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Introduction

Osteoarthritis (OA) is the most common joint degenerative 
disease affecting about 240 million people worldwide (1). 
Clinically, significant pain and physical disability are severe 
outcomes and the subsequent cost will result in large 
socioeconomic burden (2). OA is primarily characterized 
by cartilage degradation with subsequent synovitis, 
subchondral bone sclerosis and osteophyte formation (3,4).

Unfortunately, it is difficult to restore the degraded 
cartilage due to the natural hypocellular, matrix-rich and 
avascular features. Cartilage repair is a challenge has been 
troubling researchers for decades. In 1994, Brittberg et al.  
firstly transplanted autologous chondrocytes onto 

cartilage defects (5). Recently, stem cells have attracted 
increasing attention for cartilage repair owing to their good 
proliferative and chondrogenic capacity (6). Whereas, some 
drawbacks are unavoidable in these cell-based therapies, 
for example, unsustainable chondrogenic phenotype of 
chondrocytes, fibrocartilage formation and poor integration 
of repaired tissues with native cartilage (7,8). The main 
reason is that none current seeding cells have yet addressed 
the challenge to maintain abundant number and exhibit 
good stemness at the same time. Therefore, an ideal seeding 
cell with sustained proliferative and superior chondrogenic 
capacity is needed for hyaline cartilage regeneration.

Chondrocytes have been considered the sole cell type in 
articular cartilage for a long time. In recent years, numerous 
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investigations have shown that chondrogenic progenitor 
cells (CPCs) reside in cartilage showed stem cell properties 
(9,10). Similar to other tissues-derived stem cells, CPCs 
exhibit clonogenic capacity and multi-linage differentiation 
potential especially with high chondrogenic capacity 
(9,11). Currently, CPCs have been successfully isolated 
from human, bovine, equine and porcine articular cartilage 
(9,10,12-15). Growing evidences suggest that CPCs reside 
in cartilage are recommendable candidates for cartilage 
repair. However, the function and regulatory factors of cell 
behavior are not understood entirely. In this review, we 
compared the proliferative and chondrogenic abilities of 
CPCs with other tissues-derived stem cells. Then, we made 
a summary of the regulatory factors of CPCs’ behavior, 
mainly migration and chondrogenesis, to provide new 
insight for further investigations and CPCs-based cartilage 
repair therapies.

Characteristics to identify CPCs

Like the identification of other tissues-derived stem 
cells, self-renewal capacity, multilineage differentiation 
potential and surface markers are major characteristics to 
identify CPCs.

Self-renewal capacity is reflected by colony forming 
efficiency, in which cells are cultured in low density initially 
and then expand into large number cell colony, defined as 
a more than 32 cells cluster represents at least 5 population 
doublings (PDs). Koelling et al. observed 2–8% colony 
forming cells from late stage osteoarthritic cartilage (9).  
Further, after 10 days’ incubation, the colony size of 
migrated cells from the surface of artificial injured cartilage 
is greater than that from chondrocytes (12). 

Multilineage differentiative potential is the most 
important characteristic to identify stem cells, in which 
osteogenic, chondrogenic and adipogenic differentiation 
are included. Under osteogenic differentiation culture, 
CPCs are positive for alkaline phosphatase and Alizarin red 
staining indicating CPCs’ osteogenic differentiation and 
calcification (9). In pellet culture system, CPCs tend to form 
pellets and these pellets are positive for Alcian blue and 
Safranin O-fast green (12) staining demonstrating cartilage 
proteoglycans production, as well as type II collagen (Col II)  
immunohistochemistry staining (14). After adipogenic 
differentiation, Oil-red O stained lipid droplet is observed 
in CPCs (16). This multi-differentiation characteristic 
proves CPCs are cells with stemness.

Cell surface molecules provide molecular typing of cells. 

