Drug Design, Development and Therapy Dove

ORIGINAL RESEARCH

Effects of Cartilage Progenitor Cells, Bone Marrow
Mesenchymal Stem Cells and Chondrocytes on
Cartilage Repair as Seed Cells: An in vitro Study

Jiaxiang Gu'%*, Bin Wang"?*, Tianliang Wang'%, Naichen Zhang'%, Hongjun Liu'?, Jianchao Gui?,
Yiming Lu®'"?

!Clinical Medical College, Yangzhou University, Yangzhou, People’s Republic of China; 2Department of Foot and Hand Surgery, Northern Jiangsu
People’s Hospital, Yangzhou, People’s Republic of China; 3Department of Orthopedics, Nanjing Medical University Affiliated Nanjing First Hospital,
Nanjing, People’s Republic of China

*These authors contributed equally to this work

Correspondence: Yiming Lu, Email 191877890@qq.com

Purpose: To determine the effects of cartilage progenitor cells, bone marrow mesenchymal stem cells and chondrocytes on cartilage
repair as seed cells.

Methods: Porcine cartilage progenitor cells (CPCs), bone marrow mesenchymal stem cells (BMSCs) and chondrocytes (CCs) were
obtained from the femoropatellar joints of young pigs, and seeded in agarose gel as a graft. During the 28-day culture, proliferation
ability was measured by MTT assay, and gene expression of Collagen I, Collagen II, Aggrecan and SOX 9 were measured by qPCR.
Qualitative and quantitative analysis of collagen, glycosaminoglycan and DNA were appraised by immunohistochemical staining and
biochemical assay, and integration strength was analyzed by push-out tests.

Results: After 28-day culture, proliferation ability of CPCs and BMSCs was higher than CCs. Collagen, glycosaminoglycan, DNA
content and chondrocyte-related genes expression in the cartilage progenitor cells seeded gel were significantly higher than the other
two gels. Integration strength in the cartilage progenitor cells seeded gel was also higher compared with the other two gels.
Conclusion: Compared with CCs and BMSCs, CPCs in vitro have dominance in the ability of cell proliferation and differentiation as
seed cells in tissue engineering.
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Introduction
Osteoarthritis (OA) is the most common degenerative joint disease characterized by progressive destruction of articular
cartilage, subchondral bone changes, bone hyperplasia, and inflammation of the synovium. The pathogenesis of OA has
not been fully elucidated, and lack of effective treatments to prevent, delay or reverse the course of the disease is
currently one of the main reasons for pain and disability in the middle-aged and elderly people.' Injury of articular
cartilage plays an important role in the pathogenesis of OA; due to the absence of vessels and nerves, articular cartilage
has limited capacity for intrinsic healing and regeneration upon injury, and various repair treatment strategies have not
achieved satisfactory results.>

Articular cartilage is hyaline cartilage essentially. It is composed of dense extra-cellular matrix (ECM) with a sparse
distribution of highly specialized cells called chondrocytes (CCs), which account for only 5% of normal cartilage tissue and
synthesise collagen, proteoglycan and other ECM components. The ECM primarily includes water, various collagens,
proteoglycans, non-collagenous proteins and other ECM components.* Because of the strong self-renewal ability to
differentiate into specific tissues, mesenchymal stem cells (MSCs) have been used as seed cells for cartilage repair.? There

have been many reports of MSCs derived from different tissues, including bone marrow mesenchymal stem cells (BMSCs),
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adipose-derived MSCs (ADSCs) and synovial fluid-derived stem cells. After being expanded in vitro, they can be implanted
in the body by local transplantation or injection. To a certain extent, this promotes the regeneration of cartilage and delays the
process of OA.>° But after in vitro expansion, MSCs are prone to changes such as senescence and terminal differentiation. At
the same time, there are some tissue-specific problems, that is, the regeneration and differentiation ability of MSCs are
closely related to their tissue sources.® For example, BMSCs have a strong potential for spontaneous osteogenic differentia-
tion. Even under the conditions of in vitro chondrogenesis, the synthesized matrix is mainly type I collagen, which produces
fibrocartilage instead of normal hyaline cartilage. Moreover, the potential hypertrophic differentiation ability of BMSCs can
induce the calcification of new fibrocartilage tissue through the endochondral osteogenesis pathway.”® Therefore, the
application of non-cartilage-derived MSCs has certain limitations in cartilage repair.

