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Articular cartilage exhibits an inherently low rate of regeneration. Consequently, damage to articular cartilage
often requires surgical intervention. However, existing treatments generally result in the formation of fi-
brocartilage tissue, which is inferior to native articular cartilage. As a result, cartilage engineering strategies
seek to repair or replace damaged cartilage with an engineered tissue that restores full functionality to the
impaired joint. These strategies often involve the use of chondrocytes, yet in vitro expansion and culture can
lead to undesirable changes in chondrocyte phenotype. This review focuses on the use of articular chondrocytes
and mesenchymal stem cells (MSCs) in either monoculture or coculture for the enhancement of chon-
drogenesis. Coculture strategies increasingly outperform their monoculture counterparts with regard to chon-
drogenesis and present unique opportunities to attain chondrocyte phenotype stability in vitro. Methods to
prevent chondrocyte dedifferentiation and promote chondrocyte redifferentiation as well as to promote the

chondrogenic differentiation of MSCs while preventing MSC hypertrophy are discussed.

Introduction

ARTICULAR CARTILAGE IS an avascular and aneural tissue
that functions to resist compression, to prevent adjacent
bone contact, and to provide a low-friction surface for joint
articulation.” Composed primarily of specialized extracel-
lular matrix (ECM) components with high water content,
cartilage is viscoelastic and, as such, can withstand high
compressive loading.” Cartilaginous ECM contains collagen
type II, noncollagenous proteins, and proteoglycans, such as
aggrecan, that have sulfated glycosaminoglycans (GAGs)
that absorb water. Chondrocytes are responsible for the
generation and maintenance of this ECM and are the sole,
differentiated cellular resident of articular cartilage.'

As a result of its low cellularity and lack of vasculature,
cartilage retains a low rate of regeneration, and focal or
degenerative lesions, caused by trauma or disorders, can
lead to osteoarthritis.®> As such, significant damage to car-
tilage tissue of articulating joints, such as the knee, can
result in persistent pain and impaired motility. For lesions
requiring operative treatment, many surgical options exist,
but none of these options result in ideal cartilage tissue re-
pair.®> Surgical options that involve a cellular component
such as autologous chondrocyte implantation require tissue

biopsy, in vitro cell expansion, and cell implantation.’
Clinical research has investigated the use of biomaterial
scaffolds to facilitate the placement and retention of cells
within a defect site.*> However, in-vitro-expanded chon-
drocytes undergo extensive dedifferentiation®’ and produce
repair tissue that is inferior to hyaline cartilage for the in-
tended purposes of load bearing and low-friction joint
movement. Many of these treatments are suggested to be
most suitable for younger, active patient populations.’ An
increasing rate of osteoarthritis is observed in the aging
population® due to wear and tear of the articulating joints
and the inverse relationship between age and regeneration
capacity. Clinicians and researchers alike recognize a need
for improved cartilage repair and regeneration, and cartilage
tissue engineering strategies have been investigated in re-
sponse to these issues.

Cartilage engineering seeks to repair or replace damaged
tissue with an engineered construct that restores full func-
tionality to the impaired joint. Such strategies embrace the
combination of scaffold, cells, and bioactive molecules for
tissue regeneration.® Scaffolds of natural or synthetic ma-
terials are often designed to mimic native cartilage ECM.
Articular chondrocytes (ACs) and mesenchymal stem cells
(MSCs) are often employed as the cellular component since
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chondrocytes are the native, differentiated cell type, and
MSCs are the precursor or progenitor cells that possess
the ability to differentiate into functional chondrocytes.'
Growth factors, such as transforming growth factor-§ (TGF-
) and insulin-like growth factor (IGF), are typically used to
induce chondrogenesis of the cells.” Still, even with growth
factor signaling and culture on biomaterial scaffolds,
maintaining the chondrogenic phenotype of chondrocytes
and MSCs remains a significant challenge in cartilage tissue
engineering.

Cellular phenotype changes in culture

Current cartilage repair or replacement options that utilize
implanted cells are limited by the number of cells available
for isolation and by the uncontrolled phenotypic changes in
those cells. As such, chondrocytes and MSCs have been
investigated as cell sources for cartilage engineering due to
their well-established ability to generate cartilage-like ECM
under the appropriate culture conditions.'®!!

These cells can be isolated from many different tissue
sources in the body that contribute to detectable phenotypic
differences among chondrocytes or MSCs.'*!* Nonload-
bearing regions of the cartilage can be harvested for chon-
drocyte isolation, but tissue availability is limited and often
results in donor site morbidity.'* For articular cartilage re-
generation, ACs isolated from cartilage of articulating joints
produce ECM with properties most similar to that of hyaline
cartilage of the knee versus the ECM produced by auricular
or costal chondrocytes.'> MSCs are typically isolated from
bone marrow or adipose tissue sources.'®!” MSCs of bone
marrow require less chondrogenic stimulation to achieve
chondrogenic differentiation than MSCs of adipose tis-
sue.'® 20 Still, even the utilization of ACs and bone-marrow-
derived MSC populations presents issues like the loss of the
chondrogenic phenotype of chondrocytes and hypertrophy
of chondrogenically induced MSCs.'*!!-%!

The loss of chondrocyte phenotype upon proliferation
in vitro was first documented in 1960 and termed dediffer-
entiation.® Phenotypically, dedifferentiation involves a de-
crease in expression of chondrocyte markers, such as
collagen type II, aggrecan, and the transcription factor
SOX9, and an increase in expression of fibroblastic markers,
such as collagen type I and versican.”?"?> This is of critical
importance for cartilage tissue engineering since dediffer-
entiated chondrocytes become fibroblastic and do not pro-
duce hyaline cartilage, which is necessary for the proper
function of articulating joints. Alarmingly, dedifferentiation
has been reported as early as the first passage in monolayer
culture.?>-?6 Extensive evidence exists demonstrating rapid
chondrocyte dedifferentiation during culture expansion on
polystyrene. Thus, the loss of chondrocyte phenotype prior
to utilization in experimentation or implantation is of huge
concern for the tissue engineering field.

