 360° rotation angle with a
rotation interval of 1° and a pixel size with 18 pm resolution. The Sky-
scan software package was used to analyze the image data and visualize
the new bone matrix. Within the CT dataset, a cylindrical region of in-
terest (diameter, 3 mm), encompassing the repaired site and corre-
sponding to the original defect region, was selected for analysis. Bone
volume and diameter were measured as bone volume per tissue volume
(BV/TV) and trabecular thickness (Tb.Th), respectively.

2.11. Statistical analysis

All data are presented as the mean =+ standard error of the mean. All
statistical analyses were performed using SPSS Statistics for Windows,
version 17.0 (IBM Corp., Chicago, IL, USA). One-way analysis of vari-
ance was applied, and multiple comparisons were performed using the
Scheffe method. Statistical significance was set at P < 0.05.
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3. Results (Fig. 2a). Immunofluorescence staining revealed that tEPCs expressed
CD44, CD90, and CD105 but not CD31, eNOS, VE-cadherin, and vWF
3.1. EPCs exhibit LEPC characteristics (Fig. 2b). The CFU assay revealed that the tEPCs contained a subpopu-

lation of cells capable of generating new fibroblast colonies from single

Initially, the seeded cells had a round morphology (Fig. 1b-i). After 2 cells (Fig. 2c). tEPCs established multiple large colonies compared to

days, attached cells formed clusters (Fig. 1b-ii) with an elongated, EPCs, which exhibited fewer and smaller colonies. The CFU efficiency

spindle-shaped appearance similar to that of EPCs [34]. These cells, varied between the groups (P = 0.000001; Fig. 2d). tEPCs exhibited

termed early EPCs (Fig. 1b-iii), did not replicate in vitro and gradually higher CFU efficiency than EPCs (9.83 % vs. 0.81 %, respectively),
disappeared after 4 weeks. Distinct LEPCs with varying morphologies confirming the MSC-like properties of tEPCs.

emerged after 2 weeks, exhibiting a smoother cytoplasmic outline, To confirm the multilineage differentiation potential of culture-
robust attachment to the plate, and a cobblestone appearance similar to expanded tEPCs, tEPCs were subjected to chondrogenic, osteogenic,
cultured endothelial cells (Fig. 1b-iv). The LEPCs rapidly replicated and adipogenic differentiation. After chondrogenic induction, tEPCs
from several cells to a colony, establishing a monolayer with almost full formed Alcian Blue-positive cartilaginous nodules (Fig. 2e-i). Osteo-
confluence, and underwent multiple population doublings without genic induction resulted in the positive Alizarin Red S staining of cal-
senescence. cium compounds in the mineralized matrix of tEPCs (Fig. 2e-ii). Upon
adipogenic induction, tEPCs developed Oil Red O-positive lipid droplets
3.2. TGF-p1-induced LEPCs acquire stem cell-like properties (Fig. 2e-iii), confirming the multilineage differentiation potential of
induced tEPCs.

EPCs exhibited fibroblast-like morphology 7 days after TGF-$1-
induced EndMT, suggesting that tEPCs may possess MSC-like properties 3.3. tEPCs redifferentiate into CEPCs under TGF-f1-induced

(Fig. 1c). We then examined the surface marker profile of tEPCs to chondrogenic stimuli
confirm their MSC identity (passage 3). Flow cytometry showed that the
tEPCs expressed CD44, CD90, and CD105 but not CD34 and CD45 To investigate the effect of EndMT induction on the chondrogenic
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Fig. 2. EndMT-derived tEPCs acquire an MSC-like phenotype. (a) Flow cytometry analysis of CD44, CD90, CD105 (mesenchymal stem cell markers), CD34 (he-
matopoietic and endothelial cell marker), and CD45 (leukocyte marker) expression in tEPCs. The empty areas show isotype control staining. The red-filled areas
represent the expression of specific markers. (b) Representative immunofluorescence images of tEPC surface markers. tEPCs stain positive for MSC markers (CD44,
CD90, and CD105) and negative for endothelial cell markers (CD31, eNOS, VE-cadherin, and vWF) (20 x magnification; scale bar: 50 pm). (¢, d) CFU efficiency of
EPCs and tEPCs, assessing self-renewal through the rate of colony formation in CFU assays. (c¢) Representative colonies of EPCs and tEPCs in 6-well plates (scale bar:
5 mm). (d) Columns illustrate the CFU efficiency. Values are reported as the mean + standard deviation (SD) of six replicates. ***P < 0.001. (e) Multilineage
differentiation potential of tEPCs induced to differentiate into (i) chondrogenic (10 x magnification; scale bar: 100 pm), (ii) osteogenic (10 x magnification; scale
bar: 100 pm), or (iii) adipogenic (40 x magnification; scale bar: 10 um) lineages. Abbreviations: CD, cluster of differentiation; CFU, colony-forming unit; EndMT,
endothelial-to-mesenchymal transition; eNOS, endothelial nitric oxide synthase; EPCs, endothelial progenitor cells; MSC, mesenchymal stem cell; tEPC, trans-
differentiated EPCs; VE-cadherin, vascular endothelial cadherin; vWF, von Willebrand factor.
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potential of EPCs in vitro, tEPCs were cultured in a TGF-f1-containing
chondrogenic medium for 25 days to induce chondrogenic differentia-
tion. The EPC and CEPC groups were then compared in terms of cell
aggregation, chondrogenic gene expression, chondrocyte surface
marker expression, cartilaginous matrix synthesis, sGAG deposition, and
total collagen synthesis (Fig. 3). Cell aggregation was observed 25 days
after the tEPCs were cultured in a chondrogenic medium, whereas no
aggregation was observed in the EPC control group (Fig. 3a-i, 3a-ii).

