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Xenogeneic chondrocytes promote stable subcutaneous
chondrogenesis of bone marrow-derived stromal cells
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Abstract. The local microenvironment may change the ulti-
mate fate of engineered cartilage differentiated from bone
marrow stromal cells (BMSCs) after subcutaneous implanta-
tion. Chondrogenically differentiated BMSCs directed by
growth factors or low-intensity ultrasound are apt to fibrose or
vascularize in the subcutaneous environment, while BMSCs
implanted in articular cartilage defects can form stable
cartilage. We hypothesized that chondrocytes would provide
an ideal chondrogenic environment, and thus promote the
maintenance of the chondrocytic phenotype in ectopia. To
test this hypothesis, we developed a new method to promote
chondrocyte development from BMSCs in a chondrogenic
environment produced by xenogeneic chondrocytes and
compared the subcutaneous chondrogenesis of BMSCs
mediated by xenogeneic chondrocytes with that produced by
growth factors. These results indicate that subcutaneous chon-
drogenesis of BMSCs directed by xenogeneic chondrocytes is
more effective than that induced by growth factors. BMSCs
induced by xenogeneic chondrocytes formed relatively mature
cartilage before or after implantation, following 4 weeks of
culture, which reduced the induction time in vitro and led to
maintenance of a stable cartilage phenotype after subcuta-
neous implantation.

Introduction

Bone marrow stromal cells (BMSCs) are an attractive source
of seeding cells for tissue engineering due to their obvious
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advantages: autologous acquisition, multilineage differen-
tiation potential and high proliferation potential in vitro.
BMSCs can differentiate into osteogenic, chondrogenic, and
adipogenic lineages (1), and they can be combined with scaf-
fold material to allow repair of articular cartilage defects, and
differentiate into chondrocytes or osteoblasts in different joint
microenvironments (2,3).

However, a significant amount of time and money is
required for induction of chondrocyte differentiation from
BMSC:s in vitro using growth factors. In addition, engineered
cartilage differentiated from BMSCs does not maintain a stable
chondrogenic phenotype after subcutaneous implantation,
although it does exhibit a chondrocyte phenotype beforehand
(4-6). Engineered cartilage has been found to ossify after
implantation while chondrogenic induction lasts 8 weeks or
less in vitro (7). These results may limit the feasibility of using
MSC:s to repair cartilage defects in the subcutaneous environ-
ment since most cartilage injuries occur in a subcutaneous
area, such as trauma of the nasal or auricle cartilage. However,
BMSCs are able to form stable cartilage within defects in
articular cartilage, and they have also been shown to form
stable cartilage-like tissue in a subcutaneous environment
when co-cultured with autogeneic chondrocytes (8). Therefore,
we speculated that the microenvironment produced by chon-
drocytes plays an important role in determining the ultimate
fate of engineered cartilage differentiated from BMSCs after
subcutaneous implantation, and that the presence of autoge-
neic chondrocytes regulates the chondrocytic differentiation
of BMSCs. However, autogeneic co-culture (direct mixing of
autogeneic chondrocytes and BMSCs to construct cartilage)
carries the cost of sacrificing autogeneic chondrocytes which
are rare and hard to obtain, so they cannot provide sufficient
material to adequately repair autologous cartilage defects. In
contrast, a rich source of xenogeneic chondrocytes is readily
available, hence, we hypothesized that using xenogeneic chon-
drocytes instead of autogeneic chondrocytes would promote
the chondrogenesis of BMSCs, which would then retain a stable
chondrocytic phenotype after subcutaneous implantation.
To test this hypothesis, we designed an isolated xenogeneic
co-culture system and compared subcutaneous chondrogen-
esis of BMSCs induced by xenogeneic chondrocytes with that
of BMSCs induced by growth factors.
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Materials and methods

All animal experimental procedures in this study were
approved by the Ethics Committee of the Shanghai Jiao Tong
University School of Medicine. Swine bone marrow was
obtained from the posterior superior iliac crests of newborn
pigs. Rabbit cartilage specimens were obtained from the ear
cartilage of 2-month-old New Zealand White rabbits.

