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Abstract

Damage or loss of articular cartilage as a consequence of congenital anomaly, degenerative joint disease or injury leads to
progressive debilitation, which has a negative impact on the quality of life of affected individuals in all age groups.
Classical surgical techniques for hyaline cartilage reparation are frequently insufficient and in many cases it is not possible
to obtain the expected results. For this reason, researchers and surgeons are forced to find a method to induce complete
cartilage repair. Recently, the advent of tissue engineering has provided alternative possibilities for the treatment of these
patients by application of cell-based therapy (e.g. chondrocytes and adult stem cells) combined with synthetic substitutes
of the extracellular matrix and bioactive factors to prepare functional replacement of hyaline cartilage. This communication

is aimed at a brief review of the current status of cartilage tissue engineering and recent advances in the field.
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Introduction

Damage of articular cartilage due to congenital anomalies,
degenerative joint diseases and traumatic injuries is painful,
debilitating and a costly medical problem which affects indi-
viduals in all age groups. Mature hyaline cartilage has a very
low self-repair potential due to its intrinsic properties.”
Hyaline cartilage is an avascular and aneural tissue with
low cell density and rich extracellular matrix (ECM)
(Figure 1). Another limiting factor is the low mitotic potential
of chondrocytes.? Small defects are healed by the migration of
chondrocytes, while large ones are healed by formation of
biomechanically insufficient fibrillar cartilage.” However, in
many cases these processes are inadequate and osteoarthritis
develops. Recent techniques of articular cartilage defect repair
involve autologous osteochondral cylinder, periosteum or
perichondrium transplantation, fresh osteochondral allograft
implantation and autologous chondrocyte implantation
under periosteal flap.* Many of these strategies appear to be
promising, but they involve invasive tissue collection and
suffer from size restrictions, low mitotic potential and the
senescence of chondrocytes expanded under in vitro con-
ditions.” Moreover, cultured chondrocytes undergo a dedif-
ferentiation process, gradually changing their morphology
to a fibroblast-like shape, and the production of collagen
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type II is replaced by the production of collagen type I
typical for fibrillar cartilage.® For this reason, researchers
and surgeons are forced to find a method to induce complete
cartilage repair.

Recently, tissue engineering strategies combining cell
therapy (e.g. chondrocytes and adult stem cells [ASCs])
with proper biomaterials of natural or synthetic origin as
scaffolds as well as various growth and differentiation
stimuli (Figure 2) represent a promising new approach for
the treatment of articular cartilage defects.” The main
purpose of the present communication is to review the
current status and advances of the cartilage tissue engineer-
ing with respect to their potential application in orthopedic

surgery.

Sources of cells
Chondrocytes

The use of chondrocytes is a logical choice because they
are present in the mature hyaline articular cartilage.
Chondrocytes are responsible for the production of the
basic ECM constituents - collagen type II and proteogly-
cans. Moreover, they play an important role in maintenance
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Figure 1 Hyaline cartilage is avascular and aneural compact tissue with
abundant extracellular matrix (1) with collagenous microfibrils.
Chondrocytes are present in lacunas as isogenous groups (2). The surface
of hyaline cartilage is surrounded by perichondrium (3). (A color version of
this figure is available in the online journal)

and remodeling of the cartilage matrix. Chondrocytes are
easy to obtain by enzymatic digestion of cartilage and
culture under proper in vitro conditions. The first human
trial of cultured articular chondrocytes for the treatment of
cartilage defects was reported by Brittberg et al® They
injected in vitro expanded autologous chondrocytes into
the lesion covered by periosteal flap in 23 people with
deep cartilage defects in the knee. The clinical results were
more beneficial for defects on the femoral condyle than on
the patella. Histological analysis of biopsies showed
hyaline-like and fibrous tissue comprising the reparative
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Figure 2 Basic concept of tissue engineering. Fabrication of artificial tissues
suitable for clinical application starts with the procurement of tissue sample
necessary for cell isolation and further expansion in vitro to obtain sufficient
quantity of cells. Obtained cells are usually cultured within various types of
scaffolds in bioreactors with addition of specific growth factors. Prepared arti-
ficial tissues have to be carefully tested for pathological events and potential
microbiological contamination before application in human medicine
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tissue of asymptomatic patients. However, this technique
had some disadvantages, such as reacquisition of pheno-
type when cultured in vitro and non-uniform distribution
of cells as a result of gravitational force.”*

