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Abstract

Meniscus injury is frequently encountered in clinical practice. Current surgical therapy involving partial or
complete meniscectomy relieves pain in the short-term but often leads to osteoarthritis (OA) in the long-term.
Here, this study aimed to identify and characterize a novel population of meniscus-derived stem cells (MeSCs)
and develop a new strategy of articular cartilage protection by intra-articular injection of these cells. The
“stemness” and immune properties of MeSCs were investigated in vitro, while the efficacy of intra-articular
injection of MeSCs for meniscus regeneration and OA prevention were investigated in vivo at 4, 8, and 12 weeks
postsurgery. MeSCs displayed typical stem cell characteristics such as low immunogenicity and even possessed
immunosuppressive function. In a rabbit meniscus injury model, transplantation of allogenous MeSCs did not
elicit immunological rejection, but promoted neo-tissue formation with better-defined shape and more matured
extracellular matrix. In a rabbit experimental OA model, transplantation of MeSCs further protected joint surface
cartilage and maintained joint space at 12 weeks postsurgery, whereas extensive joint surface irregularities and
joint space stenosis were observed in the control group. This study thus evoked a new strategy for articular
cartilage protection and meniscus regeneration by intra-articular injection of MeSCs for patients undergoing
meniscectomy.

Introduction in tissue engineering, and should facilitate regeneration of

injured meniscus through proliferation, as well as synthesis

MENISCUS TEAR IS A COMMON form of knee injury, ac-
counting for up to 15% of all athletic injuries of the knee
[1]. Due to lack of vasculature, the meniscus has poor self-
healing capacity. Meniscectomy (either partial or subtotal) is
currently the most common treatment modality for meniscus
tear [2]. However, meniscectomy only relieves pain in the
short-term but often leads to osteoarthritis (OA) in the long-
term [3-5]. Hence, treatment for meniscus injury should
maximally preserve and restore meniscus structure and
function by repairing meniscal tears rather than just surgical
excision of damaged tissue.

Over the last two decades, a number of tissue engineering
strategies have emerged to replace all or part of the menis-
cus, with the objective of improving immediate and long-
term patient outcomes [6]. Cells are an important component

of appropriate extracellular matrix. Murphy et al. provided
the first proof-of-concept evidence that local delivery of adult
mesenchymal stem cells stimulates the regeneration of me-
niscal tissue and retards the progressive destruction nor-
mally seen in this model of OA [7]. To date, various cell types
have been utilized in meniscus tissue engineering [8-10],
such as adult stem cells [bone marrow mesenchymal stem
cells (BMSCs) and synovium-MSCs] and tissue-specific dif-
ferentiated cell types (ie., meniscal fibrochondrocytes).
However, implanted BMSCs may lead to ossification if their
osteogenesis is improperly induced at ectopic site [11]. De-
spite that synovium-MSCs have high chondrogenic potential
and potentially serve as a reservoir of stem cells in the repair
response [12,13], no notable differences of regenerated me-
niscus in morphology between the synovium-MSCs and the
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BMSCs have been found in a previous in vivo study [10].
Additionally, meniscal fibrochondrocyte has also been used
in meniscus tissue engineering in vitro [9]. However, its low
proliferation and matrix production ability undermines
successful regeneration in vivo after autologous transplan-
tation. Therefore, a new seeding and alternative cell type is
needed to facilitate the regeneration of injured meniscus.

A recent study showed that multipotent stem cells are
present in the human meniscus, which are phenotypically
similar to MSCs [14]. This subpopulation of meniscus-derived
MSCs (MeSCs) may represent another candidate for meniscus
regeneration. However, knowledge of meniscus-derived
MSCs is still very much limited, and no studies to date have
evaluated its effect on the regeneration of injured meniscus
in vivo. Additionally, autologous MeSC transplantation is
constrained by inadequate cell numbers and extended culture
duration. The alternative may be to utilize an allogenous
source of MeSCs for meniscus regeneration. Previous studies
have shown that certain adult stem cells possess immuno-
suppressive properties [15-19], that is, BMSC, periodontal
ligament stem cells (PDLSCs), adipose-derived stem cells
(ADSCs), and umbilical cord-derived stem cells.

Based on these previous studies, we hypothesize a new
strategy of articular cartilage protection through meniscus
regeneration induced by intra-articular injection of MeSCs
into joints subjected to meniscectomy. To test this hypothesis,
the study will thus investigate (1) the isolation of a cell pop-
ulation from rabbit meniscus that possesses typical charac-
teristics of stem cells; (2) the alloimmunogenicity testing of
MeSCs in vitro; (3) the efficacy of intra-articular injection of
MeSCs on meniscus repair in vivo within a rabbit model; and
(4) the effect of injecting allogenous MeSCs on the suppression
of early experimental OA within a rabbit model.