Surface markers to definite CPCs mainly based on those 
have been found in other tissues-derived stem cells, such as 
bone marrow-derived mesenchymal stem cells (BMSCs). 
Currently, mainly identified positive and negative markers 
of CPCs are listed in Table 1. Whereas, there is none 
specific surface marker to trace CPCs and illustrate their 
biological behavior during the progression of OA indicating 
that further investigations should focus on this issue.

CPCs are superior seeding cells

Proliferative capacity

Due to low proportion of stem cells in tissues, expanding 
them to sufficient quantity in vitro is vital for stem cell-based 
therapies. Although with high proliferative capacity, the 
division of stem cells is limited because of cell senescence. 
Therefore, for better cartilage repair in cell-based therapy, 
seeding cells with better proliferative capacity is of great 
importance.

In monolayer culture, migratory CPCs from late 
OA cartilage undergo 28–30 PD in 100 days (9). In 
fetal cartilage-derived CPCs, the PD time maintains 
at approximately 2.2±0.6 days up to passage 15, which 
is  significantly longer than that in chondrocytes and  
BMSCs (32). Surprisingly, CPCs reach 1.3×1010 at 7th 
passage and 6.9×1012 at 11th passage, which is sufficient 
according to the requirement of hundreds of million cells in 
cell therapy protocols (32,33). BMSCs need to be expanded 
about 10 weeks to require hundreds of million cells (33) and 
CPCs reach thousands of million after 40 days (32). From 
this point of view, the proliferation capacity of CPCs is 
better than that of BMSCs. 

Synovial fluid-derived MSCs (SF-MSCs) and synovium-
derived MSCs (SD-MSCs) are also reported candidates for 
cartilage repair. However, SF-MSCs reach only 5.32×105 
after 14 days’ expansion and SD-MSCs reach approximately 
108 after 39 days’ expansion indicating inferior proliferative 
capacity of these two candidates than CPCs (32,34). 
Considering the difference of experimental conditions 
and cell source, more studies to compare these stem cells’ 
proliferative capacity directly are essential.

Above these observations, taking consideration of 
expanding times and the maximal passages, CPCs’ 
proliferation capacity is comparable with or better than 
other tissues-derived stem cells in vitro. However, it remains 
to be seen how OA condition will impact the proliferative 
potential of these seeding cells in vivo.
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Chondrogenic capacity

Stable and persistent chondrogenic property of seeding 
cells is the key of cartilage repair. Since several seeding 
cells have been identified with chondrogenic property, 
as aforementioned, BMSCs, AD-MSCs and SD-MSCs, 
which candidate is the best for cartilage repair is still 
controversial. 

In pellet culture system, both CPCs and BMSCs pellets 
are positive for Col II and aggrecan; however, the later also 
positive for collagen X, matrilin-1 and Runx2 indicating 
hypertrophic and osteogenic tendency, which is not or rarely 
observed in CPCs pellets (14). Under the same condition, 
CPCs exhibit superior chondrogenic differentiation and 
inferior osteogenic and adipogenic differentiation capacity 
than BMSCs (10,15,26), illustrating superior chondrogenic 
capacity of CPCs than that of BMSCs. After comparing 
CPCs with BMSCs, AD-MSCs and nasal septum-

derived progenitors (NSPs), Shafiee et al. observed similar 
glycosaminoglycans secretion of CPCs and NSPs; besides, 
NSPs exhibited highest aggrecan and Sox9 expression 
levels followed by CPCs, AD-MSCs and BMSCs (35).  
Whereas, the Col II expression level in CPCs was less than 
that in NSPs and AD-MSCs (35). Therefore, they preferred 
NSPs than CPCs for cartilage repair. Considering the 
acquired convenience clinically, nasal septum cartilage is 
more difficult than knee articular cartilage illustrating less 
clinical application probability of NSPs. 

