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ARTICLE

The superior regenerative potential of muscle-derived stem cells
for articular cartilage repair is attributed to high cell survival and

chondrogenic potential

Hongshuai Li'?, Aiping Lu'*#%, Ying Tang', Sarah Beckman', Naoki Nakayama®#*, Minakshi Poddar', MaCalus V Hogan'? and Johnny Huard'3#>

Three populations of muscle-derived cells (PP1, PP3, and PP6) were isolated from mouse skeletal muscle using modified preplate
technique and retrovirally transduced with BMP4/GFP. In vitro, the PP1 cells (fibroblasts) proliferated significantly slower than the
PP3 (myoblasts) and PP6 cells (muscle-derived stem cells); the PP1 and PP6 cells showed a superior rate of survival compared with
PP3 cells under oxidative stress; and the PP6 cells showed significantly superior chondrogenic capabilities than PP1 and PP3 cells.
In vivo, the PP6 cells promoted superior cartilage regeneration compared with the other muscle-derived cell populations. The
cartilage defects in the PP6 group had significantly higher histological scores than those of the other muscle-derived cell groups,
and GFP detection revealed that the transplanted PP6 cells showed superior in vivo cell survival and chondrogenic capabilities
compared with the PP1 and PP3 cells. PP6 cells (muscle-derived stem cells) are superior to other primary muscle-derived cells for
use as a cellular vehicle for BMP4-based ex vivo gene therapy to heal full-thickness osteo-chondral defects. The superiority of the
PP6/muscle-derived stem cells appears to be attributable to a combination of increased rate of in vivo survival and superior chon-

drogenic differentiation capacity.
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INTRODUCTION

Articular cartilage (AC) defects do not spontaneously heal and
remain a clinical challenge.’ Current therapies for treating AC inju-
ries include abrasion arthroplasty, microfracture, autologous chon-
drocyte implantation, and meniscal or osteo-chondral allografts.*®
Cartilage tissue engineering based on cell-mediated gene therapy
has emerged as a promising new approach to repair AC2 This
approach is based on the transplantation of genetically modified
cells, which may serve the dual role of being a cell population capa-
ble of chondrogenesis and act as a reservoir for the production of
growth factors that can stimulate the donor and/or intrinsic cells to
participate in the AC repair.

There are ongoing efforts to identify new cell populations with
chondrogenic potentials that can be isolated and expanded easily.
Muscle tissue represents an abundant, accessible, and renewable
source of adult stem cells and the existence of osteo-chondro pro-
genitor cells in the skeletal muscle has been already reported.”"
Satellite cells, or early muscle progenitor cells, have been found to
retain the ability to undergo chondrogenic differentiation in the
presence of BMPs and/or Transforming growth factor beta-3 (TGF-
beta 3) in vitro.'*'* Myoblasts, when stimulated with BMP or TGF-
beta 3, upregulate osteocalcin, alkaline phosphatase,''* and Sox9."
Fibroblast-like cells isolated from rat skeletal muscle fascia also

demonstrate chondrogenic potential when stimulated with BMP4.'¢
However, it is still unclear which muscle cell population represents
an optimal cell source for AC repair.

We have previously shown that, using the preplate technique,
muscle-derived cells (MDCs) can be separated into different
populations based on the cells’ ability to adhere to Type 1 col-
lagen."””"2* We have demonstrated that a population of slowly
adherent cells also known muscle-derived stem cells (MDSCs),
obtained from the later preplate population, exhibit long-term
proliferation capacities, high rates of self-renewal, multipotent
differentiation potentials and, consequently, high in vivo regen-
erative capacity in a variety of musculoskeletal tissues.?**” The
unique ability of these cells to resist to oxidative stress also plays a
role in their high regenerative capabilities.? We have also shown
that when stimulated with BMP-4 and/or TGF-beta 1, MDSCs can
produce cartilaginous-like tissue in vitro, and when retrovirally
transduced to express BMP4 have been shown to differentiate
into chondrocytes and enhance AC repair in vivo.?®° As a result,
MDSCs represent a potentially attractive gene delivery vehicle
for cartilage regeneration; however, it remains unknown as to
whether MDSCs genetically engineered to express chondrogenic
growth factors can enhance cartilage formation more than other
populations of MDCs.
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Figure1

