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FIG. 6. Modified O’Driscoll scores in the control and
TEC groups for cartilage repair (a) and subchondral bone
repair (b) *p<0.05, **p<0.01. Notably, the combined im-
plants generated from TEC and artificial bone contributed to
enhanced osteochondral repair for approximately 6 months
after surgery, compared with the control group samples.

subchondral bone™ were scored as 0. At 2 months postsurgery,
the total histological score for subchondral bone repair was
significantly higher in the TEC group than in the control group
(9.07+£1.84vs.4.92+ 191, p=0.014). At 6 months, there were
no significant differences detected between the two groups
(9.54+1.26 vs. 6.47+3.20, p=0.094) (Fig. 6b).

In the categories “‘subchondal bone alignment,” ‘“‘bone
integration,” ‘“‘bone infiltration into defect area,”” and “cel-
lular morphology,” there were significant differences between
the TEC and the control groups at 2 months post implantation
(p<0.05). These results implied that the combined implant
accelerated subchondral bone repair in the early stages. At 6
months after surgery, only scores for the category “tidemark
continuity” in the TEC group were significantly higher than
those in the control group. Notably, the category “exposure of
subchondral bone’” worsened in the control group at 6 months
compared with 2 month values (Table 2).

Mechanical properties

The osteochondral repair tissue resulting from implanta-
tion with the combined implant restored stiffness values
close to those for normal osteochondral tissue (23.2+12.5
vs. 16.8+10.0 mN/m, p=0.40), with no significant differ-
ences observed between the two groups (Fig. 7).

Discussion

Many therapeutic procedures have been investigated to
biologically repair damaged cartilage, some of which are
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FI1G. 7. The stiffness of normal rabbit osteochondral tissue
(N=35), the control defect group (N=5), and the TEC group
(N=5). The osteochondral repair tissue resulting from the
combined implant restored the tissue stiffness to values
close to those of normal osteochondral tissue.

already at the stage of clinical application.m’3 > On the other
hand, the incidence of OA, which involves subchondral
bone Pathology, is higher than that of isolated chondral in-
jury.**=*! Therefore, the development of novel therapeutic
methods for osteochondral repair is necessary, considering
the large population of OA patients. Recently, tissue engi-
neering approaches have been tested and proved to be effi-
cient in several animal studies**™° and clinical trials>*"~*°
using biphasic or triphasic constructs. These constructs
should be reasonable for osteochondral repair due to both
mechanical and biological reasons such as acquisition of ini-
tial mechanical strength, mimicking a natural articular struc-
ture, a uniform tidemark at the osteochondral junction, and
integration of the implant with host tissue to sustain biological
function.!®-13.1650 On the other hand, no previous study fo-
cused on the detailed process of osteochondral repair with
time course transitions. Through the comparison of biphasic
implant with artificial bone alone, we have demonstrated the
significance of the combination of stem cell-based TEC with
artificial bone in the process of osteochondral repair.

In the present study, the feasibility of a combined implant
consisting of a scaffold-free TEC derived from synovial
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Subchondral bone and bone marrow

FIG. 8. Schematic representation of the relationship be-
tween bone marrow and the depth of the combined implants.
The bottom of the TEC on the artificial bone comes into
contact with the subchondral bone at the lateral border and,
thus, the transport of soluble factors could be expected to be
between the TEC and bone marrow.
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MSCs and a fully interconnected HA artificial bone (TEC-
HA combined implant) to facilitate rabbit osteochondral
repair was demonstrated. Being artificial scaffold free, the
TEC contained no animal- or chemical-derived materials.
The fully interconnected HA has been widely used as a bone
substitute in clinical prac:tice:.lg’5 1,52 Moreover, it should be
noted that the hybridization of the TEC with the HA arti-
ficial bone can be simply accomplished, as it occurs im-
mediately after the contact of these two materials without
any reinforcement for fixation, unlike previously reported
biphasic materials, which needed some adhesive or glue to
combine different materials and required a complicated
process of manufacturing implants.!®!7 This stable associa-
tion led to the development of secure tissue integration be-
tween the repair cartilage and subchondral bone as shown by
the high O’Driscoll scores out to 6 months post implantation.
The tight association between the TEC and the HA artificial
bone may be based on the high affinity of HA for glyco-
proteins that are enriched in these TEC,”*** and such a
simple and efficient procedure has made it possible to as-
sociate these two materials just before use in the surgical
model. Taken together, the TEC-HA combined implant
could be advantageous not only with regard to safety, but
also related to time- and cost effectiveness.

The present study revealed that the TEC-HA combined
implant contributed to a significantly superior morphologi-
cal osteochondral repair out to 6 months after surgery, when
compared with the HA artificial bone-alone group. It should
be noted that the artificial bone was implanted ~2mm
below the level of the articular surface. Thus, the bottom of
the TEC came in contact with the subchondral bone at the
lateral border, and, therefore, the transport of soluble factors
could be expected between the TEC and bone marrow (Fig.
8). Furthermore, the TEC sealed the entire osteochondral
lesion from the articular surface with maintenance of the
secure adhesion of the TEC to the adjacent host cartilage.
Accordingly, the bone marrow-soluble factors were likely
specifically exposed to the lower aspect of the TEC in
contact with the adjacent subchondral bone. Under such an
environment, it was notable that the complex of osteogen-
esis and chondrogenesis was initially observed exactly in
such lower aspects of the TEC at the lateral border which
was in contact with the adjacent subchondral bone at 1
month post implantation of the TEC-HA construct. Re-
markably, such reactions were not observed at this point
within the repair tissue of the control group in which only
the HA block was implanted. The repair tissue in this group
was fibrous in nature, although the initial repair tissue de-
veloping on the surface of the HA blocks in the control
group presumably contained abundant bone marrow-derived
MSCs and bone marrow growth factors. Therefore, it is not
likely that the co-existence of the bone marrow growth
factors with the bone marrow-derived MSCs in the initial
clot resulted in the induction of osteochondral tissue at 1
month postsurgery. Synovial-derived MSCs within the TEC
can differentiate to develop chondrogenic**?? or osteogenic
tissue (unpublished data) in vifro when cultured in the
presence of differentiation stimulating growth factors. Ta-
ken together, it is reasonable to speculate that the complex
of osteogenic and chondrogenic differentiation responses
observed at the lower aspect of the TEC might be mainly
attributable to the differentiation of synovial derived MSCs
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within the TEC which were exposed to the bone marrow
osteochondral differentiation factors from the adjacent host
subchondral bone. Subsequently, the development of an
osteochondral tissue complex extended toward the center
area of the TEC to accomplish the repair of the subchondral
bone throughout the width of the osteochondral defect.
Such progression of the osteochondral tissue development
suggests that the newly synthesized osteochondral tissue
likely had exerted some paracrine effects which preceded
the subsequent osteochondral differentiation within the
adjacent TEC in the central portion. Conversely, the pro-
gression of repair in the control group with HA-bone alone
was significantly slower and likely did not involve rapid
osteochondral tissue formation as observed in the TEC
group, with incomplete and delayed formation of sub-
chondral bone (Fig. 9a, b). However, such incomplete and
delayed subchondral bone repair was not completely re-
flected by the O’Driscoll scores such as in the category
“subchondral bone alignment,” and no significant differ-
ences were detected between the two groups at 6 months
post implantation. This may be based on the scoring system
that did not subtract significant scores in the case of ““de-
pressed of subchondral bone,” and, thus, failed to depict the
differences in subchondral repair between the TEC group
and the HA-only group.