The other cell population, the adult MSCs, possesses the
ability to proliferate ex vivo and differentiate into multiple
specialized cell types, including chondrocytes upon chon-
drogenic induction and osteoblasts upon osteogenic induc-
tion.”” The widespread use of MSCs in tissue engineering
strategies goes beyond their multipotent differentiation
ability, and includes trophic and immunomodulatory ef-
fects.”* ! Bone-marrow-derived MSCs are typically ob-
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tained via iliac crest marrow aspiration, which has a lower
rate of donor site morbidity compared with cartilage harvest
required for chondrocyte isolation. Unlike chondrocytes,
MSCs can be expanded in vitro without the risk of losing
their phenotype. However, MSCs tend to simultaneously ob-
tain both chondrogenic and hypertrophic properties upon
persistent exposure to chondrogenic stimuli, such as TGF-3
and dexamethasone, prevalent in current culture methods.*>

MSC hypertrophy is characterized by an increase in cell
volume; an upregulation in the expression of collagen type
X, matrix metalloproteinases, and vascular endothelial
growth factor; and an increase in alkaline phosphatase
(ALP) activity, which are all targets of the Runx2 tran-
scription factor, a marker typically associated with osteo-
genic differentiation.>® Hypertrophy of MSCs has even been
harnessed for bone tissue engineering applications, at-
tempting to mimic the progression of endochondral ossifi-
cation to form osseous tissue.>**> This process might be
beneficial for full-thickness osteochondral defect repair
targeting specifically the subchondral bone layer,*® but it is
contraindicated to repair frictionless articulating joint sur-
faces. In addition, MSCs with hypertrophic phenotype ex-
press and produce collagen type I preferentially over
collagen type IL>* indicative of fibrocartilage formation
instead of hyaline cartilage. Therefore, promoting chon-
drogenic differentiation while preventing hypertrophy of
chondrogenic MSCs is crucial in the application of MSCs
for the generation of articular cartilage-like matrix.

Numerous methods to address chondrocyte dedifferenti-
ation and redifferentiation and MSC chondrogenic differ-
entiation and hypertrophy are discussed in this review.
Separate sections are devoted to cocultures of ACs and
MSCs, as they have recently shown great promise in
avoiding some of the common problems seen in the corre-
sponding monocultures.

Preventing AC Dedifferentiation

Use of chondrocyte monoculture to prevent
dedifferentiation

Monoculture is the classical method of culturing a single
cell type, as opposed to multiple cell populations, that is
useful for distinguishing effects of isolated compounds or
culture conditions on a particular cell type. Several para-
meters, including cell seeding density, media components,
culture substrates, and oxygen tension, have been varied in
the culture of ACs to determine effects on chondrocyte
phenotype and to mitigate dedifferentiation (Table 1).

Chondrocyte seeding density was investigated after ob-
serving expansional dedifferentiation in vitro. High chon-
drocyte seeding density resulted in less dedifferentiation
compared with low seeding density cultures, as determined
by collagen type II production.’>** The high seeding density
inhibited cell spreading as compared with the low seeding
density.>* Expansional dedifferentiation could be a direct
result of cell spreading, which is a function of seeding
density and causes morphological and cytoskeletal changes
to the naturally spherical chondrocytes.”* As later reported,
decreased chondrocyte spreading, which decreased actin
stress fiber formation, led to increased chondrocyte marker
expression such as SOX9,*” promoting the spherical dif-
ferentiated chondrocyte phenotype. In one interesting study,
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TABLE 1. ARTICULAR CHONDROCYTE MONOCULTURE: METHODS TO PREVENT DEDIFFERENTIATION
Dominant factor Specific factors Species and cell source Ref. No.
Seeding density High seeding density (decreased cell spreading) Porcine ACs 24
Growth factor BMP-2 Human ACs 39
FGF-2/TGF-B1 Human ACs 40
Substrate coating Collagen I Rabbit ACs 45
Collagen II Murine ACs 46
ECM Porcine ACs 47
Hypoxia 1.5% Bovine ACs 50
5% Bovine ACs 49
Hypoxia and 3D perfusion 5% Bovine ACs 41

ACs, articular chondrocytes; BMP-2, bone morphogenetic protein-2; ECM, extracellular matrix; FGF-2, fibroblast growth factor-2; TGF,

transforming growth factor; 3D, three dimensional.

a continuously expanding culture surface provided room for
AC expansion over 10 days while benefitting from an initial
high cell seeding density, demonstrating decreased AC de-
differentiation.*®

Beyond seeding density, culture media components have
also been altered and investigated. Growth factors have been
used extensively as media supplements to promote a dif-
ferentiated phenotype. Supplementation of medium with
bone morphogenetic protein-2 (BMP-2) demonstrated the
ability to reduce dedifferentiation of serially passaged
chondrocytes, as revealed by gene expression analysis.*
However, supplementation of serum-containing or serum-
free medium with combinations of epidermal growth factor,
platelet-derived growth factor-bb, fibroblast growth factor-2
(FGF-2), and TGF-B1 during monolayer expansion actually
enhanced AC proliferation and dedifferentiation, as indicated
by gene expression for collagen types I, II, and X; aggrecan;
and versican.*® Thus, it was concluded that FGF-2/TGF-B
supplementation in expansion was ideal to accelerate prolif-
eration and even the subsequent redifferentiation of these
cells in a 3D substrate when exposed to TGF-B1 and dexa-
methasone postexpansion.*® Rapid proliferation, while ideal
for clinical applications, is correlated with dedifferentiation of
ACs. Y™ Therefore, while growth factors may aid in in-
creasing proliferation and delaying chondrocyte dedifferen-
tiation, they do not fully prevent phenotypic change and are
considerably expensive, so a balance must be achieved re-
garding the advantages and disadvantages of growth factor
supplementation.

