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Abstract

Because of its limited healing capacity, treatments for articular cartilage injuries are still challenging. Since the first report by
Brittberg, autologous chondrocyte implantation has been extensively studied. Recently, as an alternative for chondrocyte-
based therapy, mesenchymal stem cell-based therapy has received considerable research attention because of the relative
ease in handling for tissue harvest, and subsequent cell expansion and differentiation. This review summarizes latest

development of stem cell therapies in cartilage repair with special attention to scaffold-free approaches.
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Introduction

Articular cartilage injuries leading to overt lesions occur
frequently and are quite common. In a prospective study of
1,000 knee arthroscopies, focal chondral or osteochondral
defects were found in 19% of the patients.' Articular carti-
lage does not usually heal spontaneously because of its
avascular and aneural surroundings, as well as its relatively
unique matrix organization. Therefore, a variety of
approaches have been tested to improve cartilage healing
over the past few decades.”’

In the 1980s, bone marrow stimulation techniques,
including subchondral bone microfracture were introduced
(Fig. 1A and 1B). In this technique, multiple drill holes are
made in the damaged cartilage lesion to allow for an influx
of bone marrow cells that stimulates repair with formation
of fibrocartilage in the lesions. Most studies have shown
initial fibrocartilage formation with deterioration of this
newly formed tissue over time.*® Similarly, several authors
have reported a significant decrease in clinical outcome at
longer follow-up relative to short-term high satisfaction.”"
To overcome such unsatisfactory clinical results, a recent
study has shown an improvement in repair tissue quality by
enhancing microfracture with a biomaterial."

In 1994, the first results on autologous chondrocyte
implantation (ACI) were published by Brittberg et al.'* In
the first generation of this ACI technique, autologous chon-
drocytes were isolated from a biopsy of cartilage in a non-
weightbearing location in the knee. The cells were
culture-expanded and subsequently implanted back into the
chondral defects under a periosteal cover (Fig. 1C). The
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Figure 1.

Schematic representation of cell-based cartilage repair. (A) Typical cartilage defect. (B) Marrow stimulation technique.

Subchondral bone penetration to release bone marrow mesenchymal stem cells (MSCs) that form a stem cell-rich clot into the
cartilage defect. (C) First generation of autologous chondrocyte implantation (ACI). Chondrocytes isolated from a biopsy of a non-
weightbearing location are culture-expanded and subsequently implanted under a periosteal cover. (D) Second generation of ACI. A
cover of a collagen membrane replaces the periosteal cover of the first generation of ACI. (E) Third generation of ACI. Autologous
chondrocytes are delivered into the defect using biomaterial scaffolds. (F) Next generation cartilage repair using scaffoldless MSC-
based technique. In vitro generated scaffold-free 3-dimensional tissue-engineered construct (TEC) that is composed of MSCs derived
from synovium and the extracellular matrices (ECM) synthesized by the cells is implanted into cartilage defect.

same group reported that good to excellent long-term results
were considered to occur in 89% of the patients, and 8§ of 12
biopsy specimens showed findings consistent with forma-
tion of hyaline cartilagelike tissue."* On the other hand,
another group reported that 62 patients improved, 6 reported
no change, and 19 worsened at 5-year follow-up.'* Reasons
for failure with the first generation ACI technique included
separation of the periosteal flap from the surrounding carti-
lage and hypertrophy in the periosteal flap that required
subsequent shaving. In the second generation of ACI, a
cover of collagen or a resorbable biofilm replaced the peri-
osteal cover, a modification that does not require harvesting
or suturing of an autologous periosteal flap (Fig. 1D)."”'7 A
recent study showed that the use of a collagen membrane in
combination with autologous chondrocytes leads to supe-
rior clinical long-term outcome compared to the first

generation ACI methodology." In the third generation ACI
technique, autologous chondrocytes were delivered into the
defects using scaffolds made of either synthetic or natural
polymers as the biomaterials (Fig. 1E)."®" This technique
is robust and easy for surgeons to handle and significantly
improves the healing of cartilage defects. Interestingly, a
recent systematic review indicated that either the second or
third generation ACI methodology provided better clinical
results than did the first generation, but with weak evi-
dence.'® While the third generation is technically attractive,
further long-term studies are likely required before the tech-
nique can be widely adopted.