RetroBMP4-green florescent protein (GFP) transduction and characterization of transduced muscle-derived cells (MDCs). Primary MDCs were

isolated from the hind-limb skeletal muscles of three 3-week-old C57/BL10J mice using a modified preplate technique. The retroviral vectors encoding
for BMP4 and the marker gene GFP (retroBMP4-GFP) were used for the transduction. (a) RetroBMP4-GFP transduction of MDCs. The efficiency of retro-
BMP4-GFP transduction of all three MDC subpopulations was ~80% (48 hours after transduction, representative images). All populations were purified
based on GFP signal by fluorescence-activated cell sorting (FACS) (After FACS, representative images). (b) BMP4 secretion levels of the transduced MDCs
after purification by FACS. (n = 9, pooled data for three isolations, n = 3 for each isolation); (c) In vitro proliferation of BMP4-expressing MDCs. (n =9,
pooled data for three isolations, n = 3 for each isolation); (d) Cell survival of BMP4-expressing MDCs under oxidative stress. (n =9, pooled data for three

isolations, n = 3 for each isolation). Data are presented as mean + SD.

The purpose of this study was to compare the chondrogenic
potentials of BMP4-gene modified subpopulations of MDCs to heal
full-thickness osteo-chondral defects in rat models.

RESULTS

Characterization and transduction of subpopulations of MDCs
Three subpopulations (PP1, PP3, and PP6 cells) of primary MDCs
were isolated from the hind-limb skeletal muscles of three 3-week-
old C57/BL10J mice (Jackson Labs, Bar Harbor, ME) by using a modi-
fied preplate technique.’®” Our data and previous studies have
shown that the different populations of MDCs separated by the pre-
plate technique consist of a mixture of cells, including myoblasts,
fibroblasts, and adipocytes.’®? The PP1 cells were mostly fibroblas-
tic-like cells and contained nonmyogenic mesenchymal stem cells
(MSCs); the PP3 cells consisted mainly of late myogenic progenitor
cells (myoblast-like cells); and the PP6 cells consisting mainly of
desmin and Sca-1 positive MDSCs'8%%3! (data not shown). The effi-
ciency of retro-BMP4-green florescent protein (GFP) transduction
of all three MDC subpopulations was ~80% (Figure 1a, 48 hours
after transduction, and Supplementary Figure S1). There were no
significant differences among the three cell populations in terms
of susceptibility to retro-BMP4-GFP transduction. After purifica-
tion of GFP positive cells by fluorescence-activated cell sorting, the
level of BMP4 secreted by the transduced PP1 cells was significantly
lower than the transduced PP3 and PP6 cells (pooled data for three
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isolations, n = 9, Figure 1b). No significant differences were found in
the levels of BMP4 secretion between the transduced PP3 and PP6
cells (Figure 1b).

In vitro proliferation of BMP4-expressing MDCs

After retro-BMP4-GFP transduction, three subpopulations of MDCs
showed different proliferation kinetics, as determined by DNA con-
tent. On day 3 and 5, the DNA content of the PP6 cells was signifi-
cantly higher than that of both the PP3 and PP1 cells (Figure 1c). The
DNA content of the PP3 cells was also significantly higher than that
of the PP1 cells on day 5 (Figure 1c).

Cell survival of BMP4-expressing MDCs under oxidative stress

We further tested the responses of the subpopulations of BMP4
expressing MDCs to oxidative stress induced by H,O,. While the pro-
liferation of the PP3 cells was completely halted, the PP6 and PP1
cells could still proliferate and showed a significantly superior sur-
vival rate than the PP3 cells; no significant difference in cell survival
was observed between the PP6 and PP1 cells. (Figure 1d)

In vitro chondrogenic differentiation of BMP4-expressing MDCs

After chondrogenic induction in monolayer culture for 5 days,
reverse transcription-polymerase chain reaction (RT-PCR) results
demonstrated that BMP4-transduced PP6 cells underwent
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Invitro chondrogenic potential of BMP4-expressing muscle-derived cells (MDCs). (a) Reverse transcription-polymerase chain reaction (RT-PCR)

gelimage (representative images from one isolation); (b) Alcian blue staining of the chondrogenic pellets (representative images from one isolation);
(¢) Glycosaminoglycan (GAG) content of the chondrogenic pellets. (n = 12, pooled data for three isolations, n = 4 for each isolation). Data are presented

as mean + SD.

chondrogenic differentiation more readily than did the PP1 and
PP3 cells. The mRNA expression of aggrecan, Col2A, and Col10A
by the PP6 cells was significantly higher than that of PP1 and PP3
cells (Figure 2a). Chondrogenic pellet culture validated the chon-
drogenic potential of the cells since the PP6 cell pellets stained
more intensely with alcian blue than the other MDC popula-
tions (Figure 2b). Quantitative analysis of the glycosaminoglycan
(GAG) content of the pellets demonstrated that PP6 cell pellets
contained significantly more GAG than did the PP1 and PP3
cell pellets. No significant difference in GAG content was found
between the PP1 and PP3 cell pellets (Figure 2c).