Taken together, the present study clearly demonstrated
that the restoration of subchondral bone was significantly
accelerated and promoted in the TEC group as compared
with the control group. The restoration of the subchondral
bone could directly contribute to the improvements in the
mechanical properties of the repair tissue and, therefore,
such promotion could potentially lead to the introduction of
an accelerated rehabilitation program. This point could be
one of the major advantages of the TEC-HA implant in
relation to their potential clinical impact.

It should be noted that the repair tissue maintained good
tissue integration to the adjacent host cartilage and sub-
chondral bone out to 6 months after surgery in the TEC-HA
group, similar to our previous studies in porcine models.>"*
Conversely, not only poor integration was attained but also
exposure of subchondral bone remained in the control
group. In other osteochondral repair studies using biphasic
scaffolds in a goat model, the repair tissues that were better
integrated with native surrounding cartilage exhibited more
congruence with the surface of native adjacent cartilage and
less fibrillations and irregularities at the surface, accompa-
nied with a higher O’Driscoll score.*®>® Thus, the tissue
integration to native surrounding tissue after implantation
could influence the quality and maturation of repair tissue.
In addition, extensive clustering of chondrocytes was ob-
served in the repair tissue of the control group animals,
although there was development of a cartilage-like tissue in
this group at 6 months. Such phenomena were predominant
around the cracks between the repair tissue and the adjacent
host cartilage. It is likely that the cartilage-like repair tissue
which failed to integrate with the adjacent host cartilage
might evolve into a pathological condition, which poten-
tially raises concerns regarding the long-term durability of
the repair tissue, as cell clustering suggests some ongoing
pathological conditions such as is observed in OA,3*> and
such pathological conditions show mechanical weakness.>*%0
In contrast, no such clustering of chondrocytes was observed
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FIG. 9. Schematic representation of the repair process using artificial bone alone (a) and the combined implants made
with TEC and artificial bone (b). In the bone-alone control group, there appeared to be a phenotypic change from a fibrous
tissue to a more fibrocartilaginous or cartailaginous tissue, and delayed formation of subchondral bone. Conversely, the
development of an osteochondral tissue complex spreads toward the center area from the bottom of the TEC on the artificial
bone in contact with the subchondral bone at the lateral border.

in the repair tissue of the TEC-HA group and rather, chon-
drocytes in the repair tissue were arranged in longitudinal
columns, suggesting some restoration of normal cartilage
architecture. Therefore, the TEC-HA implant could foster
longer-term durability of the repair cartilage with mainte-
nance of secure tissue integration to the adjacent host tissue,
properties that could also be very clinically relevant.
Allogenic cells were used in this study, which may raise a
concern regarding immunological rejection. However, recent
studies have suggested the immune-tolerance capacity of MSCs
by suppressing the activity of immune cells such as T cells.®+6
Likewise, our results showed that no abnormal inflammatory
response or immunological rejection such as macrophage and
lymphocyte invasion was observed by histological evaluation.
Thus, the use of allogenic synovial MSCs did not appear to
induce immunologic reactions in this osteochondral repair
model, as was also shown in our previous porcine studies.?324
In our preliminary study, we have created osteochondral
defects of the same size (Smm in diameter and 6 mm in
depth) in the femoral groove and investigated their natural
healing response out to 6 month postsurgery in rabbit model.
The repair tissue in empty defect animals consistently
showed delayed and insufficient subchondral bone repair
with fibrous or fibro-cartilaginous tissue at 6 months post-
surgery (Supplementary Fig. S1; Supplementary Data are
available online at www.liebertpub.com/tea). Modified
O’Driscoll histological scoring also showed significantly
lower values either at the subchondral bone or cartilage
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areas (Supplementary Tables S1 and S2). Therefore, we
have concluded that this osteochondral defect model is a
critical size (incurable) defect model and thus, we have
decided not to include the untreated defect group in the
present study. We believe the lack of untreated defect group
does not affect the major conclusions of the present study as
the TEC-HA group fared much better than the HA group.

As for potential limitations of present studies, the origin
of the cells involved in such time-course transitioning in
osteochondral differentiation in the repair tissue in both
groups could not be fully elucidated in the present study. A
specific and stable labeling of the cells within the TEC will
be required for such clarification. In addition, we did not use
a large animal model such as pigs, goats, and sheep. An
overgrowth of subchondral bone (thinning of cartilage) was
observed at 6 months after surgery, and, therefore, it may be
difficult to follow up for longer periods with this model.
Similar phenomena have been 3previously reported in rabbit
osteochondral defect models,6 and it has been discussed
that such phenomena might result from the acceleration of
endochondral ossification or the degeneration of implanted
MSCs.54%¢ Therefore, it may be necessary in the future to
manipulate the in vivo differentiation processes in order to
maintain a permanent cartilage phenotype by modulating
endochondral ossification pathways.®’” Alternatively, the use
of a larger animal model will be required for longer follow
up postimplantation, which would further increase the
clinical relevance of the findings.
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Conclusion

In conclusion, the combined implant generated with an
MSC-based TEC and a HA artificial bone significantly im-
proved osteochondral repair as compared with the artificial
bone alone. Moreover, time-course transitions in the devel-
opment of osteochondral repair tissue were morphologically
demonstrated to replace the original TEC after implantation.
Specifically, the accelerated and improved repair of the sub-
chndral bone, as well as good quality of the repair cartilage
with secure tissue integration to the adjacent host tissue could
warrant longer-term durability. Being scaffold free, the TEC
contained no animal- or chemical-derived materials, and HA
artificial bone has been widely used in clinical practice.
Therefore, the TEC-HA combined construct could be con-
sidered a promising MSC-based bio-implant to repair os-
teochondral lesions with safety and cost effectiveness.
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Clonal analysis of synovial fluid stem cells to characterize and identify
stable mesenchymal stromal cell/mesenchymal progenitor cell phenotypes
in a porcine model: a cell source with enhanced commitment to the
chondrogenic lineage
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Abstract