Cell harvest and culture. BMSCs from newborn pigs and
articular chondrocytes from New Zealand White rabbits
were isolated and expanded as previously described (9,10).
Swine BMSCs at passage 2 were used for tissue engineering,
and rabbit chondrocytes at passage 2 were used in culture, a
portion of the chondrocytes at passage 1 were cryopreserved
for later use.

Preparation of scaffold constructs and cell seeding. Polylactic
acid-(PLA-) coated polyglycolic acid-(PGA) scaffolds were
prepared as described previously (10). Briefly, 7 mg of PGA
unwoven fibers (Dong Hua University, China) were compressed
into a disc of 5 mm diameter and 2 mm thickness, and 0.15 ml
of 1.0% PLA (Sigma) diluted in dichloromethane was used to
solidify each scaffold. The scaffolds were sterilized by soaking
in 75% alcohol for 1 h and washed 3 times with PBS, then
precultured overnight in Dulbecco's modified Eagle's medium
(DMEM) in an incubator at 37°C in an atmosphere of 5% CO,,
95% air, and 99% relative humidity.

A 30 pul volume of a suspension of swine BMSCs at
passage 2 (5.0x10"/ml) was evenly applied dropwise onto
each scaffold. After incubation for 4-6 h to allow preliminary
adhesion of the cells to the scaffold, 3 ml of regular culture
medium was added, and the constructs were then returned
to the incubator. After incubating for 24 h to allow complete
adhesion, sufficient regular culture medium was added to
cover the cell-scaffold construct.

Chondrogenic induction in vitro. After 5 days of culture,
BMSC-scaffold constructs were divided into 3 groups: xenoge-
neic chondrocyte group (EC group), growth factor group (GF
group) and blank control group (BC group). In the EC group, the
constructs were cultured in high glucose DMEM in a 0.4 ym
transwell chamber, with adherent rabbit chondrocytes cultured
in the dish below the membrane. Half of the culture medium
was changed every other day, and the dish was replaced with a
new culture dish containing new adherent rabbit chondrocytes
(obtained from recovery of previously cryopreserved chondro-
cytes) every week. In the GF group, the culture medium was
replaced with chondrogenic induction medium composed of
regular culture medium supplemented with 10 ng/ml trans-
forming growth factor 1 (TGF-p1, Peprotech, Rocky Hill, NJ),
50 ng/ml insulin-like growth factor 1 (IGF-1, Peprotech)
and 40 ng/ml dexamethasone (Sigma, St. Louis, MO) (11).
Two-thirds of the culture medium was refreshed every other
day. The attachment, proliferation and matrix production of
the cells on scaffolds were examined using a light microscopy
(Eclipse TS100, Nikon, Japan) and scanning electron micros-
copy (SEM, Philips XL-30, Amsterdam, The Netherlands). In
the BC group, BMSC-PGA constructs were cultured in high
glucose DMEM without chondrocytes or growth factors.
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Subcutaneous implantation of engineered cartilage. After
2,4, 6 and 8 weeks of in vitro chondrogenic induction, the
constructs were implanted subcutaneously into nude mice and
harvested at 6 weeks post-implantation.

Gross view, wet weight and GAG content of engineered tissue.
Six weeks after implantation, the wet weight of the harvested
specimens was measured using an electronic balance. The
glycosaminoglycan (GAG) content of the specimens was assayed
by Alcian Blue colorimetric analysis as previously described
(10,12).

Histology and immunohistochemistry. In order to evaluate
the chondrogenesis of BMSCs in subcutaneous environments,
the engineered tissues harvested after implantation were
sent for histological and immunohistochemical examination.
Hematoxylin and eosin (H&E) and Safranin O staining,
and type II collagen immunostaining, were used to evaluate
the histological structure and cartilage matrix deposition in
engineered tissue. Expression of type II collagen was detected
by a mouse anti-human type II collagen monoclonal anti-
body (1:100 in PBS, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) followed by a horseradish peroxidase (HRP)-
conjugated anti-mouse secondary antibody (1:200 in PBS,
Santa Cruz Biotechnology). Color development was performed
with diaminobenzidine tetrahydrochloride (DAB, Santa Cruz
Biotechnology).