In vivo AC repair induced by BMP4-transduced MDCs

Macroscopic examination. Gross examination of AC defects at
4 and 8 weeks after transplantation revealed glossy white, well-
integrated, repaired tissue in the BMP4-transduced PP6 cell group
whereas that in the PP1 and PP3 groups appeared patchy, and was
only slightly integrated with the surrounding AC (Figure 3). Sixteen
weeks after transplantation, the original defects in the BMP4-
transduced PP6 group contained glossy white repaired tissue that
appeared to be well integrated with the surrounding AC and the
PP1 and PP3 groups appeared irregular, and the margin between
the regenerated tissue and the native AC was easily distinguishable

(Figure 3).

Histologic evaluation. Four weeks after transplantation, the defects
in the PP6 group were filled with repaired tissue that appeared
to be well integrated with the surrounding AC and subchondral
bone. Most of the cells in the repaired tissue were rounded with
a chondrocytic morphology and were positive for Safranin-O
staining (Figure 4a, 4 weeks) and most of the regenerated tissues
in the PP1 and PP3 groups were poorly integrated with the
surrounding tissue and the regenerated tissues appear fibrotic;
moreover, the matrix did not stain with Safranin-O (Figure 4a,
4weeks). Eight weeks after transplantation, the regenerated tissue
in the PP6 cell group had become thinner and well integrated with
the surrounding cartilage. Most of the cells in the repaired tissue
displayed chondrocytic morphology and had a reduced level of
Safranin-O positive matrix when compared with the week 4 time
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Figure 3 Gross appearances of the defect areas repaired with BMP4-
expressing muscle-derived cells (MDCs). Black circles indicate the defect
areas. Control: fibrin glue only without cells.

point (Figure 4a, 8 weeks). In contrast, the regenerated tissue
of the PP1 and PP3 groups became thinner, contained mostly
fibroblast-like cells, and did not stain positively for Safranin-O
(Figure 4a, 8 weeks). Sixteen weeks after transplantation, the
repaired tissue in the PP6 group had a smooth surface and the
margins were completely integrated with the surrounding
cartilage. Morphologically, the regenerated tissue in the defect
area looks like normal hyaline cartilage (Figure 4a, 16 weeks). In
the other groups, no chondrocyte-like cells were found in the
defect areas; instead, bony tissue was found to have grown from
the subchondral bone and the adjacent cartilage tissue displayed
degenerative changes (Figure 4a, 16 weeks).

Chronological changes of histological grading scores are shown
in Figure 4b (combined scores), and Supplementary Figure S2 (cat-
egorized scores). For combined scores, in the PP6 cell group, histo-
logical grading scores improved chronologically until 16 weeks after
transplantation; however, the scores in the control group, PP1, and
PP3 cell groups deteriorated after 4 weeks postsurgery. Although,
the scores in the PP1 and PP3 cell groups were significantly higher
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Figure4 Histological examination of articular cartilage (AC) repair with BMP4-expressing muscle-derived cells (MDCs). (a) Safranin-O staining of the
defect areas at week 4, week 8, and week 16 post-transplantation; Black arrows indicate the edge of the defect areas; upper panel (Scale bar = 500 um,
original magnification x 40), lower panel (Scale bar = 200 um, original magnification x 200). Control: fibrin glue only without cells. (b) Chronological
changes of the histological grading score. n = 4, data was presented as mean + SD.

than the control group (injured and noninjected) at 4 weeks, there
were no significant differences among those groups afterwards. The
PP6 cell group showed significantly higher scores when compared
with all the other groups at all time-points.

Immunohistochemical staining for Collagen Type 1 and 2 showed
that in the PP6 cell group, the transplanted cells expressed more
Type 2 collagen and less Type 1 collagen at all time points, when
compared with the other groups (Figure 5).