Background aims. Previous studies have demonstrated that porcine synovial membrane stem cells can adhere to a cartilage
defect in vivo through the use of a tissue-engineered construct approach. To optimize this model, we wanted to compare
effectiveness of tissue sources to determine whether porcine synovial fluid, synovial membrane, bone marrow and skin
sources replicate our understanding of synovial fluid mesenchymal stromal cells or mesenchymal progenitor cells from
humans both at the population level and the single-cell level. Synovial fluid clones were subsequently isolated and char-
acterized to identify cells with a highly characterized optimal phenotype. Methods. The chondrogenic, osteogenic and adi-
pogenic potentials were assessed n vitro for skin, bone marrow, adipose, synovial fluid and synovial membrane—derived stem
cells. Synovial fluid cells then underwent limiting dilution analysis to isolate single clonal populations. These clonal pop-
ulations were assessed for proliferative and differentiation potential by use of standardized protocols. Results. Porcine-derived
cells demonstrated the same relationship between cell sources as that demonstrated previously for humans, suggesting that
the pig may be an ideal preclinical animal model. Synovial fluid cells demonstrated the highest chondrogenic potential that
was further characterized, demonstrating the existence of a unique clonal phenotype with enhanced chondrogenic potential.
Conclusions. Porcine stem cells demonstrate characteristics similar to those in human-derived mesenchymal stromal cells
from the same sources. Synovial fluid—derived stem cells contain an inherent phenotype that may be optimal for cartilage
repair. This must be more fully investigated for future use in the in vivo tissue-engineered construct approach in this
physiologically relevant preclinical porcine model.

Key Words: chondrogenesis, mesenchymal stromal cells, porcine, synovial fluid, synovium

Introduction

Articular cartilage damage is a common clinical prob-
lem that has garnered extensive research attention
during the past decade, particularly though stem cell
modalities. Chondrocytes, which are a distinct and
unique cell type located within cartilage, exhibit a
limited repair capacity, meaning that damaged cartilage
will not spontaneously regenerate. Advanced degra-
dation of joints routinely leads to replacement by arti-
ficial joints. Whereas these biomedical devices have
shown efficacy in restoring function, they are plagued
by a number of side effects, are not durable for extended
periods of time and are not as effective as an actual joint.

Cell-based therapies are now being examined as a
means to regenerate cartilage. Advances in tissue en-
gineering, led by research into cell biology and bio-
materials, are enabling regenerative medicine to
emerge as a potential alternative to artificial joints. Cell
therapies may provide a novel therapeutic approach for
controlling progression of diseases that alter chon-
drocytic function as well as to promote cellular regen-
eration. Autologous chondrocyte implantation is a
fairly recent cell therapy that involves the isolation
chondrocytes from a cartilage biopsy taken from a
healthy and minor load-bearing area of the afflicted
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joint surface (1). This procedure has undergone clinical
trials demonstrating some long-term efficacy (2).
However, in some patients, the repair tissue is a fibro-
cartilage (3) rather than hyaline-like, which may be
attributable to the fact that culture expansion of chon-
drocytes may lead to dedifferentiation or an unstable
phenotype and inevitably a loss of chondrogenic po-
tential in vivo (4). In addition to this limitation, the
chondrocyte biopsy itself may result in further joint
damage and so the need has arisen for a new source of
cells that may be used therapeutically, ultimately in a
minimally invasive fashion and with a stable phenotype.
Mesenchymal stromal cells (MSCs) are promising
because they are highly proliferative, undifferentiated
cells with the potential to expand extensively and
differentiate into several lineages (3). Currently, the
outcomes of cell therapies are inadequate; one of the
primary complications is caused by difficulties in
maintaining a stable chondrocytic phenotype. Autolo-
gous cell therapies with the use of highly characterized
clonal MSCs or mesenchymal progenitor cells (MPCs)
may be a viable alternative because cells can be selected
with optimized properties for the specific application of
interest. It is known that synovial fluid (SF) MSCs/
MPCs from injured or diseased joints may not be ideal
because they can be compromised by an inflammatory
microenvironment (6,7). It is well documented that
human synovium contains an inherent MSC/MPC
population with an enhanced propensity for chondro-
genesis (8). Recently, we demonstrated that porcine
synovial cells exhibit enhanced chondrogenic potential
and can repair cartilage in wvivo, (9) similar to that
demonstrated in human synovium-derived stem cells
(8). We have also demonstrated this previously in a
porcine model (10) as well as with human MSCs (11).
However, the cell populations used in these studies
probably were a mixed heterogeneous population
because they were derived from multiple clones, and, as
such, phenotypic stability may be questionable because
ofthe presence of heterogeneity between subsets during
culture expansion (12). SF contains an inherent stem
cell population (13) that can be accessed with mini-
mally invasive methods and requires less processing
than synovium, reducing the risk of contamination. In
particular, the use of collagenase has been linked to
potential bovine spongiform encephalopathy contami-
nation. Because ofthe ease ofisolation and less need for
extensive processing, SF-derived cells may be an ideal
candidate cell source for clinical applications; however,
further examination is needed. Our initial studies
indicate that SF may be able to regenerate cartilage
more efficiently than other tissue types. Because of the
heterogeneity that is present in stem cell populations,
examining the single clonal population may also be
a more effective method of repairing cartilage by
increasing the consistency and predictability of these

Clonal analysis of SF stem cells  T77

clonal cells. Therefore, the objectives of the current
studies were to both confirm that porcine SF is an
effective cell source for chondrogenesis and to establish
the proliferative and differentiation characteristics of
individual clonal populations, which could ultimately
be used to select highly characterized cells with a
defined and optimal phenotype. This would provide
an opportunity to optimize the tissue-engineered
construct (TEC) approach in a porcine model before
clinical investigation.

Methods
Collection and isolation of cells from porcine knees

The animal protocols were approved by the institu-
tional ethics committee at the University of Calgary
Health Sciences Centre. SF was obtained from the
hind legs of three female juvenile Yorkshire pigs
between 3-—4 months old and weighing 2530 kg
(Table I). After euthanasia, a medial parapatellar
incision was made and the SF was aspirated with the
use of a 23-gauge needle before opening the knee
capsule. After ensuring complete aspiration of SF,
10 mL of sterile pyrogen-free phosphate-buffered
saline (PBS) (Invitrogen, Carlsbad, CA, USA) was
injected to expand the knee joint space, and this fluid
was then re-aspirated. The cell isolation protocol for
synovial membranes (SM) was identical to that
described previously (10). Briefly, SM specimens
were obtained aseptically from the knee of the same pig
after collecting SF, and the tissue was then minced
meticulously. The minced tissue was digested with
0.2% collagenase (Worthington Biochemical Corp,
Lakewood, NJ, USA). After removal of full-thickness
skin, adipose tissue cells were obtained from the sub-
cutaneous tissues, and the same procedure was fol-
lowed as that for the cell isolation of SM.. Bone marrow
(BM) was obtained from the femurs of each pig by
aspiration. Freshly isolated cells were diluted 1:4 with
PBS and obtained by centrifugation. All cells were
then resuspended in basic culture growth media con-
taining high-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with
10% fetal bovine serum (Invitrogen) and 1% antibi-
otic/antimycotic (Invitrogen Canada Inc) and were
then plated in T-25 cell culture flasks (BD Bioscience,
San Jose, CA, USA). Non-adherent cells were
removed by changing the media. Cells were then

Table I. Characteristics of porcine subjects.