SF-MSCs and SD-MSCs have been found with 
satisfactory chondrogenesis. However, because of large 
size of human knee joint cavity, it seems unlikely that 
SD-MSCs have the ability to reach the injury site to 
promote cartilage repair (36). In chondrogenic culture, 
SD-MSCs exhibit similar chondrogenic differentiation to 
BMSCs (37), indicating inferior chondrogenic potential 

Table 1 Identified surface markers of articular cartilage derived CPCs from different species

Species Surface markers

Positive Negative

Human Notch 1 (17) CD18 (9)

STRO-1 (9,18,19) CD31 (9,18,20)

CD9 (19,21) CD34 (9,10,16,19,20,22-24)

CD29 (9-11,16,18-20,22,23,25,26) CD45 (9-11,16,18-20,22-24,26)

CD44 (9,10,16,20,23,25,26) CD117 (9)

CD49d (20) CD133 (19)

CD49e (11,27) CD271 (9)

CD54 (21) Oct-3/4 (19)

CD73 (9-11,16,20,23,26) HLA-DR (26)

CD90 (9-11,16,18,20-23,25,26)

CD105 (9,10,16,18,20,23,24,26,28-30)

CD106 (20)

CD146 (11,20)

CD166 (10,16,19-21,24,28-30)

Bovine Notch 1 (12,31) Studies not show

CD44 (12)

CD29, CD71, CD90, CD105 (13)

Equine Notch 1, STRO-1, CD90, CD166 (14) Studies not show

Porcine CD29, CD44, CD90 (15) Studies not show

CPCs, chondrogenic progenitor cells.
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to CPCs because BMSCs are not better than CPCs, as 
aforementioned. Collectively, whether the chondrogenic 
capacity of CPCs is better than SF-MSCs and SD-MSCs 
needs further and direct investigations. 

Compared with other stem cells, settlement in cartilage is 
the absolute advantage of CPCs to promote cartilage repair. 
Future studies should pay more attention to the comparison 
of chondrogenic capacity of these seeding cells in natural 
OA joint environment or after injection to joint cavity. 
Moreover, enhancing chondrogenic capacity of CPCs prior 
to cartilage regeneration therapy by gene editing or small 
molecules worth consideration.

CPCs based therapy for cartilage repair in vivo

Given the superior proliferative and chondrogenic capacity 
of CPCs in vitro, several groups carried out preclinical or 
clinical studies to determine whether CPCs are effective 
seeding cells for cartilage defects repair in vivo (Table 2). 

In  2010 ,  Wi l l i ams  e t  a l .  imp l an ted  CPCs  o r 
chondrocytes, loaded on type I/III collagen membrane, 
onto the full-thickness osteochondral defects (FTOD) on 
the goat lateral femoral condyle (27). After 20 months, they 
observed comparable ICRS score between the CPCs and 
chondrocytes implantation groups (27). Later, Frisbie et al.  
implanted CPCs plus fibrin onto equine FTOD models 
and observed significantly better repaired tissue and less 
central osteophyte formation than control group after  
12 months (38). Recently, platelet-rich plasma (PRP) 
attracted much attention, Wang et al. reported significantly 
better histological and biomechanical results in repaired 
tissues of PRP + CPCs group than PRP + BMSCs and PRP 
+ chondrocytes groups after implantation onto the cartilage 
defects of New Zealand White rabbits (18). Further, Jiang 
et al. implanted CPCs onto cartilage defect sites of 15 
patients and observed significantly better clinical scores and 
MRI evaluation; besides, the pain of all patients has been 
relieved (10). With the assistance of biological adjuvants, 

Table 2 Reported preclinical and clinical applications of CPCs for cartilage repair in vivo

Study type Authors (year) Cartilage defects Biological adjuvant Outcomes (compared with control 
group in preclinical study and pre-
transplantation in clinical study)

Follow-up time

Preclinical study Williams et al.  
(2010) (27)

6 mm (diameter) Type I/III collagen 
membrane

Comparable ICRS score 20 M

Frisbie et al.  
(2015) (38)

15 mm (diameter) Fibrin Radiographic evaluation: least central 
osteophyte formation; Second-
look arthroscopy: best cartilage and 
bone attachment and firmness of 
repaired tissue; Gross observation: 
smoothest repaired tissue; 
Immunohistochemistry: highest Col II 
expression level