In vivo survival and contribution of the implanted BMP4-expressing
MDCs in the repair tissue

Grossly, the GFP signals, which represent the transplanted cells,
gradually decreased overtime in all the groups (Figure 6a). In the
PP1 cell group, the GFP signal was rapidly lost by 8 weeks after
transplantation and no GFP signal was detected at the cartilage
surface after that time point. In the PP3 cell group, GFP signals
also decreased gradually and only very weak GFP signals could be
detected at 16 weeks. Although the number of GFP-positive cells
decreased over time in the PP6 cell group, a fair number (~34.8%) of
GFP-positive cells could still be detected at 16 weeks after transplan-
tation. The PP6 cell group showed the highest level of GFP signals
at all the time-points tested when compared with the PP1 and PP3
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cell groups (Figure 6a). Further examination of the defect areas was
conducted to quantify the percentage of GFP-positive cells within
the defect areas. At week 4, most of the cells within the repaired tis-
sue in the PP6 group were GFP-positive (89.36%); significantly fewer
GFP-positive cells were found in the PP1 (21.13%) and PP3 groups
(55.57%) (Figure 6b,c). At 8 weeks, quantitative analysis showed that
1.22, 13.34, and 52.9% GFP-positive cells remained in the repaired
tissues of the PP1, PP3, and PP6 cell groups respectively (Figure 6b,c).
At 16 weeks, very few GFP-positive cells could be found in the
repaired tissues of the PP1 and PP3 cells groups; and 34.81% GFP-
positive cells still present in the PP6 cell group (Figure 6b,c).

DISCUSSION

Transplantation of genetically modified adult stem cells is a
promising approach to repair AC defects,® because the genetically
modified cells could serve the dual role of being a cell population
capable of chondrogenesis and acting as reservoir for the produc-
tion of key growth factors that can stimulate AC repair through
activation of endogenous cells. In this study, a retroviral vector
encoding for the BMP4 and GFP genes was used to transduce the
MDCs with transduction efficiency of ~80% for all three populations
of MDCs; there were no significant differences observed among
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Immunohistochemical staining of Type 1 and 2 collagens. Upper panel (Scale bar = 200 um, original magnification x 200), lower panel

(Scale bar = 200 um, original magnification x 200). Control: fibrin glue only without cells.

the groups and no evidence of obvious cellular toxicity. After puri-
fication by GFP signal, BMP4 expression by the PP1 cells was sig-
nificantly lower than that of the PP3 and PP6 cells. We have not yet
determined whether the lower level of BMP4 expression by the
transduced PP1 cells led to their inferior chondrogenic differentia-
tion capacity; however, the similar inferior chondrogenic potential
of the PP3 cells, which had a similar expression level of BMP4 to
the PP6 cells, suggests that the difference in chondrogenic poten-
tial between the cells tested was not due to a differential level of
BMP4 expression. Thus, the inferior chondrogenic differentiation
capabilities observed in the PP1 and PP3-BMP4 cells appears to be
primarily due to their intrinsic inferior chondrogenic potential and/
or the presence of a lower number of chondrogenic progenitor cells
within these cell populations.

GFP enabled us to track the transplanted cells in vivo for their
survivability and direct participation in the healing of the cartilage
defects. PP1, PP3, and PP6 cells from the same isolation were tested
for their regenerative potential in vivo. Very few GFP-positive cells
were detectable 4 weeks after transplantation in the PP1 group, and
no GFP signals could be found at the cartilage surface at 8 weeks.
Similarly, only a few PP3 cells could be found after 8 weeks. Adachi et
al* previously reported that rabbit allogeneic MDCs (equivalent to
the PP3 population in this study) and chondrocytes transduced with
the LacZ gene were detectable for only up to 4 weeks after transplan-
tation into an osteo-chondral defect. These findings corroborate our
current findings that the early adherent cells (PP1 and PP3 cells) have
limited engraftment capacity in the osteochondral defect in vivo. On
the other hand, significantly more GFP-positive cells could be found
in the defect areas transplanted with PP6 cells than the other MDCs
groups. Indeed even by 16 weeks, a large number of implanted GFP-
positive PP6 cells could still be detected in the defect area, which sug-
gestsasuperior invivo survival rate by the PP6 cells compared with the
PP1 and PP3 cells. During the AC healing process, increased survival
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of the transplanted MDCs could lead to significantly enhanced and
prolonged BMP4 transgene expression, which in turn could enhance
AC healing; however, there is a possibility that excessive local BMP4
expression might result in the occurrence of undesired ossification.
In this study, we did not observe any ectopic ossification at any of the
time-points in the PP6 cell group.