The main limitation of chondrocyte usage is their dedif-
ferentiation process when cultured in vitro. Several attempts
have been made to overcome this problem. It was shown
that supplementation of culture media by growth factors,
including transforming growth factor beta 1 (TGF-p1), fibro-
blast growth factor 2 (FGF-2) and insulin-like growth
factor 1 (IGF-1) significantly retard this process, but they
are not able to completely halt this cellular event.''
Cultivation of chondrocytes in three-dimensional culture
systems, such as agarose gel, alginate beads or fibrin glue,
may also preserve the chondrocyte phenotype.'> To date,
numerous scaffolds have been used in conjunction with
maintenance of chondrocyte phenotype, including collagen,
hyaluronic acid, chitosan, etc. It was shown that these
natural biopolymers may maintain the expression of aggre-
can and collagen type II as well as positively influencing
the production of sulfated glycosaminoglycans.”>'* Similar
effects may be achieved by cultivation of chondrocytes at
high densities using micromass cultures without adding
growth factors, which make them more suitable for clinical
application. Obtained chondrocyte-based microtissue has a
characteristic extracellular space comparable to the natural
matrix of hyaline cartilage."

Stem cells

Chondrocyte-based cell therapy represents a good approach
for cartilage tissue engineering. However, it is difficult to
obtain sufficient amounts of autologous chondrocytes and
keep their original phenotype under in vitro conditions.'®
ASCs are generally characterized as undifferentiated cells
with self-renewal capacity and plasticity (Figure 3). They
occur in the tissues of all multicellular organisms through-
out life. These cells are involved in the processes of embry-
ogenesis and during adulthood they play a pivotal role in
maintaining homeostasis and the integrity of organisms."”
Over the past few years, ASCs have been derived from
various types of tissues, including bone marrow, adipose
tissue, skin, hair follicle, periosteum, dental pulp, etc.®
ASCs are adherent and have a fibroblast-like morphology
as well, being able to produce colony forming units-
fibroblast when cultured in vitro.'” These cells are hetero-
geneous and express a variety of surface markers including
CD29, CD44, CD56, CD73, CD90, CD105, CD166, CD271,
STRO-1 and MSCA-1. Moreover, they are usually negative
for hematopoietic markers CD34, CD45 and for human
leukocyte antigen class 11.2°7%

In a pioneer study, Johnstone et al.> reported that stem
cells derived from bone marrow cultured as an aggregate
with TGF-B1 undergo chondrogenic differentiation. Their
results demonstrated over-expression of collagen type II
and X typical for hyaline cartilage in vivo, while the
expression of collagen type 1 was significantly decreased.
More recently, Bosnakovski et al.** proved chondrogenic
differentiation of bone marrow-derived stem cells in a

Downloaded from http://ebm.rsmjournals.com/ at Duke Medical Library on November 5, 2012



12 Experimental Biology and Medicine Volume 237 January 2012

Hematopoietic
differentiation

Adult
stem cells

. Adlp;genic .
differentiation

Growth factors,
microenvironment,
cell-to-cell contacts,
cell-to-ECM contacts

| Chondrogenic

Osteogenic
differentiation

differentiation

Figure 3 Schematic overview of stem cell plasticity. Stem cells have the ability to differentiate into other cell types under specific physiological (in vivo) or
laboratory conditions (in vitro). Therefore, they represent a unique tool for regenerative medicine. ECM, extracellular matrix. (A color version of this figure is avail-

able in the online journal)

pellet culture system, without supplementation of growth
factors.