Materials and Methods

Monoclonal selection of MeSCs and colony
forming unit assay

The isolation and culture protocols for rabbit MeSCs were
based on previous studies [14,20]. Meniscus tissues of New
Zealand white (NZW) rabbits were digested with collage-
nase (3mg/mL) for 6h. The cells from the digested tissue
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, low glucose; Gibco-BRL, Inc.) supplemented with
penicillin-streptomycin and 20% (v/v) fetal bovine serum
(FBS; Invitrogen, Inc.). They were seeded at a very low
density (2 cells/cm2) to form colonies on a 6-cm dish. These
colony-forming cells isolated from rabbit meniscus were
designated as MeSCs. In this study, we use polyclonal
MeSCs mixed from multiple clones. MeSCs between pas-
sages 4 and 6 were utilized for experiments. For ratio of
colony formation, cells were stained with 1% (w/v) crystal
violet (Sigma) in methanol for 10 min. Only colonies with
diameters >2mm were counted.

Multipotent differentiation potential of MeSCs

The multipotent differentiation potential of MeSCs toward
the adipogenic, osteogenic, and chondrogenic lineages was
evaluated in vitro according to established protocols [20]. For
adipogenic differentiation, MeSCs were induced under the
influence of 1-methyl-3-isobutylxanthine, dexamethasone, in-
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sulin, and indomethacin. For osteogenic differentiation,
MeSCs were induced by treatment with B-glycerol phosphate,
dexamethasone, and ascorbic acid, while for chondrogenic
differentiation, MeSCs were induced by treatment with TGF-
B1. Positive induction of adipogenesis, osteogenesis, and
chondrogenesis was confirmed by oil red O staining, alizarin
red staining (ARS), and safranin O staining, respectively.

Flow cytometry analysis of MHC-II
expression by MeSCs

Rabbit MeSCs (1x10°) were incubated with mouse anti-
rabbit MHC class II antibody (Serotec) for 0.5h at 4°C [21].
After washing, the cells were incubated with FITC-conju-
gated rabbit anti-mouse IgG (BD Pharmingen) for 45 min on
ice. Subsequently, the washed samples were analyzed by
with a Coulter Epics XL flow cytometer.

One-way mixed lymphocyte culture

Mixed lymphocyte culture (MLC) assay was used to
evaluate the immunogenicity of rabbit MeSCs. Peripheral
blood mononuclear cells (PBMCs) were collected from two
different NZW rabbit donors by Ficoll-Paque Plus (1.077 g/
mL; Amersham Biosciences) and cultured with lymphocyte
culture medium (RPMI 1640 containing 20% [v/v] FBS and
penicillin-streptomycin). PBMCs and MeSCs were exposed
to 25 ug/mL mitomycin C in darkness at 37°C for 0.4h, and
then washed twice and used as stimulators (PBMC1 and
MeSCsl). These exposed cells were nonproliferating due to
pretreatment with mitomycin C. Untreated PBMCs were
used as responders (PBMC2).

In 0.2mL of lymphocyte culture medium, Mitomycin C—
treated PBMCs (PBMC1, 1x10°%) or MeSCs (MeSC1, 1x10°)
were cocultured with responding PBMCs (PBMC2, 1x10°)
within the wells of a 96-well round-bottom plate at 37°C for 3
days. The evaluation system is a modification of that used in a
previous study [21,22], and the results were computed by
the following formula: stimulation index (PBMC2 cocultured
with PBMC1, P2 +P1)=(the proliferative response of PBMCI-
treated groups — the proliferative response of PBMC2 untreated
groups)/(the proliferative response of PBMC2 untreated
groups) +standard deviation (SD); stimulation index (PBMC2
cocultured with MeSC1, P2+M1)=(the proliferative response
of MeSCl-treated groups — the proliferative response of PBMC2
untreated groups)/(the proliferative response of PBMC2 un-
treated groups)+standard deviation (SD) [23]. PBMC1 and
MeSC1 were from the same donor. All experiments were per-
formed in triplicates. Harvesting of MeSCs and PBMC was in
accordance to standard guidelines approved by the Zhejiang
University Ethics Committee.