While media components act as soluble signals, the sub-
strate on which cells are cultured can be used to provide
insoluble signals or act as a physical stimulus to effect change
in cells. Used as a substrate or coating, many cartilage-related
proteins have been tested to prevent dedifferentiation during
cellular proliferation and expansion. Protein coatings are
postulated to prevent morphological changes in the chon-
drocytes, thereby inhibiting dedifferentiation. A decrease in
dedifferentiation was reported when chondrocytes were
cultured on collagen-type-I-coated surfaces compared to
culture on polystyrene plastic.*> Further, chondrocytes cul-
tured in 3D collagen type I gels after primary cell isolation
or expansion on a collagen type I substrate expressed similar
levels of collagen type II and GAGs, suggesting that prior
expansion on collagen type I may suppress dedifferentia-
tion.* It is important to clarify that collagen type I, while
most prevalent in the human body, is not the primary col-

lagen in cartilage, and when produced by chondrocytes in-
dicates dedifferentiation, the precise mechanism we seek to
prevent. Therefore, its use to avoid chondrocyte dediffer-
entiation should be carefully considered. Collagen type II,
the most abundant collagen found in cartilage, has also
been used as a coating.*® Collagen-type-II-coated surfaces
were found to maintain chondrocyte phenotype as compared
to uncoated plastic for expansion.*® Similarly, plastic coated
with ECM derived from synovial stem cells reportedly en-
hanced expansion and delayed dedifferentiation of chon-
drocytes in comparison to chondrocytes cultured on
uncoated plastic.47 Still, in direct conflict with these reports,
evidence exists demonstrating that chondrocytes dediffer-
entiated during expansion even on protein coatings of col-
lagen type I, collagen type II, and fibronectin.*® While these
studies utilized different species for AC isolation, such op-
posing results suggest the need for more rigorous testing of
cellular responses to coatings to prevent dedifferentiation,
including examining gene expression levels throughout ex-
pansion on protein substrates. If optimal chondrocyte ex-
pression levels and clinically relevant cell numbers are
achieved during expansion on a particular coating, then
chondrocytes could be passaged at that time to prevent
further dedifferentiation.

Native cartilage lacks vasculature, and as a result, has a
low oxygen tension. To mimic this property of cartilage,
researchers have explored hypoxic chondrocyte expansion
as a means to delay or prevent dedifferentiation. Chon-
drocyte expansion in hypoxic culture conditions with 1.5—
5% oxygen enhanced production of cartilaginous matrix
and increased chondrogenic gene expression.*”° Low
oxygen levels inhibit collagen type I expression, thereby
suppressing the fibroblastic, dedifferentiated phenotype.*’
Further, even reports that demonstrate no benefit of hypoxia
during AC expansion showed that exposure to hypoxia after
expansion improves chondrocyte redifferentiation poten-
tial.>'? It is important to note that hypoxic cultures often
suffer from the technical difficulty of maintaining strict
control over the oxygen tension during culture medium
changes, and it is unclear how these fluctuations may affect
the cells. Still, hypoxic culture remains a promising method
to delay dedifferentiation during expansion. Hypoxia, pro-
tein coatings, and growth factors should all be tested
together to determine combinatorial effects of these culture
conditions, as none of them is sufficient alone to maintain
the original chondrocyte phenotype.
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Chondrocyte dedifferentiation occurs so rapidly in ex-
pansion that approaches intended to prevent full dediffer-
entiation are not as commonly pursued as methods aimed at
redifferentiating chondrocytes after the fact. Further, chon-
drocyte expansion of at least 20-fold (>4 population dou-
blings) is prerequisite to clinical or experimental use due to
both the limited availability of primary tissue from which
cells are isolated and the inherent low cellularity of adult
articular cartilage.”>* While current methods have suc-
cessfully delayed chondrocyte dedifferentiation, no methods
have achieved complete success in preventing the process.
Delaying dedifferentiation during expansion allows for ad-
ditional passages of chondrocytes with sufficient phenotype
stability prior to experimentation or implantation, resulting
in greater chondrocyte numbers at the end of expansion.
This increase in cell number prior to utilization is needed for
any application that requires large numbers of cells. How-
ever, since proliferation is correlated with dedifferentiation,
preventing dedifferentiation is a practical concern. Still, a
balance must be met between methods to increase prolif-
eration and to prevent dedifferentiation. While most meth-
ods aim to delay or prevent dedifferentiation until the point
of clinical application or in vitro 3D culture, it should be
noted that dedifferentiation has shown to continue in ex-
panded ACs even in 3D culture on porous scaffolds after the
expansion phase.*!~>

Use of cocultures to prevent AC dedifferentiation

Direct and indirect cocultures of ACs and MSCs in a
number of different configurations have been employed to
determine the effects of these two cell types on one another.
Specifically, cocultures of ACs with MSCs have been ana-
lyzed for the ability to promote a stable AC phenotype
(Table 2). As an added benefit, AC and MSC cocultures
would require fewer chondrocytes than AC monocultures,
and therefore, fewer passages of chondrocytes would be
needed to reach a clinically or experimentally relevant
number of cells. As cocultures reduce the number of
chondrocytes needed, expansion of chondrocytes would be
decreased or made progressively unnecessary. ®’

Primary ACs and MSCs in pellet coculture have been
shown to maintain the differentiated AC phenotype. It has
been demonstrated that these results were not mediated by
soluble factors alone by comparing transwell indirect co-
culture to direct cell pellet coculture.”® MSCs provided
trophic factors that accelerated AC proliferation in cocul-
ture.>® Further, in AC-MSC coculture (2:1 cell ratio), pri-
mary ACs expressed greater levels of SOX9, collagen type
I, and aggrecan when cocultured with MSCs in direct
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contact than noncontact cocultures or monocultures of these
cells alone, suggesting that direct contact with MSCs pre-
vents dedifferentiation of primary ACs.”® Additional ex-
periments that seek to increase the expansion of ACs
without dedifferentiation should include MSCs in direct-
contact coculture. However, much more rigorous testing
should be applied to determine optimal culture conditions
over time to maintain a differentiated chondrocyte pheno-
type during expansion.

Coculturing primary ACs with MSCs demonstrated in-
creased chondrogenesis compared with monoculture AC
control groups of equal total cell seeding density, requiring
less chondrocytes for coculture groups than for monoculture
groups with improved results.” This particular study uti-
lized a cell ratio of 30:70 ACs to MSCs, suggesting a 70%
reduction in the number of chondrocytes necessary in this
culture system. Less chondrocytes would be needed in co-
cultures of ACs and MSCs than monocultures of ACs alone,
so the potential for minimizing dedifferentiation due to
expansion of ACs via decreased expansion remains prom-
ising in cocultures of ACs and MSCs. Although dediffer-
entiation is extensively investigated, it continues to elude
researchers. Consequently, methods of redifferentiating
dedifferentiated chondrocytes are needed.