In pathological conditions, such as osteoarthritis, oxygen tension
in the synovial fluid is subject to fluctuation.® In response to par-
tial oxygen pressure (pO,) variations, mechanical stress, immune-
modulatory and inflammatory mediators, chondrocytes respond
and interact with abnormal levels of reactive oxygen species.3**
When imbalances between oxidants and antioxidants are large
enough, structural and/or functional cellular and tissue changes
can occur. This phenomenon is known as “oxidative stress” which
can be observed in many pathological conditions involving AC
lesions.*=3? Donor cells that are transplanted into an injured joint
will inevitably be exposed to this harsh microenvironment, which
in turn can reduce the cells’ ability to survive and function appro-
priately in the target tissue.***' Therefore, choosing or engineering
a population of cells that has superior antioxidative properties is
critical for cell survival after transplantation.*' As evidenced by the
in vitro data, the PP6 and PP1 cells demonstrated superior antioxi-
dative properties than the PP3 cells. These data agree with previous
publications which demonstrated that MDSCs display enhanced
resistance to oxidative stress after transplantation into injured myo-
cardium when compared with myoblasts.* These findings support
the idea that the superior antioxidative properties of the PP6 cells
are responsible, at least in part, for their higher survival rate in the
AC defect. Interestingly, the PP1 cells, which also showed superior
antioxidative properties compared with the PP6 cells in vitro, did
not survive well in vivo, which implies that other mechanisms, such
as apoptosis, inflammation, and mechanical stress,** may also influ-
ence the in vivo survival of transplanted cells.
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In vivo survival and contribution of BMP4-expressing muscle-derived cells (MDCs). (a) gross examination of green florescent protein (GFP)

signals in the defect areas; (b) GFP signal in the cross-sections of the defect area (Scale bar = 200 um, original magnification x 200); (c) percentage of
GFP positive cells within the defect area. (n = 12). Data was presented as mean + SD.

Although all MDCs populations formed chondrogenic pellets
under chondrogenic induction, and demonstrated positive pro-
teoglycan deposition, the intensity of proteoglycan was much
greater for the PP6 cells. In addition, the PP6 cells expressed all of
the chondrogenic related mRNAs including aggrecan, Sox-9, and
Collagen Type 2 in contrast to the other MDCs populations. These
in vitro evidences indicate that PP6 cells are more chondrogenic
than other MDCs populations. Although the exact mechanism by
which PP6 cells are more chondrogenic is still not known, they likely
represent the most suitable cell population for the treatment of
AC defects than other MDC populations that were isolated by the
preplate technique. Donor cells that can efficiently differentiate
into functional chondrocytes are extremely beneficial since local
host chondrocytes have a very limited proliferation capacity and
are inadequate in number to support natural healing***; hence the
reason AC injuries cannot spontaneously heal.

It should be noted that, although the BMP4-expressing PP6 cells
regenerated AC tissue that appeared morphologically similar to
native cartilage at 16 weeks, we observed a remarkable decrease
in the number of donor cells at this time point (more than half of
the cells were lost by week 16). The majority of chondrocytes within
the defect area were host derived (GFP-negative), indicating that
the endogenous host cells were the main cells that participated
in the repair of the defect especially at the later stage. This obser-
vation emphasizes the fact that the transplanted gene-modified
donor cells primarily act as a reservoir of secreted molecules which
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influence the regenerative activity of host cells. Therefore, it makes
sense to speculate that the better persistence of the PP6 cells in the
osteochondral defect led to an enhanced or prolonged paracrine
effects on host cells. Although beyond of the scope of this study, we
believe that the host responses induced by the genetically modi-
fied donor cells are critical for achieving long-term clinical results.
Additional studies are required to clarify the optimized duration
of transgene expression, dosage of the donor cells and the type of
chondrogenic factors that should be delivered in order to induce
more efficient and effective host responses to form long-lasting and
self-renewable hyaline cartilage.