12 M

Wang et al.  
(2019) (18)

5 mm (diameter) PRP gel Gross observation: larger and 
smoother regenerated tissue; ICRS 
score: highest score; Histology: better 
tissue repair; Biomechanical testing: 
closest to normal cartilage mechanical 
properties

12 W

Clinical study Jiang et al.  
(2016) (10)

8.5 cm2 in average 
(range, 6–13 cm2)

Collagen type I/III 
scaffold

IKDC and Lysholm scores: improved 
significantly; MRI: defect site was 
totally covered by the implanted 
repair tissue; Pain: all pain relieved; 
Histology: chondrocyte-like cells; 
hyaline cartilage-like structure and 
matrix

12 M

CPCs, chondrogenic progenitor cells; M, months; W, weeks.
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these preclinical and clinical studies achieved satisfactory 
outcomes demonstrating that CPCs are appropriate seeding 
cells for cartilage defects repair in vivo.

Regulatory factors of behavior

The etiology of OA is  intricate,  in which injury, 
inflammation, obesity and aging are included. In OA, many 
disease related factors, such as IL-1β and TNF-α (19), 
influence the biological behavior of CPCs. In this part, we 
summarized investigations that focus on the mechanism of 
regulation of CPCs’ behavior.

The regulation of migration

Diminished migratory capacity of resident stem cells will 
result in unsatisfactory endogenous tissue regeneration. As 
illustrated in Figure 1, many factors that participated in OA 
affect the migratory capacity of CPCs evidently.

CPCs are responsive to the tissue injury related 
intracellular components. After cartilage explants impacted 

by blunt injury, high mobility group box chromosomal 
protein 1 (HMGB1) and receptor for advanced glycation end 
products (RAGE) strongly promote the migration of CPCs 
to the injury site (12). Besides, CPCs are showed significantly 
increased migration upon the stimulation of HMGB1 and 
cell lysates (12,13). Supernatant from cultured blunt trauma 
cartilage also promote site-directed migration of CPCs 
significantly (19). This indicates inherent ability of CPCs 
migrate to the injury site. Further, CPCs also migrate ex vivo 
for penetrating from surface layer into deep layer of late-
stage OA cartilage tissues (9). Whereas, whether CPCs can 
migrate from deep layer into surface layer to promote the 
repair of surface cartilage lesions is still unknown.

Under inflammatory conditions, the migration of CPCs 
is affected. IL-1β and TNF-α inhibit the migration of 
CPCs under the stimulation of chemo-attractive factors 
(platelet derived growth factor/PDGF, insulin-like growth 
factor/IGF-1) or supernatant from cultured blunt trauma 
cartilage (19). However, Jiang et al. found that IL-1β 
upregulated the nerve growth factor (NGF) expression 
in chondrocytes and NGF promoted the migration of 

Injury

HMGB1

Glycyrrhizin

PDGF

IGF1

Chondrocyte

CPC secretion
LIPUS

CXCL12

Leptin

microRNA-375

Anti-RAGE 
antibody

CPC migration

SDF-1α

NGF

IL-1β

TNF-α

RAGE

Figure 1 Regulatory factors of CPCs’ migration. Injury, inflammation, physical and systemic factors affect the migratory capacity of 
CPCs (black line with arrow: promotion; red line: inhibition). CPC, chondrogenic progenitor cell; HMGB1, high mobility group box 
chromosomal protein 1; RAGE, receptor for advanced glycation end products; PDGF, platelet derived growth factor; IGF-1, insulin-like 
growth factor; NGF, nerve growth factor; IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-α; CXCL-12, C-X-C chemokine ligand-12; 
LIPUS, low-intensity pulsed ultrasound; SDF-1α, stromal cell-derived factor-1α.
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CPCs (16). Interestingly, CPCs are able to secret C-X-C 
chemokine ligand-12 (CXCL-12) to attract inflammatory 
cells or other progenitor cells (13). It can be speculated that 
the effect of inflammatory microenvironment on migratory 
capacity of CPCs is comprehensive. Studies to clarify the 
correlation between OA inflammation and CPCs’ migration 
will provide new therapeutic targets.