As mentioned above, chondrocyte-based therapies have
been extensively studied over the past decades since the
first report of successful ACL**** However, these proce-
dures may have limitations including the sacrifice of
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undamaged cartilage within the same joint, as well as poten-
tial alterations associated with the in vitro expansion of the
cells. Furthermore, because of the degenerative changes in
cartilage that can accompany aging, the availability of cells
may be limited in elderly individuals, both quantitatively
and qualitatively.”

To overcome such potential problems, stem cell thera-
pies have become a focus to facilitate regenerative tissue
repair. Mesenchymal stem cells (MSCs) have the capability
to differentiate into a variety of connective tissue cells
including bone, cartilage, tendon, muscle, and adipose tis-
sue.”* These cells can be isolated from various tissues such
as bone marrow, skeletal muscle, synovial membrane, adi-
pose tissue, and umbilical cord blood,*? as well as syno-
vial fluid.*® Pluripotent cells isolated from synovium may
be well suited for cell-based therapies for cartilage because
of the relative ease of harvest and their strong capability for
chondrogenic differentiation.”® Synovium-derived cells are
reported to exhibit the greatest chondrogenic potential
among the other mesenchymal tissue—derived cells exam-
ined.”” As other options for a cell source, allogeneic
MSCs*'*? or induced pluripotent stem (iPS) cells*> ** may
also be considered. However, there have not been much evi-
dence using these cells forth coming in terms of preclinical
and clinical safety, and thus further studies with such cells
are likely necessary.

In addition to selection of a cell source, effective local
delivery of cells to chondral lesions has been another area
of concern and the focus of additional research. It is widely
accepted that an appropriate 3-dimensional (3D) environ-
ment is important to optimize cell proliferation and chon-
drogenic differentiation.”> Therefore, a 3D scaffold, which
is seeded with cells, is usually utilized to enhance repair of
the defects. Such scaffolds generally consist of synthetic
polymers such as poly(r-lactide) (PLLA), poly(glycolide)
(PGA), poly (pr-lactide-co-glycolide) (PLGA), algi-
nate,”**? or of biological materials such as collagen, fibrin,
hyaluronan, and chitosan.**** Various scaffolds have been
approved for clinical use by some governmental institu-
tions.* However, there are still several issues associated
with the long-term safety and efficacy of these materials.
Synthetic polymers may have potential problems regarding
retention and degradation in situ.***’ Biological materials
potentially carry the risk of transmission of infectious
agents and initiating immunnological reactions.*®* Taken
together, in order to minimize unknown risk, such materials
should ideally be excluded throughout the treatment proce-
dure, and in this regard, a scaffold-free cell delivery system
would be an excellent alternative.

Recently, several scaffold-free approaches have been
tested. Ebihara et al.> used layered chondrocyte sheets pre-
pared on a temperature-responsive culture dish. With this
technique, cultured cells can be harvested noninvasively
from the dishes by reducing only temperature.”’ Moreover,

because the harvest does not need enzymatic digestion, dif-
ferentiated cell phenotypes are retained. Nakamura et al.*
injected synovial MSCs into the cartilage defect, and kept
the knee immobilized for 10 minutes before wound closure.
They showed that leaving cell suspension in cartilage
defects for 10 minutes made it possible for cells to adhere in
the defect. These techniques would potentially be an attrac-
tive cell-delivery system. However, the delivered cells do
not contain an extracellular matrix (ECM) and it may be
difficult to effectively cover a large chondral defect due to
the availability of a limited number of cells.

To address several of these issues, we have developed a
novel scaffold-free 3D tissue engineered construct (TEC)
that is composed of either human or porcine MSCs derived
from synovium and an ECMs synthesized by the cells. Such
a new, scaffoldless, MSC-based technique could be consid-
ered as the next-generation vehicle for cartilage repair
(Fig. 1F).” In the present review, the suitability and effec-
tiveness of the TEC methodology for cartilage repair and
regeneration will be discussed.