We also noticed that, 4 weeks after transplantation, PP6 cells
were able to integrate and to generate a cartilaginous tissue rich
in GAG. However, a significant decrease in Safranin-O staining was
observed at week 8. These observations indicate the continuous
remodeling of the regenerated tissue by host cells, which correlate
with the continuous replacement of the GFP positive donor cells by
host cells in the defect area. Although our results indicate that the
host cells play a major role in the repair process, the origin of these
host cells remain unclear but likely involved cells originating from
the bone marrow and the synovium.

In conclusion, this study demonstrated that PP6 cells (MDSCs) are
superior to other primary MDCs (PP1 and PP3 cells) for use as a cel-
lular vehicle for BMP4-based ex vivo gene therapy for the treatment
of osteochondral defects. The unique ability of the PP6 cells to sur-
vive longer within the injured tissues as well as retain their ability for
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chondrogenic differentiation appears to play a role in their enhanced
regenerative potential for AC. The regenerative advantage of the
MDSCs over other fractions of muscle cells for ACis in agreement with
previous findings showing the high regenerative index of MDSCs in
various tissues like bone, heart, and skeletal muscle**?” when com-
pared with more differentiated muscle cells (such as myoblasts). In
future studies, the cartilage regenerative potential of MDSCs will be
compared with other purified muscle stem cell populations, such as
pericytes, myo-endothelial cells, and with other well-characterized
nonmuscle derived stem cell populations, such as bone marrow- and
adipose-derived MSCs to provide broader and in-depth information
for further clinical translation.

MATERIALS AND METHODS
Isolation and transduction of primary subpopulations of MDCs

Primary MDCs were isolated from the hind-limb skeletal muscles of three
3-week-old C57/BL10J mice (The Jackson Laboratory, Bar Harbor, ME) by
using a modified preplate technique.'®? Briefly, after the muscle was dis-
sociated enzymatically and mechanically, the resultant cell suspension was
placed in a Type 1 collagen-coated flask. After 1 hour, the adhered cells were
designated as PP1 (pre-plate 1) cells; nonadherent cells were transferred to
a fresh collagen-coated flask (PP2) and then 24 hours later those nonadher-
ing cells in the second preplate were transferred to another fresh collagen-
coated flask (PP3). This procedure was repeated until PP6 was obtained.
Two populations of rapidly adhering cells (PP1 and PP3) and one popula-
tion of slowly adhering cells (PP6 also known as Muscle Derived Stem Cells,
MDSCs'®) were utilized for this study.

The retroviral vectors encoding for BMP4 and the marker gene GFP (ret-
roBMP4-GFP) were used for the transduction of the different subpopulations of
MDCs.2%4 The transduced cells were sorted for GFP by fluorescence-activated
cell sorting (FACSAria; BD Biosciences, San Jose, CA). After purification of the
GFP-positive cells, the level of BMP4 expression was determined by enzyme-
linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, MN).

Proliferation assay

A DNA assay was used to determine cell proliferation.*” Briefly, 2 x 10° retro-
BMP4-GFP transduced MDCs per well were seeded on a 48-well plate. At
days 1, 3, and 5, the cell lysates were prepared by the addition of 0.1% Triton
X-100 (Sigma-Aldrich, St. Louis, MO), followed by three freeze-thaw cycles.
Double-stranded DNA content was measured using a Quant-iT dsDNA high-
sensitivity assay kit (Invitrogen, Carlsbad, CA).

Cell survival under oxidative stress

Cell survival under oxidative stress was assessed using a live cell imaging
system (LCl, Kairos Instruments LLC, Pittsburgh, PA).“® MDCs were plated in
a 24-well plate and supplemented with 250 umol/I H,O, (Sigma). All wells
were also supplemented with Pl (propidium iodide, 2 pg/ml; Sigma) in order
to identify the dead cells. Fluorescent (red channel) and bright-field images
were taken every 10 minutes in three different locations per well for a period
of 48 hours. All images were analyzed using ImageViewer software (Karios
Instruments). The number of live cells was quantified at successive 12-hour
time points and normalized to the cell numbers at time point zero over a
48-hour time period.

