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Abstract

Cartilage injuries are typically caused by trauma, chronic overload, and autoimmune diseases. Owing to the avascular
structure and low metabolic activities of chondrocytes, cartilage generally does not self-repair following an injury.
Currently, clinical interventions for cartilage injuries include chondrocyte implantation, microfracture, and osteochondral
transplantation. However, rather than restoring cartilage integrity, these methods only postpone further cartilage
deterioration. Stem cell therapies, especially mesenchymal stem cell (MSCs) therapies, were found to be a feasible
strategy in the treatment of cartilage injuries. MSCs can easily be isolated from mesenchymal tissue and be differentiated
into chondrocytes with the support of chondrogenic factors or scaffolds to repair damaged cartilage tissue. In this
review, we highlighted the full success of cartilage repair using MSCs, or MSCs in combination with chondrogenic factors

and scaffolds, and predicted their pros and cons for prospective translation to clinical practice.
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Introduction

Cartilage has limited self-repair ability due to its complex
structure and the relatively low metabolic activities of
chondrocytes. There are many causes of cartilage injuries,
including trauma, chronic overload, and autoimmune dis-
ease. Injury frequently leads to gradual cartilage tissue
impairment, resulting in pain, functional damage, and
degenerative diseases.! However, the treatment of cartilage
injury is still a perplexing problem for orthopedic surgeons,
owing to unsatisfactory therapeutic outcomes. Early clini-
cal intervention for symptomatic cartilage lesions focuses
on non-surgical management techniques, such as cell ther-
apy, hormone therapy, and cytokine therapy.> However,
these interventions also have their limitations, including
the leakage of drugs, a relatively low concentration at the
injured area, and severe systemic side effects. The surgical
management of cartilage injuries includes microfracture,
autologous osteochondral transplantation, and total joint
replacement. Autograft is an effective treatment for carti-
lage injuries, but transplantation is also associated with the
risk of various complications, such as limited cartilage
mass, donor site complications, and infections.?

The limitations of effective clinical treatment for carti-
lage injury have prompted the development of regenerative
medical therapies. Stem cells are extensively used in a vari-
ety of regenerative medicine field due to its capacity to
proliferate and directionally differentiate.* The outstanding
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Scheme |. Cartilage repair modalities. (a) Full-thickness cartilage injury. (b) Microfracture. Channels were produced 3—4mm
deep to penetrate the subchondral bone to allow BM-MSCs to migrate from the bone marrow to the defect area. (c) Mosaicplasty.
Healthy osteochondral plugs were implanted from the little weight-bearing area into the defect area. (d) Autologous chondrocyte
implantation. The defect area was filled with autologous chondrocytes and covered with a periosteal slice. (€) MSC implantation.
The defect area was filled with MSCs. (f) The combination of MSCs and inducing factors was loaded into the defect. (g) The
biocompatible scaffold contained MSCs and inducing factors were implanted into the defect area to repair the lesion.

chondrogenic potential of mesenchymal stem cells (MSCs)
has made MSC therapy a potential alternative strategy for
cartilage repair (Scheme 1). MSCs can be isolated from tis-
sue easily, while extensive pre-clinical trials confirmed
MSCs could differentiate into cartilage tissue under chon-
drogenic factors, facilitating their use for the repair of
injured cartilage.> Moreover, in the process of differentia-
tion, MSCs could produce various extracellular matrices
(ECMs), which are essential for the recovery of cartilage
functions.® At the targeted repair areas, MSCs could release
various cytokines, growth factors, and chemokines, driving
endogenous MSCs to enter lesion areas and creating an
appropriate regenerative microenvironment while aiding
the regeneration of cartilage tissue simultaneously.* The
combination of MSCs with exogenous biochemical or
biomechanical stimuli, as well as the engineered scaffolds
in MSC-based therapies, has demonstrated significant
advances in cartilage regeneration (Scheme 2).”

This review provides a detailed presentation of the
outcomes of different MSC-based strategies for cartilage
regeneration and discusses their prospective translation to
clinical practice. We believe this is a comprehensive over-
view that promotes the theoretical basis for MSC-based
strategies for cartilage regeneration.

MSCs for cartilage regeneration

MSC:s are derived from various tissues and have the poten-
tial to differentiate into chondrocytes.® Moreover, MSCs
produce a variety of ECM molecules that are critical for
cartilage function, including collagens (Cols), fibronectin,
proteoglycans, and glycosaminoglycans (GAGs), as well
as a variety of cytokines.” Generally, the source of MSCs
for cartilage regeneration can be acquired endogenously or
exogenously.
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Scheme 2. Cartilage repair process. (a) The chondrogenic factors recruit endogenous MSCs to repair cartilage injury. The arrow
indicates the migration of MSCs from the joint synovium, synovial fluid, and bone marrow to the injured cartilage. Moreover,
chondrogenic factors induce the differentiation of MSCs to chondrocytes and the production of cartilage-related ECMs in the
process of cartilage repair. (b) Engineering scaffold repairs osteochondral defect. The MSCs and chondrogenic factors were seeded
into the scaffold, and the scaffold provides a 3D micro environment for proliferation and differentiation of MSCs. The arrow
indicates the migration of MSCs to the defect area and MSC differentiation into chondrocytes in the presence of chondrogenic
factors. When the scaffold is degraded by osteoclasts gradually, the chondrocytes and osteoblasts are filled into the vacancy to

repair the osteochondral tissue.

Endogenous MSCs

Microfracture surgery is a commonly used technique for
early-phase cartilage injury. In microfracture surgery, the
surgeon drills several holes in the subchondral bone to dis-
charge bone marrow marrow-derived mesenchymal stem
cells (BM-MSCs), cytokines, and platelets from the mar-
row, which can stimulate the regeneration of cartilage.'”
Microfracture surgery has been preferred by the majority
of orthopedic surgeons for its simple single-stage technol-
ogy and confined invasiveness. Moreover, microfracture
was 90% successful in relieving pain postoperatively in
cartilage lesions.!! After applying microfracture surgery in
full-thickness cartilage defect, the histological evaluation
of the early changes of cartilage units showed that the
repair was caused by endochondral ossification in depths of
microfracture punctures.'> Moreover, endochondral ossifi-
cation could activate osteoclast and induce the reconstruc-
tion of cartilage, which regenerates earlier than the
subchondral bone. The Food and Drug Administration
(FDA) considered microfracture a splendid prognosis in
the treatment of small size cartilage injuries. Many types
of research showed microfracture could postpone cartilage
degeneration regardless of the lesion size.!»'* However,
some studies illustrated that the post-surgical microenvi-
ronment of microfracture failed to induce the differentia-
tion of BM-MSCs appropriately, leading to the formation
of relatively unstable fibrous tissue rather than cartilage
tissue. !