Alcian Blue staining and the DMMB assay were used to confirm the
deposition of sGAG in the EPC and CEPC groups. Alcian Blue staining
revealed more intense sGAG deposition in tEPCs cultured in a chon-
drogenic medium for 25 days than in the EPC control group (Fig. 3a-iii,
3a-iv). The DMMB assay showed that the average rate of sGAG synthesis
was higher in the CEPC group than in the EPC control group (Fig. 3b).
Similarly, after 25 days, the CEPC group produced higher levels of total
intracellular collagen than the EPC control group (Fig. 3c).

Real-time qPCR was used to confirm the expression of chondrogenic
genes in the CEPC and EPC control groups. After 25 days, the expression
of ColI (P =0.01), Col II (P = 0.006), aggrecan (ACAN; P = 0.0004), and
SOX9 (P = 0.03) was significantly higher in the CEPC group than in the
EPC control group (Fig. 3d). Flow cytometry revealed that up to 99 % of
CEPCs stained positive for the articular chondrocyte surface markers
CD49c and CD151 (Fig. 3e), suggesting that EndMT enhances EPC
chondrogenesis in vitro. After chondrogenic induction, tEPCs exhibited

CEPC
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enhanced cell aggregation, elevated chondrogenic gene expression,
increased cartilaginous matrix synthesis, and chondrocyte-like surface
marker expression.

3.4. TGF-p signaling is involved in EPC transdifferentiation and
redifferentiation, as well as chondrogenic matrix protein synthesis

TGF-BRII, P-Smad2/3, P-Erk1/2, Snail, SOX9, and Col I/II levels
were then compared using immunofluorescence and immunocyto-
chemical staining. CEPCs exhibited stronger staining for all proteins
than EPCs (Fig. 4a and b). Furthermore, the levels of TGF-BRIIL, P-
Smad2/3, Smad2/3, and Snail were compared using western blotting.
After 25 days of culture, CEPCs displayed increased levels of TGF-BRIIL,
P-Smad2/3, Smad2/3, and Snail compared with EPCs (Fig. 4c and d).
These results indicated that the levels of TGF-BRII, P-Smad2/3, Smad2/
3, P-Erk1/2, Snail, SOX9, and Col Il were enhanced in CEPCs, along with
EndMT induction and chondrogenesis in EPCs.