Characterization of Cultured Cells
Derived from Human Synovium

The cultured cells isolated from human synovium displayed
a long-term self-renewal capacity and expanded over at
least 10 passages in basal medium with consistent growth
kinetics (unpublished observations). The cell surface phe-
notypic marker analyses showed that the cells were consis-
tently positive (>80%) for CD13, CD44, and CD90, weakly
positive (3% to 80%) for CD29, CD34, CD54, CD105, and
CD166, and negative (<3%) for CD14, CD31, and CD45.
Although there were slight changes in expression levels of
markers between cells at passages 4 and 7, such profiles are
generally similar to those of MSCs from various tissues
such as bone marrow, adipose tissue, and synovial mem-
brane,””>*** except that the expression of CD105 was some-
what lower in these studies. The differentiation capacity of
the cultured human cells to chondrogenic, osteogenic, and
adipogenic lineages at several passages was confirmed by
in vitro differentiation assays (Fig. 2). Based on these find-
ings, the cultured cells derived from human synovium were
considered to be MSCs.

In Vitro Development of the Basic TEC
Configuration

When synovium-derived MSCs were cultured to conflu-
ence in the basic growth medium, they did not synthesize an
abundant collagenous matrix. In contrast, in the presence of
>0.1 mM ascorbic acid-2 phosphate (Asc-2P), collagen
synthesis significantly increased with time in culture
(Fig. 3A and 3B). Subsequently, the monolayer cell-matrix
complex cultured in Asc-2P became a stiff sheet-like
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Figure 2. Pluripotency of the synovial cells.

(A) Alcian blue staining of the cultured synovial cells under a pellet culture system in chondrogenic medium. There is intense blue staining observed.
Bar = 500 pm. (B) Alizarin red staining of the synovial cells (at passage 5) under osteogenic medium. These synovial cells form a mineralized matrix
as evidenced by Alizarin red staining. Bar = 100 ym. (C) Oil-red O staining of synovial cells (at passage 5) after exposure to an adipogenic medium.
Morphological changes in cells, as well as the formation of neutral lipid vacuoles are noticeable. Bar = 100 pym.

structure, a structure that could be readily detached from the
substratum by exerting mild shear stress at the cell-substra-
tum interface using gentle pipetting. After detachment, the
monolayer sheet immediately began to actively contract
and evolved into a thick 3D tissue (Fig. 3C). Histology and
scanning electron microscope (SEM) assessment of this 3D
tissue indicated that the cells and the corresponding ECM
were 3 dimensionally integrated together at high cell den-
sity. Immunohistochemical analysis showed that the TEC
was rich in collagen I and III. In contrast, there was no
detectable expression of collagen II within the TEC.
However, fibronectin and vitronectin were also abundant in
the TEC (Fig. 3D). Notably, all the molecules detected were
diffusely distributed throughout the matrix and there was no
overt polarity to the matrix organization within the TEC. As
the TEC developed when the matrix folded and contracted,
it was apparent that the layers were integrated into each
other. When complete, the folding a process which led to
development of one spherical body several millimeters
thick (Fig. 3E and 3F). This contracted tissue was termed a
tissue-engineered construct (TEC) derived from MSCs.

The Basic Human TEC Has Adhesive
Properties That Facilitate Association
and Adhesion to a Cartilage Matrix

As mentioned above, because of its unique matrix organiza-
tion, articular cartilage exhibits antiadhesive properties and
therefore, integration of the implanted tissue to the adjacent
cartilage normal matrix has been an issue in the treatment of
chondral injuries.’ To overcome this problem, most implan-
tation procedures to repair chondral lesions have required
an enzyme treatment of the surface of the cartilage matrix,
reinforcement of the initial fixation by suturing,””** or by
the use of absorbable pins.* However, an animal study
revealed that a suture track in the surrounding articular car-
tilage remained unhealed, and thus becomes a defect, which

could potentially be a trigger site for subsequent degrada-
tion of matrix around the margin between the implant and
the adjacent cartilage tissue.”” Therefore, to avoid such
potential complications, an implantable tissue that pos-
sesses highly adhesive properties to cartilage tissue is likely
advantageous for secure tissue integration.

To test the adhesive property of TEC to an established
intact cartilage matrix, basic human TECs were placed on
the injured surfaces of thawed fresh-frozen human chondral
fragments. Within 5 minutes, the TEC had adhered to the
chondral fragments. When the TEC-chondral complexes
were further cultured for 7 days, they remained stably asso-
ciated for the entire time. Histology at day 7 showed close
adhesion of the TEC to the injured surface of the chondral
fragments (Fig. 4A). Immunohistochemistry showed that
fibronectin (Fig. 4B) and vitronectin (data not shown) were
localized at the interface between the TEC and the injured
surfaces of chondral fragments.