Other sources of ASCs have also been studied with
respect to cartilage tissue engineering. It has been reported
that adipose tissue-derived stem cells obtained from lipoas-
pirates can undergo chondrogenic differentiation when cul-
tured at a high density in medium supplemented by TGF-§,
ascorbate and dexamethasone. These cells produced
collagen type II and sulfated glycosaminoglycans.”® Better
results may be achieved when adipose-derived stem cells
are cultured in the presence of FGF-2 and bone morphogen-
etic protein 6 (BMP-6). It was shown that FGF-2 increases
cell proliferation and enhances chondrogenesis in vitro,
while addition of BMP-6 significantly up-regulates the
expression of aggrecan and collagen type I1.°*%” The poten-
tial for utilization of these cells is very attractive because
subcutaneous fat is abundant in the human body and the
liposuction procedure is minimally invasive for the
patient. On the other hand, adipose-derived stem cells
have lower chondrogenic potential than stem cells isolated
from bone marrow.”

More recently, besides bone marrow and adipose tissue,
skeletal muscle, synovial membranes and periosteum are
other sources of ASCs being explored in the context of
articular cartilage repair.”* =" These stem cells were cultured
predominantly in aggregates or micromass cultures with or
without growth factors. In every case, chondrogenic differ-
entiation was proved. Similar results were obtained when
the stem cells were cultured within the structure of
various ECM substitutes, including collagen, chitosan, poly-
lactic acid, etc.*> Obtained results indicate that ASCs
derived from various tissues seem to be a promising tool
for cartilage tissue engineering.

Scaffolding materials

Scaffolds belong to key components for tissue engineering.
They are produced from natural or synthetic biomaterials
(Table 1) and may be in the form of hydrogels, sponges,
fibrous meshes and nanofibers. Materials for scaffolding
have to be non-toxic, sterile, biodegradable and biocompati-
ble.” The structure of the surface, pore size, porosity and
structural strength are important characteristics, which
influence their final utilization.>*** These scaffolds not
only have a mechanical function, but also support cell
attachment, migration, proliferation and differentiation for
expression of desirable phenotypes.*> Biodegradable poly-
mers seem to be the most appropriate materials for scaffold-
ing, because their interactions with cultured cells lead to
incremental biological degradation. After their application,
there is no need to undergo other surgery to remove
foreign material from the patient’s body.”

There are plenty of polymers, but only some of them are
suitable for cartilage tissue engineering. Collagen is a

Table 1 Types of biomaterials used in cartilage tissue engineering

Natural polymers Synthetic polymers

Agarose Poly (a-hydroxy esters)
Alginate Poly (ethylene glycol/oxide)
Cellulose Poly (NiPAAmM)

Collagen Poly (propylene fumarate)
Chitosan Poly (urethane)

Chondroitin sulfate Poly (vinyl alcohol)

Fibrin glue

Gelatin

Hyaluronic acid

Silk fibroin
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physiological component of various tissues, including carti-
lage, and is an intensively studied natural polymer with
respect to tissue engineering.'* The chemical, mechanical
and biological properties of collagen offer wide possibilities
to control its biodegradation. The problem of collagen anti-
genicity was solved by enzymatic removal of telopeptides
from its molecule or by chemical cross-linking, so it is safe
for clinical utilization.’**” It was found that chondrocytes
cultured within collagen gels keep their phenotype and gly-
cosaminoglycan production for almost six weeks in
culture.®® More recently, it was shown that collagen-based
gel has a chondroinductive effect on ASCs derived from
bone marrow.* Not only gels, but also collagen matrices
and membranes stimulate cells to produce new collagen
and preserve chondrocyte phenotype.*’

Hyaluronan occurs at relatively high concentration in the
ECM of articular cartilage. It is a biocompatible and biode-
gradable biopolymer, so it would be an ideal scaffolding
material. However, in order to achieve proper character-
istics, hyaluronan is chemically adjusted by cross-linking.*'
Grigolo et al.*> demonstrated that chondrocytes cultured
on a hyaluronan scaffold (HYAFF 11) express collagen
type II and aggrecan and downregulate the production of
collagen type 1. More recently, it was also shown that hya-
luronan creates an environment in which chondrocytes
down-regulate the expression of catabolic factors and apop-
tosis. These results demonstrated a potential ability of hya-
luronan to prevent cartilage against damage and may have
benefit for the treatment of early osteoarthritic lesions.*’
Jakobsen et al.** cultured stem cells derived from bone
marrow and adipose tissue in hyaluronan scaffolds. Their
results showed that bone marrow-derived stem cells
expressed 600-fold higher levels of collagen type II than
chondrocytes after three weeks in the scaffold. Expression
of collagen type II in adipose tissue-derived stem cells was
lesser but similar to chondrocytes.