Assay of immunosuppression

The two-way MLC assay was used to test the immuno-
suppressive properties of MeSCs. Responding PBMCs
(PBMC2, 5% 10% and stimulating PBMCs (PBMC1, 5x10%
were cocultured with or without stimulating MeSCs
(MeSC1, 8x10% within wells of a 96-well plate at 37°C in
5% CO, for 3 days. The percentage inhibition of alloge-
neic proliferation was calculated by the following formula
[21,22]: percentage of maximal response (PBMC2 cocultured
with PBMC1 and MeSC1, P2+P1+M1)=(the proliferative
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response of groups with MeSCs1)/(the proliferative response
of groups without MeSCs1) x 100%; percentage of maximal
response (PBMC2 cocultured with PBMC1, P2 +P1)=100%.
PBMC1 and MeSC1 were from the same donor. All experi-
ments were performed in triplicates.

Meniscectomy and MeSCs injection

Nine female NZW rabbits weighing 2.4-2.6 kg were uti-
lized in this study. The rabbits were subjected to general
anesthesia by administration of chloral hydrate, and their
meniscus were subsequently exposed by releasing parts of
the patellar ligament and joint capsule through a longitudi-
nal incision on the anteromedial side of bilateral knee. The
anterior half of medial meniscus was removed at the level of
the medial collateral to create a defect, and the wound was
closed in layers [10]. MeSCs (0.6x 107 in 100 uL phosphate-
buffered saline [PBS]) were injected into the right knee (the
MeSC-treated group) at 1 and 2 weeks after meniscectomy,
while the same volume of PBS was injected into the left knee
(the control group) as control.

After euthanasia, three meniscus sections of rabbit from
each experimental group were used for evaluation at the 4
weeks (n=3 per group), 8 weeks (n1=3 per group), and 12
weeks (n=8 per group). Transmission electron microscopy
(TEM) was used to assess the cell shape and collagen fibril
diameter 12 weeks after meniscectomy. Treatment of animals
was in accordance to standard guidelines approved by the
Zhejiang University Ethics Committee.

Cell labeling and detection

The MeSCs utilized for in situ repair of meniscus were
prestained with fluorescent dye Dil/CFDA (carboxy-
fluorescein diacetate). Briefly, the MeSCs were incubated
with Dil (5pL/mL; Sigma-Aldrich, Inc.)/CFDA@25pL/mL;
Molecular Probes, Inc.) at 37°C for 20 min, and then washed
with PBS. To evaluate the survival of implanted MeSCs in
the meniscus defect, a noninvasive Kodak in vivo FX small
animal imaging system was used to analyze the samples at 4,
8, and 12 weeks postmeniscectomy [24]. In this fluorescent
imaging system, a composite pseudocolor image represents
light intensity (blue signifies least intense and red signifies
most intense). The specific and control excitation wavelength
of Dil and CFDA was at 550/470nm and 470/430nm, re-
spectively. The fluorescent image was superimposed in real
time over the white-light image of the same sample. In ad-
dition, the samples were harvested and histological sections
were prepared. The positively stained cells in the histological
sections of the allogenous MeSC-treated group were ob-
served under fluorescence microscopy (IX71; Olympus, Inc.)
at excitation wavelengths of 543nm (Dil) and 470nm
(CFDA) [24], with DAPI being utilized for nuclei staining.

Histology

The cartilage surface was stained with Indian ink for
macroscopical observation. Specimens were fixed, dehy-
drated, and embedded within paraffin blocks. Histological
sections (8 um) were prepared using a microtome, and sub-
sequently de-paraffinized with xylene, hydrated using de-
creasing concentrations of ethanol, and then subjected to
hematoxylin and eosin (HE) staining and safranin O staining.
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Histology evaluation was performed using the modified
Mankin’s score.

Radiographic evaluation

The X-ray photograph (A-P) of knee joint (containing fe-
mur and tibia) was captured with a Kodak-FX in vivo im-
aging system (Kodak, Inc.) [25]. The average distance
between condyles and plateau was measured to assess the
level of OA.

Immunohistochemistry

Mouse anti-rabbit monoclonal antibodies against collagen
type II (Calbiochem) were used to detect the expression of
collagen type II within the repaired meniscus.

Transmission electron microscopy

Tissue specimens at the 4- and 12-week time-points from
the MeSC-treated group and control groups were fixed fol-
lowing the standard procedures for TEM to assess cell shape
within the regenerated meniscus. Specimens were prefixed
with 2% glutaraldehyde for 24 h and washed twice with PBS
followed by postfixation treatment with 1% osmic acid for
2h. After two washes in PBS, the specimens were dehy-
drated in an ethanol gradient and dried to a critical point.
The specimens were then mounted and sputter-coated with
gold for viewing under TEM (Quanta 10 FEI).

