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Abstract

Human adipose tissue is a viable source of mesenchymal stem cells (MSCs) with wide differentiation potential for
musculoskeletal tissue engineering research. The stem cell population, termed processed lipoaspirate (PLA) cells,
can be isolated from human lipoaspirates and expanded in vitro easily. This study was to determine molecular and
cellular characterization of PLA cells during chondrogenic differentiation in vitro and cartilage formation in vivo.
When cultured in vitro with chondrogenic medium as monolayers in high density, they could be induced toward the
chondrogenic lineages. To determine their ability of cartilage formation in vivo, the induced cells in alginate gel were
implanted in nude mice subcutaneously for up to 20 weeks. Histological and immunohistochemical analysis of the
induced cells and retrieved specimens from nude mice at various intervals showed obviously cartilaginous pheno-
type with positive staining of specific extracellular matrix (ECM). Correlatively, results of RT-PCR and Western Blot
confirmed the expression of characteristic molecules during chondrogenic differentiation namely collagen type 11,
SOXO9, cartilage oligomeric protein (COMP) and the cartilage-specific proteoglycan aggrecan. Meanwhile, there was
low level synthesis of collagen type X and decreasing production of collagen type I during induction in vitro and for-
mation of cartilaginous tissue in vivo. These cells induced to form engineered cartilage can maintain the stable phe-
notype and indicate no sign of hypertrophy in 20 weeks in vivo, however, when they cultured as monolayers, they
showed prehypertrophic alteration in late stage about 10 weeks after induction. Therefore, it is suggested that human
adipose tissue may represent a novel plentiful source of multipotential stem cells capable of undergoing chondroge-
nesis and forming engineered cartilage.
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Introduction

Damaged or degenerative cartilage has a limited
potential for repair, and hence large defects never
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heal spontaneously, which causes the primary
complaint of orthopedic patients. Till now, the
repair of articular cartilage lesions remains a sig-
nificant clinical challenge. Conventional treat-
ments do not result in complete regeneration of
the original hyaline architecture. Thereby, the dis-
eased joint always loses normal flexibility for
weight-bearing and physical activity in prolonged
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periods [1]. Autogenous osteochondral grafts or
chondrocytes transplantation appear to be effica-
cious, but they require an invasive protocol and
suffer from size constraints, donor site morbidity,
and senescence during cell culture in vitro [2]. It
is clearly important to identify other sources of
chondrocytic precursors, and mesenchymal stem
cell reserves in various sites may represent a
promising pool of candidate cells for the engi-
neered repair and regeneration of tissues and
organ systems [3].

Stem cells possess self-renewal, long-term
cell viability, and multilineage differentiation
potential, all of which make them taken as the
best seed cells. However, application of multipo-
tent embryonic stem cells may be restricted
because of ethical issues and problems on the
regulation of cell differentiation in vivo.
Furthermore, to avoid possible immunological
complications from a xenograft, it is considered
that adult stem cells are a more logical popula-
tion for engineered tissue. Bone marrow stem
cells (BMSCs) have excellent capacity to prolif-
erate in culture and differentiate into a wide vari-
ety of cell types in response to appropriate cul-
ture system [4]. Unfortunately, it remains con-
cerned about the discomfort and pain associated
with bone marrow procurement, low cell number
upon harvest, and heterogenecous nature of
BMSC population which shows a broad range of
colony size, varying growth rates and different
cell morphologies, ranging from fibroblast-like
spindle shaped cells to large flat cells. The het-
erogeneity of BMSCs with both hemopoietic and
mesenchymal stem cells confounds the result of
various therapies using bone marrow [5, 6].