Another attractive polymer for cartilage tissue regener-
ation is fibrin glue. It is a natural polymer produced from
the polymerization of fibrinogen with thrombin.*> Scotti
et al.*® prepared an artificial substitute of cartilage by culti-
vation of chondrocytes within fibrin glue. Their results
suggest that chondrocytes survived in the fibrin glue gel
and enhanced their synthetic activity - DNA content
remained stable, while all indices of cartilage matrix pro-
duction increased. A similar effect was observed in exper-
iments with ASCs.*

Other natural polymers are also used in the field of carti-
lage engineering, including alginate, agarose, chitosan,
chondroitin sulfate, gelatine and silk fibroin. It was demon-
strated that all of them in some extent potentiate the
production of collagen type II and sulfated %lycosaminogly-
cans by both chondrocytes and stem cells.*

Besides the above-mentioned natural biopolymers, a
variety of synthetic polymers may be utilized with respect
to cartilage defect healing. They can be modified in many
ways such as mechanical properties, degradation rate and
chemical modification. Moreover, they can be manufactured
in unlimited scale.*” The most widely used are polylactic
acid (PLA), polyglycolic acid (PGA) (and their co-polymer)
and polyethylene glycol (PEG).
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PLA is a biodegradable polymer that can be produced
from lactic acid, which can be fermented from crops. PGA
is a biodegradable, thermoplastic polymer and the simplest
linear, aliphatic polyester. It can be prepared starting from
glycolic acid by means of polycondensation or ring-opening
polymerization. In tissue engineering these two polymers
are used for the preparation of scaffold alone, but most com-
monly they are used as a co-polymer. It was demonstrated
that PLA and PGA increased chondrocyte proliferation
and glycosaminoglycans.®® More recently, Lee et al.>!
demonstrated that a co-polymer consisting of PLA and
PGA is a better option for inducing cartilage tissue for-
mation than both polymers individually. Histological and
immunohistochemical results showed that chondrocytes
retained their morphological phenotype to a greater extent
than those seeded into PLA. Similar results were obtained
in experiments with ASCs.”>>

PEG is a commonly used polymer for biomaterial appli-
cations due to its ability to resist protein absorption.
Scaffolds made from PEG can be polymerized using either
chemical or photoinitiators. These scaffolds can also be
chemically modified to contain bioactive molecules, includ-
ing peptides and heparin.”* Hwang et al.”> colonized PEG
with primary chondrocytes. Their results showed that PEG
supported attachment, viability, proliferation and biosyn-
thetic activity of seeded chondrocytes. Moreover, it was
also demonstrated that hydrogels prepared from modified
PEG mimic the natural environment, which promoted chon-
drogenesis of stem cells derived from the bone marrow and
enhanced the secretion of cartilage-specific ECM.>

Stimulating factors
Growth factors

Chondrogenic differentiation of stem cells should be
induced by various intrinsic and extrinsic factors. Growth
factors play the most important role in this process. They
represent a group of biologically active polypeptides pro-
duced by the body, which can stimulate cell proliferation
and differentiation. In the hyaline cartilage, growth factors
regulate homeostasis and integrity, as well as development
(Table 2).

Growth factors from the TGF-B superfamily probably
belong to the most investigated biologically active sub-
stances within the field of cartilage tissue engineering.
They play a pivotal role in cell proliferation, apoptosis and
differentiation. Moreover, they are involved in regulation
of the cell cycle and immune system.”” TGF-B1 stimulates
synthetic activity of chondrocytes, keeps their phenotype
and acts against catabolic activity of inflammatory mediator
interleukin 1 in vivo.”® Experimental studies performed
in vitro showed enhanced proliferation and chondrogenic
differentiation of stem cells. Moreover, TGF-B1 treatment
of stem cells leads to down-regulation of collagen type I
gene expression and to increased expression of collagen
type Il and aggrecan, typical for hyaline cartilage for-
mation.® TGF-B3 also induces cartilaginous ECM pro-
duction by chondrocytes. Thorpe et al.>® demonstrated that
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Table 2 List of selected growth factors and their effect on stem cells