RNA isolation and real-time PCR

Total cellular mRNA was isolated by lysis in TRIZOL
(Invitrogen, Inc.) followed by a one-step phenol chloroform-—
isoamyl alcohol extraction, according to the manufacturer’s
instructions. Real-time PCR analysis of the expression of the
two genes collagen type II and biglycan (BGN) was carried
out using the Brilliant SYBR Green QPCR Master Mix (Ta-
kaRa Bio, Inc.) with a Light Cycler apparatus (ABI 7900HT;
Applied Biosystems, Inc.), as previously described [20]. At
least three experimental replicates were performed for each
real-time PCR run, and the results are presented as target
gene expression normalized to GAPDH. Primer sequences
used were as follows: COLLAGEN TYPE II forward 5-
ATGGACATTGGAGGGCCTGA-3’, reverse 5-TGTTTGAC
ACGGAGTAGCACCA-3’; BGN forward 5-GATGGCCTG
AAGCTCAA-3, reverse 5-GGTTTGTTGAAGAGGCTG-3;
GAPDH forward 5-TCACCATCTTCCAGGAGCGA-3’, re-
verse 5-CACAATGCCGAAGTGGTCGT-3".

Biomechanical evaluation

The compressive mechanical properties of meniscus was
performed (1n=>5 for the MeSC-treated group and n=5 for the
control group) using an Instron tension/compression system
with Fast-Track software (Model 5543; Instron) as described
previously [26]. Specimens were placed in PBS at room
temperature for 3—4h to equilibrate before testing. Then,
they were tested using a 1-mm-diameter cylindrical indenter
fitted with a 10N maximum loading cell. The unconfined
equilibrium modulus (Mpa) was determined by applying a
step displacement (15% strain) and monitoring compressive
force with time until equilibrium was reached. The crosshead
speed used was approximately 0.06 mm/min.
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Statistics

All quantitative data sets are expressed as mean+SD. Stu-
dent’s t-test was performed to assess whether there were
statistically significant differences between data sets, and
values of P<0.05 were considered to be significantly different.

Results
Identification and characterization of MeSCs

The “stemness” of rabbit MeSCs including clonogenicity
(Fig. 1A) and multipotency (Fig. 1B) was characterized.
Within single-cell suspension culture, some of the meniscus
cells attached onto the culture plate after 4h. About 10-12
days later, colonies formed (Fig. 1A-a) by single-meniscus-
derived cells were visualized with methyl violet staining
(Fig. 1A-b, A-c). The colonies formed from MeSCs were
heterogeneous in size, shape, and cell density, possibly re-
flecting differences in cell origin from inner and outer zones
of the meniscus. At PO, large polygonal and star-shaped cells
were observed (Fig. 1A-a). After culturing for several pas-
sages, a homogeneous population of MSC-like cells was
obtained (Fig. 1A-d). The multidifferentiation potential of
MeSCs was subsequently examined (Fig. 1B). The adipogenic
differentiation assay showed the accumulation of lipid
droplets, which was confirmed by oil red O staining after 3
weeks of induction (Fig. 1B-a). The osteogenic differentiation
assay showed that most of the MeSCs had the capacity to
undergo osteogenic differentiation, as confirmed by ARS of
mineralized calcium deposits (Fig. 1B-b), while the chon-
drogenic differentiation assay showed that micromass cul-
tures of MeSCs were safranin O positive after 4 weeks of
induction (Fig. 1B-c). Although we designated these colony-
forming cells isolated from rabbit meniscus as MeSCs, more
rigorous assays for stem cell properties need to be applied to
define them as bona fide stem cells.

Immunogenicity and immunosuppressive properties
of MeSCs in vitro

Previous studies showed that BMSCs are MHC-II negative
and are able to suppress lymphocyte proliferation in vitro
[21]. Hence in this study, the expression of MHC-II on the
MeSCs surface was characterized by flow cytometry analysis
and the results showed that MeSCs did not express MHC-II
(Fig. 1C-c). One-way MLC assay was used to evaluate the
immunogenicity of MeSCs. Allogeneic PBMC1 served as the
positive control. The results demonstrated that allogeneic
MeSCs (MeSC1) did not induce lymphocyte proliferation
(PBMC2) unlike allogeneic PBMC (PBMC1) (Fig. 1C-a, C-d).
In order to investigate the suppressive effects of MeSCs on
activated lymphocytes, the two-way MLC assay was carried
out. The results demonstrated that MeSCs (MeSC1) could
partly inhibit the proliferation of lymphocytes in response to
allogenic PBMC (PBMC2 +PBMC1) (Fig. 1C-b, C-e; P <0.05).