Exogenous MSCs

The exogenous way of acquiring MSCs is obtaining it
through other tissues within the same host. Currently,
BM-MSCs, adipose tissue—derived mesenchymal stem
cells (AT-MSCs), and peripheral blood-derived mesenchy-
mal stem cells (PB-MSCs) have been widely investigated
both in surgical and in injective measures.'® These MSCs
could be implanted into the joint by surgical incision or
intra-articular injection for small size cartilage repair. The
selection of treatment measures mainly depends on the
specific cartilage pathology.

Wakitani et al.'” reported in a clinical trial that BM-MSC
implantation was used for the treatment of patients with
osteoarthritis (OA), and hyaline cartilage—like tissue was
observed at the defect areas after 42 weeks of implantation.
A post-surgical arthroscopic assessment after AT-MSC
implantation in human OA knee was carried out to explore
its clinical prognosis.'® The prognosis was assessed based
on the International Knee Documentation Committee
(IKDC) score and the Tegner activity level. A remarkable
improvement in the IKDC score and the Tegner activity
level was observed after the operation.'® However, high
body mass index (BMI) and large lesion size were regarded
as a potential predictor of poor clinical outcomes in OA
knee with the treatment of AT-MSC implantation.
According to the International Cartilage Repair Society
(ICRS) standards, 76% of patients were reported to have
abnormal cartilage repair by a post-surgical arthroscopic
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Figure |. Safety and efficacy of intra-articular injection of AT-MSCs for knee osteoarthritis. (a) MRI images of tibial condyles

and medial femoral of the knee before or three or six months after the intra-articular injection of AT-MSCs showed a change

in cartilage defect within six months. (b) At different time points, MRI images of femoral and tibial condyles showed a significant
increase in cartilage defect at six months’ follow-up after injection of normal saline. (c—h) Visual analog scale (VAS) changes in
knee pain and knee injury, and osteoarthritis outcome score (KOOS) score changes in AT-MSC intra-articular injection group and
control group during six months. Adopted from Lee et al. and reprinted with permission of John Wiley and Sons.?'

study, indicating the unsatisfied outcomes of OA with the  cartilage lesions, it may be necessary to combine the surgi-
treatment of MSCs alone. For the treatment of large  cal approaches with tissue engineering technology.
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Compared with MSC implantation, intra-articular
injection of MSCs increased the risk of MSCs migrating
to non-target tissue.'® Thus, this approach seems to be
only suitable for cartilage degeneration in OA patients. A
patient with severe knee OA showed positive result after a
single-dose injection of BM-MSCs, without the use of
supplemental drugs.'® Magnetic resonance imaging (MRI)
showed that cartilage thickness enhanced and subchon-
dral edema decreased in patients at six months’ follow-
up.?’ In a phase IIb, stochastic clinical trial, Lee et al.
assessed the therapeutic effect of the intra-articular injec-
tion of autologous AT-MSCs into joint OA (Figure 1).%!
After six months of AT-MSC injection, the Western
Ontario and McMaster Universities Osteoarthritis Index
(WOMAC) scores were improved. In addition, MRI
showed no significant variations in cartilage defect with
AT-MSC injection at six months, while the defect in the
control group was found to be deteriorated.

There are several issues related to the isolation and
manipulation of MSCs in the process of cartilage repair,
including the selection of the most appropriate tissue
source and proper delivery route to the cartilage lesion.
There are several challenges to be overcome before MSC
implantation becomes a practical cartilage repair approach
in the clinic.

Combination therapy of MSCs and
chondrogenic factors

Small molecule drugs

Small molecule drugs have crucial roles in MSC-based car-
tilage regeneration and show unique advantages over tradi-
tional growth factors in cartilage repair. First, small molecule
drugs are too small to induce immune response compared
with macromolecular substances, such as proteins.?? In
addition, manufacturing cost and cross-species contamina-
tion risk can be significantly decreased with the application
of small molecule drugs compared to protein-based growth
factors.”> Numerous small molecule drugs had been devel-
oped for cartilage regeneration, including kartogenin (KGN)
and various natural bioactive compounds.?*

KGN is one of the most commonly used small molecule
chondrogenic factors, which could induce MSC chondro-
genesis in a dose-dependent pattern, and could also improve
the production of chondrogenesis-related protein of MSCs,
including Col II and aggrecan.* Moreover, KGN is very
stable at room temperature, easing storage and transporta-
tion. KGN-pretreated BM-MSCs were shown to be more
effective in the formation of chondral matrix and postpone-
ment of cartilage deterioration than the normal BM-MSCs.??
In addition, Spakova et al.?* found that KGN was a chon-
drogenic promoter of BM-MSCs in the process of carti-
lage regeneration. They collected osteochondral
cylinders and BM-MSCs from OA patients, and then
KGN was added into the co-culture of osteochondral

cylinders and BM-MSCs. The BM-MSCs without KGN
were treated as a control group. After 21 days of co-cul-
ture, histological and scanning electron microscopic (SEM)
analysis revealed that BM-MSCs had colonized on the sur-
face of OA cartilage in the presence of KGN, and secretion
of GAGs and proteoglycans was also detected, while the
chondrogenic markers were barely detectable in the con-
trol group, indicating the effectiveness of KGN in the pro-
cess of cartilage regeneration.

In addition to KGN, the extracts curcumin and resvera-
trol also demonstrated great potential in inducing MSC
chondrogenic differentiation. Curcumin belongs to the
polyphenol ingredient segregated from Curcuma longa,
which has powerful antioxidant, anti-carcinogenic, anti-
angiogenesis, and anti-inflammatory effects.? Curcumin
demonstrated a high capacity to inhibit the secretion of
inflammatory cytokines in arthritis, assisting MSCs in carti-
lage regeneration. It is well known that OA and rheumatoid
arthritis (RA) are characterized as cartilage degeneration
in the inflammatory microenvironment. Traditional MSC
implantation therapies for OA and RA usually do not
have satisfying outcomes as pro-inflammatory cytokines
could hinder the differentiation of MSCs, which reside
in the cartilage or surrounding tissue. Curcumin impedes
the secretion of pro-inflammatory cytokines and builds a
microenvironment to antagonize the pro-inflammatory
condition, thus facilitating chondrogenesis of AT-MSCs.?’
Buhrmann et al.?” demonstrated that curcumin restrained
transcription factor nuclear factor-kB (NF-kB) transcrip-
tion as well as the activation of caspase-3 induced by
interleukin-1p (IL-1B) in AT-MSCs. In addition, curcumin
treatment improved Col II production and proteoglycan
synthesis, indicating that curcumin treatment may sup-
port the repair of cartilage by modifying the inflammatory
microenvironment for AT-MSCs in joint.