Growth

factor Effect on MSCs

TGF-p1 Increases proliferation and cartilaginous ECM
production, downregulates collagen type | gene
expression

TGF-B3 Increases cartilaginous ECM production

BMP-2 Increases proliferation and cartilaginous ECM
production, downregulates collagen type | gene
expression

BMP-4 Accelerates the progression of cartilage differentiation
to maturation

BMP-7 Inhibits cell proliferation, induces chondrogenic
differentiation, additive effect on chondrogenesis with
TGF-B1 and IGF-1

GDF-5 Increases cartilaginous ECM production

IGF-1 Increases proliferation and cartilaginous ECM
production, additive effect on chondrogenesis with
TGF-B1 and BMP-7

FGF-2 Increases proliferation, increases proteoglycan
production

FGF-18 Inhibits cell proliferation, induces chondrogenic

differentiation

ECM, extracellular matrix; TGF, transforming growth factor; BMP, bone
morphogenetic protein; GDF, growth differentiation factor; IGF, insulin-like
growth factor; FGF, fibroblast growth factor

TGEF-f3 treatment of stem cells led to enhanced synthesis of
sulfated glycosaminoglycans.

BMPs belong to the TGF-B superfamily. They play crucial
roles in the processes of chondrogenesis and osteogenesis
in viv0.°° BMP-2 treatment leads to an increase in cartilagi-
nous ECM production and to a decrease in collagen type I
gene expression. Moreover, BMP-2-treated stem cells
produce more robust aggregates when compared with
other ones and so it seems to be the most effective chondro-
genic factor from the TGF- superfamily.®" BMP-4 is a criti-
cal signaling molecule involved in the processes of
embryogenesis and exhibits osteogenic and chondrogenic
potential in vivo. BMP-4 induces chondrogenic differen-
tiation of ASCs toward a chondroprogenitor lineage and
facilitates differentiation into mature chondrocytes. BMP-4
also enhances the production of cartilaginous matrix by
stimulating the synthesis of collagen type II and aggrecan
and suppresses expression of collagen type I and X.%?
BMP-7 is synthesized by chondrocytes and play an impor-
tant role in articular cartilage regeneration. It has significant
anabolic activity by which BMP-7 protects cartilage against
damage.*®

IGF-1 is a hormone similar to insulin. It plays an essential
role in the growth of the organism and has a significant ana-
bolic effect.”* In the articular cartilage, IGF-1 is the main
anabolic growth factor, which is necessary for cartilage
homeostasis, proteoglycan synthesis and breakdown by
the chondrocytes.® The effect of IGF-1 on chondrogenic
differentiation of ASCs has been extensively investigated.
It was demonstrated that IGF-1 modulates mesenchymal
stem cell (MSC) chondrogenesis by stimulating prolifer-
ation, regulating cell apoptosis and inducing expression of
the chondrocyte phenotype. This effect is independent
from TGF- signaling.®®

The FGFs are heparin-binding polypeptides which are
employed in various cellular events, such as proliferation,
differentiation and motility. They also play a very important
role during embryogenesis, angiogenesis and wound
healing. FGF-2 occurs within the structure of the ECM of
hyaline cartilage. This factor promotes the proliferation of
chondrocytes in vivo. It was also shown that FGF-2 (with
FGF-4 and FGF-8) plays a role in the process of anabolic
pathway activation which leads to a decrease in aggrecanase
effect after loading of cartilage. It protects cartilage against
damage and osteoarthritis development.®” Several studies
were performed to assess the FGF-2 effect on ASC prolifer-
ation and chondrogenic differentiation. It was demonstrated
that FGF-2 treatment of MSCs leads to acceleration of their
proliferation and to enhancing of proteoglycan production.
Furthermore, cultivation of ASCs in pellets with medium
containing FGF-2 increases their chondrogenic potential.
More recently, Park and Na,® in their work, confirmed
increased production of glycosaminoglycans and collagen
type II, which are typical for hyaline cartilage, in
ASC-hydrogel constructs treated by FGF-2. However,
fewer attempts were made to evaluate the effect of
FGF-18, which is involved in a variety of biological pro-
cesses, including embryonic development, cell growth,
morphogenesis, tissue repair, tumor growth and invasion
in vivo. It was also shown that intra-articular administration
of FGF-18 led to a decrease in articular damage in rats with
developed osteoarthritis.®” Yamaoka et al.”’ demonstrated
its role in maintenance of chondrocyte properties, even
though its expression was rather high in dedifferentiated
chondrocytes. Moreover, results obtained from experiments
with ASCs indicate that FGF-18 is a selective ligand for
FGF receptor 3 which suppressed proliferation and promoted
their differentiation and production of cartilage matrix.”*
However, further investigations must be conducted to
clarify its potential for cartilage tissue engineering.