3.5. In vivo evaluation of the regenerative potential of cell-scaffold
constructs in OCDs using rabbit models

3.5.1. Cell-seeded scaffolds implanted into OCDs stimulate cartilage repair
To examine OCD repair induced by EPC/CEPC-CSPN scaffolds, full-
thickness OCDs were generated in the weight-bearing area of rabbit
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Fig. 3. TGF-B1 induces tEPC activation and differentiation into chondrocyte-like cells that secrete cartilage-specific proteins. (a) Morphology of tEPCs after
chondrogenic induction for 25 days: (i, iii) EPCs (control group) and (ii, iv) tEPCs after chondrogenic induction (CEPC group). EPCs and CEPCs were stained with
Alcian Blue to assess the SGAG content (10 x magnification; scale bar: 100 pm). (b) sGAG synthesis in EPCs and CEPCs. (c) Intracellular collagen synthesis by EPCs
and CEPCs. (d) mRNA expression of chondrogenic genes (ACAN/SOX9/Col II) and the fibrocartilage marker, Col I, in EPCs and CEPCs (day 25). Expression levels are
expressed relative to those of the control group (defined as 1). Values are reported as the mean =+ standard deviation (SD) of four replicates. *P < 0.05, **P < 0.01,
and ***P < 0.001. (e) Flow cytometric confirmation of CD49c and CD151 expression on the surface of CEPCs, with up to 99 % of the CEPC population staining
positive for CD49c (red area) and CD151 (red area) compared with isotype control CEPCs (white area). Abbreviations: ACAN, aggrecan; CD, cluster of differentiation;
CEPCs, chondrogenic EPCs; Col I, collagen type I, Col II, collagen type II; EPCs, endothelial progenitor cells; sGAG, sulfated glycosaminoglycan; SOX9, sex-
determining region Y-box 9; tEPCs, transdifferentiated EPCs; TGF-p1, transforming growth factor-p1.
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EndMT (via treatment with TGF-1 for 7 days; tEPCs) and chondrogenic differentiation (for another 25 days). (a) Immunofluorescence (20 x magnification; scale bar:
50 pm) and (b) immunocytochemical (10 x magnification; scale bar: 10 pm) staining of (v-viii, xiii-xvi) EPCs and (i-iv, ix-xii) CEPCs in vitro. CEPCs stain positive
for TGF-BRII, P-Smad2/3, Snail, P-Erk1/2, SOX9, and Col I/1I (green and brown). DAPI counterstaining (blue). (c) Protein expression of EndMT signaling molecules
(TGF-BRIL, P-Smad2/3, Smad2/3, and Snail) in EPCs and CEPCs (day 25). (d) Protein expression of TGF-pRII, P-Smad2/3, Smad2/3, and Snail in EPCs and CEPCs
after being normalized to B-actin (day 25). Values are reported as the mean =+ standard deviation (SD) of three replicates. **P < 0.01 and ***P < 0.001. Abbre-
viations: CEPCs, chondrogenic EPCs; Col I, collagen type I; Col II, collagen type II; DAPI, 4',6-diamidino-2-phenylindole; ECM, extracellular matrix; EndMT,
endothelial-to-mesenchymal transition; EPCs, endothelial progenitor cells; Erk, extracellular signal-regulated kinase; P, phosphorylated; SOX9, sex-determining
region Y-box 9; TGF-BRII, TGF-B type II receptor; tEPCs, transdifferentiated EPCs; TGF-f, transforming growth factor-p.

medial femoral condyles. Fig. 5 illustrates the establishment of the OCD
model and the surgical procedure performed in the in vivo study.

3.5.2. CEPC-CSPN scaffolds improve the regenerative capacity of cartilage

No rabbit experienced joint swelling, infection, limited range of
motion, or osteophyte formation at 4 and 12 weeks post-surgery. The
knees showed no visible residue of material yet exhibited some regen-
eration. At week 4, the CSPN group displayed yellow-red repair tissue
adjacent to OCD. The OCD was concave, and the margin was visible. In
contrast, the OCDs in the EPC-CSPN and CEPC-CSPN groups were less
visible, with a white-yellow appearance. The new tissue had a rough
articular surface, and the OCD boundary was still visible. At week 12,
the OCDs in the EPC-CSPN and CEPC-CSPN groups were nearly filled
with repair tissue. The regeneration sites in the CEPC-CSPN group
contained abundant repair tissue with a smooth articular surface and
predominantly transparent, new hyaline-like tissue integrated with
adjacent tissue. However, in the CSPN group, the OCDs were filled with
yellow-red regenerative tissue with an irregular articular surface and a
clear boundary. The EPC-CSPN group exhibited OCDs covered with new
opaque tissue, with a low degree of cartilage-like transparent tissue
formation and repair clefts that are still visible (Fig. 6a). At week 4, the
CEPC-CSPN group had a higher macroscopic score (8.6 & 0.33) than the
CSPN (5.0 £+ 0.57; P = 0.004) and EPC-CSPN (7.3 £+ 0.33; P = 0.02)

groups; there was a significant difference between the CSPN and EPC-
CSPN groups (P = 0.01). At week 12, the CEPC-CSPN group had a
higher score (10.7 + 0.33) than the CSPN (7.3 £ 0.33; P = 0.001) and
EPC-CSPN (9.0 £ 0.57; P = 0.04) groups; there was a significant dif-
ference between the CSPN and EPC-CSPN groups (P = 0.04; Fig. 6b).

3.5.3. CEPCs are present in regenerating cartilage and bone

To monitor the implanted EPCs and CEPCs in vivo, the encapsulated
cells were labeled with the cell tracker CM-Dil. Fluorescent cells in OCD
were observed after 4 (Fig. 6¢-i, 6¢-ii) and 12 weeks (Fig. 6¢-iii, 6¢-iv),
confirming successful EPC and CEPC implantation. Following
sectioning, red fluorescence was observed in the regenerated tissue in
the OCDs, as assessed via fluorescence microscopy (Fig. 6d), suggesting
that cell migration occurs from the subchondral bone (Fig. 6d-i, 6d-ii) to
the cartilage (Fig. 6d-iii, 6d-iv) during regeneration. In the CEPC-CSPN
group, cells were observed in the cartilage 4 weeks after implantation
(Fig. 6d-ii).