Similar to curcumin, resveratrol was found to have
immunomodulatory, antioxidative, and anti-inflammatory
roles.?® Resveratrol could protect MSCs and ensure the pro-
cess of chondrogenic differentiation in the inflammatory
microenvironment by inhibiting the activation of apoptosis
signaling and reversing the catabolic effect. In addition, an
exciting insight showed resveratrol may be a promising
anti-aging drug for the treatment of age-related cartilage
illness.?® Csaki et al. found that resveratrol could inhibit
IL-1B-induced caspase-3 activation, reactive oxygen
species (ROS) generation, and p53-related apoptosis in
time- and dose-dependent patterns.?*** Moreover, resver-
atrol was reported to inhibit IL-1 and protect BM-MSC-
derived chondrocytes from inflammatory factors.’! When
BM-MSCs were stimulated with IL-1f3, Col IT and aggrecan
production was inhibited, while matrix metalloprotein-13
(MMP-13) production was increased. In addition, resvera-
trol was reported to reverse catabolism by decreasing the
translocation of NF-kB, indicating that resveratrol could
protect BM-MSC-derived chondrocytes from IL-13 by
inhibiting NF-xB.
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Cartilage-inducing factors

Growth factors are considered to be one of the most essen-
tial substances in the development and homeostasis of car-
tilage. However, growth factors are always limited by
relatively short storage periods and heterotopic ossifica-
tion. The emergence of MSC-based therapies has provided
excellent prospects for growth factors to be used in thera-
pies for cartilage injuries. Growth factors activate MSC
differentiation, and this process recruits endogenous MSCs
and induces the formation of cartilage-related extracellular
matrices, providing promising therapeutic efficacy for car-
tilage injuries.

In the various clinical trials exploring the chondrogenic
potential of growth factors, bone morphogenetic proteins
(BMPs) demonstrated fascinating roles in MSC-based
therapies for cartilage regeneration. BMPs not only
enhance the chondrogenic differentiation of MSCs but
also recruit endogenous MSCs to the injured area to stim-
ulate the repair process of cartilage. BMP2 and BMP7
have proven to have the ability to induce MSCs into
chondrogenic differentiation.> Moreover, the combina-
tion of MSCs and BMPs activated endogenous cell migra-
tion, which then promotes cartilage healing. Dorman et al.
evaluated the effects of BMP treatment on undifferentiated
MSCs. As carly as 48h after BMP treatment, MSCs
showed morphological changes, and the number of cells
increased, indicating BMP could induce the proliferation
and differentiation of MSCs effectively.’® Grande et al.**
isolated periosteum MSCs, transfected BMP-7 gene into
cells, and implanted them to full-thickness osteochondral
defects of the middle trochlear nerve. The results demon-
strated that the transfected MSCs dramatically improved
the quality of repaired tissue compared with the normal
MSC group, indicating that the combination of BMPs and
MSCs is a potential therapy for cartilage injuries.

As another member of the transforming growth factor
(TGF) superfamily, TGF-f is also essential for the regula-
tion of MSC differentiation in the process of cartilage
repair.®® TGF-B is commonly reported as an effective
activator for the synthesis of proteoglycans and Col I1.3¢
In addition, TGF-B could stimulate chondrogenesis of
MSCs.’” The application of TGF-B3 was reported to fur-
ther improve the functional chondrogenesis differentiation
of BM-MSCs under dynamic compression.*® Furthermore,
compared with the continuous exposure to TGF-f, tran-
sient exposure to TGF-3 could also improve the functional
chondrogenesis of BM-MSCs while reducing chondrocyte
hypertrophy.®® The study investigated the differentiation
and maturation of BM-MSCs in transient exposure to
TGF-P3 at various doses and durations. The results dem-
onstrated that briefexposure to ahigh dose 0f 100.0 ngmL ™!
was sufficient to stimulate cartilage regeneration.
Moreover, the mechanical and biochemical characteristics
of the regeneration tissue in brief exposure to a high dose
of TGF-B3 exceeded the sustaining exposure to low dose
of 10.0ngmL™".%

Insulin-like growth factor (IGF) is a critical cartilage-
inducing factor that regulates the chondrogenic behavior
of MSCs, and the existence of IGF enhances the produc-
tion of chondrocyte-related matrices.** The IGF family
consists of two ligands, with IGF-1 being widely used in
cartilage repair. IGF-1 is considered a fundamental media-
tor of cartilage homeostasis because it stimulates proteo-
glycan synthesis and promotes chondrocyte proliferation.*’
In addition, IGF-1 induces BM-MSCs to differentiate into
the chondrocyte phenotype by improving the production
of GAG.*' The transfection of the IGF gene into MSCs
promoted the chondrogenic differentiation potential
without the induction of hypertrophic phenotype.*> The
content of GAG and the expression of Col IIAl were
improved in the IGF-MSC group, and IGF-induced tissue
showed a similar prosperity with the chondrocyte
phenotype.

Fibroblast growth factor (FGF) has various functions in
regulating MSCs to repair cartilage injuries.*> FGF pro-
motes the proliferation of undifferentiated MSCs in vitro.
Moreover, FGF improved the chondrogenic ability of
MSCs during the differentiation process. During the in
vitro development of MSCs, FGF ligands could promote
the proliferation of MSCs while maintaining the undiffer-
entiated state of cells.** FGF-2 could synergistically
improve MSC proliferation and subsequent chondrogenic
differentiation with Wingless (Wnt) signal. The treatment
of BM-MSCs with FGF-2 enhanced the production of
cartilage-related components during the process of chon-
drogenesis.* However, while the differences in chondro-
genic gene expression between the FGF-2 and control
groups were gradually decreased, an increasing GAG con-
tent distinction was maintained. The result indicated that
FGF could induce early differentiation and enhance the
chondrogenesis of BM-MSCs in vitro. In addition, treat-
ment with FGF-2 in equine BM-MSCs during monolayer
expansion was reported to improve subsequent chondro-
genesis in the three-dimensional (3D) culture system,
which was essential for cartilage repair dependent on
BM-MSC treatment.*

Other chondrogenic proteins

In addition to small molecule drugs and growth factors,
platelet-rich plasma protein (PRP) is also used in MSC-
based therapies for cartilage regeneration. PRP could
induce MSC proliferation and increase ECM production
to repair the damaged cartilage.*’ PRP can be acquired by
centrifuging blood samples, which releases factors for
the repair of injured tissues.*® Chen et al. analyzed the
PRP therapeutic effect with and without MSCs for OA
models.*’ The PRP + MSC treatment demonstrated supe-
rior repair outcomes in morphology and GAG production
than the other groups, and the Osteoarthritis Research
Society International (OASRI) scores were significantly
lower than those of cartilage treated with other therapies.
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The combination of PRP and L-ascorbic acid promoted the
chondrogenesis of AT-MSCs.* With the addition of 10%
PRP, the proliferation and chondrogenic differentiation
ability of AT-MSCs increased. Moreover, proteoglycan
production also increased.*