In addition, the migratory capacity of CPCs is influenced 
by a series of factors except injury and inflammation. Low-
intensity pulsed ultrasound (LIPUS) has been shown with 
the promotion of CPCs’ migration via focal adhesion 
kinase activation (39). This may provide an effective 
physiotherapeutic to delay OA progression. Leptin, a fat 
metabolism related factor, mediates the association between 
adiposity and cartilage thinning (40). Zhao et al. found that 
leptin decreased the migratory ability and chondrogenic 
potential of CPCs and increased the osteogenic potential 
at the same time (11), indicating systemic metabolic factors 
influence the behavior of CPCs. MicroRNA-375 also has 
an inhibitory effect on migration through the negative 
regulation of cadherin-7 (41). 

However, among these mentioned factors, which are the 
most specific and effective ones on CPCs’ migration in OA 
condition is still unknown. Besides, the functional role of 
migrated CPCs in the progression of OA is not elucidated 
clearly. Further studies should be undertaken for deeper 
understanding of the relationship between regulatory factors 
and the functional role of migrated CPCs.

The regulation of chondrogenesis

The chondrogenesis of CPCs is influenced by the cytokines 
that involved in OA (Figure 2). Diminishing the negative 
effect of adverse cytokines will provide better application 
prospects.

Like migratory capacity is influenced by inflammatory 
factors, chondrogenic potential is also affected. When 
CPCs are cultured in 3D pellets, NGF promotes their 
extracellular matrix (ECM) catabolism significantly and 
thus result in less matrix accumulation (16). IL-17 has been 
found significantly higher in OA synovia (42). Schminke 
et al. found that IL-17 promoted IL-6, MMP3 and Runx2 
expression in rheumatoid arthritis cartilage-derived 
CPCs and anti-human IL-17 antibody blocked this effect 
significantly (23). 

Vascular  endothel ia l  growth factor  (VEGF),  a 
crucial regulator of angiogenesis, contributes to the 
pathogenesis of OA. CPCs can stimulate the expression 
of VEGF themselves and in nearby cells via stromal 
cell-derived factor-1α (SDF-1α) signaling pathway (43). 
However, sustained release of SDF-1α promotes stem 
cells homing and chondrogenic differentiation and then 
promote cartilage repair (44). After loading recombinant 
human SDF-1α in fibrin/hyaluronic acid hydrogel, Yu  
et al. found improved recruitment of CPCs to cartilage 
defects and then resulted in satisfactory repaired tissue that 
similar to native cartilage (45). Therefore, it is essential 

Figure 2 Regulatory factors of CPCs’ chondrogenesis (left: inhibitive factors; right: promotive factors). CPC, chondrogenic progenitor 
cell; NGF, nerve growth factor; SDF-1α, stromal cell-derived factor-1α; gelMA, Gelatin methacryloyl; PRP, platelet-rich plasma; IL-17, 
interleukin 17.
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to consider the dual function of SDF-1α, enhancing 
chemotaxis and chondrogenesis of CPCs and inducing 
expression of VEGF, at the same time for cartilage repair 
therapy. The combination of providing SDF-1α and 
inhibiting VEGF may bring us surprising results.

Systemic factors also influence the chondrogenic capacity. 
High dose of leptin diminishes the chondrogenic potential 
and increases osteogenic potential of CPCs, promoting 
cell senescence via the p53/p21 pathway activation and 
Sirt1 pathway inhibition at the same time (11). Elevated 
catecholamines are detected in synovial fluid of OA patients 
and norepinephrine inhibits chondrogenesis and accelerates 
hypertrophy of CPCs (46). In addition, mechanical load 
promotes CPCs to express chondrogenic markers (aggrecan 
and Col II) massively (47).