Subject Age, months Sex Weight, kg Passage
A 3 Female 26.2 3
B 3 Female 29.3 3
C 4 Female 27.8 3
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counted with the use of trypan blue (Sigma Aldrich,
St. Louis, MO, USA) to assess cell viability and sub-
sequently either underwent culture expansion in
growth media or were used for limiting dilution to
generate single-cell—derived clonal populations.

Cell expansion and cryopreservation

For expansion, cells were cultured in monolayers in a
humidified atmosphere of 5% CO, at 37°C. The
growth media was changed every 3 days until 80%
confluent for the duration of the expansion process,
after which the cells were rinsed with PBS and har-
vested with 0.25% trypsin-EDTA (Invitrogen). Cells
were counted with the use of a hemocytometer and
plated at a density of 3000/cm® and continually
passaged until 80% confluent. At passage 3, aliquots
of trypsin-released cells in DMEM with 40% fetal
bovine serum and 10% DMSO Invitrogen were cry-
opreserved in liquid nitrogen.

Cell cloming of SF-derived progenitor cells

Limiting dilution was used to establish clonal pop-
ulations (13). First-passage SF cells were suspended
in growth media and plated at a density of 0.5 cells/
well in 96-well, flat-bottomed culture plates (BD
Bioscience). Cell populations arising from a single cell
were identified by light microscopy and subsequently
expanded on confluence. Eight expandable clones
were obtained from each of the three pigs, and six of
eight were randomly selected for expansion and
characterization (18 total clones), whereas the
remaining six clones were subjected to cryopreserva-
tion. These populations are referred to as clonal
populations.

Growth kinetics

Cells were consistently plated on confluence at a
density of 3000 cells/cm?. Trypan blue staining and a
hemocytometer were used to assess that cell viability
at each passage was >90%. The growth rate of each
clone is expressed as population doubling (PD) time
and displayed against culture duration for each cell
to undergo 30 PD times.

In vitro chondrogenesis assay

Each of the six clonal populations and six mixed pop-
ulations from each of the three pigs (n = 18) were
expanded in a monolayer with the use of four T-75
flasks each to provide a total of approximately 3 million
cells per clone estimated to be required to perform all
experiments. SF-derived cells were released by trypsin
treatment and viable cells were counted with the use of
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trypan blue. Micro-suspension cultures were obtained
by resuspending the cells at a density of 2.0 x 107
viable cells per milliliter and pipetting droplets of cell
suspension into individual flat-bottomed wells (14).
Samples to be used for RNA extraction and subsequent
quantitative polymerase chain reaction (qPCR) anal-
ysis were cultured in 24-well plates with the use of
20-puL droplets, which is the equivalent of roughly
400,000 cells per well, and was performed in triplicate.
Samples to undergo specific molecular staining and
analyzed with light microscopy were cultured in 48-well
plates with 10-pL droplets, which contained approxi-
mately 200,000 cells. After cells were allowed to attach
(2—4 h), basic growth medium was added, and this was
designated day 0.

On day 1, the culture medium was replaced with
DMEM supplemented with insulin-transferrin-
selenium +1 (GIBCO), 0.2 mmol/L of ascorbic
acid-2—phosphate (Sigma-Aldrich), 107 mol/L
dexamethasone (Sigma-Aldrich), 100 ng/ml. recom-
binant human bone morphogenic protein (Peprotech
Inc, Rocky Hill, NJ, USA) and 10 ng/mL recombinant
human transforming growth factor 1 (Peptrotech)
dissolved in 3 mmol/L acetic acid, containing 1 mg/mL.
of bovine serum albumin (Sigma-Aldrich). Identical
amounts of acetic acid and bovine serum albumin were
used for the control groups with growth medium. The
chondrogenic medium and control medium were
replaced every 3 days for a total of 21 days.

On day 21, cells in 48-well plates were rinsed twice
with PBS and fixed with 4% paraformaldehyde (PFA;
Fischer, Ottawa, ON, CA) for 30 min at room temper-
ature. After rinsing with PBS three times, cells were
covered with 0.5% alcian blue 8 GS (Sigma-Aldrich)
(pH 2.5 in 3% acetic acid) and left overnight. This was
followed by rinsing with acetic acid and then PBS and was
subsequently examined with the use of light microscopy
for cartilage-specific proteoglycans. Cells in 24-well
plates were extracted with, and then stored in, TRIzol
reagent at —80°C for subsequent molecular analysis.

In vitro osteogenesis assay

SF-derived clonal and mixed cell populations were
plated at 3000 cells per cm® in 24-and 48-well flat-
bottomed culture plates (day 0). The following day,
fresh growth medium supplemented with 100 nmol/L.
dexamethasone, 10 mmol/L 3-glycerophosphate (Sigma
Aldrich) and 50 pmol/L. ascorbic acid-2-phosphate was
provided, and DMEM was added to the control wells.
Medium was changed every 3 days, and, similar to the
chondrogenic assay, cells in the 24-well plates were
collected with TRIzol for subsequent molecular analysis.

To determine alkaline phosphatase activity, cells
were fixed with 4% PFA for 1-2 min (to prevent
inactivation of alkaline phosphatase) and assayed



with the use of a commercially available kit (Milli-
pore, Billerica, MA, USA; SCR004). To stain for
calcium deposits, cells were rinsed with PBS and
covered with alizarin red S (Sigma-Aldrich) (2%
aqueous solution). Cultures were then washed thor-
oughly with distilled water.

In vitro adipogenesis assay

SF-derived cloned cells and mixed cell populations
were plated at a density of 1000 cells per cm? in the
same fashion as the osteogenic assays. On day 1,
adipogenic induction medium consisting of 1 pmol/LL
dexamethasone, 0.5 mmol/L. 3-isobutyl-1-methyl-
xanthine, 0.1 mmol/L. indomethacin and 10 pg/mL
insulin (all from Sigma) was used. After each 72-h
period, the medium was changed to adipogenic
maintenance medium (growth medium with 10 pg/
mL insulin) for 24 h before being changed back to
induction medium. This pattern was followed for 21
days, after which 24-well plates were cryopreserved
with TRIzol reagent for further molecular analysis.

To detect lipid vacuoles, cells were rinsed with
PBS twice and fixed with 4% PFA for 30 min. After
rinsing with sterile water and 60% isopropanol, cells
were covered with oil red O solution (0.1% oil red O
(Sigma) in 60% isopropanol) for 5 min and were
then rinsed with distilled water.