Recently, it has been reported that human adi-
pose tissue-derived stromal cells can be induced
to express genes and matrix markers associated
with the adipocyte, osteoblast, chondrocyte and
myocyte pathways using specific culture condi-
tions [7-9]. Adipose tissue, like bone marrow, is
derived from the embryonic mesenchyme and
contains a stroma that is easily isolated. Processed
Lipoaspirate (PLA) cells are available in large
quantities with minimal possibility of morbidity
and discomfort clinically. In view of these practi-
cal advantages, PLA cells are an alternative for
chondrocytes or BMSCs used in research of engi-
neered cartilage.
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The embryonic stem cells and adult stem cells
from the bone marrow have been characterized
extensively. But there is no detailed description of
physiological process when PLA cells are under-
going chondrogenic differentiation. [10, 11].
Based on the previous studies that PLA cells can
synthesize cartilage extracellular matrix in con-
trolled conditions, this study attempted to investi-
gate the molecular and cellular events in PLA
cells during chondrogenesis in vitro and cartilage
formation in vivo. Firstly, we aimed to provide
mechanistic information on how the adipose-
derived strains are induced to chondrogenic phe-
notype. More important to us was the develop-
ment and maturity of the cartilage formed by
these induced PLA cells. With use of alginate
scaffold for in vivo implantation, it was to deter-
mine how stable the engineered tissue was, and
whether it would turn to hypertrophic cartilage.
Based on the results of this study, we can better
harness the beneficial properties of PLA cells for
biotechnology of cartilage engineering.

Materials and methods
Isolation and culture of PLA cells

Human adipose tissue was obtained from 9 healthy
donors (age range, 25 to 35 years) during the liposuc-
tion procedure under local anesthesia. All procedures
were approved by the Human Subject Protection
Committee (Protocol HSPC 98-08-011-01). Raw
lipoaspirates (about 40 ml) were washed extensively
with sterile phosphate-buffered saline (PBS) to remove
contaminating debris and red blood cells. To remove
adherent ECM, adipose specimens were incubated
with 0.075% type I collagenase (Sigma-Aldrich, St.
Louis, MO) in PBS for 60 min at 37°C with gentle agi-
tation. Cells released by the enzymatic digestion were
filtered and collected by centrifugation at 1200g for 10
minutes. Then, the pellet was resuspended, washed 3
times with medium, and seeded on the plastic tissue
culture dishes in control medium containing
DMEM/F12 (1:1), 10% fetal bovine serum (FBS), 100
units/ml penicillin, and 100pg/ml streptomycin [12,
13]. PLA Cells were maintained in a humidified atmo-
sphere of 5% CO, at 37°C and passaged 3 times prior
to chondrogenic differentiation.
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Table 1. Specific primers for PCR amplication listed with expected fragments size and optimal annealing temperature

Annealin
. 8 Fragment Cycle GenBank
Gene Primers Temperature
° (bp) No. No.
cO)
. 5. ACTCTTCCAGCCTTCCTTCC-3'
B-actin 5\ creGTCATACTCOTGCTTGES! 33 S S0 ISR
5'-GAACGCACATCAAGACGGAG-3'
SOX9 5 TCTCGTTGATTTCGCTGCTCS 00 631 28 NM_000346
5-GCAGAGACGCATCTAGAAATTG-3'
AZErecan 5, - i ATTGCAGGGAACATCATT.S' = SUA Sl L Gl
Link  5-CCTATGATGAAGCGGTGC-3'
Protein 5-TTGTGCTTGTGGAACCTG-3' 39 ol < (ML
5-CATCTCCCCTTCGTTTTTGA-3'
Col-l & TGTGGAGGAGGGTTTCAGA-3 22 I 20 WAL BN
5 TTCAGCTATGGAGATGACAATC-3'
Col-Il &, 4 GAGTCCTAGAGTGACTGAG-3' = 2 Sl | O
5'-CACCAGGCATTCCAGGATTCC-3'
Col-X 5 AGGTTTGTTGGTCTGATAGCTC.3' o) i3 e
comp 5-TOGGCCCGCAGATGCTTC-3 . 198 S

5-AGGTTTGTTGGTCTGATAGCTC-3'

Primers for PCR amplication. Specific primers were designed following the cDNA sequences of each gene in GenBank. The
upstream primer is shown above the downstream primer in all cases. The expected fragments size upon amplification is given

with optimal annealing temperature.