Previously scholars believed that mature CCs are the only cell type present in articular cartilage tissue, but Barbero et al.
found that after monolayer culture and expansion, a small number of cells have the ability of osteogenic, chondrogenic and
adipogenic differentiation.” Subsequently, a number of studies have confirmed that there is indeed a subgroup of CCs with
self-proliferation, stem cell surface antigen expression characteristics and multidirectional differentiation potential into
articular cartilage, namely cartilage progenitor cells (CPCs).'® This provides new seed cells and intervention targets for the
repair of articular cartilage in OA. We hope to compare the pros and cons of BMSCs, CCs and CPCs as seed cells through
in vitro integrated models, and provide a theoretical basis for autologous chondrocyte implantation (ACI). We hypothesize
that, among the three cells, CPCs will have the best proliferation and differentiation and can best repair the full-thickness
cartilage defect in vitro, which is not well studied.

Materials and Methods

Cell Isolation and Culture

About 50 mL bone marrow (BM) was harvested from porcine anterior superior spine after anesthesia. BM was incubated
in hypotonic buffer (154 mM NH,Cl, 10 mM KHCO;, 0.1 mM EDTA) for 10 min at room temperature under constant
shaking. After centrifuging for 5 min at 400x g, the pellet was washed with 1x phosphate-buffered saline (PBS) and
centrifuged once again. The cell pellet was resuspended in 1 mL expansion medium.'' The remaining cartilage blocks
after the construct in cartilage-ring model described below were chopped into small cubes which were less than 1 cubic
millimeters, and digested by 0.2% collagenase in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, USA) for 16
h in an incubator at 37°C and 5% CO,. The digested tissue was sieved through a 150 mM sieve immediately after
digesting by fetal bovine serum (FBS, GIBCO, Australia) was stopped, then collected by centrifugation (1200 r/min, 5
min) and washed with PBS three times. Petri dishes (35 mm) were coated with 10 g/mL fibronectin in 0.1 M PBS
containing 1 mM MgCl, and 1 mM CacCl, overnight at 4°C. CCs and CPCs were separated on the basis of the differential
adhesion to fibronectin as described previously.'? BMSCs, CCs and CPCs were cultured in DMEM containing 10% FBS,
200 mM glutamine, 50 ug/mL ascorbate, penicillin and streptomycin. Specific markers of CPCs, including Notch-1,
integrin a5B1, SOX-9, and RUNX-2, were examined. CD105, CD166, CD34, and CD45 were also examined by flow
cytometry and immunocytochemistry at Passage 3."

Construction of Agarose Gels

Cells at Passage 3 were collected and re-suspensed in PBS for use at a concentration of 20x10° cells/mL, then mixed with
equal parts of 4% low melting point agarose in PBS at 40°C to yield 2% (w/v) hydrogel suspension. The above hydrogels
were added into the 24-well culture plate at a height of 4 mm, and cooled down in refrigerator at 4°C for 10 min. Later the
gels were collected by a 3-mm biopsy punch and pushed out using the vessel forceps and cultured in DMEM supplemented
with 10% FBS in 12-well culture plates at 37°C and 5% CO,; the culture medium was changed every 3 days.