3.5.4. CEPC-CSPN scaffolds enhance cartilage repair through the
chondrogenic potential of CEPCs

At week 4, the repaired joints in the CEPC-CSPN group displayed
extensive tissue coverage, with abundant chondroblasts and limited
fibroblast migration to the top and middle of the repaired chondral
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scaffold containing CEPCs.

layer. However, the repaired joints in the EPC-CSPN group were covered
with disorganized fibrous tissue and partial hyaline-like cartilage tissue
with fibroblast-like cells and immature chondrocytes. Meanwhile, the
joints in the CSPN group had a disrupted and depressed surface, and the
OCDs were filled with fibrous or immature repair tissue. The CEPC-CSPN
group exhibited immature tissue at the top of the chondral layer of the
regenerated tissue. The EPC-CSPN and CEPC-CSPN groups had chon-
droblasts and synovial-like cells that were overly fibrous. Moreover, the
CEPC-CSPN group had more osteoid matrix and compact bone in the
repaired subchondral bone plate than the CSPN and EPC-CSPN groups.
Compared with the CSPN group, the EPC-CSPN group had more newly
formed bone tissue, which had penetrated the center of the scaffold and
was visible as compact bone without trabecular bone. The junction be-
tween the repaired and surrounding native tissue could be easily
distinguished (Fig. 7a).

Regarding collagen and sGAG synthesis, the CEPC-CSPN group
exhibited stronger Masson’s trichrome (Fig. 7b) and Safranin O/Fast
Green (Fig. 7c¢) staining in the neocartilage tissue at the repair site. The
EPC-CSPN group had modest collagen and sGAG contents in the new and
adjacent cartilage. In contrast, only slight collagen and sGAG staining
were observed at the repair site in the CSPN group. Regarding the syn-
thesis of cartilage-specific matrix, the CEPC-CSPN group expressed high
levels of Col II (Fig. 7d) and had low levels of Col I (Fig. 7e) both in the
newly regenerated tissue and adjacent cartilage. In contrast, the CSPN
and EPC-CSPN groups had high levels of Col I and low levels of Col II.

At week 12, the CEPC-CSPN group had a smooth articular surface
with nearly normal hyaline cartilaginous structures (Fig. 7a), good
chondrocyte alignment, abundant collagen (Fig. 7b), high sGAG content

(Fig. 7¢), and a reconstructed bone structure. The newly regenerated
tissue integrated well with the surrounding cartilage and bone, showing
uniformly thick neocartilage. The chondrocytes had a typical lacuna
structure with elongated morphology and were perpendicular to the
surface, consistent with hyaline-like regenerated tissue. The CEPC-CSPN
group had a more functionally mature trabecular bone embedded with
osteocytes and a more osteoid matrix in the subchondral bone. In
contrast, the EPC-CSPN group had fibrocartilaginous tissue with mod-
erate SGAG content; chondroblasts and small dispersed chondrocytes
were observed in the newly formed chondral layer. The collagen fibers
were thinner and more disorganized in the EPC-CSPN group than those
in the CEPC-CSPN group. However, good integration was observed be-
tween the repair and the host tissue. The repair site in the subchondral
bone of the EPC-CSPN group displayed more osteoid matrix, compact
bone formation, and osteoblasts than that in the CSPN group. The
tidemark was restored in both the EPC-CSPN and CEPC-CSPN groups. In
contrast, the CSPN group had fibrous tissue mixed with irregular bone
islands in the chondral layer and low collagen and sGAG content in the
OCD. The cell arrangement was poor, with cracks at the integration site.
Based on the immunostaining results, the repair tissue matrix in the
CEPC-CSPN group displayed enhanced Col II (Fig. 7d) and reduced Col I
(Fig. 7e) expression compared with that in the CSPN and EPC-CSPN
groups. The EPC-CSPN group exhibited partial original hyaline carti-
lage structures with higher levels of Col II and lower levels of Col I than
the CSPN group.