Chondrogenic differentiation

The chondrogenic medium contained the following com-
ponents in addition to the control medium: 10 ng/ml
transforming growth factor-f1 (TGF-f1) (R&D
Systems, Minneapolis, MN), 100 nM dexamethasone
(Sigma), 6.25 pg/ml insulin (Sigma), 50 nM ascorbate-2-
phosphate (Sigma), 110 mg/l sodium pyruvate (Sigma).
The medium was replaced every 3—4 days and chondro-
genic differentiated PLA cells were passaged at 5-day
intervals. Confluent monolayers were trypsinized (0.2%
trypsin; 5 minutes), washed, and reseeded into nutrient
medium at a 1:3 ratio. This process was repeated until the
chondrogenic PLA cells entered into senescence [12].

Implantation of PLA cells and alginate gel
mixture

Accomplished 2-week induction to chondrogenesis, PLA
cells were resuspended in 1.2% low-viscosity alginate in
0.15M NaCl at a density of 1x107/ml and then transferred
to a 102 mM CaCl, solution. After 15 minutes of polymer-
ization at room temperature, the mixture was washed 3
times with normal saline, then 3 more times with the con-
trol medium. Twelve 6-week-old female BALB/C nude
mice (West China Experimental Animal Center) were anes-
thetized using 30mg/kg amylobarbitone sodium. One-
milliliter alginate gel mixed with induced and non-induced
PLA cells or the acellular control gel was injected subcuta-
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neously on the dorsum of each mouse. The location of the
each implant was randomized and recorded. At 4, 10, or 20
weeks postimplantation, mice were euthanized (n=4 for
each time point). Implanted constructs were then carefully
separated from surrounding fibrous capsule, washed in
PBS, diced into several pieces, and immediately stored at
liquid nitrogen or fixed for histological analysis.

Histology and cellular morphology

The retrieved specimens were fixed in 4% buffered
paraformaldehyde overnight and embedded in paraffin.
Cellular morphological features of PLA cells in mono-
layers or in 5 um sections were assessed with standard
hematoxylin and eosin staining. Differentiated pheno-
type of cells in variant conditions was viewed and com-
pared by phase-contrast microscopy.

Immunohistochemical analysis

Monolayer PLA cells grown on glass slides or 5pum sec-
tions of the cartilage tissue formed in nude mice were
prepared for immunohistochemical analysis. Fixed cell
slides or deparaffinized and rehydrated sections were
incubated with 3% hydrogen peroxide in methanol for
30 minutes to inhibit endogenous peroxidase activity.
After washed with PBS, they were blocked in 1%
bovine serum albumin and 1.5% normal goat serum at
room temperature for 30 minutes. Slides were then
incubated overnight at 4°C with goat polyclonal anti-
bodies against aggrecan (Santa Cruz). Sequentially,
slides were then incubated with secondary biotinylated
antibodies and horseradish peroxide conjugated strepta-
vidin to detect the primary antibodies. The peroxidase
reaction was developed using 3,3'-diaminobenzidine
tetrahydrochloride (DAB) as chromogens. After rinsing
in distilled water, slides were dehydrated in ascending
ethanol solutions, cleared in xylene, and covered with
slips for microscopy.

RNA isolation and reverse transcription-
polymerase chain reaction

Total RNA was extracted from all the specimens using
the TRIzol Reagent (Life Technologies, Rockville, MD)
according to the protocol. About 1ug of total RNA was
reversed transcribed by murine leukemia virus reverse
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transcriptase (TaKaRa, Jap) and PCR amplification of
target message RNA was performed by TaKaRa PCR kit
(TaKaRa, Jap). PCR oligonucleotide primers, annealing
temperature and optimized cycle number were listed in
Table 1. Semiquantitative RT-PCR was performed at cer-
tain cycles for each specific gene because the amount of
PCR products ought to be in lineage with cycle numbers.
The products were electrophoresed on 1.5% agarose
gels, stained with Ethidium Bromide and visualized with
Quantity One software (BIO-RAD). Semiquantitative
analysis of RT-PCR products was accomplished by com-
puterized optical densitometry of the bands.