Al though the  e f fects  o f  regulatory  factors  on 
chondrogenic capacity of CPCs are not clarified entirely, 
it can be expected that these investigations will provide a 
theoretical basis for CPCs-based cartilage repair therapy. 
Future studies should pay more attention to the regulatory 
effects of CPCs’ chondrogenesis in vivo and maintain the 
chondrogenic capacity by therapeutic interventions.

Biomaterials regulate CPCs’ behavior

Because of ineluctable limitations of current OA therapies, 
for example, the formation of fibrous tissue and poor 
integration of repaired tissue with native cartilage (8), 
cartilage repair engineering has attracted considerable 
attention recent years. Three dimensional biomaterials 
are favorably received with the support of adherent, 
proliferative and differentiated environment for seeding 
cells and compatible of various solutes (48). This will 
provide valuable methods for CPCs in cartilage repair 
engineering.

Gelatin methacryloyl (gelMA) hydrogel has gained 
increasing attention because it combines mechanical 
tunability and biofunctionality and can accelerate tissue 
repair process. Levato et al. embedded CPCs into gelMA 
and found that CPCs acted like chondrocytes in cartilage 
superficial zone with highly expressed PRG4, which 
was the key of joint lubrication (20). Besides, CPCs in 
gelMA expressed less Col X, a hypertrophic marker, than 
BMSCs illustrating better cartilage repair outcomes (20). 
In addition, as mentioned above, PRP gels as a carrier to 
transport CPCs achieved satisfactory cartilage repair in 
rabbit cartilage defect models (18). 

Fibronectin, a type of ECM protein, is highly used in 
tissue repair engineering as a glue and has an outstanding 
capacity of transmitting information between cells and 
ECM. After stimulated by fibronectin, the progenitor 
cells isolated from subchondral cortico-spongious in late-
stage OA specimen exhibit increased expression of Col II,  
S O X - 9 ,  a g g r e c a n  a n d  d e c r e a s e d  e x p r e s s i o n  o f  
collagen I (49). Tao et al. found that fibronectin promotes 
the migratory, proliferative and chondrogenic capacities 
of CPCs through integrin α5β1 signaling pathway and the 
rate of CD105-positive cells increased significantly after 
intra-articular injection of FN/Pluronic F-127 hydrogel 
in early OA model (24). Interestingly, CPCs are able to 
engulf fibronectin fragments and internalize cell debris like 
macrophages (50) suggesting that CPCs not only affected 
by microenvironment but have the ability to rebuild it. 

These illustrate the tremendous potential of biomaterials 
in cartilage repair therapy as carriers of CPCs to supply 
enough seeding cells. The future CPCs-based cartilage 
repair engineering for OA will meet the following process: 
(I) isolate CPCs from unloaded area of articular cartilage; 
(II) expand CPCs to increase quantity and enhance 
chondrogenic capacity in vitro; (III) embed CPCs into 
scaffolds with therapeutics, for instance, cytokines; (IV) 
transplant CPCs and therapeutics loaded scaffolds onto 
cartilage defects with less invasive manners (Figure 3).

Conclusions

CPCs are responsible for cartilage homeostasis. When 
compared with other tissues-derived stem cells, CPCs 
exhibit brilliant proliferative and chondrogenic abilities. 
However, among the multi-factors affecting the behavior 
of CPCs, which are the most specific and effective 
factors are still unknown. In order to fully utilize CPCs 
in cartilage repair therapy, future investigations should 
focus on the following aspects. First, maintaining the 
superior proliferative and chondrogenic capacity of CPCs 
throughout the CPCs-based cartilage repair therapy. 
Second, illustrating the positive and negative influences of 
multifactor on CPCs systemically. Avoiding or diminishing 
the negative effect of some adverse factors will play a 
synergistic role in CPCs based cartilage repair. Third, 
understanding the mechanisms of the effect of biomaterials 
on CPCs. At last, strategies to promote resident CPCs 
migrate to injury site and maintain cartilage homeostasis 
efficiently to realize endogenous cartilage repair will be the 
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key of noninvasive or minimally invasive cartilage repair 
therapy.
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