Reverse transcriprion—polymerase chain reaction and
real-time RT-gPCR analysis

Total RNA was isolated from cells before differentia-
tion and from cells cultured in chondrogenic medium
with the use of the TRIspin method (15). One micro-
gram of total RNA from each sample was initially
reverse-transcribed with random RT primers with the
use of an Omniscript RT kit (Qiagen, Hilden,

Table II. Primers used for quantitative real-time PCR analysis.
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Germany). Type I collagen and osteocalcin expression
was assessed for determining chondrogenesis by semi-
quantitative reverse transcription—PCR (RT-PCR),
with the use of porcine-specific PCR primers as
described in Table II. The protocol described previ-
ously (16,17) was used throughout. Amplicons were
separated on a 2% agarose gel followed by staining with
ethidium bromide and band detection with the use of a
GelDoc system (Bio-Rad, Hercules, CA, USA).

gRT-PCR was performed to determine
messenger RNA (mRNA) levels for specific mole-
cules as described in Table II. The molecules chosen
for assessment were a highly relevant subset reported
to be associated with mesenchymal specific lineage
(Sox 9—chondrogenic, PPAR-y—adipogenic, cbfal—
osteogenic) (18) as well as specific osteogenic
markers (VCAM and type I collagen) (19,20) in cells
before the differentiation protocols. RT-qgPCR was
performed with the use of Bio-Rad iQ SYBR Green
Supermix (Bio-Rad), as previously described (19).
PCR primers and the annealing temperatures are
listed in Table II. Amplification and detection were
performed with the use of an iCycler Thermal Cycler
(Bio-Rad). The levels for 18S were used as an
endogenous standard for normalization. The quan-
tification of the relative fold change between samples
was analyzed with the use of iCycler iQ Optical
System Software, version 3.0a (Bio-Rad). Each of the
complementary DNA preparations was tested in
duplicate. The standard curve method was used to
quantify the relative change fold between samples
(20). The correlation coefficient of each standard
curve was approximately 0.99.

Statistical analysis

The results are presented as mean + standard devia-
tion. Measurements of cross-sectional area, GAG/

Gene Gene ID Primer sequence Tm (°C) Size (bp) Reference

18S (human) X03205 F; TGGTCGCTCGCTCCTCTCC 65 360 Original
R; CGCCTGCTGCCTTCCTTGG

Col2al (bovine) X02420 F; GAGCAGCAAGAGCAAGGACAAG 53 163 Original
R; GTAGGTGATGTTCTGAGAGCCCTC

OCN AW346755 F; TCAACCCCGACTGCGACGAG 61 204 Zou, 20087
R; TTGGAGCAGCTGGGATGATGG

Sox9 NM213843 F; CCGGTGCGCGTCAAC 59 119 Zou, 2008%%
R; TGCAGGTGCGGGTACTGAT

Cbfal BE234439 F; GAGGAACCGTTTCAGCTTACTG 59 167 Zou, 20087
R; CGTTAACCAATGGCACGAG

PPAR-y AF103946 F; GCGCCCTGGCAAAGCACT 63 238 Zou, 20087%
R; TCCACGGAGCGAAACTGACAC

VCAM U08351 F; CGAAAATCCTCTGGAGCAAG 61 233 Original
R; GACAGTGTCCCCTTCCTTGA

Collal AF201723 F;CCAAGAGGAGGGCCAAGAAGAAGG 63 232 Zou, 20083

R; GGGGCAGACGGGGCAGCACTC
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protein, Ca and the elution of oil red O were analyzed
by means of the Mann-Whitney U test. Linear
regression analysis was used to explore the correlation
between gene expression levels and differentiation
markers. We used STATVIEW version 5.5 software
(SAS Institute, Cary, NC, USA) to perform statistics,
and significance was set at P < 0.05.

Ethics

The animal protocols were approved by the institu-
tional ethics committee at the University of Calgary
Health Sciences Centre.

Results

Expansion of SF MSCIMPC cells isolated without
collagenase digestion is similar to cells from other sources

Four days after being isolated from their primary
sources, larger numbers of cells were initially observed
in cultures derived from the SM and skin (SK) samples
with collagenase digestion than from SF and BM ob-
tained without collagenase treatment. In all cases, the
cell morphology was variable and contained both
spindle-shaped cells and round cells. By day 10 after
isolation, all cultures exhibited a sub-confluent
adherent cell monolayer composed primarily of spin-
dle-shaped cells (Figure 1). Surface markers CD29 and
CD90 were positive, and CD14 and CD45 were
negative in SF-derived cells, and these patterns were
very similar to those obtained with SM, BM and SK
cells (data not shown). Cells were then re-plated at 1 X
10* cells/cm? every 14 days.

Comparison of chondrogenic differentiation potential of
cell popularions from different sources

Cell pellets were cultured in basic culture medium
(basal) or chondrogenic medium. All sources of
cell pellets cultured in chondrogenic medium were

Day4

Day i4

larger than those cultured in basic culture medium
(Figure 2A). The ratio between the cross-sectional
areas of chondrogenic cell pellets and basal cell pellets
revealed that SF cell pellets (3.05 & 0.87) had similar
chondrogenic potential compared with the SM cell
pellets (2.49 + 0.10) and significantly greater chon-
drogenic potential than the BM (1.68 = 0.24) and SK
(1.99 = 0.29) cell pellets when cultured in chondro-
genic medium (Figure 2B). The ratio between GAG
expression of chondrogenic cell pellets and basal cell
pellets revealed that SF cell pellets (12.4 £ 5.05) had
similar chondrogenic potential compared with the SM
cell pellets (8.61 #4- 8.40) and significantly greater than
the BM (2.27 - 1.19) and SK (3.74 + 3.19) cell pellets
(Figure 2C). RT-PCR confirmed the mRNA expres-
sion levels for type II collagen in the cells from each
source cultured in chondrogenic medium. Moreover,
the mRNA levels for type II collagen in SM and SF cells
cultured in chondrogenic medium were significantly
higher than those in BM and SK cells (P < 0.05)
(Figure 2D).

Comparison of osteogenic differentiation potential of cells
from different sources

Alizarin red staining showed that cells from all
sources were intensely stained with alizarin red when
cultured in osteogenic induction medium, whereas
cells cultured in basic culture medium were not
stained (Figure 3A). BM cells were the most in-
tensely stained. Calcium deposition by BM cells
cultured in osteogenic induction medium (57.4 +
3.60 pg/ml) was also significantly greater than that
of SM (37.35 &+ 8.35 pg/mlL), SF (30.9 + 7.81 pg/
ml) and SK cells (38.8 + 11.0 pg/mL) (P < 0.001)
(Figure 3B). RT-PCR confirmed the upregulation of
mRNA expression for osteocalcin (OCN) in the cells
from each source cultured in osteogenic medium
compared with those cultured in the basic culture
medium (Figure 3C).