Western blot analysis

One hundred milligram of cartilage tissue were homoge-
nized and lysed in 500ul of lysis buffer containing
50 mM Tris:Cl, 150 mM NaCl, 100 mg/l Phenyl-
methylsulfonyl fluoride, 1 mg/l Aprotinin, 1% Tween
20, 0.1% SDS. Five million cells from variant conditions
were washed twice with PBS and also lysed in the above
buffer. After 14,000g centrifugation for 15 min, the
supernatant was collected, and protein concentrations
were determined by the BCA assay (Pierce). Equal
amounts of protein extracts were fractionated by 10%
sodium dodecyl sulfate-polyacrylamide gels, and elec-
trophoretically transferred to a nitrocellulose membrane
(Bio-Rad). These nitrocelluloses were incubated with
mouse monoclonal antibodies against type I collagen,
type II collagen, type X collagen (NeoMarker), and
housekeeping gene P-actin (Sigma). Immunoblotting
was performed in the same way as mentioned in
immunohistochemical analysis. The bands were scanned
and evaluated by Quantity One software (BIO-RAD).

Determination of GAG production

Quantification of GAG production was performed by
precipitation with Alcian Blue and DNA content assay
was performed as internal control. In vitro cultured
cells (5x10°) or 50 mg engineered cartilage from each
group were homogenized and lysed in 500 pl lysis
buffer described in Western Blot protocol. The cell
lysates were mixed with Alcian Blue to form GAG-dye
complexes at a low pH condition (pH 2.0) in combina-
tion with nonionic detergent and high salt concentra-
tion. After washed by solution containing 40% DMSO
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Fig. 1 HE staining (A, B and C) of monolayer PLA cells and immunohistochemical analysis of aggrecan (D, E and
F) at different time points. A, D: PLA cells before chondrogenic induction. B, E: Two weeks after chondrogenic
induction. C, F: Ten weeks after chondrogenic induction. (Original magnification of all images 400x)

and 0.05M MgCl,, the complexes were dissolved in
dissociation mixture (4.0 M guanidine-HCI and 33%
propanol) and transferred to a 96-well plate. The
absorbance is measured at 600 nm to determine the
level of GAG production in each sample.

Statistical analysis

We performed 9 independent sets of the experiments
from 9 donors, and each experiment was run at least 3
times. Data were expressed as means = SD and ana-
lyzed by a paired analysis of variance or One-Way
ANOVA. P values were described in tables or figures
and P<0.05 was considered statistically significant.

Results

Phenotypic alteration of chondrogenic PLA
cells in vitro

When isolated and primarily cultured as monolay-
ers, PLA cells indicated cellular constitution of

elongated spindle-shape and displayed no obvi-
ous pericellular matrix and immunostaining of
aggrecan before chondrogenic induction (Fig. 1A,
1D). After placed into chondrogenic medium
for 7 days, the PLA cells exhibited changes in
cell structure, modulating from fibroblastic
appearance to a polygonal shape. Two weeks
after induction, we observed the cells in mono-
layer at high density tended to form spheroids
and had large nuclei with multiple nucleoli sim-
ilar to the normal chondrocytes. Hematoxylin
and eosin analysis showed that they seemed to
be surrounded by a fairly uniform proteogly-
can-rich matrix that is denser adjacent to the
cell clusters (Fig. 1B). With immunostaining, they
showed highly positive of aggrecan (Fig. 1E). As the
chondrogenic cells were passaged in vitro,
most of them stopped division at late stage
about 10 weeks after initial differentiation and
adopted a giant morphology with numerous
vacuoles (Fig. 1C). The other cell population
no longer produced cartilaginous matrix
actively, but showed phenotype like fibrob-
lasts. The cells began to lose the positive stain-
ing of aggrecan (Fig. 1F).
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Macromorphology of engineered cartilage
in vivo