Cartilage Integration Construct Assembly and Culture

An established “construct in cartilage-ring model” was applied as described previously.'*'> Articular cartilage was
aseptically harvested from the femoropatellar joints of young pigs (7 months old). Cartilage rings (¥6x2 mm thickness)
with a 3 mm inner hole were created as cartilage explants. The cartilage tissues, left after harvesting the explants, were
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used for CCs and CPCs isolation. Cartilage rings and cells were harvested from ten different animals, and each
integration construct containing the cells introduced above was formed from the same animal. The explants were
incubated in DMEM culture medium supplemented with 10% FBS, 200 mM glutamine, 50 ug/mL ascorbate, penicillin
and streptomycin in an incubator at 37°C and 5% CO,. The hydro gels described above were put into the inner hole, then
explant-gel constructs were cultured in DMEM supplemented with 10% FBS, 200 mM glutamine, 50 ug/mL ascorbate,
penicillin and streptomycin in an incubator at 37°C and 5% CO,; the culture medium was changed every 3 days.

Cell Proliferation Measurement

The proliferation of cells in gels was measured by MTT assay in vitro at Days 1, 4, 7, 10, 14, 21. 400 mL MTT solution
(0.5 mg/mL) was added to the samples and incubated for 4 h at 37°C in a 96-well culture plate. At the end of incubation
time (1, 4, 7, 10, 14 and 21 days), the culture media was removed and MTT dye solution was added for 4 hours. At the
end of 4 hours, the MTT solution was removed and formazan crystals were dissolved in DMSO. The optical density (OD)
of each well was measured using a plate analyzer (BD, USA) in a dual wavelength measuring system at a test wavelength
of 540 nm, with a reference wavelength of 630 nm.

Histology and Immunohistochemistry

Samples were put into liquid nitrogen after leaving the culture medium immediately and then frozen-embedded,
sectioned at 10 mM thickness by using a Leica CM 3000 cryostat (Leica, Germany). Safranin O staining was observed.
Immunohistochemical staining was performed to verify the presence of Collagen II. Briefly, slides were rinsed with PBS,
quenched of peroxidase activity, and blocked with goat serum for 2 h. Sections were then incubated overnight with
mouse monoclonal anti-collagen II (clone ab3092, 1:100 dilution; Abcam), followed by a 1 h treatment with the
secondary goat anti mouse polyclonal antibody. Then, the sections were exposed to the Peroxidase DAB substrate kit
(Vector Laboratories). The first antibody was replaced by PBS washed three times. Finally, the samples were incubated
in 3, 3’-diaminobenzidine tetrahydrochloride solution (Keygen, China). The nuclei were counterstained with

hematoxylin.

Biochemical Assay

The three types of gels which were incorporated with cells were harvested at Weeks 1, 2 and 4 for biochemical assay. All
samples were digested by papain solution (5 mM L-cysteine, 100 mM Na,HPO,, 5 mM EDTA, 125 mg/mL papain) at
60°C for 18 h. Glycosaminoglycan (GAG) content was quantified by the 1,9-dimethyl methylene blue (DMMB) dye
binding assay kit (Blyscan, Biocolor Ltd, Northern Ireland). DNA content was determined by the Hoechst 33,258 dye
method using the DNeasy blood tissue assay kit (QIAgen, Germany). Total collagen content was determined by
measuring the hydroxyproline content, using a hydroxyproline-to-collagen ratio of 1:7.69. Each biochemical constituent
(DNA, GAG and collagen) was normalized to the tissue wet weight.

Real-Time Quantitative Polymerase Chain Reaction

The expression levels of the Collagen I, Collagen II, Aggrecan and SOX 9 were measured by real-time polymerase chain
reaction (RT-PCR)."® Total RNA was extracted from samples using TRIzol extraction buffer (Invitrogen, USA). The samples
were harvested at Weeks 1, 2 and 4 and dissolved in 1 mL TRIzol and the total RNA was extracted following the
manufacturer’s instruction. Briefly, 2 pg total RNA was reverse transcribed into cDNA using a cDNA first strand synthesis
kit (Fermentas, Lithuania) in a 20 pL reaction using a real-time fluorescent quantitative polymerase chain reaction (PCR)
instrument (DA7600, Daan Gene, China). An aliquot (1 uL) of a 10x ¢cDNA template solution was used for each 20 uL
reaction together with 10 pM forward and reverse primers, and Real-time PCR Master Mix (TOYOBO, Japan). RT-PCR
analysis was conducted and monitored using a real-time fluorescent quantitative PCR instrument (DA7600, Daan Gene,
China). The primer sequences in the RT-PCR reaction were chosen according to Park.!” Three samples under each condition
were used for measurement to calculate the means and standard deviations (n = 3).
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Mechanical Testing