Parathyroid hormone-related protein (PTHrP) has
been reported to perform fundamental roles in cartilage
homeostasis, maintaining the chondrocyte phenotype. The
effect of PTHrP on MSCs mainly depends on the pattern of
application. Constant application of PTHrP could inhibit
chondrogenic differentiation of MSCs, while intermittent
supplements enhanced chondrogenic differentiation of
MSCs and inhibited chondrocyte hypertrophy at the same
time.>® Constant supplementation of PTHrP during
BM-MSC chondrogenic differentiation inhibited chondro-
cyte hypertrophy and suppressed the chondrogenesis of
BM-MSC to its articular phenotype.*® However, an inter-
mittent pulsed PTHrP for 6 h promoted BM-MSC chondro-
genic differentiation and restrained the hypertrophy.®!
Similarly, although the continuous exposure to PTHrP
inhibited BM-MSC chondrogenic differentiation, the pulsed
exposure to PTHrP dramatically enhanced the deoxyribonu-
cleic acid (DNA) content of Col II and proteoglycan after
6weeks. Intermittent exposure to PTHrP increased MSC
chondrogenic differentiation and decreased endochondral
ossification, which indicated that periodic application of
PTHrP might be an effective method for increasing the
chondrogenesis of BM-MSCs.” Furthermore, during the
process of BM-MSC chondrogenic differentiation, PTHrP
was found to regulate chondrocyte hypertrophy in the devel-
opment of embryonic cartilage in a hypertrophy model of
chondrogenic BM-MSCs in vitro.*

Biomechanical factors

Cartilage is one of the load-bearing tissues that have sig-
nificant roles in diarthrodial joints. The importance of
physical loading in chondrocyte maturation and pheno-
type maintenance is well known. The biomechanical char-
acteristics of the cartilage depend on the composition and
arrangement of ECMs.** Reduced biomechanical loading
usually leads to atrophy, while mechanical overloading
can lead to irreversible injuries.” In MSC-based thera-
pies, pre-stimulating MSCs with physical biomechanical
stimuli could improve cartilage regeneration. The biome-
chanical characteristics of articular joints are hydrostatic
pressure, shear, and compression. Therefore, the com-
monly used mechanical stimuli in cartilage repair are
compression, hydrostatic pressure, and shear stress. The
comprehension of the importance of physical and biome-
chanical factors on MSC behavior might offer a unique
insight into stimuli factors for cartilage regeneration.
Static compression could increase the chondrogenesis
of embryonic limb bud by upregulating expression of Col
II, Sox9, and aggrecan* Moreover, the invention

of bioreactors could achieve the application of various
complicated physical loading in MSCs, including hydro-
static pressure and compression.*® The application of inter-
mittent hydrostatic pressure stimulated the expression of
genes Col 11, Sox9, and aggrecan.>® Moreover, the effect of
dynamic compression on MSC chondrogenesis has been
extensively investigated. Huang et al.’’ observed the
expression of Col II, Sox9, and aggrecan following
dynamic compression on rabbit BM-MSCs. Given that,
multiple modal bioreactors were used to mimic these bio-
mechanical properties in vivo, and the application of multi-
modal bioreactors would further improve the
chondrogenesis of MSCs.”® Compared with the usage of
compression or shear alone, the combination of cyclic
compression with shear not only increased the chondro-
genic differentiation of BM-MSCs but also enhanced
GAG and Col II deposition without exogenous growth fac-
tor stimulation.® Further study has shown that physical
stimuli could induce the potential secretion activity of
BM-MSCs. Gardner et al. observed that shear and com-
pression promoted the endogenous production and secre-
tion of TGF-B1.%°

Moreover, the combination of the scaffold with
mechanical stimuli that mimic the native cartilage micro-
environment has been found to enhance chondrogenesis
for cartilage repair (Figure 2).°! Porous scaffolds based
on silk fibroin (SF) and SF with gelatin/chondroitin sul-
fate/hyaluronate (SF-GCH) were developed, and then
BM-MSCs or chondrocytes were seeded into the scaffold
with or without dynamic compression. The dynamic com-
pression significantly increased the chondrogenesis of
MSCs and chondrocyte biosynthesis in both scaffolds.®!
The microenvironment provided by scaffolds and compres-
sion improved the production of chondrogenic matrices,
aggrecan, and Col IIA1 in BM-MSCs and chondrocytes.®!
By spatially controlled local biochemical and mechanical
characteristics of the scaffold, the outside dynamic com-
pression induced cell deformation into the scaffold.®?
Neven et al. developed a hydrogel with layers of varying
stiffness, and then dynamic compression was applied to
the hydrogels to produce different strains. The results
demonstrated that although the same dynamic mechani-
cal stimulation was applied, high strains stimulated
Col 1II production, while low strains simulated Col I
production.®” This finding showed that appropriate
mechanical stimulations are potent regulators of MSC
differentiation and may act as a potential stimulus factor
for the treatment of cartilage injuries.

MSCs with engineered scaffolds for
cartilage regeneration
Scaffolds play an essential role in successful cartilage

repair. The appropriate scaffold for cartilage repair should
be made from biodegradable and biocompatible materials,
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Figure 2. Efficacy of dynamic compression on BM-MSC and chondrocyte behavior. (a) Overview of study design. The constructs
were motivated for 2weeks with | h compression per day at 10% compressive strain (I Hz, 23 h of rest period per day). (b)
Immunofluorescence staining of aggrecan in chondrocyte and BM-MSC constructs under different conditions. Immunofluorescence
staining of aggrecan (green) with nucleus (blue) in chondrocyte construct or BM-MSC construct. Scale bars =50 um. (c) Integrated
fluorescence intensities of aggrecan in chondrocyte and BM-MSC constructs. The chondrocyte- and BM-MSC-seeded scaffolds
under dynamic compression showed higher aggrecan staining than other conditions. Moreover, the aggrecan staining was found in
SF-GCH constructs than in SF constructs under dynamic compression. Adopted from Sawatjui et al. and reprinted with permission

of John Wiley and Sons.®'

which support chondrogenesis. The degradation rate of
the scaffold may match the cartilage formation speed, and
the mechanical properties of the scaffold should satisfy
the physical loading to afford enough space for tissue
regeneration.” Moreover, the engineered scaffold should
process appropriately porous structure to permit nutrients
and waste products produced by cells to migrate to the
synovial fluid.®* Various polymers were investigated to
find satisfactory scaffolds for cartilage regeneration.
Based on the characteristics of engineered scaffolds, we

could divide them into natural and synthetic scaffolds. To
examine and summarize some of the various options
within the natural and synthetic polymers, we expect to
provide an optimizing choice of MSC-based therapies for
cartilage regeneration.