Effects of intra-articular injection of MeSCs
on meniscus repair

Intra-articular injection of allogenous MeSCs into the right
knee was performed at 1 and 2 weeks after meniscectomy,
while injection of the same volume of PBS was utilized
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as control. The rabbits were culled at 4, 8, and 12 weeks
after meniscectomy (Fig. 2A). At 4 and 8 weeks post-
meniscectomy, the gross morphology showed that the
MeSC-injected group exhibited more neo-tissue formation
within the anterior part of the meniscal defect compared to
the control group (Fig. 2B-a, 2B-b, 2C-a, 2C-b, E; P <0.05).
The HE staining of meniscus injected with MeSCs exhibited
more neo-tissue formation and better-defined shape similar
to normal meniscus, as compared to the control group, with
little sign of any inflammation and immunological rejection
(Fig. 2B-c, 2B-d, 2C-c, 2C-d). At 4 weeks postmeniscectomy,
the expression levels of collagen type II in the MeSC-treated
group were higher compared to the control group, while the
expression levels of biglycan (BGN) were not significantly
different between the two groups (Fig. 2B-i). At 12 weeks
postmeniscectomy, there were significant differences be-
tween the MeSCs injection group and the control group in
terms of gross morphology (Fig. 2D-a, 2D-b, E; P<0.05).
Histological analysis revealed a more physiological structure
in the MeSCs injection group compared to the control. At 8
and 12 weeks postmeniscectomy, safranin O staining and
immunohistochemical staining showed that the MeSC-trea-
ted group had higher deposition levels of cartilage matrix
(Fig. 2C-e, CA, D-e, D-f), similar to that of normal meniscus.
However, the gene expression levels of collagen type II and
BGN were not significantly different between the two groups
(Fig. 2C-i, D-i). TEM showed that the cell morphology in the
MeSC injection group was similar to that of normal meniscus
with round shape (Fig. 3A), with the collagen fibrils being
more ordered (Fig. 3B) and larger (Fig. 3C) than that of the
control group at both 4 and 12 weeks postmeniscectomy.

In order to evaluate whether injected MeSCs can contrib-
ute to meniscus regeneration, the fate of MeSC was traced
in vivo. The MeSCs (at passages 4 and 6) were stained with
Dil (Fig. 1A-f) and CFDA (Fig. 1A-e) before being injected
into the knees. A small animal fluorescent imaging system
detected the signal emitted by Dil and CFDA within the
regeneration site at 4, 8, and 12 weeks postmeniscectomy
(Fig. 3D), and these results were confirmed by fluorescence
microscopy (Fig. 3E). This indicated that the labeled MeSCs
contributed to meniscus regeneration. Through image
tracking and fluorescence microscopy, we found that the
number of injected MeSCs decreased sharply with time.
However, we could still find some live MeSCs at the repair
site after 12 weeks postmeniscectomy.

The Instron tension/compression system was used to
evaluate the biomechanical properties (modulus) of our
specimens (Fig. 4). All specimens were firmly attached dur-
ing biomechanical testing. The values of compressive mod-
ulus were higher in the MeSC-treated group compared to the
control group (9.88+2.65 vs. 6.14+2.36 Mpa, P<0.05, Fig. 4).

The effect of intra-articular injection of MeSCs
on the suppression of OA within a rabbit model

Macroscopically, the articular cartilage surface of medial
tibial plateau in the rabbit model varied from complete ab-
sence of degeneration to the presence of craters in the control
group at 4 weeks after meniscectomy (Fig. 5A-a), and they
were more sericous at 12 weeks (Fig. 5A-c). The articular
cartilage surface of medial femoral condyle was better than
that of medial tibial plateau at 4 weeks after meniscectomy
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A

FIG. 1. Isolation and char-
acterization of rabbit MeSCs.
Morphology of meniscus cell
(A-a). Morphology of MeSCs
at PO (A-b). (A-c) shows the
crystal violet staining of
MeSCs, Inset of (A-c) shows
the morphology of colonies
formed by MeSCs. Morphol-
ogy of MeSCs at P1 (A-d). (A-
e) shows the CFDA-stained
MeSCs. (A-f) shows the Dil-
stained MeSCs. The multi-
differentiation potential of
MeSCs (B). Oil red O staining
shows adipogenic differenti-
ation of MeSCs (B-a). Alizarin
red staining shows osteogenic
differentiation of MeSCs (B-
b). Safranin O staining shows
chondrogenic differentiation
of MeSCs (B-c). Im-
munogenicity and immuno-
suppressive  properties  of
MeSCs in vitro (C). PBMC1
elicit the proliferation of
PBMC2, while MeSC1 do not
elicit allogeneic PBMC2 pro-
liferation (C-a, C-d); MeSC1
inhibit ongoing PBMC prolif-
eration (C-b, C-e). Flow cy-
tometry analysis showed
negative expression of MHC-
IT (C-c). Scale bars =50 um (A-
a A-c, A-e, A-f,; B-a, B-0),
100 pum (inset of A-e, A-f, B-b,
C-a, C-b), 500 um (A-b, A-d).
*P<0.05 versus control group.