The integrative strength of the native/engineered tissue interface was measured by the push-out test, using the ELF3200
system (Enduratec) and was calculated as the failure stress. Briefly, the integration construct was rested on a custom-
made rigid ring with a 4-mm-diameter central hole (Changzhou Orthopedics Instrument Factory). The inside core was
then pushed out by a plunger with a diameter (2.5 mm) slightly less compared with the gel. The maximum force recorded
before separation of the interface was normalized to the lateral surface area of the core, and the resulting value was
considered the failure stress.

Statistical Analysis

The mean =+ standard deviations was calculated for each group of samples and all data were assessed for normal
distribution using the Anderson—Darling test. Three independent experiments were performed. Statistical significance
was calculated using one-way analysis of variance and Bonferroni post-hoc test, with P < 0.05 considered as being
statistically significant.

Results

Isolation and Characterization of CPCs

The morphology of CPCs was shown using a microscope (Figure 1A). Most of the cells expressed specific markers of
CPCs, including Notch-1, integrin aSp1, SOX-9, and RUNX-2 (Figure 1B). Moreover, the CPCs expressed cell surface
antigens that are typically found on stem cells. CPCs at Passage 3 were homogeneously positive for CD105 (94.30%) and
CD166 (95.11%) but were negative for the hematopoietic surface antigen CD34 (3.91%) and the leukocyte common
antigen CD45 (4.61%) (Figure 1C).

Cartilage Integration Model Formation and Culture

The cartilage tissue mass was aseptically harvested from the femoropatellar joints of young pigs with 2 mm thickness
(Figure 2A). The macroscopic view of the three types of gels and cartilage rings are displayed in Figure 2B (above:
BMSCs; middle: CCs; below: CPCs). The diameter of the gels was 6 mm and the height was 4 mm. Cartilage rings
(©96x2 mm thickness) with a 3 mm inner hole were created as cartilage explants (Figure 2C) and with gel inside cultured
for 28 days (Figure 2D).

Cell Proliferation Assay by MTT

The proliferation of cells which seeded in the agarose was assessed by MTT assay (Figure 3). In the figure, cells
proliferation was monotonously increased from Day 1 to Day 21. The OD values of the three types of cells seeded in gels
were similar on Day 0, suggested that almost the same cell density of three types of cells was seeded in gels. The OD
values of BMSCs on Day 7 was 2.23-fold compared with CCs, and the OD values of CPCs on Day 7 was 2.69-fold
compared with CCs. The OD values of BMSCs and CPCs on Day 7 increased 5.81-fold and 7.02-fold compared with on
Day 1. The results showed that the BMSCs and CPCs seeded in agarose proliferated more quickly than CCs in the first 7
days. Meanwhile, the OD values of BMSCs on Day 14 and Day 21 were only 2.44-fold and 2.16-fold compared with
CCs in agarose, while the OD values of CPCs on Day 14 and Day 21 were only 2.67-fold and 2.42-fold compared with
CCs respectively. However, the OD values of CPCs on Day 7 increased only 1.41-fold compared with on Day 21, while
the OD values of BMSCs increased only 1.31-fold compared with on Day 21. Obviously, the proliferation of all three
types of cells slowed down significantly after 10 days. There were no statistical significances between the OD values of
BMSCs and CPCs at all points in time, while there were statistical significances between the OD values of CCs and
BMSCs or CPCs at Days 4, 7, 10, 14, 21.