Based on the histological assessment, the EPC-CSPN and CEPC-CSPN
groups had increased sGAG deposition at 4 and 12 weeks compared to
the CSPN group. Safranin O/Fast Green staining revealed that CEPC-
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Fig. 6. Damaged cartilage can be effectively repaired by applying CEPC-based scaffolds to the affected area. (a) Representative photographs show the gross ap-
pearances of the scaffolds or cell scaffolds in cartilage defects at 4 and 12 weeks post-operation. Yellow circles represent the cartilage defect sites. Scale bar: 2 mm. (b)
Quantitative gross appearance scores calculated at 4 and 12 weeks post-surgery. The reported values are the average of n = 6 + standard deviation. *P < 0.05 and
**P < 0.01. (c) Representative in vitro fluorescence imaging of Dil-labeled cells in the EPC-CSPN and CEPC-CSPN constructs in the cartilage defects at weeks 4 and 12
post-operation. (i) and (iii): Fluorescence images of EPCs in the EPC-CSPN constructs at the defect sites. (ii) and (iv): Fluorescence images of CEPCs in the CEPC-CSPN
constructs at the defect sites. White circles represent cartilage defect sites, whereas the yellow areas represent Dil-labeled cells. (d) Fluorescence images obtained
using fluorescence microscopy after paraffin sectioning. The EPC-CSPN and CEPC-CSPN constructs were implanted for 4 and 12 weeks. (i) and (iii): Fluorescence
images of EPCs in the EPC-CSPN constructs at the defect sites. (ii) and (iv): Fluorescence images of CEPCs in the CEPC-CSPN constructs at the defect sites. The red
areas represent Dil-labeled cells. Magnification: 4 x ; scale bar: 200 pm. Yellow arrows indicate the borders of defects. Abbreviations: C, cartilage layer; S, sub-
chondral bone layer; EPCs, endothelial progenitor cells; CEPCs, chondrogenic EPCs; CSPN, chitosan-graft-poly (N-isopropylacrylamide); EPC-CSPN, CSPN scaffold
containing EPCs; CEPC-CSPN, CSPN scaffold containing CEPCs.

CSPN scaffolds had the highest sGAG deposition (Fig. 7f). At weeks 4 and mineralized tissue adjacent to the center of the OCD than the repair sites
12, the EPC-CSPN and CEPC-CSPN groups had higher Col II (Fig. 7g) and of the CSPN and CEPC-CSPN groups (Fig. 8a). Complete bridging of the
lower Col I (Fig. 7h) staining intensities than the CSPN group. Similarly, OCD by mineralized bone was observed in the EPC-CSPN and CEPC-
CEPC-CSPN scaffolds had the highest Col I and lowest Col I deposition, CSPN groups. The regenerated tissue had a higher BV/TV in the EPC-
suggesting that they promote hyaline cartilage regeneration for cartilage CSPN group than in the CSPN and CEPC-CSPN groups (both P < 0.01;

repair. Fig. 8b). The EPC-CSPN group had a higher BV/TV than the control
group (P < 0.01). There were no significant differences in BV/TV be-

3.5.5. CEPC-CSPN scaffolds promote subchondral bone regeneration tween the CEPC-CSPN and control groups. The three groups showed
At week 4, the newly synthesized mineralized matrix regenerated significantly different BV/TV values between weeks 4 and 12 (all P <

from the outer surface of the OCD in the three groups (Fig. 8a). However, 0.01). The EPC-CSPN group had a higher Tb.Th value than the control
the CEPC-CSPN group had a higher volume of regenerated bone than the group (P < 0.01; Fig. 8c), while there was no significant difference in Tb.
CSPN and EPC-CSPN groups. Based on the sagittal view of the central Th between the CEPC-CSPN and the control groups. The EPC-CSPN (P <
repair site, the growth pattern of mineralized bone was outer-to-middle. 0.01) and CEPC-CSPN (P < 0.05) groups showed significantly different
Differences in the BV/TV and Tb.Th values were observed between the Tb.Th values between weeks 4 and 12.

EPC-CSPN and CEPC-CSPN groups (both P < 0.01). The EPC-CSPN and

CEPC-CSPN groups had higher BV/TV values than the CSPN group (P < 4. Discussion

0.01). The CSPN and EPC-CSPN groups had lower BV/TV values than the

control group (P < 0.01; Fig. 8b). There was no significant difference in Current treatments for cartilage-related injuries have limitations.
the Tb.Th values between the CSPN and EPC-CSPN groups and the Peripheral blood-derived EPCs offer an alternative that avoids invasive
control group (Fig. 8c). The control group had higher BV/TV and Tb.Th procedures, minimizes postoperative discomfort, and is relatively
values than the CEPC-CSPN group (both P < 0.01). straightforward, with no donor site morbidity. EPC transplantation has

At week 12, the repair site of the EPC-CSPN group had more newly been explored to treat articular cartilage defects. In addition, a few