Chondrogenic Differentiation Capacity
of Human TECs

TEC derived from human MSC were cultured in a chondro-
genic medium containing BMP-2 showed increased glycos-
aminoglycan (GAG) synthesis and deposition as evidenced
by intense Alcian blue staining (Fig. SA). The quantifica-
tion of GAGs indicated that GAG synthesis was signifi-
cantly higher in the TEC exposed to the chondrogenic
medium compared to those generated in the absence of such
components (Fig. 5B and SC). Detection of cartilage-spe-
cific markers, collagen II (Col2al), aggrecan, and sox9
messenger RNA (mRNA) by semiquantitative reverse tran-
scription—polymerase chain reaction (RT-PCR) confirmed
the cartilage-like phenotype of the TEC exposed to the dif-
ferentiation medium. Untreated basic TEC, as well as
monolayer cell cultures, showed only weak expression of
these cartilage-specific markers (Fig. 5SD).
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Figure 3. Development of the tissue-engineered construct (TEC). (A) Photomicrograph of monolayer culture in the absence (left)
or presence (right) of 0.2 mM ascorbic acid 2-phosphate (Asc-2P). Bar = 100 pm. (B) The hydroxyproline contents of the TEC (1.6

x 10° cells/12-well culture plate) cultured in the growth medium in the absence or presence of Asc-2P (0.1, |, and 5 mM). There is

a significant increase in collagen synthesis when Asc-2P is added at the concentration of more than 0.1 mM over 7 days (N = 4, P <
0.001, compared with 0 mM). There is no significant dose effect of Asc-2P at more than 0.1 mM. In the presence of Asc-2P, collagen
synthesis was significantly increased with time-dependency (P < 0.001). (C) Macroscopic view (left, bar = | cm), photomicrograph
(middle, bar = 100 pm), and scanning electron microscopic view (right, bar = 20 uym) of the TEC. (D) Immunohistochemical analysis of
the TEC stained with type | collagen (Col I), type Il collagen (Col Il), type lll collagen (Col Ill), fibronectin, vitronectin, and negative IgG
(control). Red are nuclei and green is target antibody. Adhesion molecules such as fibronectin and vitronectin are diffusely distributed
within the TEC. Bar = 100 um. (E) Macroscopic view of the TEC (8.0 x 10° cells/6-cm dish, 14 days culture) that was integrated to
one spherical body. The diameter of this TEC was 5 mm and the thickness was 2 mm. (F) Hematoxylin and eosin staining (left), and
fibronectin staining (right) of the TEC that was integrated to one spherical body with additional 7 days culture. Bar = 100 pm.
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Figure 4. Tissue-engineered constructs (TECs) exhibit
adhesiveness to a normal cartilage matrix. (A) Photomicrograph
(hematoxylin and eosin staining) of a cultured chondral fragment
for 7 days after the implantation of a TEC on the injured surface.
As can be seen, the bioengineered tissue is closely attached to
the injured surface. Bar =200 pm. (B) Immunohistochemical
analysis staining for fibronectin in area enclosed by dotted
rectangle in A. Bar = 50 pm.

Basic Porcine TECs Can Effectively
Repair Chondral Defects In Vivo and
Inhibit the Progression of Chondral
Defects to Overt Osteoarthritis in
Both Skeletally Mature and Immature
Animals

One of the crucial factors that may affect the results of cell-
based therapies is the age of the donors and the recipients.
Regarding the cell proliferation and differentiation capaci-
ties of MSCs, it is controversial as to whether they are age-
dependent™® or not?**% In terms of the host tissue
reaction, natural healing responses of osteochondral defects
has been compared between immature and mature animals
using rabbit models, and in this species, the studies demon-
strated better healing responses in immature animals.*”’””’’ On
the other hand, there have been no studies which compared
the results of cell-based repair of chondral defects between
immature and mature animal models. Regarding the use of a
clinically relevant animal model for cartilage repair, it is dif-
ficult to create a chondral injury that does not breach the
subchondral bone in small animals such as rabbits, rats, and
mice because of the limited thickness of their articular carti-
lage, and therefore, these conditions may not be as clinically
relevant as use of a larger animal. Thus, in consideration of
clinical relevance, it is preferable to utilize a large animal
model to investigate the influence of maturity on the results
of cell-based therapies to repair chondral lesions. Therefore,
in order to assess the efficacy of the TEC in an in vivo model,
a porcine model was chosen as the physiology of the pig is
similar to that of humans in many respects,’' and porcine
articular cartilage of the knee is sufficiently thick as to allow
creation of a chondral defect without damaging