Biochemical Assay
The contents of GAG, collagen and DNA were examined in the three groups on Days 7, 14 and 28 (Figure 4). The
contents of GAG, collagen and DNA were increased in the three groups over the culture time. There was no significant
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Figure | Isolation and characterization of CPCs. (A) Morphological characteristics were shown for colonies obtained from full-thickness cartilage after cells were cultured
for 7 days (%20). (B) Immunofluorescence results for marker proteins (Notch-1, Integrin a5f1, SOX-9 and RUNX-2) in CPCs (%20). (C) Flow cytometric analysis for CPCs

surface markers. Scale bar = 100 pm.
Abbreviation: CPCs, chondrogenic progenitor cells.
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Figure 2 Construct in cartilage-ring model. (A) The cartilage tissue mass with 2 mm thickness. (B) The macroscopic view of the three types of gels (above: BMSCs; middle:
CCs; below: CPCs). (C) Cartilage rings (26%2 mm thickness) with a 3 mm inner hole were created as cartilage explants. (D) The cartilage-ring with CPCs gel inside was
cultured for 28 days.
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Figure 3 Cell proliferation assay by MTT. This result showed that during the 21 culture days, the BMSCs and CPCs showed the faster proliferation rate than CCs, especially
in the initial 7 days. *p <0.05.
Abbreviations: CCs, chondrocytes; CPCs, cartilage precursor cells; BMSCs, bone marrow mesenchymal stem cells.

difference between GAG content (CCs: 0.223+0.016%; BMSCs: 0.215+0.014%; CPCs: 0.2434+0.014%) and collagen
content (CCs: 0.229+0.014%; BMSCs: 0.243+0.018%; CPCs: 0.242+0.02%) on Day 7 in three groups, while there were
significant differences between DNA content (CCs: 0.0057+£0.0006%; BMSCs: 0.014+0.0006%; CPCs: 0.017+0.0006%)
in the three groups. However, at the time point of Day 14, the contents of GAG and collagen in CPCs (GAG: 1.345
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Figure 4 Biochemical assays and push-out test: (A) GAG content. (B) collagen content. (C) DNA content of three types of cells seeded in agarose gels on Days 7, 14, 28.
(D) amount of GAG normalized to the corresponding DNA values. (E) amount of collagen normalized to the corresponding DNA values. (F) failure stress during push-out
testing for three groups on Day 28. **p <0.01, *p <0.05.

Abbreviations: GAG, glycosaminoglycan; CCs, chondrocytes; CPCs, cartilage precursor cells; BMSCs, bone marrow mesenchymal stem cells.

+0.038%; collagen: 1.3504+0.073%) were significantly higher than in BMSCs (GAG: 0.516+0.030%; collagen: 0.521
+0.071%) and CCs (GAG: 0.449+0.030%; collagen: 0.467+0.071%), while the content of DNA in CPCs (0.0638
+0.003%) and BMSCs (0.0617+0.005%) was significantly higher than in CCs (0.0130 +0.005%). Meanwhile, the
GAG and collagen contents in CPCs (GAG: 2.897+0.153%, collagen: 2.825+0.138%) were significantly higher than in
BMSCs (GAG: 0.957+0.026%; collagen: 0.876+0.035%) and CCs (GAG: 0.873+£0.026%; collagen: 0.8214+0.035%) on
Day 28. The DNA content in CPCs (0.068+0.004%) and in BMSCs (0.064+0.005%) were significantly higher than in
CCs (0.01740.001%). In summary, the proliferation of BMSCs and CPCs was faster than CCs in the initial 10 days, all
types of cells slowed down significantly after 10 days, which was similar to the result of MTT assay. CPCs have a better
response in proliferation and differentiation compared with BMSCs.

Histological and Immunohistochemical Analysis

Histological staining by Safranin O from 5A to 51 and immunohistochemical staining by Collagen II from 5J to 5R, were
used to examine the presence of proteoglycan which were mainly composed of ECM, and Collagen II (Figure 5). It
demonstrated that the accumulation of sulfated proteoglycan increased more slowly in BMSCs than in CCs, which was
also more slow than CPCs in the initial 2 weeks. After 28 days culture, CPCs showed more proteoglycan accumulation
rather than in BMSCs and CCs. Immunohistochemical staining of Collagen II also demonstrated a similar result with
histological staining of Safranin O.