10
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Fig. 7. CSPN scaffolds require CEPCs to induce hyaline cartilage regeneration. Representative sections of defects filled with CSPN, EPC-CSPN, or CEPC-CSPN were
stained using histochemical methods, including H&E (a), Masson’s trichrome (b), and Safranin O/Fast Green staining (c). Sections were also subjected to immu-
nostaining of collagen types II (d) and I (e). The area enclosed by the yellow box is shown enlarged underneath the main figure (a-iv-vi and a-x-xii). Black arrows
indicate the borders of the defects. The original magnifications of the H&E images were 4 x (a-i-iii and a-vii-ix; scale bar: 200 pm) and 10 x (a-iv-vi and a-x-xiii;
scale bar: 100 pm). The original magnifications of the Masson’s trichrome (b-i-vii) and Safranin O/Fast Green (c-i-vii) staining images, immunostaining images for
collagen types II (d-i-vii) and I (e-i-vii) were 10 x (Scale bar: 100 pm). Quantitative analysis of Safranin O (f) and collagen types II (g) and I (h) staining intensities,

normalized relative to those in the CSPN group, which were defined as 1. The reported values are the average of n = 6 + standard deviation. ***P < 0.001. Ab-
breviations: H&E, hematoxylin and eosin; EPCs, endothelial progenitor cells; CEPCs, chondrogenic EPCs; CSPN, chitosan-graft-poly (N-isopropylacrylamide); EPC-
CSPN, CSPN scaffold containing EPCs; CEPC-CSPN, CSPN scaffold containing CEPCs.

studies [10,11] have shown that endothelial cells can transdifferentiate
into mature chondrocytes and osteocytes through TGF-f-induced
EndMT. Based on these findings, EPCs have emerged as a potential
source of MSCs. Therefore, in this study, we employed TGF-p1 to induce
EndMT in EPCs and evaluate the stem cell-like properties and chon-
drogenic potential of the resultant cells in vitro.

In the current study, tEPCs exhibited MSC-like properties. Our
findings suggest that peripheral blood-derived EPCs encompass not only
endothelial precursors but also multipotent precursors or a group of
monopotent precursors for several distinct lineages. Therefore, EPC-
derived MSCs appear to be multipotent rather than a mixture of
committed progenitor cells.

Previous studies [10,35] have focused on the role of EndMT in dis-
ease and disease treatment. However, EndMT can also be used to obtain
multipotent MSCs from endothelial cells that can be easily rediffer-
entiated into various different cell types [9]. One well-studied mediator
of EndMT is the TGF-p family of growth factors [12,36], which mediate
signals through Smad-dependent and -independent pathways. In this
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study, EPCs differentiated into stem-like cells through TGF-p1-induced
EndMT (Figs. S1 and S2), which involves the same molecules as the
TGF-f/Smad pathway, consistent with previous studies [18,37]. TGF-f1
also induced the EndMT of EPCs through the non-canonical mitoge-
n-activated protein kinase/Erk pathway (Figs. S1 and S2). Accordingly,
we demonstrated the involvement of canonical and non-canonical TGF-p
pathways in the redifferentiation (chondrogenic differentiation) of EPCs
(Fig. S2).

The chondrogenic differentiation of endothelial cells has been
identified in vascular calcification and heterotopic ossification [10,11,
38]. However, studies have focused on changes in endothelial cells,
disregarding the potential contribution of EPCs. In addition to their role
in pathological processes, EPCs are known to participate in tissue repair
and regeneration. In the current study, we demonstrated that EPCs could
transform into stem cells (tEPCs) through EndMT (Figs. S1 and S2) and
differentiate into chondrocyte-like cells (CEPCs) via chondrogenic in-
duction in vitro. Compared with EPCs, CEPCs exhibited increased Col II,
ACAN, and SOX9 expression, expressed chondrocyte surface markers,
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Fig. 8. Using CEPCs induces an effective and rapid improvement in bone remodeling. (a) Two-dimensional (2D) micro-computed tomography images in the frontal
plane for bone assessment, with red circles indicating the defect sites. (b) BV/TV. (¢) Tb.Th. The reported values are the average of n = 6 + standard deviation. *P <
0.05 and **P < 0.01. Abbreviations: BV/TV, the ratio of bone volume to tissue volume; Tb.Th, thickness of trabecular bone; CSPN, chitosan-graft-poly (N-iso-
propylacrylamide); EPC-CSPN, CSPN scaffold containing endothelial progenitor cells; CEPC-CSPN, CSPN scaffold containing chondrogenic endothelial progeni-

tor cells.

and secreted cartilage-specific matrix components. The addition of
growth factors to the cell differentiation induction medium led to an
increase in Col I expression in the CEPC group. A previous study [39] has
reported enhanced Col I expression in MSCs exposed to exogenous
growth factors. We subsequently evaluated the chondrogenic potential
of tEPCs in co-culture systems with chondrocytes. Compared with
monocultures, tEPCs co-cultured with chondrocytes underwent chon-
drocyte proliferation (Fig. S3), chondrogenic differentiation, and
enhanced cartilage-specific matrix production (Figs. S4 and S5). These
findings suggest that chondrocytes release soluble factors that induce
the chondrogenic differentiation of tEPCs and that tEPC-released para-
crine factors stimulate chondrocyte proliferation, consistent with pre-
vious reports [40,41].