Natural polymer scaffolds

Natural polymers for cartilage regeneration can be
mainly classified into proteins and polysaccharides. The
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bar=100 um. Adopted from Xia et al.%¢ and reprinted with permission of Springer Nature.

composition of natural polymers is similar to the carti-
lage ECM components. Natural polymers can be degraded
hydrolytically and enzymatically, and the degradation
products are usually not harmful to the surrounding tissue.”
Besides cartilage ECM-related proteins, non-cartilaginous
tissue-associated proteins, including fibrin and silk, are
also utilized to manufacture scaffolds with different physi-
cal and chemical properties.®

Col is the main component of cartilage ECM and makes
an optimized material for scaffold fabrication. Cartilage
ECM has the capacity to promote BM-MSC proliferation,
improve cartilaginous matrix formation, and inhibit hyper-
trophic differentiation of BM-MSC-derived chondro-
cytes. It has been reported that pericellular Col I
coating enhanced BM-MSC homing and chondrogenic
differentiation during intra-articular injection (Figure 3).%

Xia et al.%® developed a pericellular Col I coating (PCC)
for BM-MSCs, and the capability of BM-MSC-PCC hom-
ing and chondrogenic differentiation was evaluated in rab-
bit cartilage defect models. After the injection of
BM-MSC-PCC for 12weeks, PCC-coated BM-MSCs
were found to enhance the quality of cartilage regenera-
tion.? In addition, the implantation of Col I and Col III
gels seeded with BM-MSCs was also found to induce car-
tilage regeneration and the repair of subchondral bone in
osteochondral defects.®” The Col II-coated surface acceler-
ated the deposition of calcium, and Col Il modulated early
osteogenic differentiation of BM-MSCs by activating
runt-related transcription factor (RUNX).%® According to
the digestion of cartilage ECMs, Cols had been found to
have the ability to promote chondrogenic differentiation.
Screening of multiple Col types demonstrated Col IX had
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the ability to induce chondrogenesis and promote cell pro-
liferation and matrix production, and inhibit matrix degra-
dation at the same time.% After evaluating the chondrogenic
effects of MSCs in different ECM types, Col II was found
to produce favorable conditions for the chondrogenic phe-
notype expression of BM-MSCs.® The application of Col
in clinical cartilage repair was also actively investigated,
and the autologous BM-MSCs/Col-scaffolds were used in
the restoration of torn meniscal cartilage.” Autologous
BM-MSCs were segregated from iliac crest in patients,
and expanded and seeded into Col scaffold, and then the
BM-MSC-Col scaffold was implanted into the area of
meniscal tear prior to the vertical mattress suture opera-
tion. During two years of postoperative follow-up, five
patients showed significant clinical improvement, indicat-
ing the combination of MSCs with Col scaffold could
improve meniscal repair outcomes in some patients.”

Fibrin is another protein-based scaffold prepared
by fibrinogen polymerization.”' It can be stimulated and
polymerized under vascular pathological conditions.”
Fibrin glue was commonly the cell delivery system during
the process of cartilage repair for generating new cartilage
matrices.® In addition, fibrin glue promotes the prolifera-
tion of MSCs.” Kim et al.”* found that the fibrin glue
scaffold maintains the functional survival and paracrine
ability of MSCs within the scaffold. Haleem et al.”® seeded
autologous BM-MSCs into a fibrin glue scaffold and then
transplanted it into the osteochondral defect in femoral
condyles to evaluate the clinical treatment in human
patients, and the clinical symptoms of all patients were
improved over the 12 months’ follow-up. Fibrin had been
developed as a feasible scaffold for AT-MSC implantation.
Compared with the implantation with only AT-MSCs, bet-
ter ICRS grades were presented to the group of AT-MSCs
loaded in fibrin glue.”® Fibrin-based hydrogel-encapsu-
lated BM-MSCs could induce BM-MSC chondrogenic
differentiation, supporting the use of fibrin as the encap-
sulating matrix for the cartilage phase in an osteochon-
dral construct.”

Hyaluronic acid (HA) is an essential material for the
hydration and organization of the proteoglycan frame-
work. It is also a critical component of the cartilaginous
ECM, which can be degraded by hyaluronidases naturally
in vivo.? However, HA is not suitable for cartilage repair
under unmodified conditions due to its relatively low
mechanical property. Therefore, it usually needs to be
cross-linked with other molecules to enhance its mechanical
characteristics in cartilage engineering. The cross-linking
density not only impacts the physical features of hydrogels
but also affects MSC chondrogenesis and hypertrophy.”
Increased cross-linking by changing the HA macromer
concentration or extended light exposure time resulted in
decreased matrix production and deposition.”® This pro-
cess also induced MSC hypertrophy, leading to matrix cal-
cification.”® Given the importance of HA hydrogels in