Real-Time Polymerase Chain Reaction

The characteristics of the CCs, BMSCs and CPCs and their multilineage differentiation and cartilaginous matrix
formation in vitro was evaluated by quantitative polymerase chain reaction (QPCR). The expression levels of Collagen
I, Collagen II, Aggrecan and SOX 9 increased in all groups during the culture days (Figure 6). The expression levels of
Collagen I, Collagen II and Aggrecan and SOX 9 were higher in CCs than in BMSCs and CPCs on Day 7. However, the
expression levels rose quickly in CPCs compared with CCs and BMSCs on Day 14, especially on Day 28.

Integration of the Hydrogels with Cartilage Ring
The integration of the cartilage construct was examined by the presence of proteoglycans (Safranin O staining, Figure 7)
and biomechanical test (Figure 4F). There was increasingly more ECM accumulated in the integration area during the
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Figure 5 Safranin O (SO) staining for the presence of sulfated proteoglycans and immunohistochemical staining for the presence of Collagen Il (Col Il). (A-C) SO staining of
CCs group at Day 7, Day 14 and Day 28; (D-F) SO staining of CPCs group at Day 7, Day 14 and Day 28; (G-I) SO staining of BMSCs group at Day 7, Day |14 and Day 28; (J-
L) Col Il staining of CCs group at Day 7, Day 14 and Day 28; (M-O) Col Il staining of CPCs group at Day 7, Day 14 and Day 28; (P-R) Col Il staining of BMSCs group at Day
7, Day 14 and Day 28. Proteoglycans was gradually accumulated in the three groups with time. However, the denser staining of Safranin O first appeared in CPCs at |4-days
culture. Similar distribution and trend of Collagen Il staining were found compared with proteoglycans. Scale bar = 500 mm.
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Figure 6 Multilineage differentiation and cartilaginous matrix formation of CCs, BMSCs and CPCs were evaluated by qPCR for the expression levels of Aggrecan, Collagen |,
Collagen Il and Sox-9. All samples were collected and normalized by GAPDH on Days 7, 14, 28. **p <0.01, *p <0.05.
Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; CCs, chondrocytes; CPCs, cartilage precursor cells; BMSCs, bone marrow mesenchymal stem cells.

culture. The gap between the engineered cartilage and the surrounding native cartilage was becoming smaller and smaller
during the culture. It was detected that CPCs has the smallest gap and much more ECM in the integration area which led
to the higher strength values (92+8.4 kPa) on Day 28 compared with BMSCs (68+7.6 kPa) and CCs (71.7+4.5 kPa).

Discussion

Previous studies suggested that cartilage has poor repair ability.'®° Therefore, the focus of cartilage repair is to culture
and amplify cells in vitro and deliver the cells with scaffold into the lesions.'® However, CCs cultured in vitro are prone
to dedifferentiation, the large defects at articular cartilage are often repaired by fibrocartilage rather than normal hyaline
cartilage.'” BMSCs have a strong potential for spontaneous osteogenic differentiation. Even under the conditions of
in vitro chondrogenesis, the synthesized matrix is mainly type I collagen, which produces fibrocartilage instead of normal
hyaline cartilage. Therefore, there is no technique in use that can produce hyaline cartilage like normal cartilage at
present. All techniques partially repair the function of cartilage, meaning degeneration of the joint is not avoided.
According to a new study,>® CPCs from osteoarthritic knee joints have proved better chondrogenic ability than BMSCs
and CCs in OA. There was doubt that CPCs could also play a crucial role in full thickness cartilage damage. It is
extremely important to determine the role of CPCs in the repair of full-thickness cartilage damage in order to avoid the
later development of OA.