The alginate gel mixed with chondrogenic PLA cells
injected into BALB/C nude mice subcutaneously
formed engineered chondroid constructs in 4 weeks
(Fig. 2A). The size of cartilaginous constructs in vivo
became smaller with time increasing, and they
reduced to 50-60% of original size at the time point of
20 weeks. Gross observation of the tissue-engineered
cartilages indicated that they were capsuled by con-
nective tissues and not attached to the surrounding tis-
sues tightly. HE staining showed that there were sub-
stantial amounts of cartilaginous matrix containing
cells encased in chondrocytic lacunae initially at the
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Fig. 2 HE staining
of engineered carti-
lage (A, B and C) and
immunohistochemi-
cal analysis of aggre-
can (D, E and F) at
different time point.
A, D: Four weeks
after implantation
(Original magnifica-
tion of images 100%).
B, E: Ten weeks after
implantation
(Original magnifica-
tion of images 40%).
C, F: Twenty weeks
after implantation.
(Original magnifica-
tion of images 40x)

time point of 10 weeks (Fig. 2B). There was accumu-
lation of ECM in the engineered cartilage during the
period of 20 weeks (Fig. 2C), which made it opaque
and malleable. Finally, they exhibited histological fea-
tures of genuine cartilage matrix with the context of a
typical cartilaginous structure. The control injections
of pure alginate gel or non-induced cells disappeared
in 4 weeks and nothing were received in the end.

Components of ECM produced by PLA cells
during chondrogenic differentiation in vitro

The cell morphology of induced PLA cells was evi-
dent that they obtained the differentiation pheno-
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type as chondrogenic lineages. In order to further
verify the expression of marker genes of chondro-
cytes, molecular biological and immunocytochem-
ical analysis were performed. The expression of
the collagen I (Col2a1) and SOX9 is an early and
practically unique marker of chondrocyte differen-
tiation [12—16]. RT-PCR analysis of mRNA encod-
ing type II collagen and SOX9 showed that high
level expression of these genes in PLA cells cul-
tured in chondrogenic medium for 2 weeks. The
chondrogenesis of PLA cells was supported by
presence of some other important components of
cartilaginous ECM, such as cartilage oligomeric
protein (COMP) and aggrecan [17-21]. But these
genes were not observed in the cells incubated in
the control medium (labeled as Owk in inductive
medium in Fig. 3). There was a trend to decrease in
expression of type I collagen after induction (Fig. 3).
Western blot results correlated with these findings
and indicated active production of specific matrix
for cartilaginous content at early stage during dif-
ferentiation (Fig. 4). Numerous GAG chains are
covalently attached to the aggrecan core protein,
including chondroitin sulfate and keratin sulfate
[22, 23]. After 2 weeks of induction, GAG synthe-
sis in PLA cells was significantly switched to 2.6-
fold of controls (Fig. 5A) accompanied by dramat-
ic increase of aggrecan expression at mRNA and
protein level (Fig. 3).
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Engineered Cartilage

2wk 6wk 10wk 4wk 10wk 20wk

The chondrogenic PLA cells cultured in mono-
layer were stable with no sign of hypertrophy for up
to 68 weeks in chondrogenic medium. The changes
in morphological features were observed at the time
point of 10 weeks after induction, paralleling with
significant decreases of cartilaginous specific colla-
gen, COMP, and aggrecan production to about
40-60% (Fig. 3 and Fig. 4). It was found that in late-
stage prehypertrophic PLA cells, the content of
GAG was only about 35% compared to that in early-
stage chondrogenic ones (Fig. 5A). As shown in
Fig. 1F, cultured 10 weeks in monolayers after
induction, PLA cells lost most of aggrecan in ECM
components and stained weakly in immunohisto-
chemical analysis. Instead, they began to produce
type I collagen with 4-fold increase and high level of
type X collagen-the specific marker for prehypertro-
phy. But as a transcriptional factor, the level of
SOXO retained about 70% of the early ones (Fig. 3),
not like the great changes in ECM molecules, which
was probably present in the period of prehypertro-
phy or regulated by other mechanisms [24, 25].