In vitro assessment of chondrogenesis

All three isolations of different subpopulations of MDCs were tested for
chondrogenic differentiation, micromasses of 2.5x10° cells were formed
and kept for 4 weeks in chondrogenic medium (Lonza, Basel, Switzerland).
Alcian blue staining was performed and GAG content was tested. For alcian
blue staining, randomly selected pellets (n = 4 per data point per isolation)
were fixed in 4% paraformaldehyde, CMC (NEG50, Richard-Allan Scientific,
San Diego, CA) embedded, frozen, and 5 pm serial sections were cut. For
GAG analysis, randomly selected pellets (n = 4 per data point per isolation)
were digested for 6 hours at 60°C with 125ug/ml papain in phosphate buff-
ered saline (PBS) buffer (100 mmol/I phosphate, 10 mmol/| ethylenediami-
netetraacetate (EDTA), PH 6.5) containing 10 mmol/l cysteine using 100 pl
of enzyme per sample. GAG content was measured using dimethylmeth-
ylene blue dye and a spectrophotometer (Infinite M200, TECAN, Mannedorf,
Switzerland) with bovine chondroitin sulfate used as a standard. GAG con-
tent of the pellets were normalized to the DNA content per pellet.
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mRNA expressions of chondrogenic genes of the pellets were tested
by reverse transcription-polymerase chain reaction. The mRNA expres-
sion of aggrecan, Sox-9, collagen Type 2 and collagen Type 10 were ana-
lyzed by semiquantitative reverse transcription-polymerase chain reaction.
Oligonucleotide primers are presented in Supplementary Table S1.

Osteochondral defect model and cell transplantation

All animal experiments were approved by the Animal Research and Care
Committee at the University of Pittsburgh. Twenty-four 16-week-old female
nude rats (NIH-Whn NIHRNU-M; Taconic, Hudson, NY) were used. The animals
were anesthetized by isoflurane. Both knee joints were exposed by medial para-
patellar incision, and the trochlear groove was exposed by lateral dislocation
of the patella. A customized trephine drill with a 1.5mm outer diameter and a
stopper to control the depth was used to create bilateral osteochondral defects
(1.5%1.5mm) in the trochlear groove of the femur.*° 2x10° BMP4-GFP-MDCs
(PP1, PP3, and PP6 cells from the same isolation) were mixed with fibrin glue
(Tisseel VH; Baxter Healthcare, Deerfield, IL) and applied to the AC defects. The
knees were randomly divided into four groups: (i) control group: fibrin glue only;
(ii) BMP4-PP1 group: BMP4 transduced PP1 cells with fibrin glue; (iii) BMP4-PP3
group: BMP4 transduced PP3 cells; (iv) BMP4-PP6 group: BMP4 transduced PP6
cells. Rats were killed at 4, 8, and 16 weeks after cell transplantation, and four
distal femora in each group were dissected at each time point.

Histology and immunohistochemistry

The distal femur was dissected and the appearance and the integration of
regenerated cartilage were examined using a stereo-microscope (SZX16,
Olympus, Tokyo, Japan) and GFP signals at the defect areas were imaged.
After imaging, the samples were fixed in 4% paraformaldehyde, CMC
embedded, cryo-sectioned at 5 pm. Sections were mounted with cryo-
film*(Section Lab, Japan) and were used for histological examination and
immunohistochemical staining. Slides were stained with Safranin-O/Fast
Green. Histologic grading was performed, as described by O’ Driscoll et al.*° to
evaluate the quality of the repaired cartilage. GFP signals were also imaged in
the defect area with 4,6-diamidino-2-phenylindole (DAPI) staining to reveal
the nuclei. The percentage of GFP-positive cells over the total cells within
the defect area were calculated in three randomly chosen sections per
sample. Synthesis of Type 1 and Type 2 collagen was verified using immuno-
histochemical staining. Sections were treated with proteinase K (ab64220,
Abcam) for 20 minutes and incubated with Collagen Type 1 (ab34710,
Abcam, 1:100) or Type 2 (SC7763, Santa Cruz Biotechnology, 1: 50) primary
antibodies at 4°C overnight. Slides were then incubated with biotinylated
secondary antibodies, and the signals were visualized using the chromogen
substrate diaminobenzidine.

Statistical analysis

Three isolations of MDCs were tested by in vitro assays, and all in vitro data were
pooled for statistical analysis. Statistical tests were performed using SPSS 16.0
(SPSS, Armonk, NY) Data was presented as mean + SD. All data was tested for
normality and equal variance before analysis. Statistical differences were calcu-
lated using analysis of variance (ANOVA or ANOVA on ranks if equal variance
testing failed). Bonferroni post-tests were used to compare different groups.
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