Detection and comparison of TGF-S1 in the supernatant of
fresh or frozen monolayer chondrocyte cultures. It is known
that TGF-f31 plays an important role in chondrogenic differen-
tiation of BMSCs, so we used ELISA to quantitatively analyze
the amounts of TGF-f1 in the supernatant of fresh or frozen
chondrocytes at different times, then compared the amount of
growth factors in the EC group with that in the GF group, and
also assessed whether the growth factor secretion of chondro-
cytes differed after in vitro passage and anabiosis from the
frozen store.

Statistical analysis. The difference in wet weight and GAG
content of in vivo engineered tissues between the EC and
the GF groups at each time point, and the differences within
each group among various time points, were analyzed by the
Student's t-test. Differences in TGF-f1 levels in the supernatant
of fresh and frozen chondrocytes at different times were also
analyzed by a Student's t-test; a P-value <0.05 was considered
statistically significant.

Results

Cell-scaffold construct culture in vitro. BMSCs at passage 2
were added dropwise to the scaffold for cartilage engineering.
As described, a PGA scaffold with a relatively precise disc shape
(5 mm in diameter, 2 mm in thickness) was formed. PLA was
evenly coated on the surface of PGA fibers, which solidified the
PGA fiber mesh and thus maintained the shape and porosity of
the scaffold (Fig. 1A). After 7 days of culture, cells adhered well
to the surface of the material, and produced abundant extracel-
lular matrix in both the EC (Fig. 1B and C) and the GF groups
(Fig. 1D).
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Figure 1. BMSC-scaffold constructs and the co-culture system. (A) PLA-coated PGA scaffold of 2 mm thickness and 5 mm diameter. (B) Light microscopy
view of the scaffold, extracellular matrix can be observed in the EC group at the 7th day of culture. (C and D) SEM view of cell-scaffold constructs in the
EC group and the GF group, showing good compatibility of the cells with the scaffold and abundant extracellular matrix production after 7 days of culture.
Scale bar, 100 ym. (E and F) Schematic diagram of the isolated co-culture system. In this system, BMSC-PGA constructs are isolated from chondrocytes in a
transwell chamber. Soluble factors secreted by each cell type can freely pass through the 0.4 ym microporous membrane, while the cells cannot.
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Figure 2. Gross view of engineered tissues after subcutaneous implantation in the EC and the GF groups. Most BMSC-scaffold constructs were able to form
cartilage-like tissue, and only tissues which had undergone culture for 2 weeks followed by subcutaneous implantation for 6 weeks seemed to be a little
vascularized (A-D) in the EC group. The appearance of engineered tissues in the GF group represented gradual development from a vascularized construct at

2 weeks to a light red and ivory-whitish cartilage-like tissue at 8 weeks (A,-D)).

Chondrogenesis of BMSCs in vitro. In our previous and current
study, we proved that a cell-scaffold construct grown in the
presence of growth factors formed cartilage-like tissue after
several weeks of induction in vitro, while in the BC group, only
fibrous tissues were observed with no formation of a lacuna
structure even after 8 weeks of culture. In the present study, we
also performed histological and immunohistochemical exami-
nation before implantation in the EC group, and the results
showed that a lacuna structure had formed in the specimens
after culture for 2 (Fig. 3A-C) and 4 weeks (Fig. 3D-F).

Gross view, histology and immunohistochemistry. Six weeks
after subcutaneous implantation, all the specimens in the
EC group had formed cartilage-like tissue, while parts of
the engineered tissues in the GF group had become obvi-
ously vascularized and fibrosed. In the EC group, only the
cell-scaffold construct which had been cultured for 2 weeks
prior to implantation seemed to be a little vascularized
(Fig. 2A) while the rest showed an ivory-whitish appearance
(Fig. 2B-D). However, the appearance of the GF group devel-

oped gradually from a vascularized construct at 2 weeks to a
cartilage-like tissue at 8 weeks after subcutaneous implanta-
tion (Fig. 2A,-D,).