MeSCs, meniscus-derived
stem cells; PBMC, peripheral
C-c C-d C-e blood mononuclear cells;
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FIG. 2. Regenerated meniscus at 4, 8, and 12 weeks postmeniscectomy. Experimental design for utilizing MeSCs for in vivo
treatment of meniscus injury (A). Gross morphology and typical HE staining of control group (white arrow) and MeSC-treated
group (B-a, B-d, C-a, C-d, D-a, D-d; black arrow) at 4, 8, and 12 weeks postmeniscectomy. Real-time PCR analysis of gene
expression of COL2 and BGN (B-i, C-i, D-i) in vivo at 4, 8, and 12 weeks postmeniscectomy. Safranin O staining and
immunohistochemical staining of control group and MeSC-treated group (B-e, B-f, C-e, C-f, D-e, D-f) at 4, 8, and 12 weeks
postmeniscectomy. (E) The sequential area ratio of the repaired meniscus relative to surplus normal meniscus (=3 for 4 and
8 weeks, n=8 for 12 weeks each group). Scale bars=50 um (B, C, D), 200 um (inset of B, C, D). HE, hematoxylin and eosin
staining; PCR, polymerase chain reaction; COL2, collagen type II; BGN, biglycan; S-O, safranin O staining; W, weeks.

(Fig. 5B-a). However, we still observed fibrillation on the
surface of medial femoral condyle in the control group at 12
weeks (Fig. 5B-c). By contrast, the cartilage surface seemed
less affected in the MeSC-treated group both at 4 and 12
weeks postmeniscectomy (Fig. 5A-b, A-d, B-b, B-d), par-

ticularly in the surface of medial femoral condyle (Fig. 5B-b,
B-d).

Microscopically, varying stages of cartilage degeneration
were also observed in the control groups (4.67+1.53 vs.
7.33%£0.29, P<0.05, Fig. 5C-a, C-c; 3.33+1.26 vs. 9.50+£0.87,
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FIG. 3. The TEM, fluorescence imaging, and CCCD analysis of regenerated meniscus at 4, 8, and 12 weeks post-
meniscectomy. TEM imaging of typical cells and collagen fibrils in control group (white arrow) and MeSC-treated group (A, B,
C; black arrow) at 4 and 12 weeks post-meniscectomy. CCCD analysis demonstrated a positive color fluorescence signal (Dil
and CFDA) at the repair site, indicating the survival of implanted MeSCs (D). Fluorescence imaging of repaired meniscus
showed surviving MeSCs within the meniscus defect at 4, 8, and 12 weeks (E, white arrow) postmeniscectomy. Scale bars=
50 pm (E), 2 um (A), 0.2 pm (B, C). *P<0.05 versus control group. TEM, transmission electron microscopy.

P<0.05 Fig. 5D-a, D-c). At 4 weeks postmeniscectomy, we
could see no flat superficial chondrocytes on the cartilage
surface of medial tibial plateau and medial femoral condyle
in the control groups (Fig. 5C-a, D-a). At 12 weeks post-
meniscectomy, extensive surface irregularities were seen in
the control groups (Fig. 5C-c, D-c, 7.33+0.29 vs. 4.00£1.32,
P<0.05, E and 9.50+0.87 vs. 3.83+1.04, P<0.05 F), particu-
larly in the cartilage surface of medial femoral condyle (Fig.
5D-c). However, in the MeSC-treated group, only minimal
damage to the superficial cell layers of the cartilage could be
observed (Fig. 5C-b, C-d, D-b, D-d).

Radiological analyses were conducted at 12 weeks post-
meniscectomy, to compare knee joint degeneration between
the control group (Fig. 6A) and MeSC-treated group (Fig.
6B). Radiographs demonstrated that the injection of MeSCs
inhibited the progression of experimental OA, as evidenced

by undamaged joint surface cartilage and normal joint space
width (Fig. 6C; P<0.05).