Figure 1. Cell morphology. Photomicrographs show the morphology of cells derived from SM and SK with collagenase digestion or SF and
BM without collagenase digestion at day 4 and day 14 after isolation. Bar = 200 pum.
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cells derived from SM, SF, BM and SK cultured in basic culture medium (basal) or chondrogenic induction medium (chondrogenesis). Size
of all cell pellets increased when cultured in chondrogenic medium. Bar = 500 pm. (B) Ratio of cross-sectional areas for pellets derived from
SM, SF, BM and SK in chondrogenic medium to pellets in basal medium (n = 4, %P < 0.05) compared with SM cells (**P < 0.05)
compared with SF cells. (C) Amount of glycosaminoglycan content in pellets generated from SM, SF, BM and SK cells in each animal
@ =4, TP <0.05) compared with SF cells. (D) Induction of Col2al during chondrogenesis in the MSC from the four tissue sources.
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1 mm. (B) Calcium content of SM-, SF-, BM- and SK-derived
cells in basic culture medium or osteogenic medium (n = 4,
98P < 0.05) compared with BM-derived cells. (C) Semi-quan-
titative RT-PCR analysis of cells from each tissue cultured in
osteogenic medium or basic culture medium for the osteogenic
marker gene, osteocalcin (OCN), and 18S.

Comparison of adipogenic differentiation potential of cells
from different sources

QOil red O staining showed that cells cultured in
control medium were not stained with oil red O to
any extent. However, when cells from the different
tissue sources were cultured in adipogenic medium
and subsequently stained, microscopic assessment
clearly revealed that lipid in the cells cultured in the
adipogenic medium was stained with oil red O (data
not shown). Furthermore, elution of associated oil
red O revealed that SK cells cultured in adipogenic
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medium accumulated significantly more lipid (0.371
+ 0.065 optic density [OD]) than did SM (0.222 +
0.083 OD) and SF cells (0.196 4 0.054 OD) (P <
0.05). However, no differences were detected be-
tween SF, SM and BM cell populations with regard
to adipogenesis.

Isolation and proliferative characterization of SF MSC/
MPC clones

SF stem cell populations from each pig underwent
limiting dilution analysis, and a total of 18 single-
cell—derived clones (six from each animal) were
randomly selected. Of the 18 clones, two reached
25-30 PDs, nine reached 30—35 PDs, five grew to
40—50 PDs and two reached beyond 50 PDs. The
proliferation rates of these clones were assessed ac-
cording to the time taken to reach 20 PDs (Figure 4).
Variation in the proliferation rates was evident be-
tween clones, across animals and within the same
animal. The time taken to reach 20 PDs ranged from
57—120 days, and the average rates (in days) to reach
20 PDs within each of animal A, B and C was 71.3 +
12.0, 98.0 + 13.3 and 74.7 * 6.9, respectively
(Figure 5). Cells from pig B demonstrated the slowest
rates of proliferation and showed the most variation on
the basis of both standard deviation (13.3) and the
range, 37 days, to reach 20 PDs for this animal.
Clones were able to reach from 25—53 PDs and
demonstrated linear growth kinetics up to 30 PDs.
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Figure 4. Proliferation rates for individual clonal populations to
reach 20 PDs. Each bar represents the time taken, in days, for each
clone to reach 20 PDs. Duration varied from 57—120 days to
achieve 20 PDs. All clones were further analyzed for morpholog-
ical changes and underwent phenotyping. On the y-axis, capital
letter and numbers indicate the animals and corresponding clones.
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Figure 5. Kinetics of individual clones for growth up to 30 PDs. Kinetics were analyzed starting at the first passage. Cells from individual
clones were plated at identical densities (3000/cm?) on each passage, and total cell counts were assessed at each passage to calculate PDs.
Growth curves overlapped and remained linear up to 30 PDs, with the exception of clone A3 and B10, which did not reach 30 PDs.

After this point, those that were able to expand further
appear to have a progressive age-related decline in their
growth rate as the result of the high number of expan-
sions. Clone A2 demonstrated the highest rate,
doubling its population every 2.85 days, whereas clone
A9 took 6.0 days to double, with all other clones lying
between these values. This variation was present within
the same animal, as well as between animals. In pig B,
clones doubled in population in as few as 3.96 days or
required as many as 6.0 days. When grouping the
clones according to their proliferation rate, the het-
erogeneity becomes very apparent. This was done by
separating them into a high proliferative potential
(HPP) group, medium proliferative potential group
(MPP) and a low proliferative potential group (LPP),
each containing six clonal populations, with the LPP
containing the slowest proliferating cells. The HPP,
MPP and LPP groups took on average 63.0 + 4.1, 79.8
+ 2.8 and 104.3 + 11.7 days to reach 20 PDs. Each of
these groups was significantly different in the number of

days it took reach 20 PDs; however, the total PDs that
the HPP, MPP and LPP group were able to undergo
were 38.5 £ 10.7,35.3 £ 6.6 and 39.8 + 9.5 PDs. The
rates were significantly different with the different
groups taking between 63 and 105 days to reach the
same number of PDs but demonstrated no relationship
with the total number of PDs (data not shown).

Histological stains

Alcian blue, a stain for glycosaminoglycans, was used
as a qualitative measure of chondrocyte development.
All 18 porcine-derived SF MSC clones differentiated
into round, proteoglycan-producing chondrocytes,
demonstrated by intense staining throughout the
chondrocytes, which were numerous and spread
across the plates. The small number of undifferenti-
ated spindle-shaped cells remaining did not retain the
alcian blue, confirming that the dye does not stain
undifferentiated cells. When observed by means of
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light microscopy, the extracellular matrix around the
chondrocytes also stained with the dye.

Qil red O staining distinguishes lipid vacuole—
containing cells from undifferentiated cells. Staining of
differentiated adipogenic clones showed a large amount
of variability in the quantity of vacuoles present but did
show that SF MSCs have the ability to differentiate into
adipocyte-like cells. Between 40—60% of the cells in
each plate typically appeared as small spherical lipid—
containing cells that stained intensely with oil red O.
There was large variation within the clones from each
animal regarding the extent of staining present. How-
ever, clones derived from pig A showed positive stain-
ing in up to 80% of cells but also lacked any staining in
clones 2 and 4. There were also considerable differ-
ences between animals noted, in part because of to the
large variation observed within each individual clone,
and it was difficult to conclude that the animals them-
selves were different.

Alizarin red staining detects calcium deposition,
which is an early step in osteogenesis. Seven of the
clones exposed to the osteogenic medium showed
widespread staining for calcium, and corresponding
morphological changes were present in these seven
clones after 21 days. The percentage of positively
stained cells ranged from 0—40% within the 18 clones
and is the firstindication in a cell source that there may
be limited potential for bone formation. Nonetheless,
histological staining indicates that clonal SF MSCs are
multipotent but could contain unique phenotypes that
are biased toward cartilage formation.