Histological findings revealed that the cell-scaffold construct
in the EC group formed a heterogeneous tissue, containing
cartilage-like tissue and fibrous tissue, and obvious lacuna-like
structures were observed in the sample which had undergone
2 weeks culture in vitro followed by 6 weeks in vivo (Fig. 4A),
although the new tissues were loose and incompact. These find-
ings were further supported by Safranin O staining and type II
collagen immunostaining (Fig. 4B and C). With increasing
induction time in vitro, the majority of the cells formed lacuna-
like structures with positive staining for Safranin O and type II
collagen. The constructs formed typical lacuna structures, and a
more compact structure as well as stronger extracellular matrix
staining were observed in those samples which underwent 4
weeks in vitro and 6 weeks in vivo, which was seen in samples
of the GF group only after 8 weeks in vitro and 6 weeks in vivo
(Fig. 4], K, and L,). As induction time increased, more mature
cartilage was formed.
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Figure 3. Histology, immunohistochemical and histochemical staining of in vitro engineered tissues in the EC group. After 2 weeks of induction, the construct
formed cartilage-like tissue, and lacuna structures appeared (A-C, short arrow). After 4 weeks in vitro, relatively mature cartilage was formed, and many

lacuna structures appeared. Scale bar, 100 pm.
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Figure 4. Comparison of chondrogenesis of engineered tissues after subcutaneous implantation. In the EC group, after subcutaneous implantation for 6 weeks,
lacuna structures appeared (A) and positive staining with a type II collagen antibody (B) and Safranin O (C) were observed. The tissue engineered by 4-week
induction in vitro mostly formed cartilage-like tissue with positive staining of type II collagen (E) and Safranin O (F) after implantation. With prolonged
induction time, positive staining of Safranin O and type II collagen were enhanced. In the GF group, tissue engineered by 2 weeks of induction in vitro
mainly underwent fibrosis after implantation, and immunohistochemical and histochemical staining showed no existence of cartilage-like tissue (A,-C,). A
few sporadic lacuna-like structures appeared after 4 weeks of induction (D,-F)). With extended induction time, the histological structure of the constructs
gradually became more compact, more lacuna structures appeared and a trend of enhanced positive staining of type II collagen and Safranin O was observed.
As expected, no lacuna structures were observed after implantation, even after 8 weeks of culture, only fibrous tissues were formed in the BC group (J,, K,

and L,). Scale bar, 100 pym.

In contrast, specimens in the GF group did not appear to
form cartilage-like tissue as the specific staining was negative
and no lacuna-like structures were found after 2 weeks in vitro
and 6 weeks in vivo. A few occasional lacuna-like structures
appeared up to 4 weeks in culture while more sporadic lacuna-
like structures formed with increasing culture time.

In the BC group, only fibrous tissues were observed with no
formation of lacuna structures even after 8 weeks of culture,
(Fig. 4],, K, and L,), indicating that no spontaneous chondro-
genesis occurred in the absence of chondrogenic induction in
the subcutaneous environment.

Wet weight and GAG content. The wet weight and GAG content
(n=9) increased between 2 and 8 weeks in both the EC and the
GF groups after implantation (Fig. 5). A significant difference
in both wet weight and GAG content was found between these 2
groups at each time point (P<0.01), and in the GF group among
the various time points. No significant increase of wet weight
or GAG content was observed from 6 to 8 weeks in the EC
group after implantation. The GAG content of the implanted
constructs at 8 weeks in the EC group reached 94.9% of the
normal auricular cartilage level, while that in the GF group
reached 41.1% of the normal auricular cartilage level (Fig. 5B).