Promoting AC Redifferentiation

Despite attempts to avoid dedifferentiation, current ex-
pansion methods still do not maintain the chondrocyte
phenotype. Thus, approaches to redifferentiate ACs after
dedifferentiation have been investigated and have achieved
promising results. Chondrocytes undergo in vitro expan-
sional dedifferentiation or loss of phenotype as modulated
by a number of cellular pathways, which have previously
been elucidated.®™®' While noted that dedifferentiation
typically occurs in monolayer culture with cells assuming a
flat spindle-like morphology, redifferentiation is largely
conducted in 3D culture to encourage a spherical mor-
phology similar to the natural shape of chondrocytes
in vivo.”**> Many of the same methods are used both to
prevent dedifferentiation and to redifferentiate the expanded
ACs: growth factors, substrate composition, hypoxia, me-
chanical stimulation, and coculture with MSCs.

Use of chondrocyte monocultures to promote
redifferentiation

Media components, 3D culture systems, oxygen tension,
and mechanical stimulation have been varied in the culture
of expanded ACs to determine effects on chondrocyte

TABLE 2. COCULTURE: METHODS TO PREVENT ARTICULAR CHONDROCYTE DEDIFFERENTIATION

Direct/indirect coculture Percentage of ACs in coculture Species and cell source Ref. No.

Direct, 3D pellet 25 Human MSCs and 58
Bovine and human ACs

Direct, 3D porous scaffold 30 Rabbit MSCs and 55
Bovine ACs

Direct, 2D coculture 66 Rat MSCs and 59
Rat ACs

MSCs, mesenchymal stem cells.
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phenotype, as summarized in Table 3. Similar to attempts
to prevent dedifferentiation, media supplementation with
growth factors and hormones, such as dexamethasone, has
been used to induce chondrogenic redifferentiation of ACs.
In one study, chondrocytes expanded in the presence of
serum-containing medium supplemented with FGF-2 and
TGF-B1 then subsequently redifferentiated in serum-free
medium, supplemented with TGF-B1 and dexamethasone,
showed the greatest upregulation of chondrogenic gene
expression and increase in production of cartilage-like
ECM compared with any other growth-factor-supple-
mented media formulation.*° Further, it has been demon-
strated that even transient growth factor signaling with
TGF-B3 can be used to improve biomechanical and bio-
chemical properties of the resultant tissue-engineered
construct to be comparable to properties of native cartilage
tissue.”> Consequently, growth factors play a major role
during expansion of chondrocytes and even influence the
ability of the chondrocytes to be redifferentiated in 3D
culture after expansion.

As previously stated, 3D culture systems are most com-
monly used to promote redifferentiation as they support the
spherical shape of chondrocytes. Both natural and synthetic
scaffolds have been tested experimentally for their ability
to promote AC redifferentiation. Natural scaffolds, such
as hydrogels made from hyaluronan, a naturally occurring
GAG in articular cartilage, have demonstrated the ability
to support redifferentiation of chondrocytes after dedifferen-
tiation, indicated by an increase in collagen type II and ag-
grecan expression levels.**® Further, a chondrocyte-seeded
hyaluronan-based hydrogel system has demonstrated safety
and efficacy in clinical agplication for the treatment of ar-
ticular cartilage lesions.®® Other natural materials, such as
agarose and alginate not native to articular cartilage, are also
frequently employed to support redifferentiation of chon-
drocytes. Chondrocytes cultured in agarose hydrogels with
TGF-B1-supplemented medium demonstrated restored levels
of some microRNA expression comparable to the differenti-
ated chondrocyte phenotype.”” Further, redifferentiation of
ACs cultured in agarose gels without TGF-f supplementation
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has been demonstrated via increased collagen type II and
proteoglycan production.”® Another natural material, alginate,
has been used in several 3D formats, including beads or
hydrogels, and has shown to support redifferentiation of
chondrocytes and promote phenotype stability.®**”"° Cells
passaged one to four times were able to redifferentiate in
alginate beads, but only limited redifferentiation was ob-
served in passages five through eight.”' Yet, it was reported
that AC monoculture at a lower cell seeding density in 3D
alginate beads could not fully redifferentiate chondrocytes
that had undergone expansional dedifferentiation through
four passages.”® Synthetic scaffolds have also been used to
promote chondrogenic phenotype maintenance, including a
thermo-reversible hydrogel construct embedded with chon-
drocytes that demonstrated the ability to promote chon-
drogenesis.”* Although synthetic porous scaffolds allow for
the advantageous infiltration of tissue and ECM, these scaf-
folds tend to enable cell spreading more than hydrogels and
such spreading promotes dedifferentiation®; however, com-
posite porous scaffolds of natural proteins and synthetic
materials could mitigate dedifferentiation and enhance re-
differentiation due to the presence of proteins while porosity
supports tissue infiltration. Still, due to incongruent evidence,
improvements must be made to scaffold materials and de-
signs to promote chondrocyte redifferentiation in order to re-
establish chondrocyte phenotype before clinical use.