Discussion

In the current studies, it has been demonstrated that
porcine MSCs from various tissue sources show
proliferation and differentiation characteristics sim-
ilar to those reported in human MSCs (8,13). Such
observations indicate that SF and SM MSCs prob-
ably are ideal candidate cell sources for future car-
tilage repair studies. Further analysis of SF MSC
populations has demonstrated that heterogeneity
exists at the clonal level as well but that “ideal” clonal
populations may be identified that have enhanced
propensity toward the chondrogenic lineage. These
findings demonstrate that there may be unique
phenotypes present in SF MSCs, setting the stage for
future studies that may allow us to optimize our TEC
model (10,11) through the use of highly character-
ized, and well-defined MSC populations.

Proliferation

The results presented in this report have demonstrated
that adherent cells isolated from four different porcine
sources exhibit osteogenic, chondrogenic and
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adipogenic differentiation potential and retain a
similar proliferation potential up to atleast passage 10.

Whereas cells from all sources exhibited multi-
lineage potential, tissue-specific differences in the
propensity to navigate down a specific lineage when
exposed to suitable stimuli may indicate that these
endogenous cells are primed to commit to one line-
age versus another. SM MSCs have previously been
reported to have significant chondrogenic differen-
tiation potential in humans, as mentioned previously.
However, this relationship has not been demon-
strated previously across species, and, to develop an
appropriate large animal model, these lineage-spe-
cific differences were analyzed in a porcine model
because of physiological and chondrocyte similarities
with humans (21).

In the present studies, SF MPCs exhibited a
chondrogenic differentiation potential similar to SM
MPCs i vitro. BM MPCs exhibited the greatest
osteogenic differentiation potential among the exam-
ined 24 MPCs but significantly lower chondrogenic
and adipogenic capacities. In a previous study, gene
expression profiles of SF MSCs were reported to be
similar to those of SM MSCs through the use of gene
array approaches but different from those of BM MSC
(22). This finding has been recently supported (23);
however, our more limited RT-PCR analysis did not
indicate such differences. In contrast, the present data
suggest that SF MPCs and SM MPCs might be more
committed to becoming differentiated chondrogenic
progenitor cells, whereas BM MPCs might be more
committed to becoming osteogenic progenitor cells,
respectively. This conclusion/speculation may make
teleological sense, given that the SF cells are in an
intra-articular environment, in which they could
migrate to damaged cartilage or cartilage in need of
endogenous repair, whereas BM-associated cells
could retain some chondrogenic potential but are
mainly focused on bone repair and fracture healing
because of their proximity.

Because the results of the differentiation capacity
in this study are similar to results of a previous human
study (8), the pig model may be a useful analogue for
human studies to pursue continued pre-clinical un-
derstanding of this concept. As a result, further clonal
analysis was completed of the SF MSCs to assess their
potential for chondrogenesis. Their proliferative ca-
pacity was assessed, and their differentiation potential
on the basis of standard histological staining tech-
niques was analyzed to determine their feasibility as a
source for cell therapies.

To develop standard protocols for expanding
porcine SF MSCs, it was important to establish that
they have additional fundamental MSC characteris-
tics, such as proliferative capacity. Karystinou (24)
previously reported that human SF MSCs have a



high self-renewal capacity inherent to the single cell,
but, to our knowledge, this has not been examined in
the porcine model, and SF MSCs have not been fully
characterized in terms of their differentiation poten-
tial and as a viable candidate for cartilage repair.
The MSCs isolated by means of limiting dilution
demonstrated a high capacity for self-renewal. Only
one clonal population was unable to reach 30 PDs
(pig B, clone 10—28 PDs), and seven of 18 clones
were able to expand beyond 40 PDs. These numbers
fit within reported values for SM MSCs (24).
Because significantly large numbers of cells are
needed for cell therapies, such as the TEC approach,
which has been demonstrated in a porcine model,
this is a critical characteristic for any MSCs that
would be used for this specific model or any other
construct as well. The TEC protocol used by Ando
et al. (10,11) requires approximately 4 million cells
per well for a single construct. This would require
approximately 22 PDs to get to this value from a
single cell, emphasizing the importance of a high
proliferative capacity because it probably would
require 25 PDs or more to fully assess the biological
and mechanical characteristics of these SF MSCs in
a TEC model. The ability to predict self-renewal
capacity has not been examined in SF MSCs but may
be important because it has recently been docu-
mented that 10 of 50 clones isolated from human SM
were unable to grow beyond 25 PDs (24) and thus
may not be viable populations to use for tissue en-
gineering. It would not be practical to expand so
many populations at the same time with the use of
current methods because of the numbers of flasks,
growth media and labor hours required once cell
numbers become high, nor would it be cost-efficient
to expand cells that cannot reach the number
necessary. Thus, we sought an approach to poten-
tially predict the extent to which a population may be
able to self-renew, on the basis of indications from
proliferation rates at the earliest stages of expansion.
The first five PDs were analyzed for each clonal
population, and an initial proliferation rate was
calculated on the basis of the time taken for each PD.
The clones were separated into the five fastest (5F)
and five slowest (5S) to determine whether there was
a relationship with the total number of PDs. The 5F
group took on average 3.04 £ 0.25 days per PD and
reached a total of 39.0 &= 9.3 PDs, whereas the 5S
group took 5.25 £ 0.4 days, reaching 39.8 & 9.5 total
PDs. Despite a significant difference in the initial
growth rates, the capacity of the two distinct groups
to proliferate was nearly identical. As such, there was
no apparent correlation between the initial growth
kinetics of SF MSCs and their overall capacity to
expand i vitro. The lack of a relationship makes it
difficult to predict their capacity for self-renewal. A
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similar lack of relationship of MSCs in human SM has
also been reported (14). Important to note, however, is
that the fastest proliferating cells do not appear to have
a compromised differentiation capacity. This might
indicate an ideal population to expand because less
passaging and handling may be required, reducing the
risk of in witro artifacts occurring from extensive
passaging, without compromising the differentiation
potential of the cell population. Synovium-derived
MSCs have been cultured in bioreactors (15), which
could be a potential pathway to expanding these highly
proliferating clonal populations for a more rapid turn-
around for clinical applications.