150
A
80
[ EC group [J GF group .
#* P<0.01 # (I a
- (| a-&
? T
Ew .0 E
= (| t
o 2
‘s i €
= (| 6
= 201 °
2 Q
s <
o
NVito2W  invirto AW InvittoBW  in vitro 8W
+invivoBW  +invivoBW  +inviva 8W  + in viva BW
C

T

[ fresh cell [ recovery cell

d

TGF-B 1 concentration (ng/ml)

-1

L 101

12h 24h 48

[[1

regular

20

=

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 29: 146-152, 2012

B
[ EC group [] GF group
L
# P=0.01 # i
154 ]'l:_
#
1
#
i
| m
) 'll\l'ﬂ;uzw Invl'i;udw in vitro 6W 'lnviﬂlﬁs\ﬂ' normal
+invivo BW  +invivoBW  +invivoBW  +in vivo BW cartilage

Figure 5. Wet weight and GAG content of engineered tissues following in vivo implantation, and the concentration of TGF-f1 in the supernatant of fresh and
recovered frozen chondrocytes. (A) Wet weight increased between 2 and 8 weeks in both the EC group and the GF group, and a significant difference in wet
weight was found between these 2 groups at each time point (P<0.01) as well as among various time points in the GF group (P<0.05); however, wet weight
in the EC group did not show any obvious difference after implantation between specimens induced in vitro for 6 or 8 weeks. (B) The GAG content in the 2
groups also increased gradually from 2 to 8 weeks with a significant difference among the various time points (P<0.01) and GAG content in the EC group
was obviously higher than that in the GF group at each time point (P<0.01). The GAG content in the EC group showed the same trend as wet weight, with no
significant difference among specimens after implantation following in vitro induction for 6 or 8 weeks, and the GAG content of implanted cartilage after 8
weeks in vitro induction reached 94.9% of the normal cartilage level. (C) The concentration of TGF-31 increased over time, and there was no obvious differ-
ence in the concentration in supernatants from fresh cells or from frozen chondrocytes after recovery. The concentrations secreted by chondrocytes were lower
than the 10 ng/ml concentration observed in the regular chondrogenic induction medium used in the GF group cultures.

The important role of TGF-S1 in chondrogenic differentiation
of BMSCs. It is well known that growth factors play a very
important role in chondrogenic differentiation of stem cells,
and TGF-f1 is the most widely used factor. In this study, we
measured the amount of this growth factor in the supernatant
of monolayer chondrocytes, and found that the concentrations
increased over time. Although the concentrations of TGF-p1
secreted by chondrocytes were lower than those used in the GF
group, they still provided an optimal environment for chon-
drocytic differentiation of BMSCs. We therefore speculated
that other factors apart from TGF-f1 may be important in this
process, since chondrocytic differentiation of BMSCs directed
by chondrocytes appeared to be better than that induced by
growth factors directly. In addition, in order to obtain the type
of chondrogenic microenvironments provided by chondrocytes
at any time, we hypothesized that frozen chondrocytes may
also secrete the same amount of growth factors after anabiosis
from the frozen store. Our results showed no obvious change
in the concentration of TGF-P1 in the supernatant of frozen
chondrocytes after recovery (Fig. 5C).

Discussion

The theory that BMSCs can form cartilage-like tissue has
been proven in a number of studies. In 1976, Freidenstein

initially reported that in vitro, BMSCs could differentiate into
osteogenic, chondrogenic, adipogenic and other lineages (13).
Additionally, BMSCs were able to maintain their multilineage
differentiation capacity after several passages. In the past
30 years, the pluripotency of BMSCs has been corroborated
further by a series of experiments. In vitro, TGF-f (including
TGF-B1, TGF-f2 and TGF-f3) is most often used in the
induction of chondrogenesis from BMSCs (11,14), although
other growth factors or reagents such as IGF, BMP-2, or
dexamethasone also seem to influence the promotion of chon-
drocytic differentiation of BMSCs. However, many problems
still exist. For one thing, growth factors are expensive and
in great demand. In addition, induction of cartilage in vitro
takes a long time, and engineered cartilages are apt to become
fibrosed, vascularized or ossified, and these constructs also
eventually shrink to a certain degree (4,6,7). Hence, the
above-mentioned problems limit the clinical application of
engineered cartilage.