While used to prevent dedifferentiation, hypoxia has also
been investigated for its ability to influence chondrogenic
redifferentiation of chondrocytes, thereby mimicking the
microenvironment of native cartilage. Oxygen tension levels
of 1.5-5%, in combination with 3D culture, have caused
significant redifferentiation of expanded chondrocytes and
phenotype stability.®”-”® Hypoxic-cultured chondrocytes
encapsulated in alginate demonstrated significant upregula-
tion of chondrogenic markers, including collagen type II,
aggrecan, SOX9, and GAGs, compared with chondrocytes
cultured in higher oxygen levels and had expression levels
comparable to primary chondrocytes.”®’* To further explore
the mechanism by which hypoxia enhanced cartilage matrix
synthesis by ACs, it was revealed that hypoxia-inducible

TABLE 3. ARTICULAR CHONDROCYTE MONOCULTURE: METHODS TO PROMOTE REDIFFERENTIATION

Dominant factor Specific factors Species and cell source  Ref. No.
Growth factor TGF-B1 and dexamethasone Human ACs 40
TGF-f3 Bovine ACs 63
Biomaterial Hyaluronan hydrogel Human ACs 64
Hyaluronan-methacrylate hydrogel Human ACs 65
Agarose hydrogel Rabbit ACs 23
Agarose hydrogel Bovine ACs 25
Alginate beads Rabbit ACs 60
Alginate beads Bovine ACs 68
Alginate beads Human ACs 69,71
Poly(N-isopropylacrylamide-co-acrylic acid) hydrogel Rabbit ACs 72
Hypoxia and 3D culture  Alginate beads and hypoxia (5% O,) Bovine ACs 67,70
Alginate beads and hypoxia (5% O,) Human ACs 74
MPEG-PLGA scaffold and hypoxia (1%, 5% O,) Human ACs 73
Mechanical stimulation Flow perfusion (0.05 mL/min flow rate) Rabbit ACs 77
Dynamic laminar flow; rotating-wall vessel Human ACs 78
Dynamic laminar flow; rotating-wall vessel Bovine ACs 79

MPEG-PLGA, methoxy-poly(ethylene glycol)-block-poly(lactic-co-glycolic acid).
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factor-2a0 (HIF-201) is at least partly responsible for the
hypoxic induction of SOX9 that is directly involved in the
upregulation of several matrix genes.”” Biosynthetic activity
and collagen type II production has been shown to increase in
hypoxia as well.%” Incorporation of hypoxia into culture
systems for the redifferentiation of chondrocytes should be
further explored with consideration for oxygen gradients
that may be created within 3D constructs.”® Such gradients
should be fully elucidated with the potential to be harnessed
for the generation of organized cartilage tissue.

Mechanical stimulation in the form of compression, hy-
drostatic pressure, tension, or shear stress has also been ex-
plored to enhance chondrogenic phenotype. Rabbit ACs
seeded onto poly(glycolic acid) scaffolds and subjected to flow
perfusion in a closed bioreactor system produced collagen type
II but not type I, as determined via immunohistochemical
staining and western blot, suggesting a redifferentiation of
expanded chondrocytes.”” Expanded human ACs cultured in a
rotating bioreactor for 12 weeks aggregated and expressed
collagen type II in culture, demonstrating redifferentiation.”®
While many bioreactor systems have been detailed in the lit-
erature, such as those utilizing dynamic laminar flow’® and
dynamic compression®>®! to increase GAG and collagen
production by ACs, a detailed analysis of chondrocyte gene
expression and phenotype requires further elucidation. Beyond
the ability to redifferentiate expanded chondrocytes, a biore-
actor should be further optimized to redifferentiate these cells
as rapidly as possible in vitro prior to clinical use, and further
effort should be made to monitor the changes in phenotype in
culture over time. Additionally, methods to redifferentiate
ACs should be combinatorial, involving multiple approaches
detailed previously.

Use of cocultures for the redifferentiation of ACs

Coculturing ACs with other cell types has been used as a
method to promote chondrocyte redifferentiation in vitro
(Table 4). Typical proportion of ACs in these cocultures has
been 20-35%, demonstrating the decreased need for AC
expansion in cocultures as previously discussed. When
cultured with primary chondrocytes, expanded dediffer-
entiated chondrocytes underwent redifferentiation, as indi-
cated by upregulation of aggrecan, collagen type II, and
SOX9 gene expression accompanied by a decrease in col-
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lagen type I expression.®® Further, cocultures of these cells,
primary and expanded ACs, demonstrated that even small
numbers of primary cells could rescue the phenotype of the
expanded, dedifferentiated ACs.®> Even a xenogeneic co-
culture proved successful in enhancing cartilage tissue for-
mation compared with monocultures as measured by GAG
content, in the coculture of expanded human chondrocytes
with primary bovine chondrocytes.®® While the cocultures
of primary and expanded chondrocytes enhanced chon-
drocyte redifferentiation and only require the isolation of
one cell type, this coculture method employs chondrocytes
only, but still needs relatively high numbers of harvested
chondrocytes. Alternatively, cocultures of chondrocytes
with MSCs can be used to decrease the number of chon-
drocytes needed for experimentation or implantation.>®
Bone marrow MSCs and expanded ACs have been co-
cultured to promote AC redifferentiation. It has been shown
that expanded chondrocytes cocultured with MSCs at the
end of culture were similar to primary chondrocytes as
measured by collagen type I, collagen type II, and aggrecan
expression as well as GAG content when cultured on porous
poly(e-caprolactone) (PCL) scaffolds.”® MSCs generally are
credited with providing significant paracrine or trophic ef-
fects that upregulate the AC chondrogenic phenotype in
coculture.®*° Interestingly, MSCs treated with TGF-p3
and BMP-6 were reported to increase in chondrogenic gene
expression of TGF-f3, BMP-2, IGF-1, and FGF-2,87 and the
production of these molecules has been suggested to con-
tribute to AC redifferentiation when cocultured with ACs.®
Thus, the exposure of MSCs to growth factors could greatly
impact the effect of the coculture. While trophic factors
generated by MSCs have been suggested to play a role in
redifferentiation of ACs, the retention of MSCs in culture is
disputed. Several reports observed a gradual loss of MSCs in
coculture.’®®® Even when MSCs remained in the coculture
for the duration of the culture period, the chondrocytes were
responsible for the cartilaginous matrix production.® Fur-
ther, cocultures still require growth factor supplementation
like monocultures, making the primary benefit of cocultur-
ing a decreased need for chondrocyte expansion.” None-
theless, even transient exposure of cocultures to TGF-B3
enhanced the chondrogenic phenotype of cell types com-
pared with cultures not exposed to growth factor, and
showed a stabilized phenotype of cocultures compared with

TABLE 4. COCULTURE: METHODS TO PROMOTE ARTICULAR CHONDROCYTE REDIFFERENTIATION

Direct/indirect coculture Percentage of ACs in coculture Species and cell source Ref. No.