Differentiation

When Pittenger et al. (25) examined six colonies of
BM MSCs, they found that all six were osteogenic, five
were adipogenic and two were chondrogenic. A year
later, Muraglia et al. (26) expanded the study with 185
non-immortalized cell clones from bone marrow; 184
clones were osteogenic, with only one third differen-
tiating into all three lineages, and those clones lost
their adipogenic and chondrogenic potential pro-~
gressively with passaging. This suggested that cells
lose adipogenic and chondrogenic potential before
that for osteogenic differentiation, as had been sug-
gested by the absence of phenotypes expressing
only chondro-adipo potential or separately. Of the 18
SF-derived MSCs analyzed in the present studies, two
had a mono-potent chondrogenic potential, nine
exhibited adipogenic-chondrogenic potential and
seven were able to differentiate into all three lineages.
This is the first time that this adiopogenic-chondro-
genic phenotype has been reported in the literature.
There was variation evident in the histological stains
within the same the clonal populations. This may be a
result of the clones being in different phases of their
cell cycle when initially exposed to the differentiation
medium. As MSCs differentiate, they typically
generate an intermediate precursor or progenitor cell
before becoming fully differentiated. Because we do
not know exactly where in the cell cycle they are, there
may be some variability as the result of this factor. In
addition, it has been demonstrated that the microen-
vironment iz vitro may induce epigenetic changes that
can alter gene expression and ultimately control cell
fate (26); however, this is beyond the scope of this
report. Nonetheless, the chondrogenic ability of SF
MSCs appears to be superior, which is consistent with
the findings that SM MSCs also appear to have a
predisposition for cartilage development. The absence
of osteogenic potential has never been reported in any
tissue, and this may be a beneficial characteristic
unique to the SF. In some cases, BM MSCS have been
reported to mineralize when used iz vivo (27), but the
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limited potential for bone formation may open
possible avenues to explore where SF MSCs could
circumvent this complication.

Limitations

Results from the current study demonstrated that
~40% of the isolated clonal MSCs were multipotent,
typically lacking adipogenic potential. Pittenger (28)
initially demonstrated that ~50% of mixed cell pop-
ulations were inherently multipotent, whereas recent
studies have demonstrated that possibly <20% of
clonal MSC populations may be multipotent. This
currently represents a major limitation in stem cell
biology because it cannot currently be determined
whether these populations previously had the ability to
differentiate down multiple lineages when in their
natural # vivo environment, which would indicate
that this set of observations is an in witro artifact.
Recent theories also argue that the variation is reflec-
tive of the natural repertoire that these MSCs have and
the multiple functions that they perform in wvivo
(29,30). Nonetheless, the impact of i vitro culturing
and a lack of knowledge of the role that MSCs play in
the natural repair process will continue to be limiting
factors in the advancement of regenerative medicine.
However, continued characterization of such cloned
MSC, including a more complete analysis of gene
expression patterns for a variety of molecules
including transcription factors such as Oct4 and
Nanog (31), should allow for additional conclusions
to be made regarding the potential of individual clones
to initiate repair.

Relevance of SF-derived MSCs for future studies

MSCs are routinely isolated from SM by digestion of
this tissue with animal-derived collagenase. However,
in April 2007, the United States Food and Drug
Administration indicated a potential risk for introduc-
tion of transmissible spongiform encephalopathy
agents into the process for cell isolation through the use
of commonly used collagenase preparations (32).
Because cells destined for clinical applications must be
handled in compliance with current good tissue prac-
tice and Good Manufacturing Practice regulations, the
use of animal-derived collagenase poses a significant
hurdle (33). Whereas alternate sources of collagenase
are available, including a Good Manufacturing Practi-
ce—grade collagenase, these collagenases are signifi-
cantly more expensive and are also manufactured with
animal products; therefore, their use does not eliminate
the potential risk of contamination with transmissible
spongiform encephalopathy agents. Thus, other sour-
ces of cells that can be isolated without collagenase
treatment but still exhibit comparable chondrogenic
differentiation potential to SM-derived MSCs are
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desirable for the development of safe cell therapy ap-
proaches to initiate cartilage repair. Therefore, SF
MPCs are not only the most chondrogenic progenitor
cell populations, they can also be isolated without
collagenase after elimination of as many risks as
possible for subsequent cell use. Thus, these cells
should be considered desirable sources of clinical cell-
based therapy for cartilage in terms of efficacy and
safety.

Relevance of porcine studies to human applications

The pig is widely used as the “ideal” preclinical model
for many human conditions because it has a physi-
ology very similar to humans (eg, widely used in
cardiovascular studies) (34). Itis a large-animal model
with a knee similar in size to a human knee [eg, can be
used for transplantation of tissue-engineered cartilage
or menisci derived from MSCs (10,35—37) as a pre-
cursor to attempting such transplants into human
knees], and the MSCs derived from pig SMs are very
similar to those from humans (11). Furthermore, a
number of investigators and companies have been
generating more “humanized” pigs (through genetic
manipulations to remove specific glycosyl transferases
and other gene products) for consideration for use as a
source for organs to transplant into humans (37).
Although such approaches have a number of obstacles
to overcome and challenges to meet, it does demon-
strate that many researchers consider the pig as an
excellent model for humans, with good potential for
translation to humans from this preclinical model.

Conclusions

Cell therapies are currently being used as a method
of cartilage repair; however, because of unstable
phenotypes, there are still many limitations in the
field. We have demonstrated that SF MSCs in pigs
share characteristics similar to that in humans and
may be a superior source of MSCs. The reported
studies have demonstrated high potential for prolif-
eration, and initial results suggest an enhanced po-
tential for chondrogenesis. SF could provide an
accessible source of autologous MSCs; however,
further analysis must be performed to determine if
highly characterized and stable phenotypes can be
isolated. This could provide cells with optimal
properties for specific complications, and the porcine
model may be ideal to further assess this possibility.
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Abstract

Purpose The displacement and deformation of the knee
meniscus significantly affect its roles; however, little is
known about the displacement and deformation patterns of
a torn medial meniscus. The objective of this study was to
evaluate quantitatively the patterns of displacement and
deformation in horizontally torn medial menisci during
knee flexion.

Methods Twenty patients with horizontally torn medial
menisci underwent three-dimensional (3-D) magnetic res-
onance imaging at varying degrees of knee flexion, and 3-D
computer models of the tibia, tibial articular cartilage, and
meniscus were generated. Based on these, the size of the
horizontal tear (% tear) was evaluated and defined as the
circumferential ratio between the length of the horizontal
tear and that of the entire meniscus. The 3-D meniscus
models were automatically superimposed over images
taken at 0, 20, 40, and 60° of knee flexion by the voxel-
based registration method. Meniscal motion and
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deformation during knee flexion were visualized and
quantitatively calculated on the mid-sagittal plane. Corre-
lations between the size of horizontal tear, displacement/
deformation of torn menisci, and clinical symptoms were
evaluated after conservative treatment for 3 months.
Results The % tear was 357 & 125 % (range
13.7-55.5 %). During knee flexion, all torn menisci moved
posteriorly, with gradual widening of horizontal and ver-
tical gaps (p < 0.05). A direct correlation was observed
between % tear and change in the vertical tear gap during
knee flexion (p < 0.05). There was an inverse correlation
between Lysholm score and % tear (p < 0.05).
Conclusion Medial meniscal horizontal tears widen and
deform during knee flexion, and % tear correlates with the
change in the vertical gap. Patients with a lower % tear are
more capable of performing activities of daily living after
conservative treatment. This method may help clarify the
cause of pain in patients with medial meniscus tears as well
as facilitate the selection of an appropriate treatment plan.
Level of evidence Case series, Level IV.
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