Tissue engineering can be divided into three basic components: scaffold, seeded cells in the scaffold, and bioactive
factors. The cells in the scaffold play the most important role during the process of tissue regeneration. They could
migrate, proliferate, or differentiate to generate the main population in the new tissue and contribute to the tissue repair,
just like a seed could grow into a great tree. CCs, BMSCs, ADSCs and synovial fluid-derived stem cells, were commonly
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Figure 7 The integration area of neocartilage with the surrounding native cartilage was examined for the presence of proteoglycans by Safranin O (SO) on Days 7, 14 and 28. (A—
C) SO staining of CCs group at Day 7, Day 14 and Day 28; (D—F) SO staining of CPCs group at Day 7, Day |14 and Day 28; (G-I) SO staining of BMSCs group at Day 7, Day 14 and
Day 28. CPCs has the smallest gap and much more ECM in the integration area compared with BMSCs and CCs. Scale bar = 100 mm.

Abbreviations: CCs, chondrocytes; CPCs, cartilage precursor cells; BMSCs, bone marrow mesenchymal stem cells.

used as seeded cells in cartilage repair. But all of them did not achieve the desired effect. CPCs provide new seed cells
and intervention targets for the repair of articular cartilage in OA. CPCs were first identified in calf cartilage as
a subpopulation of superficial zone cells characterized by a multipotential capacity, especially toward the chondrogenic
lineage.?' In 2014, an article demonstrated that CPCs can be obtained from the full thickness of articular cartilage,
although the superficial one-third layer has significantly more progenitor cells than the deeper two-thirds layer.** To
isolate and characterize CPCs, we utilized the adhesion to fibronectin and found that several biomarkers, such as SOX-9
and RUNX-2, which are the biomarkers for chondrogenic and osteogenic differentiation, are positive. Meanwhile, CPCs
are positive for CD105 and CD166 and negative for CD34 and CD45. These biomarkers are consistent with the stem-cell
standards defined by the International Society for Cellular Therapy (ISCT) in 2016.

It was reported that CPCs and CCs could be isolated by differential adhesion to fibronectin.'**' CPCs can be
separated using this method. CPCs can be harvested by flow cytometry based on the stem-cell characteristics or by
collecting migratory cells from cartilage block cultures based on the different migration ability of CPCs and CCs.
Admittedly, both of the two methods are laborious for getting a large number of CPCs in a short time, especially
the second method, which needs 14 days to allow the migrating CPCs to transfer to a monolayer culture and reach 80%
confluence.”> % Therefore, we chose to enrich CPCs on the basis of their differential adhesion to fibronectin. The
harvested cells were further characterized by flow cytometry and were shown to possess stem-cell characteristics.
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Pretzel and Alsalameh found that the proportion of CPCs (CD105/CD166) in OA CCs was slightly higher than that
in normal CCs.?®?” Mazor reported that the levels of CD105, CD166 and SOX9 mRNA in CCs from moderate OA
were higher than those in CCs from severe OA.*® Meanwhile, it was reported that the proportion of CPCs in cartilage
of severe OA (10.61%+6.97%) was significantly lower than normal cartilage (18.44%+9.97%).> It is suggested that
CPCs are closely related to the occurrence and development of OA. With a fluorescence protein labeled tracer
technique, Seol found that cartilage injury could stimulate the initiation of the homing mechanism of CPCs by
inducing CPCs.*° It was found that the multidirectional differentiation ability of CPCs was similar to that of
BMSCs, but the spontaneous chondrogenic differentiation ability and cartilage regeneration function of CPCs was
superior to BMSCs.?! However, Tao reported that there was a certain amount of CPCS aggregation at the early
cartilage injury site of OA, but the ability of autonomous activation and chondrogenic differentiation cannot meet the
requirements of autonomous cartilage repair.>? Induction and activation of CPCs is a potential strategy to promote the
repair of early cartilage injury in OA.