tissue engineering, it was necessary to investigate how the
differences between chemical and physical characteristics
of the scaffold direct cell fate. To that end, a hyaluronan-
tyramine (HA-Tyr) hydrogel was fabricated by enzymatic
cross-linking using horseradish peroxidase (HRP) or by
photo-cross-linking to investigate the effect of different
hydrogel cross-linking mechanisms on the behavior of
BM-MSCs (Figure 4).” The results illustrated that when
hydrogels are fabricated with equal Young’s moduli,
BM-MSCs cultivated on enzymatically formed HA-Tyr
hydrogels showed improved cell diffusion and longer
length of focal adhesion than cells grown on light-trig-
gered gelation matrices. Similarly, Kim et al. found that
the change of mechanics and adhesiveness of HA fibers
affected MSC interactions and gene expressions. The pro-
liferation of MSCs was decided by the adhesiveness of
hydrogels, and the expression of chondrogenic markers
relied on mechanics and adhesiveness properties. The
softer fiber increased the chondrogenesis of MSCs.3°
Alginate and agarose are the commonly used matrices
of cartilage scaffolds. They are easily gelated and have
excellent biocompatibility to encapsulate cells. Alginate
derived from algae undergoes reversible gelation by cross-
linking with various cations. Alginate had been utilized as
a matrix for cultivating MSCs and chondrocytes for its
capacity to maintain the chondrocyte phenotype. Moreover,
alginate could be used in the repair of osteochondral struc-
ture in bilayer scaffolds. The scaffold based on sodium
alginate (SA) and graphene oxide (GO) was fabricated for
autologous BM-MSC recruitment. Thus, the repair of oste-
ochondral tissue can be achieved simultaneously (Figure
5).81 GO was cross-linked to an SA meshwork with the
addition of KGN. A 3D GO-based biomineral framework
(3D-GBF) was used for the repair of subchondral bone
defect. Then, BM-MSC-specific aptamers were attached
to the scaffold for capturing BM-MSCs. The scaffold
recruited endogenous BM-MSCs from bone marrow, and
KGN promoted chondrogenic differentiation of BM-MSC:s,
while GBF accelerated osteoblastic differentiation of
BM-MSCs. As alginate and fibrin hydrogels had been
widely used in cartilage repair, a fibrin/alginate blended
hydrogel was fabricated to harness the beneficial character-
istics of both materials. The blended hydrogels not only
preserved gel extensibility and promoted BM-MSC prolif-
eration but also facilitated the synthesis of GAG and Col 11,
resulting in chondrogenic differentiation.®> Agarose is also a
category of polysaccharide containing galactose residues,
which segregated from algae. It can be used for the culti-
vation of cells and induces AT-MSC chondrogenic differ-
entiation.» The implantation of agarose-coating
chondrocytes and BM-MSCs resulted in the production of
Cols and proteoglycans in the area of osteochondral
defects.? BM-MSCs were filled into agarose and cast in
specific molds to manufacture various scaffold constructs,
and then the different scaffold architectures were combined
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Figure 4. Impact of different cross-linking of HA-Tyr hydrogels on behaviors of BM-MSCs. (a) The overview of fabricating HA-
Tyr substrates. HA was reacted with tyramine to generate HA-Tyr conjugates, and hydrogels were formed enzymatically either
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Scale bars=25um. (g) Quantification of cell spread area. Adopted from Loebel et al.”® and reprinted with permission of American
Chemical Society.
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with dynamic culture conditions to investigate the optimal
cultivation methods for BM-MSCs.®* To investigate the
fate of BM-MSCs in long-term maturation in a 3D scaf-
fold, bovine BM-MSCs were cultivated in agarose to form
cartilage tissue. The results showed that chondrogenesis
occurred in BM-MSC-seeded hydrogels, while the
mechanical properties of these neo-tissues were similar to
the native chondrocyte matrix.

Chitosan belongs to the deacetylated derivate of chitin,
lysosomes could degrade chitosan in vivo, and chitosan-
containing matrices have been widely used in the region of
cellular encapsulation, drug release, and cell culture.3¢%7 A
novel polyvinyl alcohol—chitosan composite hydrogel
seeded with MSCs provided comparable treatment out-
comes to the traditional alginate-MSC construct implanta-
tion in cartilage defects at the medial condyle of femora,
supporting the efficacy of chitosan in cartilage repair.®

As a denatured form of Col, gelatin also exhibited good
cell-adhesion ability and thus became a promising scaffold
in cartilage regeneration. A gelatin absorbable sponge was
developed as a feasible carrier for the regeneration of carti-
lage during BM-MSC-based therapies.® After culture for
21days in vitro, the gelatin sponge with BM-MSCs gener-
ated a cartilage-like ECM. Gelatin was also reported to
develop into a microsphere, which could release TGF-B1 to
induce chondrogenesis of MSCs as a selective method to
supplement growth factors in the culture medium.”
However, gelatin had also shown some disadvantages in the
process of cartilage repair, including the weakness to resist
mechanical stresses.” Modifying gelatin by cross-linking
could solve this problem. As seen, it enhanced the mechani-
cal characteristics of the scaffold in the implantation of
BM-MSCs seeded with cross-linked gelatin. The scaffold
demonstrated excellent biocompatibility and repairing
effect after implantation into the osteochondral defect.’!

Although silk is not a component of cartilage, silk and
its derivatives belong to a kind of naturally degradable
fibrin with distinct mechanical properties and prominent
biocompatibility that could support the proliferation of
MSCs in the presence of chondrogenic growth factors.”
The application of autologous BM-MSCs and 3D porous
silk scaffolds had the possibility of successful cartilage
repair.”? After three weeks of cultivation of MSCs in the
silk scaffold, cell alignment and Col deposition in scaffold
resembled natural cartilage, indicating the potential of the
novel 3D silk scaffold in MSC-based cartilage repair.
Moreover, the hybridization of dense Col (DC) with silk
fibrin (SF) produced multi-layered DC-SF-DC scaffolds.**
The multi-layered scaffolds promoted BM-MSC differen-
tiation by upregulating Col IIA1 and aggrecan expression.
In addition, compared to the pure DC and SF scaffolds, the
multi-layered scaffold promoted the production of Col II
and improved the sustained chondrogenic and osteoblastic
differentiation of BM-MSCs.

Other polysaccharides, including different forms of
cellulose, also attracted the attention of researchers to

develop MSC-based, engineered scaffolds for cartilage
regeneration. Cellulose is a semi-crystalline glucose
polymer, and cellulose polymers satisfy the chondro-
cyte proliferation and reveal excellent biocompatibility in
vitro.”* Carboxymethylcellulose (CMC) is one of the
derivatives of cellulose. BM-MSCs encapsulated in photo-
cross-linked CMC scaffolds supplemented with TGF-p33
were reported to stimulate cartilage matrix deposition and
were able to elaborate functional ECMs consistent with the
cartilaginous tissue phenotype.’® Huang et al.”” found that
chondrogenesis was increased in the lowest concentrations
of sodium cellulose sulfate (NaCS) scaffold, as seen with
the highest Col II production and expression of cartilage-
specific genes. In addition, the cellulose/silk blended scaf-
fold was reported to be used as a transplantable strategy to
stimulate BM-MSCs for cartilage repair (Figure 6).® The
scaffold upregulated Col II, Sox9, and aggrecan expres-
sion without growth factor induction. No lipogenic and
osteogenic differentiation was found, indicating the
blended scaffold induced specific MSC differentiation into
the chondrogenic lineage.”®

In summary, engineered scaffolds based on natural pol-
ymers lead to satisfying outcomes of MSC therapies in
cartilage regeneration in terms of the relatively excellent
biocompatibility and chondrogenesis support. However,
the disadvantages of natural polymers are apparent, includ-
ing the difficulty of processing the scaffold into desired
structures and the difficulty of functionalizing the scaffold.
The application of synthetic polymer scaffolds can over-
come most of the restrictions of natural polymer scaffolds.

Synthetic polymer scaffolds

Various synthetic polymers are fabricated for biomedical
applications. Compared with natural polymers, the advan-
tages of the application of synthetic polymers in cartilage
regeneration mainly focus on their stability and diversity.
We can manipulate their biochemical and mechanical
properties to meet the repair requirements by changing
their components and structures. The most common
synthetic polymers in cartilage regeneration are poly(o.-
esters), such as poly(lactic-co-glycolic acid) (PLGA),
poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(ethylene glycol) (PEG).