Direct, 3D porous scaffold 25 Bovine and rabbit MSCs and 56
Bovine ACs

Direct, 3D porous scaffold 30 Rabbit MSCs and 55
Bovine ACs

Direct, 3D porous scaffold 25 Rabbit MSCs and 88
Bovine ACs

Direct, 3D pellet 33 Human MSCs and 84
Bovine ACs

Direct, 3D pellet 20 Human MSCs and 85,86
Human and bovine ACs

Direct, 3D porous scaffold 20 (primary ACs) Bovine primary and expanded ACs 82

Direct, 3D pellet 20 (primary ACs) Bovine primary ACs and 83

Human expanded ACs
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either cell type alone.®® Further, the cocultures required
lower concentrations of growth factor in comparison to the
monocultures. Cocultures of MSCs and ACs have proven
beneficial over their monoculture counterparts for the re-
duction in initial chondrocyte number and increase in car-
tilaginous ECM expression.

Whether in direct-contact pellet coculture or on porous
scaffolds, reports suggest that MSC trophic factors promote
chondrocyte proliferation and cartilaginous matrix produc-
tion in coculture, which would indicate a stable chondrocyte
phenotype.®>5¢ Yet an opposing report exists suggesting that
MSCs in a noncontact coculture system with expanded ACs
downregulate chondrocytic differentiation of ACs by a de-
crease in GAG and collagen type II production.®® However,
direct-contact coculture could mitigate this reported result
and should be directly compared with this particular non-
contact coculture system in the future. While more research
must be done to determine cellular interactions, a majority
of published data support that direct-contact coculture of
ACs and MSCs promotes AC redifferentiation, thereby de-
creasing the need for large numbers of chondrocytes that
would decrease total passaging of chondrocytes required to
reach clinically relevant numbers. MSCs could help allevi-
ate this need by promoting chondrocyte proliferation or
undergoing chondrogenic differentiation in culture to es-
tablish a greater population of chondrocytes.

Chondrogenic Differentiation of MSCs
and Preventing MSC Hypertrophy

While treatment of ACs with chondrogenic stimuli can
lead to a stable phenotype, MSCs, on the other hand, tend to
undergo chondrogenic differentiation and hypertrophy.
Hypertrophic MSCs cannot produce articular cartilage, so
prevention of such a phenotype remains the goal for artic-
ular cartilage engineering that utilizes MSCs.

Use of monocultures to promote MSC chondrogenesis
and prevent hypertrophy

MSCs have been subjected to different culture configu-
rations, growth factor supplementation, biomaterials, oxy-
gen tensions, dynamic culture, and mechanical stimulation
to support chondrogenic differentiation and prevent hyper-
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trophy, as summarized in Table 5. These culture conditions
are similar to those used to enhance the chondrogenic
phenotype of ACs detailed previously.

MSCs subjected to TGF-B1 supplementation and cultured
on composite PCL/ECM or PCL scaffolds underwent
greater chondrogenic differentiation than MSCs cultured
without supplementation regardless of scaffold, demon-
strating the need for growth factor supplementation even in
the presence of ECM.”® MSCs encapsulated in agarose hy-
drogels underwent chondrogenic differentiation when ex-
posed to TGF-B3-supplemented medium.”’ Even transient
exposure of MSCs to TGF-B3 led to an increase in me-
chanical properties of the resultant construct over time.””
While growth factors induce chondrogenic differentiation of
bone marrow MSCs, the selection of culture supplements
may need to be tailored to the cell source such as those
derived from bone marrow or adipose tissue. Further, media
supplementation is often observed beneficial in combination
with other parameters in culture systems and should be
continually investigated for additive or combinatorial effects
in future culture designs.

Natural and synthetic scaffolds present unique advantages
and disadvantages in MSC monoculture. Natural collagen-
containing scaffolds have been used widely to mimic the
natural ECM found within the body.?”*%* Collagen type I
has been mixed with GAGs to form a scaffold that supported
chondrogenic differentiation of MSCs in combination with
TGF-B1 supplementation.”” Another study demonstrated
that in vivo implantation of collagen type II scaffolds seeded
with MSCs that had no prior induction with TGF-$ suffi-
ciently repaired the cartilage defect site.”> Many composite
scaffolds have been tested to increase mechanical strength
via synthetic materials while increasing biocompatibility
with natural ECM components. The combination of the
synthetic polymer, a porous poly(lactic acid) (PLA), with
natural materials perlecan domain I, collagen type II fibril,
and BMP-2 complexes resulted in greater GAG accumula-
tion when MSCs were grown within this scaffold over any
other combination of these factors in PLA or alone, indic-
ative of chondrogenic differentiation.”® Fibrin-polyurethane
(fibrin-PU) composite hydrogel scaffolds have also been
used in a culture system to chondrogenically differentiate
MSCs in vitro.”® Electrospun PCL scaffolds coated with

TABLE 5. MSC MONOCULTURE: METHODS TO PROMOTE DIFFERENTIATION AND PREVENT HYPERTROPHY

Dominant factor Specific factors Species and cell source Ref. No.
Growth factor TGF-B1 Rabbit MSCs 90
TGF-B3 Porcine MSCs 91
TGF-B3 and PTHrP (in vivo) Human MSCs implanted in nude mice 96
Biomaterial Collagen type [-GAG scaffold Rat MSCs 27
Collagen type II scaffold (in vivo) Rabbit MSCs implanted in rabbits 93
Poly(lactic acid) with perlecan domain I, Mouse MSCs 94
collagen type II fibril, BMP-2 complexes
Hypoxia and 3D culture Agarose hydrogel and hypoxia (5% O,) Porcine MSCs 98
Pellet culture and hypoxia (1% O,) Human MSCs 99
Mechanical stimulation  Dynamic loading of fibrin-polyurethane Human MSCs 95,100
scaffolds
Cyclic compressive loading Rabbit MSCs 101,102
Dynamic loading with TGF-B1 or IGF-1 Bovine MSCs 103