Additionally, previous studies demonstrated that compressive strain
also plays a central role in chondrogenic differentiation [42,43]. Me-
chanical cues significantly influence ECM synthesis in chondrocytes and
play an important role in the differentiation of MSCs. In the present
study, we also investigated the effect of dynamic mechanical compres-
sion on the chondrogenic differentiation of CEPCs in three-dimensional
(3D)-printed CSPN scaffolds. Our results showed that the dynamic
compression loading group enhanced the synthesis of the cartilage
matrix of CEPCs in 3D-printed CSPN scaffolds compared with the
unloaded control group after 21 days of culture (Fig. S6). Our findings
suggest that the CEPC-seeded CSPN hydrogel inks can allow direct 3D
printing into complex constructs, and the superior chondrogenic ca-
pacity of CEPCs in 3D-printed CSPN scaffolds can be promoted and
maintained with compression loading. Furthermore, these data also
mean that 3D-printed CEPC-CSPN scaffolds are easy to fabricate and can
enhance the chondroprotective effect of the scaffolds through normal
physical stimulation. This approach gives a new insight into the appli-
cations of cell-based clinical treatments for cartilage replacement and
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regeneration.

Cell-derived exosomes may also play a role in cartilage regeneration
[44]. In the current study, tEPC-derived exosomes enhanced the pro-
liferation of senescent periarticular stem cells (Fig. S7), suggesting that
tEPCs promote the growth, proliferation, and differentiation of mature
chondrocytes and stem/progenitor cells in the knee joint (Figs. S3 and
S7). This finding also supports the role of tEPC-derived CEPCs in carti-
lage repair. In this study, we also showed that CEPC-CSPNs exhibited
increased cell aggregation and enhanced tissue-specific ECM deposition
after 28 days compared with EPC-CSPNs (Fig. S8). The chondrogenic
differentiation of EPCs (CEPC-CSPNs) had a positive effect on the
regeneration of hyaline cartilage in vivo, as evidenced by the presence of
columnar rounded chondrocytes and elevated levels of Col II and sGAG
in the repair tissue, compared with undifferentiated EPCs (EPC-CSPNs)
and CSPNs (scaffold only). Our in vivo results also demonstrated that the
expression of chondrogenesis markers in the cells in the regenerative
tissue of the cartilage layer was increased in the CEPC-CSPN group
compared with EPC-CSPN and CSPN-only groups (Fig. S9). Based on
these findings, the primary source of stem/progenitor cells in the bone
marrow during cartilage regeneration includes both bone
marrow-derived MSCs and EPCs, which possess robust regenerative
potential and can influence cartilage repair through their chondrogenic
potential.

Biomaterial scaffolds used for cartilage tissue engineering should be
biodegradable and possess physical structures and chemical composi-
tions similar to the cartilage matrix. Chitosan is an ideal bioactive ma-
terial owing to its biodegradable and non-toxic properties. The structure
of chitosan closely resembles that of GAG, a major component of the
articular cartilage ECM. Chitosan, as a GAG analog, is a favorable choice
for fabricating scaffolds to repair OCDs. Previous studies [45,46] have
demonstrated the superior regenerative potential of chitosan-based
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scaffolds in the regeneration of the chondral layer of OCDs. However,
the effects of chitosan-based scaffolds on the subchondral bone layer of
OCDs remain unexplored. In this study, the CSPN scaffold not only
exhibited regenerative effects on the chondral layer of OCDs but also
demonstrated repair capacity for the subchondral bone layer, although it
was less effective than the EPC-CSPN and CEPC-CSPN scaffolds. Chito-
san is an attractive bone scaffold material because of its ability to sup-
port osteoblast attachment and proliferation, along with mineralized
bone matrix formation in vitro [47]. Modified chitosan scaffolds exhibit
osteoconductivity in surgical bone defects [48]. Therefore, chitosan has
emerged as a promising biomaterial for bone tissue engineering.