Components of ECM in the
engineered cartilage

For in vivo evaluation of cartilage matrix molecules
produced by chondrogenic PLA cells, induced cells
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seeded alginate gel was implanted in immunotoler-
ant mice subcutaneously [26]. As measured by RT-
PCR, the mRNA encoding specific ECM molecules
maintained moderate level in the formed cartilage
in comparison with the early-stage cells cultured as
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Fig. 5 Production of GAG in the monolayer PLA cells
(A) or engineered cartilage in nude mice (B) was deter-
mined by the absorbance at 600 nm of GAG-dye dilu-
tion in each group at different time points (n=6). A: The
synthesis of GAG in the chondrogenic PLA cells 2 and
6 weeks after induction were significant more than
those before induction or 10 weeks after induction. B:
The synthesis of GAG in the engineered cartilage in
nude mice stepwise increased significantly.
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Engineered Cartilage
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Fig. 4 Expression of collagen
type I, I and X was analyzed by
Western Blot at different time
points in the monolayer PLA
cells or engineered cartilage in
nude mice. The results of PLA
cells harvested form variant
donors in each group were repro-
ducible.

monolayers. However, there was no great alteration
in the expression of these genes during 20 weeks in
vivo, which was far different from the monolayer
cells (Fig. 3). In immunohistochemical staining, the
aggrecan protein was always strongly positive in
the engineered tissue at variant time point till this
study finished (Fig. 2D, E, F). There was significant
accumulation of ECM components in pericellular
matrix with time increasing detected by Western
Blot (Fig. 4) and the content of GAG had the same
trend as a result of long period production (Fig. 5B).

On the other hand, the proportion of type I col-
lagen decreased in ECM during cartilage formation
in vivo and kept lower since then, which was con-
firmed by the weak density of bands in RT-PCR and
Western Blot analysis. The PLA cells in the engi-
neered construct still showed a weakly increasing
trend in the expression of type X collagen.
Nevertheless, the pattern of type X collagen in
ECM remained stably low and showed little differ-
ences in the retrieved specimens at 10 weeks or 20
weeks. It was suggested that the PLA cells induced
to chondrogenic lineages could form engineered
cartilage, maintained the stable phenotype and had
no sign of hypertrophy in 20 weeks in vivo.

Discussion

Nowadays, it has been found that the cell popula-
tion in adipose tissue, called processed lipoaspirate
(PLA) cells, can be isolated easily in large numbers
and exhibits stable growth and proliferation kinetics
in culture [12, 27]. Moreover, PLA cells can retain
their chondrogenic differentiation capacity in a rel-
atively long time when treated with established lin-



eage-specific factors in vitro [12]. Based on this,
adipose tissue may represent a source of stem cells
that could have far-reaching effects on the fields
associated with clinical application of cartilage
engineering. But there have been no detailed reports
on the molecular and cellular characterization of
PLA cells during chondrogenic differentiation in
vitro and cartilage formation in vivo. In this study,
we used PLA cells derived from human adipose tis-
sue, in vitro expansion as monolayers under chon-
drogenic conditions, or implantation in vivo in con-
junction with an alginate carrier, to investigate and
compare their processes of chondrogenesis, maturi-
ty and hypertrophy.

It was confirmed that the chondrogenesis of PLA
cells both in vitro and in vivo in the molecular and
immunohistochemical analysis. Even if the PLA
cells cultured as monolayers under high density,
they expressed cartilaginous marker genes in 14
days after incubated with chondrogenic medium.
However, it's well known that primary mammalian
cells cultured in vitro have a finite replicative life
span and eventually enter a state of senescence [28].
Due to entry into the differentiated state, there was
great difference in proliferation potential between
the inductive and non-inductive PLA cells in vitro. It
was observed that the chondrogenic PLA cells
decreased in cell number at confluence, reduced cell
replication rate, and increased cell volume with the
culture time increasing just as the genuine chondro-
cytes [29, 30]. Previous studies have suggested that
during a serial of passaging in vitro, primary con-
nective tissue cell types, especially chondrocytes,
don't only show decline in cell viability and increase
in cell apoptosis, but also lose their phenotype to be
dedifferentiated. Maintenance of the chondrocyte
phenotype in vitro requires the cells to remain in a
three-dimensional configuration [31, 32]. The same
phenomena also happened in the passaged chondro-
genic PLA cells with the exhibition of alteration in
pericellular ECM components. This would suggest
that PLA cells should be passaged without induction
to obtain sufficient cells for application lest the dif-
ferentiated PLA cells would lose their potential of
division and normal function rapidly in vitro as pas-
saging in monolayer conditions.