GAG, glycosaminoglycan; IGF, insulin-like growth factor; PTHrP, parathyroid hormone-related protein.
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chondrocyte-derived ECM demonstrated the ability to sup-
port chondrogenic differentiation of MSCs after induction
with TGF-B1.°® In one study, hyaluronic acid hydrogels
loaded with TGF-3 encapsulated in alginate microspheres
were implanted subcutaneously in nude mice, but significant
calcification was observed after 8 weeks.”® In response, the
combined delivery of both TGF-B3 and parathyroid hor-
mone-related protein (PTHrP) was used and demonstrated
reduced calcification in the same animal model,96 re-
presenting a step toward promoting chondrogenesis and
preventing hypertrophy of MSCs. MSCs still tend to form
fibrocartilage in vivo, so promotion of a chondrogenic
phenotype using 3D scaffolds of natural and synthetic ma-
terials as guides for tissue engineering remains the goal.
Hypoxia has been shown to promote chondrogenesis of
MSCs in monolayer culture via HIF-10.”” Hypoxia of 5%
oxygen was even found to be a greater promoter of chon-
drogenesis than mechanical stimulation for MSCs treated
with TGF-B3.%® Further, hypoxia of 1% oxygen was able to
both induce chondrogenesis and inhibit hypertrophy and
apoptosis of chondrogenically differentiating MSCs exposed
to TGF-B1.°” Hypoxia should be included in future studies to
better mimic the native cartilage microenvironment in vitro.
The dynamic culture of MSCs using bioreactors has also
been shown to be advantageous for chondrogenesis. Dy-
namic loading of fibrin-PU hydrogel scaffolds seeded with
SOX9-transduced MSCs had higher GAG synthesis and lu-
bricin expression even without exogenous growth factor
supplementation.'® In another study, MSCs cultured in fi-
brin-PU scaffolds without growth factor supplementation
deposited greater GAG in all loaded conditions over the
nonloaded control, resulting in greater chondrogenic-to-
hypertrophic gene expression ratios when subjected to shear
and compressive loads.”> Cyclic compressive loading of
MSC:s in agarose hydrogels resulted in greater expression of
the chondrogenic markers TGF-B1, collagen type II, and
aggrecan.'°"'%% In another culture system, with agarose
hydrogel and TGF-f3 supplementation, initiating compres-
sive loading at 21 days instead of at the start of culture
yielded better results.”’ Cartilage-like matrix production
increased when subjected to the combination of both dy-
namic compressive loading and growth factor supplemen-
tation with TGF-B1 or IGF-1, demonstrating the use of
multiple influences to enhance chondrocyte phenotype.'®?
Mechanical stimulation can be used to more closely mimic
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the forces sustained by native cartilage in vivo; however, the
type, duration, and magnitude of the force are of great im-
portance to regenerate cartilage tissue.

MSC monoculture conditions were altered experimentally
to promote chondrogenesis and prevent hypertrophy but fell
short of either goal. Cocultures of MSCs and ACs have been
used as a means to improve upon the successes of mono-
culture of MSCs with more promising results.

Use of cocultures to promote MSC chondrogenesis
and prevent hypertrophy

Direct- and indirect-contact cocultures of ACs and MSCs
have demonstrated the ability to stimulate chondrogenesis
and prevent hypertrophy of MSCs. These cell types have
been cocultured in the form of cell pellets, in hydrogels, and
on porous polymers (Table 6).

Cell pellets of ACs and MSCs have resulted in decreased
MSC hypertrophy, indicated by a decrease in collagen type X
expression, and the maintenance of the differentiated AC phe-
notype in vitro established by direct-contact coculture, not
mediated by soluble factors from an indirect coculture.”® Nu-
merous reports propose that coculture of cells in close proximity
104105 61 direct cell-to-cell contact is preferential for MSC
chondrogenesis and prevention of hypertrophy. 106107 Although
another report suggests that ACs could not prevent chondro-
genic MSC hypertrophy or promote full chondrogenesis in
micromass pellet culture, without chondrogenic stimuli the
cocultures still produced hyaline-like cartilage in as little asa 1:3
cell ratio of ACs to MSCs.'®® Additionally, evidence exists
demonstrating that growth factor supplementation is not con-
sistent or necessary for chondrogenesis in pellet coculture.'®

MSCs and ACs in direct-contact pellet coculture ex-
pressed higher levels of chondrogenic genes and produced a
greater distribution of ECM than either cell type in mono-
culture.'® Further, with increasing AC percentage in pellet
coculture ranging from 5% to 25% ACs, collagen type II
expression increased and collagen type X decreased.'®®
Besides micromass pellet culture, hydrogels have been used
to coculture these cell types in vitro.”>''? To distinguish
between AC and MSC gene expression in coculture sample
analysis, green-fluorescent-protein-transfected MSCs” and
cells from different species®®3>!!! have been used.

Interestingly, even when cocultured with osteoarthritic
ACs, MSCs were able to undergo chondrogenic differentiation

TABLE 6. COCULTURE: METHODS TO PROMOTE DIFFERENTIATION AND PREVENT HYPERTROPHY

Direct/indirect coculture Percentage of ACs in coculture Species and cell source Ref. No.
Direct, 3D pellet and scaffold 25 Human MSCs and ACs 106
Direct, 3D bilaminar cell pellet 25 Human MSCs and ACs 107
Direct, 3D pellet 25 Human MSCs and ACs 108
Direct, 3D pellet 50 Equine MSCs and ACs 109
Direct, 3D pellet 50 Human MSCs and ACs 112
Direct, 3D porous scaffold 30 Rabbit MSCs and 32
Bovine ACs
Direct, 2D coculture 66 Rabbit MSCs and ACs 114
Indirect, 3D porous scaffold 50 Rabbit MSCs and 116
Bovine ACs
Indirect, 3D hydrogel 50 Rabbit MSCs and ACs 110
Indirect, 3D hydrogel 20 Human MSCs and ACs 104
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without hypertrophy presenting a unique advantage to cocul-
ture systems over monoculture systems.lo5 Further, in an
in vitro study that intended to mimic an injured joint micro-
environment via hypoxia and inflammatory conditions, the
cocultured MSC/AC group produced significantly more pro-
teoglycans than either cell type alone.'”” One proposed
mechanism for coculture-induced prevention of hypertrophy is
that ACs secrete PTHrP in coculture with MSCs, which in-
hibits MSC hypertrophy, as indicated by a decrease in ALP
and collagen type X expression.''? ACs have also been shown
to support chondrogenesis of MSCs in coculture.''®> However,
cocultures of immortalized MSCs and ACs in a 3D alginate
hydrogel showed both increased chondrogenesis of ACs and
osteogenesis of MSCs after 28 days at a 2:1 ratio of
MSCs:ACs but not for cell ratios 1:1 or 1:2; therefore, there
may be limitations with cell ratios in certain culture conditions
that would promote a hypertrophic phenotype of MSCs."!!