As the copolymer of PGA/PLA, PLGA has also demon-
strated the capacity to assist MSCs in the repair of dam-
aged cartilage.”” PLGA was reported as a hydrolyzable
scaffold containing BM-MSCs for the fabrication of tra-
chea cartilage.'® After 4 weeks of incubation, BM-MSCs
obtained the chondrogenic ability with the induction of
TGF-B. Xin et al. fabricated a PLGA-based nanofiber to
improve adhesive ability, growth, and differentiation of
BM-MSCs.'%" The majority of BM-MSCs were prolifer-
ated in PLGA scaffolds for 14 days, and BM-MSCs in the
PLGA scaffold were successfully differentiated into
chondrocytes.
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Figure 6. Composite scaffold-directed chondrogenesis of BM-MSCs. (A) Macroscopic and microscopic presentation of polymer
membranes. (b, d, f) Low-resolution images. (c, e, g) High-resolution images. (B) Chondrogenic gene expression of BM-MSCs on
polymer membranes. The expression of BM-MSCs on different polymers was collected and transcribed into cDNA for quantitative
PCR analysis of the chondrogenic markers. The BM-MSCs cultured on the specific blend combination of cellulose and silk in

75:25 ratio upregulated the chondrogenic marker genes Col ll, Sox9, and aggrecan in the absence of TGF-f. (C-a) Chondrogenic
commitment of BM-MSCs on the polymer membranes. BM-MSCs were cultured in different polymers or plastics for 21 days in the
presence or absence of TGF-f. (b) BM-MSCs were cultured with or without adipogenic and osteogenic supplements. Chondrogenic
differentiation of BM-MSCs was assessed by staining for aggrecan (red fluorescence) and Col Il (green fluorescence). Fat vacuoles
were stained with Oil Red O to evaluate adipogenesis and differentiation. Osteogenic differentiation was assessed by staining
calcium with Alizarin Red. No adipogenic or osteogenic differentiation was found on the cellulose/silk composite scaffold in 75:25
ratio. Adopted from Singh et al.”® and reprinted with permission of American Chemical Society.

PLA is a biodegradable polymer that was approved by
the FDA in various medical applications. The application of
gene-modified MSCs with tissue engineering scaffolds
could significantly improve the repair of the subchondral
bone.'”” TGF-B1 gene-modified MSCs seeded on

poly-L-lysine-coated PLA bionic scaffold for the treatment
of osteochondral defects.!®® After 24 weeks of implanta-
tion, the cartilage tissue filled in the chondral zone and the
trabecular bone filled in the subchondral region. Similarly,
Yan and Yu'™ seeded four types of chondrogenic cells,
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including chondrocytes, BM-MSCs, fibroblasts, and
umbilical cord blood stem cells, into PLAs separately, and
cell/PLA composites were transplanted into femoral
trochlear groove cartilage defects. The application of
BM-MSCs and PLA scaffold showed better neo-chondro-
cyte arrangement in the chondral region, and the integration
with surrounding cartilage was successfully repaired.

PGA is a polymer with high tensile strength. Due to its
appropriate degradation and excellent mechanical charac-
teristics, it had been widely used in cartilage engineering.
In addition, BM-MSCs combined with PGA were reported
to induce chondrogenic differentiation, and the content of
Col II and aggrecan was dramatically increased.'%®

PEG and polycaprolactone (PCL) represented the most
commonly used synthetic polymer hydrogel in cartilage
repair. Hydrogels with a 3D-aggregated structure could
maintain a large amount of water.!° Hydrogel matrices
are able to obtain the desired shape and proper mechanical
characteristics after implantation.'”” The specific combina-
tions of PEG hydrogels with chondroitin sulfate (CS) and
matrix metalloproteinase—sensitive peptides (MMP-pep) in
a layer-by-layer organization were reported to induce the
BM-MSCs to differentiate into chondrocytes and different
phenotypes in the surface, transitional, and deep layers of
cartilage tissue.'* The shallow region consisted of PEG, CS,
and MMP-pep, the middle layer consisted of CS and PEG,
and the bottom layer consisted of HA and PEG. The results
demonstrated that the Col II content decreased from the
superficial to deep region step by step. In contrast, the
increase in Col X and proteoglycan resulted in the differ-
ence in compressive modulus in different cartilage layers.
Moreover, the PEG/Col mimetic peptide (CMP) composite
hydrogels were developed for the encapsulation of
MSCs into neo-cartilage.'” Compared to PEG hydrogels
without CMP, the hybrid scaffolds provided a microenviron-
ment, which increased the chondrogenic differentiation of
MSCs and promoted the production of ECMs.'%” Furthermore,
matrix elasticity was found to have an impact on the chondro-
genesis of MSCs, the soft matrix leading to a higher extent of
chondrogenesis and the stiff matrix with the opposite effect.'”

PCL is the commonly used polyester approved by the
FDA for biomedical applications.!'’ Furthermore, PCL
could induce cell attachment, proliferation, and matrix
generation.!!! Dahlin et al. found the capacity of the co-
culture of chondrocytes and MSCs in the electrospinning
PCL scaffolds to repair osteochondral defects in the troch-
lear groove in rats. The co-culture in the scaffold resulted
in repaired tissue composed of more cartilage-like tissue
compared to the empty treatment.''? Similarly, the effect of
direct cell—cell contact in BM-MSC and chondrocyte co-
cultures on chondroid ECM deposition in non-woven
fibrous PCL scaffolds was assessed. Chondrocytes and
BM-MSCs were co-cultured in the PCL scaffolds directly
or indirectly, and the results demonstrated that chondro-
cytes affected the chondrogenesis of BM-MSCs by
increasing the cartilaginous ECM synthetic capacity.'!?

PCL scaffold with nanofibrous texture allowed BM-MSCs
to express aggrecans, and the augmentation with hyaluro-
nan and TGF-B1 in the scaffold was helpful for the chon-
drogenic differentiation of BM-MSCs.!'* Moreover, PCL
could be used in 3D tissue engineering for cartilage repair
by combining the PCL macrostructure with the self-assem-
bly peptide RAD16-I (Figure 7).'"> The scaffold provided
a microenvironment for BM-MSC proliferation and dif-
ferentiation into chondrocytes and had a mechanical prop-
erty similar to native cartilage, providing a potential
treatment for cartilage regeneration.