Discussion

Our results demonstrated that (1) a unique cell subpopu-
lation with the typical characteristics of mesenchymal stem
cells (designated MeSCs) were successfully isolated and
identified within rabbit meniscus tissue; (2) MLC indicates
that MeSCs are nonimmunogenic and are able to suppress
the immune response in vitro; (3) intra-articular injection of
allogenous MeSCs promoted the regeneration of meniscus
in vivo without eliciting obcious immunological rejection;
and (4) intra-articular injection of allogenous MeSCs effec-
tively protected joint surface and maintained joint space
width in an experimental OA model (rabbit knee joint).
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FIG. 4. Biomechanical analysis of
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Collectively, these results suggest that intra-articular injec-
tion of allogenous MeSCs hold much promise for clinical
applications in meniscus regeneration and OA prevention in
the future.

A number of studies have focused on the use of adult stem
cells as a cell source for meniscus repair including bone
marrow-derived and synovium-derived MSCs [10]. How-
ever, meniscus repair with these cell types are suboptimal. A
recent study suggests that multipotent stem cells are present
in the human meniscus [14]. Sekiya et al. demonstrated that
compared to adult stem cells derived from other connective
tissues, MeSCs had stronger and more stable expression of
proline arginine-rich end leucine-rich repeat protein
(PRELP), a connective tissue glycoprotein of the leucine-rich
repeat family regulating collagen fibril growth in various
connective tissues [14,27,28]. Consistent with the study of
Sekiya et al., we have previously found that MeSCs displayed
higher expression of collagen type II than adult stem cells
derived from bone marrow and synovium (unpublished
data). These data thus suggest that MeSCs can be a promising
cell source for meniscus regeneration in vivo. In this study,
our results demonstrated that intra-articular transplantation of
MeSCs enhanced meniscus regeneration with improved
physiological and structural properties of neo-tissue.

Although autologous transplantation of adult stem cells
represents an ideal strategy for tissue regeneration, limited cell
numbers hinder its clinical application. Allogenous trans-
plantation of stem cells offers an alternative approach for the
regeneration of injured tissue. However, stem cells from dif-
ferent tissues may exhibit different immune properties. For
example, BMSCs have been reported to be nonimmunogenic
and immunosuppressive [21,22]. Various adult tissue-derived
stem cells, such as ADSCs, tendon stem/progenitor cells
(TSPCs), and PDLSCs, are known to exhibit analogous im-
mune properties of BMSCs [15,17,23,29,30]. However, telen-
cephalon tissue-derived neuronal stem cells have been

CONTROL
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MeSCs

reported to be rejected upon transplantation [31]. Therefore, it
is necessary to rigorously characterize the immune properties
of MeSCs. Our immunological assays indicated that, similar to
BMSCs, MeSCs are negative for MHC-II expression. This
implies that MeSCs lack the ability to present alloantigen di-
rectly to recipient CD4"T cells [21]. In addition, MeSCs did
not stimulate but instead actively suppressed allogenous
PBMCs. It indicated that even with the assistance of APC,
MeSCs could not activate allogeneic PBMCs to elicit an im-
mune response in vitro. This results suggests that allogenous
MeSCs can be clinically utilized for meniscus regeneration.

Our in vivo studies utilizing allogenous MeSCs showed
that allogenous MeSCs injection did not elicit immune re-
jection. In addition, we found that allogenous MeSC-treated
groups exhibited higher intensity of safranin O staining with
the presence of round meniscal cells, thus indicating that the
injected MeSCs play an important role in modulating the
healing processes of meniscus tissue. The allogenous MeSC-
treated group also displayed better results in TEM and real-
time PCR analysis of meniscus-related gene expression,
without eliciting any inflammation and immunological re-
jection. Nevertheless, the mechanism of immunosuppression
by MeSCs in vivo was not fully explored, which is a limi-
tation of this study. Several different mechanisms of BMSC-
mediated immunosuppression were proposed. Hoffman and
colleagues hypothesized that allogenous MSCs could inte-
grate into bone marrow to influence early immune cell
growth [22], as well as migration into the thymus to play a
role in T cell selection [32]. Blancher and colleagues found
that ADSCs effected immune suppression through release of
soluble factors, such as IL-10 and TGF-beta [33]. Hence,
further studies are required to elucidate the exact mechanism
of MeSC-mediated immunosuppression.