The induction of chondrogenesis in PLA cells
cultured in vitro required supplementation with spe-
cific soluble mediators. Particularly, the growth fac-
tor TGF-B1 plays a key role in the regulation of cel-
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lular proliferation, differentiation, and cartilage for-
mation [33]. Indeed, as multifunctional growth fac-
tors, TGF-B1 could exhibit differential effects
depending on the differentiation stage of the target
cells. It can also inhibit hypertrophic differentiation
of chondrocyte and is required for maintaining artic-
ular cartilage [34]. In this study, TGF-B1 in combi-
nation with other media supplements caused the
PLA cells to produce cartilage markers, in agree-
ment to mesenchymal stem cells derived from bone
marrow [35, 36]. The differentiated lineages were
always cultured in the chondrogenic medium con-
taining TGF-B1; however, they still had phenotypic
alteration in 10 weeks cultured as monolayer.

With use of alginate scaffold for in vivo implan-
tation, it was to determine how stable the engineered
tissue was, and whether it would turn to hyper-
trophic cartilage. Although differentiated PLA cells
are not actual chondrocytes, the chondrogenic
nature of these cells in the cartilaginous tissue
formed in vivo was supported by the following char-
acteristics. HE morphological features of the tissue
sections showed a perichondral border of cells sur-
rounding a hypocellular chondrogenic core in three-
dimensional alginate system. Our findings demon-
strated that synthesis of aggrecan, type II collagen,
cartilage oligomeric protein and SOX9 in engi-
neered cartilage in vivo stably maintained at moder-
ate levels, which was consistent with the results of
previous studies that the ECM turnover in cartilage
was more slowly than that of in vitro cells [37].
Connective tissue such as cartilage contains a rela-
tively sparse population of cells within an ECM rich
in collagen and proteoglycan. The cells are
entrapped in a collagenous network and responsible
for the synthesis, maintenance, and gradual turnover
of the ECM. At the time point of 20 weeks, there
were no obvious increments of type I collagen or
type X collagen, which were the initial events of
hypertrophy and matrix calcification [38]. From
these results, we thought that the influence of spatial
environments is probably as important as, if not
more important than, that of growth factors to the
stability of phenotype in chondrogenic PLA cells.

New techniques involving implantation of cells
and tissue-engineered constructs are being devel-
oped to improve musculoskeletal tissue repair [39,
40]. From a tissue-engineering point of view, PLA
cells led us to speculate that a population of multi-
potent stem cells, comparable with MSCs, can be
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applied in broad fields clinically. Based on our data,
it is proposed that PLA cells own relatively high
proliferative potential before specific induction and
lose cellular viability soon after induction. We
should obtain adequate number of cells for construct
by multiple cell divisions firstly and then induce
them to lineages in appropriate conditions. If allied
with other biological means, for example, utilizing
electroporation, chemical reagents including calci-
um phosphate precipitation and lipofection to trans-
fected plasmids or viral vectors carrying genes
encoding growth factors into PLA cells, the engi-
neered tissue can be formed even more efficiently
[41, 42]. It may lead to a better outcome that genet-
ically modified PLA cells seeded in constructs are
implanted in the defects immediately, which facili-
tates retention of high level expression locally and
adaptation to the adjacent tissues.

PLA cells offer an opportunity for us to establish
implantation schemes to heal tissue defects. Further
work lies ahead to optimize the culture and engi-
neering procedures. Necessarily, we should deter-
mine the ideal expansion conditions in vitro, the
composition and structure of the ideal carrier, the
numbers of cells that are required for a defined vol-
ume of cartilage, and the most suitable transfection
approach or multiplicities of infection for PLA cells.
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