Recently, however, we have successfully constructed
cartilage using a co-culture system in which chondrocytes and
BMSCs were mixed in a definite ratio to construct cartilage.
More importantly, the engineered cartilage retained a stable
cartilage phenotype after subcutaneous implantation (8,15),
offering a new method for cartilage engineering. However,
autologous co-culture (mixing of autologous chondrocytes and
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BMSCs to construct cartilage) comes at the cost of sacrificing
autologous chondrocytes, which violates the basic principles
of ‘non-invasive repair and minimally invasive repair’ in tissue
engineering. Although mature cartilage can be created by
co-culture, its clinical application could be of no significance.

Bearing in mind all these issues, we designed an isolated
xenogeneic co-culture system in our current study. We utilized
xenogeneic chondrocytes instead of autologous chondrocytes
in order to avoid self injury since xenogeneic chondrocytes
are abundant and widely available. To further facilitate the
acquisition of xenogeneic chondrocytes, we employed cell
cryopreservation (16) and compared the amount of growth
factors secreted by fresh and frozen chondrocytes, and our
results indicate that frozen cells after recovery can provide
an induction microenvironment as good as fresh cells. In
addition, monolayer expanded chondrocytes lost their native
morphology within 1 week (17), so to avoid loss of the chon-
drogenic microenvironment we chose to change the Petri dish,
providing one containing new adherent chondrocytes every
week, which guaranteed that the new cells secreted sufficient
growth factors and other unknown factors. In order to solve
immunogenicity problems, a transwell chamber with a micro-
porous membrane of only 0.4 ym was used, which allowed
only the soluble factors to penetrate freely while keeping the
BMSCs separate from the xenogeneic chondrocytes. Using
this method, immunological rejection caused by xenogeneic
chondrocytes can be greatly reduced.

Our results show that, compared with engineered tissues
induced by growth factors, the cell-scaffold induced by
xenogeneic chondrocytes tended to form cartilage tissue at
an early stage of 2 weeks in vitro. After 4 weeks of in vitro
induction, samples formed relatively mature cartilage, as
observed by histological staining. Furthermore, engineered
cartilage was able to retain a stable phenotype in the subcuta-
neous environment. Although the quantitative determination
of the key growth factor TGF-f1 known to be chondrogenic
in the supernatant of chondrocytes demonstrated a lower
concentration than that in the GF group, the improved
chondrogenesis observed implies that some other unknown
factors secreted by chondrocytes might also play a relatively
important role in this process. All in all, in vitro induction
time was reduced and relatively mature cartilage could be
formed by this method.

Of course, the immunogenicity of foreign proteins needed
to be taken into account, because growth factors secreted by
xenogeneic cells can be considered foreign proteins and thus
may cause immunologic reaction after autologous implanta-
tion for clinical application. With regard to this problem,
some studies have shown that metabolism and degradation
of foreign proteins would occur during further culture in a
medium containing autologous proteins (18,19), and foreign
proteins would then be replaced by autologous proteins.

It has been proven that BMSCs possess a low immunogenic
profile and potential and have immunomodulatory properties
in both differentiated and undifferentiated states (20-22),
which would reduce the risk of graft failure of chondrogeni-
cally differentiated BMSCs. In addition, according to the rules
and regulations of the FDA in the USA, BMSCs cultured in
FBS are widely permitted for use in clinical trials, and xeno-
geneic acellular dermal matrix used in the clinic (23-25). On

the other hand, cartilage was eventually implanted into the
subcutaneous environment, in which the immune response
is relatively low, and in our next study, we are improving the
method further to lower the immunogenicity and to test the
engineered tissue in immune animals.

In summary, we confirmed that xenogeneic chondrocytes
promoted the formation of relatively mature cartilage by
BMSC:s in a short time. More importantly, chondrogenically
differentiated BMSCs were able to retain their stable cartilage
structure after subcutaneous implantation, which was obvi-
ously better than the cartilage induced by growth factors.
Although the exact mechanism remains unclear, cartilage
differentiated in vitro from BMSCs by this new method could
provide an alternative graft source for the functional repair
of cartilage defects in the subcutaneous environment. In addi-
tion, the new method of cartilage engineering established in
this study may be practical for a wider application in cartilage
engineering and to promote its clinical application.
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