Natural and synthetic polymer composite
scaffolds

Considering the advantages and limitations of natural
and synthetic polymers, most recent studies pursued the
combination of natural and artificial materials to exploit the
optimal scaffold for cartilage regeneration.!'® While syn-
thetic polymers could customize the blended scaffold to
possess necessary mechanical characteristics and struc-
tures, the addition of natural polymers could afford bioac-
tive molecules, which are also important for the proliferation
and differentiation of MSCs.

To investigate different ECM contents in regulating dif-
ferentiation of BM-MSCs, Hwang et al. encapsulated
BM-MSCs in PEG-based hydrogels containing either Col
or HA and cultivated them in chondrogenic medium."” In
Col-based PEG hydrogel, chondrogenic differentiation of
BM-MSCs was increased, while osteogenic differentiation
of BM-MSCs was induced by PEG hydrogel containing
HA. In addition, Liao et al. fabricated the PCL microfiber
coated with decellularized cartilage ECM. The composite
scaffold supported the chondrogenic differentiation of
BM-MSCs in vitro. Moreover, a higher GAG synthetic
activitiy of BM-MSCs was observed in composite
scaffold.'®

The effect of hydroxyapatite on cartilage repair had
been widely reported. To establish an appropriate environ-
ment for the synthesis of cartilage ECM, nanoscale
hydroxyapatite was loaded on poly(L-lactic acid) (PLLA)
fibers, and MSCs were seeded on the surface of the com-
posite scaffold.""” After 14 days of culture, cartilage-spe-
cific proteoglycan immunostaining confirmed the presence
of chondrogenic ECM in the scaffold. Similarly, Zhou
et al.'? developed a hybrid scaffold consisting of PGA-
hydroxyapatite and autologous BM-MSCs, which facili-
tated the repair of osteochondral defect in femoral
intercondylar fossa. At 16weeks after implantation, the
study found that the neo-tissue in the repaired arca was
integrated with the surrounding tissue.

Considering the physical properties of cartilage, the
scaffold for cartilage repair should demonstrate proper
mechanical characteristics. In a variety of cartilage repair-
ing studies, chitosan has been compounded with other syn-
thetic polymers to increase the mechanical properties and
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Table I. Comparison of clinical strategies with MSC-based therapies for cartilage damage treatment.

Strategy

Advantage

Disadvantage

Reference

Distraction

Autologous osteochondral
implantation

Allograft osteochondral
implantation

Autologous chondrocyte
implantation

Joint replacement

Increase joint space and reduce pressure in
joint

Significant improvements in pain and mobility
of joint

Technical simplicity

Low cost

Generally biocompatible in vivo

Improved the prognosis of large size
osteochondral defect

Maintain the original structure for repaired
tissue

Appropriate phenotype required for cartilage
repair

Limited invasiveness

Avoid potential immune complications

Metal prostheses provide excellent fracture
resistance and mechanical strength

Pin tract infection
Neuropraxia
Thrombosis

Largely invasive
Graft separation

Immune reaction

Display variability among
different samples

Limited donor source
Dedifferentiation to fibroblast-
like cells in monolayer culture
Limited mitotic activity
Two-stage operation

Metal toxic degradation
products and immunogenicity

Mastbergen et al.6

Daher et al.?

Daher et al.?

Djouad et al.*

Smith and
Grande’

Ceramic prostheses showed great
osteoconduction ability

MSC-based therapies
cartilage tissue

Can be modified and processed to desired
specifications with consistent quality

Regeneration of a relative complete, functional

Do not provide suitable
microenvironment for tissue
growth

Increased complexity for
fabricating

Difficult to process in clinical
practice

Zhu et al.?

Relatively good biocompatibility and similar
biomechanical properties with the target tissue

MSC: mesenchymal stem cell.

cell attachment. Ploy(L-lactide-co-g-caprolactone) (PLCL)
scaffold was cross-linked with chitosan to enhance wetta-
bility, while the chitosan surface increased homogeneous
distribution of BM-MSCs within the scaffold.!?! BM-MSCs
attached to the chitosan-modified composite scaffold
quickly and formed F-actin fiber to constitute clusters.
This phenomenon was delayed in an unmodified scaffold.
Moreover, the mechanical properties of neo-tissue were
improved on a modified composite scaffold.

Conclusion

Current clinical treatment does not usually provide satisfy-
ing repair outcomes because of limited sources of trans-
planted cartilage and the failure of integration among
regenerative tissue and surrounding tissue.

Emerging MSC-based therapies represent a satisfying
approach for cartilage repair, to circumvent the limitations
of current clinical treatments, in terms of their accessibil-
ity, minimization of donor morbidity, and splendid capac-
ity of chondrogenic differentiation (Table 1).

Using MSCs alone, the progression of cartilage degen-
eration could be delayed. This strategy has succeeded in
relieving pain and improving joint function in OA and RA

patients. Moreover, it was also demonstrated the MSCs
have the potential to prevent chondrocyte apoptosis
through a paracrine effect. Implantation of MSCs has
been used in various pre-clinical studies for its low opera-
tion trauma. However, this method just postpones carti-
lage deterioration and fails to regenerate the injured
cartilage. The application of chondrogenic factors could
regulate the differentiation, proliferation, and metabolic
activity of MSCs. The usage of MSCs with chondrogenic
factors was reported in the treatment of early-stage and
small size cartilage injuries. Chondrogenic factors had
been proven to increase the therapeutic efficacies of
MSCs.

For the treatment of cartilage defect, the regeneration of
neo-tissue is relatively unstable in mechanical properties
compared with the native cartilage tissue. The 3D environ-
ment provided by the scaffold has a crucial role in main-
taining the chondrocyte phenotype of MSCs. Scaffold not
only enables the homogeneous distribution of MSCs but
also provides the appropriate substrate for cell growth and
mechanical integrity for post-surgical implantation. The
strategy could induce the regeneration of a relatively com-
plete, functional cartilage tissue, which is significant for
the repair of full-thickness cartilage defect. The
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combination of MSCs with chondrogenic factors achieved
better-repaired outcomes compared with MSCs alone. In
addition, the addition of engineered scaffolds enhanced
ECM synthesis and significantly improved the therapeutic
results of severe or full-thickness cartilage defects.

The purpose of MSC-based therapies is to create bionic
tissues, which could mimic the physical characteristics of
native cartilage. However, the approaches should meet the
elementary requirement of integrated cartilage regeneration
and much still need to be investigated. In the process of
cartilage regeneration, we need to maintain the chondro-
cyte phenotype of existing chondrocytes and improve com-
plete MSC chondrogenic differentiation. In the process of
applying MSC-based therapies to the clinical setting, we
need to determine what constitutes a healthy, cartilage-like
regeneration tissue. We believe the integration of MSC-
based therapies into current clinical approaches will over-
come the existing challenges and enable us to develop a
genuinely biomimetic cartilage regenerative therapy.
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