In addition, chitosan is a suitable biopolymer for nanomaterial syn-
thesis [49]. However, the traditional method of nanomaterial synthesis
has several problems, such as the production of toxic waste and the
consumption of a large amount of energy. Therefore, green nanotech-
nology has been proposed as a new approach to synthesizing nano-
materials. In the biosynthesis procedure for synthesizing green
nanomaterials, microorganisms, biodegradable polymers, and plant
extracts [50,51] can act as reductants and capping agents [52]. The
CSPN scaffold with food-grade chitosan is a desirable biodegradable
polymer that is easy to fabricate [24] and may act as an auxiliary agent
to synthesize a novel green nanomaterial for cartilage regeneration.

Polymer-based tissue engineering scaffolds are frequently combined
with bioactive factors to yield bioactive composite scaffolds [53-571.
MSCs can facilitate bone regeneration by differentiating into osteoblasts
or secreting trophic factors that promote osteogenic activity [58].
Herein, we characterized EndMT-derived cells, demonstrating their
similarity to MSCs in terms of morphology, surface markers,
self-renewal, and multipotency. Herein, EndMT-derived cells were
induced to differentiate into chondrocyte-like cells. They were com-
bined with chitosan-based scaffolds, enhancing the expression of oste-
ogenic markers in cells in the regenerative tissue of the subchondral
bone layer and promoting subchondral bone regeneration (Fig. S9).
These findings suggest that chondrocyte-like cells promote regeneration
by undergoing terminal differentiation or transdifferentiation into os-
teoblasts, as previously reported [59,60]. Chondrocyte-like cells induce
osteogenic differentiation of MSCs to promote osteoid matrix formation
[61], confirming their role in bone regeneration.

Cell therapy involves replacing deficient/absent cells with healthy
ones, thus introducing the concept of “living medicines.” However,
transplantation has limitations, including limited retention and inferior
engraftment. To overcome these challenges, injectable thermores-
ponsive hydrogels have been employed as cell carriers in regenerative
medicine. The CSPN hydrogel used in the current study can be homo-
geneously mixed with cells (Video S2 and S3), allowing minimally
invasive transplantation via injection. The CSPN hydrogel rapidly forms
after injection (Video S1), preventing the undesirable diffusion of gel
precursors and cells into surrounding tissues. This makes it an ideal
vehicle for delivering cells to OCDs. Modified poly (N-iso-
propylacrylamide) hydrogels can facilitate cell encapsulation, improve
cell chondrogenesis, and promote cartilage tissue formation for cartilage
regeneration [23,62]. However, most studies for cartilage repair have
focused on the regenerative potential of tissue-derived stem cells
encapsulated in CSPN scaffolds. Unlike previous studies [24-26], the
present study reported the induction of osteochondral tissue regenera-
tion in rabbits via the transplantation of a biocomposite CSPN construct
combined with CEPCs. In contrast to the conventional surgical treatment
and MSC-based therapy, the approach employed in this study for carti-
lage repair can replace open implants with minimally invasive in-
jections, have fewer complications, shorter hospital stays, be used to
form any desired shape in situ to match irregular defects, avoid adult
tissue harvesting, and reduce the occurrence of cell phenotype change
because of cell passages and culture conditions in vitro; hence, it can be
considered an alternative source of treatment strategies for cartilage
defect regeneration. However, a limitation of our study is the absence of
a biomechanical test to measure the mechanical properties of the
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regenerated cartilage and the surface friction coefficient. To minimize
the number of sacrificed animals, we focused on the degree of regen-
eration and biochemical and molecular matrix analyses. Further inves-
tigation is warranted, including the comparison of CSPNs with MSCs and
chondrocytes, weight-bearing versus non-weight-bearing articulations,
and preclinical studies and clinical trials.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.mtbio.2024.101174

5. Conclusions

LEPCs undergo TGF-pl-induced EndMT to become tEPCs, which
exhibit superior chondrogenic potential in vitro and may serve as an
alternative cell source for cartilage tissue engineering. Our study
demonstrated the feasibility of repairing the articular cartilage using a
biocomposite CSPN scaffold. Osteochondral regeneration can be
enhanced through CEPC application. Although EPCs are typically used
for vascular regeneration, we highlight the synergistic effects of
implanting a biocomposite CSPN scaffold combined with CEPCs on
osteochondral regeneration, even without mature MSCs/differentiated
cells. CEPC-CSPNs promoted the formation of neo-hyaline cartilage with
subchondral bone that integrated with surrounding host bone. In
contrast to traditional approaches, this implant, combined with an
intraarticular injection system, is a straightforward approach to osteo-
chondral regeneration. This bioactive cellular transport system holds
promise for innovative therapeutic strategies in cartilage regenerative
medicine.
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