Hydrostatic pressure

Physiologically, articular cartilage exists in the microenvir-
onment of reduced oxygen and irregular hydrostatic
pressure. Imitation of these conditions may provide a way
to improve chondrogenic differentiation in wvitro. Low
oxygen tension (5%) has potentiated cell proliferation and
collagen type II expression, as well as increased cartilage-
specific biosynthesis of chondrocytes.”> Hydrostatic
pressure applied within physiological levels has a positive
effect on production of cartilage matrix. Chondrocytes
loaded at 10 MPa and 1 Hz for 4 h/d, 5 d/week, for up to
eight weeks showed an increase in collagen production.”
The benefits of hydrostatic loading were also noted in
experiments with stem cells, where 0.1 MPa of loading
increased Sox 9 and aggrecan expression and 10 MPa of
loading significantly increased the expression of collagen

type 1174

Bioreactors

The ability of a monolayer culture system to promote gener-
ation of highly differentiated structures is limited because
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cells are expanded on substrate, which is inappropriate and
the metabolic condition is fluctuated in vitro.” To solve this
problem, bioreactors that are able to imitate conditions in
vivo have been constructed.

Spinner flasks are the simplest bioreactors, in which chon-
drocytes or ASCs are seeded on the scaffold fixed to the
needles hanging from the stopper of the flask. The culture
medium is added and permanently mixed. It has been
shown that neocartilage prepared from chondrocytes in
spinner flasks is larger and contains more cells and more
robust cartilage matrix, compared with those grown in
Petri dishes.”® Wang et al.”” cultured bone marrow-derived
stem cells on the gelatin-hyaluronan scaffold in a spinner
flask. After three weeks, they showed significant increasing
of collagen type II, aggrecan and decorin expression.

Another simple design that can be utilized in cartilage
tissue engineering is the perfusion culture system, which pro-
vides a constant flow of culture medium with differentiation
factors through the chamber with scaffold and cells. The
experiments with chondrocytes cultured at low density
within alginate scaffold demonstrated cartilage ECM for-
mation and a typical phenotype of chondrocytes after four
weeks.”® Enhancement of cell proliferation and collagen
type II and glycosaminoglycan content were also recorded
in artificial cartilage prepared by cultivation of ASCs on the
various scaffolds using the perfusion culture system.””

In addition to the above bioreactors, a number of other
systems were considered for application in cartilage engin-
eering, including a parallel-plate bioreactor, a rotating wall
bioreactor, a concentric cylinder bioreactor and a wavy-wall
bioreactor.'? The last one has been shown to increase chon-
drocyte and ASC proliferation and cartilage ECM depo-
sition on scaffolds over the common spinner flask culture.
Compared with a spinner flask, this novel bioreactor
reduces fluid shear stresses and increases axial mixing,
and seems to be more suitable and effective for cartilage
engineering,®’

Conclusion

Recently, tissue engineering has begun to provide alterna-
tive possibilities in clinical practice for healing patients
with damaged articular cartilage. It combines cells, chon-
drogenic stimuli and appropriate scaffolds to prepare a bio-
logical substitute of hyaline cartilage tissue. Further
investigations will be focused on producing and testing of
new bioactive and biocompatible polymers with controlled
biodegradability. Greater attention will be given to the use
of layered scaffolds to recreate the zonal organization of
hyaline cartilage. Considerable progress can be expected
on the field of stem-cell research, especially in combination
with gene therapy. The abovementioned will bring new
approaches for cartilage tissue engineering and will be con-
ducive in the treatment of various joint diseases, including
osteoarthritis and rheumatoid arthritis.
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