Agarose gel is a common scaffold used in cartilage tissue engineering, and CCs seeded in agarose have been
demonstrated to make a functional ECM in vitro and can form high quality neocartilage.** In our study, we evaluated
the seeded cells in the carrier/scaffold only, so agarose gel is suitable instead of ECM scaffold or other scaffold
containing bioactive factors. Our experiment suggested that all three types of cells were highly concentrated and GAG
and collagen were uniformly distributed inside the gel. There were less GAG and collagen synthesized in all three groups
initially by histological and immunohistochemical staining. However, denser GAG and collagen were observed on
Days 14 and 28, indicating higher proteoglycans and type II collagen accumulation in CPCs seeded agarose gel
compared with the other two agarose gels. The genes expression of Collagen II, Aggrecan and Sox-9 were relatively
upregulated in CPCs seeded agarose gel compared with the other two agarose gels on Days 14 and 28. Biochemical and
gene assay supported that CPCs play a positive role in neo-cartilaginous formation in tissue engineering compared with
CCs and BMSCs.

Nevertheless, the genes expression of Collagen I was also relatively upregulated in CPCs seeded agarose gel
compared with the other two agarose gels on Days 14 and 28. The ratios of GAG and collagen to DNA in CPCs and
BMSCs were lower than in CCs on Day 7. After another 7 days culture, the ratios of GAG and collagen to DNA were
almost the same in the three groups. Meanwhile, the ratio was significantly higher in CPCs rather than BMSCs and CCs
after 28 days culture. Although fibrocartilage is dominated by Collagen I, Collagen II can also be found largely in
fibrocartilage.>* This phenomenon may reflect the natural behavior of CCs: proliferation and differentiation cannot occur
simultaneously in a cell. When CCs are proliferating, they secrete highly Collagen I production rather than Collagen 11
and differentiated CCs may secrete highly Collagen II instead of Collagen 1.**?° In other words, the more the CCs
proliferate, the more Collagen I is produced. Combining this with the outcome of the MTT assay, we conclude that during
the initial 7 days, the CPCs and BMSCs may mainly focus on proliferation. In the next 21 days, both proliferation and
differentiation play equally important roles in CPCs, while differentiation plays a dominant role gradually in BMSCs and
CCs. The increase of Collagen I mRNA expression in CPCs and BMSCs agarose group might be caused by the increase
in proliferation. So, it clarified the fact that CPCs seeded agarose scaffold was in the more proliferative behavior in the
initial 7 days and in the proliferative and differentiative behavior during the next 3 weeks. This is why cartilage defect of
animal models showed fibrocartilage repair in early stage, and the neo-tissue would show under remodeling by Collagen
II through mechanical stimulation.*®

In addition, we evaluated the integration area of neocartilage with the surrounding native cartilage by Safranin
O staining and push-out test as integration is an important key of long-term cartilage repair. In the integration area, matrix
deposition in BMSCs and CCs agarose was less, while significantly more matrix deposition was observed in CPCs
agarose group on Day 7 for BMSCs as proliferation and CPCs as dominant proliferation and differentiation which led to
a good result in the push-out test.”” Meanwhile, the gap between the engineered cartilage with the surrounding native
cartilage was smaller in CPCs than the other two groups. There was more and more ECM accumulated in the integration
area during the culture. The gap between the engineered cartilage and the surrounding native cartilage became smaller
and smaller until it disappeared during the culture. After 28 days culture, we could find ECM uniformly deposited in the
integration area in CPCs group, which led to the high integrative strength.
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Our study also has some limitations. Our experiment is an ideal environment, without considering the complex
microenvironment in the human body. As seed cells for repair, the current techniques for obtaining CPCs from
cartilage in large quantities are relatively immature in patients with joint degeneration. However, Togo et al. found that
there are a large number of CPCs in the perichondrium of rabbit ears, and this was thought to be a prime source of
CPCs.*® That means CPCs can be derived from many different tissues, the differences of which need to be further
studied.”

Conclusion
Compared with CCs and BMSCs, CPCs in vitro have dominance in the ability of cell proliferation and differentiation as
seed cells in tissue engineering.
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