Cocultures of ACs and MSCs have been shown to in-
crease production of cartilaginous ECM as compared with
monocultures''* even without prior chondrogenic induc-
tion.' As such, direct and indirect cocultures have been
utilized to generate ECM-coated porous scaffolds.’”-''!17
The increase in cartilaginous ECM components suggests
that coculture promotes the chondrogenic phenotype of the
cultured cells. However, future work must be done to more
clearly elucidate the cell type that is responsible for ob-
served results, as current understanding of the issue is
somewhat vague as discussed previously.’®”® Regardless,
cocultures have demonstrated advantages over monoculture
counterparts and should be further explored.

Cocultures for cartilage tissue engineering have employed
other cell types as well. MSCs have been cocultured with
chondrons, homogenized cartilage tissue, and demonstrated
in vivo that engineered tissues of chondrons with MSCs
repaired cartilage focal defects better than microfracture
surgery to repair cartilage defects.''® Additionally, MSC/
chondrocyte cocultures were then compared with MSC/
chondron cocultures in which the MSC/chondron coculture
produced greater GAG to DNA weight-to-weight ratios
in vitro than MSC/chondrocyte cocultures, suggesting a
benefit of utilizing homogenized tissue over isolated
cells.""® Future work should focus on clearly defining the
phenotype of cells used throughout culture, so as to clearly
demarcate the effects of particular factors alone or in
combination with other factors over time to determine du-
ration of cell exposure to in vitro culture prior to clinical
application for enhanced cell phenotype.

Future Directions

ACs and bone-marrow-derived MSCs have been investi-
gated as possible cell sources for cartilage regeneration
strategies. However, ACs and MSCs exhibit unstable phe-
notypes as a result of common expansion or culture meth-
ods, so research has focused on altering or combining these
methods in order to achieve an improved chondrogenic
phenotype of these cells for possible use in clinical appli-
cation. These cell types have been exposed to external
stimuli in an effort to attain a resultant cell population with a
phenotype similar to that of native ACs. In both monocul-
ture and coculture strategies, hypoxia and growth factors
have shown usefulness in delaying dedifferentiation of ACs
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in expansion, promoting redifferentiation of ACs in post-
expansion culture, preventing hypertrophy of MSCs, and
promoting chondrogenic differentiation of MSCs. As ex-
pected, the use of just one stimulus has not proven to be
successful in enhancing chondrocyte phenotype, but com-
binations of stimuli, such as hypoxia, chondrogenic growth
factors, and protein substrates, have shown benefits. Most
interestingly, many of the issues encountered during
monoculture of either ACs or MSCs alone are resolved
via coculture of ACs and MSCs together, such as MSC
hypertrophy and difficulty of redifferentiating expanded
chondrocytes. However, the prevention of full AC dedif-
ferentiation remains an issue for both monoculture and co-
culture strategies that must be addressed. Maintaining the
chondrocyte phenotype by preventing dedifferentiation en-
tirely would eliminate the need for redifferentiation and
allow for increased expansion of chondrocytes for clinical
application.

Cocultured ACs and MSCs act to enhance the chondro-
genic phenotype of neighboring cells within the coculture
system via trophic factors. Coculturing these two cell types
synergistically delays dedifferentiation and promotes sub-
sequent redifferentiation of ACs and increases the chon-
drogenic differentiation while preventing the hypertrophic
phenotype of MSCs in vitro. A number of approaches to
enhance chondrocyte phenotype for cartilage tissue engi-
neering have been reviewed, but full chondrocyte pheno-
type characterization still remains an issue for the field.
Most currently used chondrogenic markers are associated
with ECM molecules like collagen type II and aggrecan,
emphasizing the significance of matrix composition for
cartilage function. However, this approach to identify
chondrocytes primarily by select matrix markers is perhaps
too simplistic. Large-scale expression profiling has revealed
potential new markers by comparing changes in gene ex-
pression of primary, dedifferentiated, and redifferentiated
ACs.>*!"9 Yet, this pathway analysis needs to be validated
before these markers can be considered new indicators of
chondrogenic differentiation. Further, markers of dediffer-
entiation and redifferentiation should be standardized so as
to increase the reliability of results aimed at characterizing
and preventing the dedifferentiation and redifferentiation of
chondrocytes. Relatively few chondrogenic markers are
used to distinguish between differentiated and dediffer-
entiated chondrocytes and include proteins and transcription
factors. Further, only a few markers of hypertrophic MSCs
are used to distinguish between chondrogenic and hyper-
trophic MSCs. While time and cost associated with full
characterization of these cell phenotypes must be consid-
ered, the field would benefit from the use of a standardized
array of markers for efforts geared toward phenotype
stabilization.

Future areas of interest should include the investigation of
organized cartilage tissue within cocultured constructs for
cartilage regeneration efforts that may more closely mimic
the native cartilage structure over monoculture counterparts.
AC and MSC cocultures should be further evaluated in
in vivo models of cartilage defects in order to determine
optimal culture conditions prior to implantation. Additionally,
cocultures could be leveraged for their multiple cell types and
investigated for their ability to repair osteochondral defects
in vivo as coculturing ACs with MSCs may improve the
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regeneration of both the cartilaginous and osseous layers of
osteochondral tissue and potentially improve integration with
surrounding tissue. Lastly, implantation of ACs and MSCs
into a cartilage defect site has the potential to provide trophic
effects to host and implanted cell populations for improved
cartilage regeneration. The coculture of ACs with MSCs
presents exciting progress for the field of cartilage tissue
engineering.
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