Another limitation of our in vivo study is that rabbit
meniscus could heal spontaneously after 12 weeks as in the
rat model [10]. Buschmann and colleagues compared human



MENISCUS STEM CELLS FOR OSTEOARTHRITIS PREVENTION 2079

A Tibial plateau B Condyles of femur

MeSCs(4W)

Y

MESCs(12W)

9 Tibial plateau D Condyles of femur
C-b

E Tibial plateau F Condyles of femur
[ ] CONTROLIEEE MeSCs [__JCONTROL I MeSCs
* * 12 ¢ * *
] L T 1 o L] T 1
o 8 g 10}
3 6 ® g
0 I >
> 6
g 4 S 4}
o »
To 0

4W 120 aw 12W

FIG. 5. Joint surface evaluation of knee joint after meniscectomy and MeSCs injection. Gross morphology of the cartilage
surface of tibia and femur in the control group (white arrow) and MeSC-treated group (A, B, black arrow) at 4 and 12 weeks
postimplantation. The cartilage was stained with Indian ink. Typical HE staining of the cartilage of tibia and femur in the
control group and MeSC-treated group (C, D) at 4 and 12 weeks postimplantation. The histological evaluation of the cartilage
surface of tibia (E) and femur (F) were evaluated according to the modified Mankin’s score. Scale bars =50 um (C, D). *P <0.05

versus control group.
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niscectomy and MeSCs injection. X-ray photo of control
group (A, white arrow) and MeSC-treated group (B, black ar-
row). (C) Average distance between medial knee joint. C,
condyles of femur; P, tibial plateau; M, medial of knee joint;
L, lateral of knee joint. *P <0.05 versus control group.

meniscus with rabbit and sheep meniscus, and found that the
main structural features, including cellular distribution,
vascularity, and collagen structure, are rather similar in hu-
man and sheep but different in rabbits [34]. Murphy and
colleagues found that the spontaneous healing of meniscus is
also limited in the caprine model, which is similar to the
human clinical situation [7]. Hence, in order to demonstrate
the clinical efficacy of intra-articular injection of MeSCs for
meniscus repair, larger animal models such as sheep, dog,
and pig [35] are required for further studies.

In our in vivo study, it was demonstrated that intra-artic-
ular injection of MeSCs can delay or reduce the progression of
OA induced by meniscectomy. However, the mechanism of
OA suppression remains unknown. Some researchers have
hypothesized that the neo-meniscal tissue in the MeSC-treated
groups is associated with protection against degenerative
changes linked to OA after meniscal injury [14]. For example,
Sekiya and colleagues demonstrated that synovial stem cells
inhibited the fibrillation of cartilage surface at 12 weeks
postsurgery [10]. Injection of BMSCs also reduced the degree
of cartilage degeneration, osteophyte formation, and sub-
chondral sclerosis [7,36-38]. MSCs may have a direct role in
cartilage protection by direct remodeling of the articular car-
tilage surface or by acting to preserve subchondral or tra-
becular bone based on the relationship between early bone
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changes and the development of OA [39—41]. However, Se-
kiya and colleagues found that only a small portion of the cells
adhered to the cartilage defect after injection [42]. In our
study, we also could not detect any live injected MeSCs on the
cartilage surface by image tracking (data not shown). These
results suggest that other mechanisms may be involved. Many
studies showed that cartilage degradation and pro-inflam-
matory pathways of OA are induced by the up-regulation of
inflammatory cytokines [43—45]. Inflammatory cytokines,
such as interleukin-1 (IL-1) and tumor necrosis factor (TINFo)
[46], have been demonstrated to be upregulated after menis-
cus injury. Furthermore, an animal model of meniscus injury
in rabbits showed that the elevated expression of IL-1 will last
for at least 14 days [47], and upregulated inflammatory cy-
tokines will in turn increase matrix metalloproteinase activity
[48,49], proteoglycan release [50], as well as suppress collagen
synthesis [51]. Pennesi and colleagues found that MSCs could
prevent the occurrence of severe, irreversible damage to the
bone and cartilage by downregulating the expression of in-
flammatory cytokines [16]. In our in vitro study, we also
demonstrated that allogeneic MeSCs not only decreased
lymphocyte proliferation compared to allogeneic PBMC, but
also partly inhibited the proliferation of lymphocytes in re-
sponse to allogeneic PBMC. These results suggest that injected
allogenous MeSCs may suppress OA progression by en-
hancing meniscus regeneration, as well as by inhibiting in-
flammatory cytokines.

Conclusions

Our study demonstrated that MeSCs can be isolated from
meniscus and that these cells posses immunosuppressive
properties. Intra-articular injection of MeSCs promoted me-
niscus regeneration, protected joint surface cartilage, and
maintained joint space width. These findings suggest a new
strategy of articular cartilage protection through meniscus
regeneration induced by intra-articular injection of MeSCs
for patients undergoing meniscectomy.
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