the subchondral bone. Prior to performing such studies, a
preliminary characterization of the ability of porcine-derived
MSC from synovium to generate a TEC comparable to that
discussed above for the human MSC was undertaken. To
that end, we compared the in vitro characteristics of cell pro-
liferation and chondrogenic capacity in porcine MSCs iso-
lated from skeletally immature animals (3-4 months old)
with mature animals (12 months old). Cell number assess-
ments, as well as WST-1 assays, demonstrated that there
were no significant differences in the proliferation capacity
of porcine synovial MSCs derived from immature or mature
animals (Fig. 6A and 6B). In addition, there were no signifi-
cant differences in chondrogenic capacities between MSCs
isolated from immature and mature animals, based on the
results of collagen II mRNA expression levels detected by
RT-PCR, GAG synthesis, or Alcian blue staining using a
pellet culture system (Fig. 6C-6F). To test the feasibility of
using the porcine TEC approach for a wide range of recipi-
ent ages without chondrogenic manipulation to repair a
chondral injury, immature as well as mature porcine chon-
dral injury models were utilized in experiemental studies.
After implantation, the TEC firmly adhered to the injured
joint surface without suturing. To confirm the early adhesion
mode of the TEC to the injured surfaces, histology at day 7
was assessed. The TEC were tightly adhered to the injured
chondral surfaces (Fig. 7A). Higher magnification revealed
that the adhesion was mediated by matrix-to-matrix interac-
tion (Fig. 7B) and, as shown in the in vitro culture study,
fibronectin was localized to the interface between the TEC
and the surface of the defects (Fig. 7C). At 6 months postim-
plantation, regardless of starting age untreated lesions exhib-
ited no evidence for repair or only partial tissue coverage,
while the defects treated with a basic TEC were totally or
primarily covered with repair tissue (Fig. 7D). The mean
macroscopic scores for the TEC groups (1.50 + 0.50, imma-
ture group, and 1.50 + 0.50, mature group) were signifi-
cantly higher than those for the untreated groups (0.25 +
0.50, immature group, and 0.67 = 0.75, mature group) (P =
0.017 and P = 0.034, respectively) (Fig. 7E). In this situa-
tion, a lower score is suggestive of a failure to resolve the
injury and progression toward overt osteoarthritis.
Histologically, the chondral lesions in the nontreatment con-
trol groups showed evidence of osteoarthritic changes, with
loss of cartilage and destruction of subchondral bone in both
skeletally immature and mature animals (Fig. 7F).
Conversely, when treated with a TEC, the defects were filled
with repair tissue exhibiting good integration to the adjacent
cartilage and the restoration of a smooth surface, regardless
of age at the time of implantation (Fig. 7F). Higher magnifi-
cation views indicated that there was good tissue integration
to the adjacent cartilage obtained when the TEC were
implanted in both immature and mature animals (Fig. 7G
and 7H, arrows). The repair tissue exhibited predominantly
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Figure 5. Chondrogenesis of the tissue-engineered construct (TEC). (A) Alcian blue staining of a monolayer of cultured synovial
cells, a TEC in control medium or in chondrogenic medium for 14 days, respectively. (B, C) The quantification of Alcian blue staining
(B) and glycosaminoglycan (GAG) contents (C) of a monolayer culture complex, or a TEC in control medium or chondrogenic
medium, respectively. GAG synthesis is significantly higher in the TEC cultured in chondrogenic medium (N = 8, 1P = 0.047, P =
0.016). (D) Semiquantitative reverse transcription—polymerase chain reaction (RT-PCR) analysis for chondrogenic marker genes, type
Il collagen (Col2al), aggrecan, Sox 9, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

spindle-shaped fibroblast-like cells in the superficial zone of
the repair tissue, while the majority of the remaining repair
matrix contained round-shaped cells in lacuna (Fig. 71 and
7J). Following implantation, no histological findings were
obtained that suggested either central necrosis of the
implanted TEC or that an abnormal inflammatory macro-
phage and lymphocyte response consistent with some form
of immunological rejection had occurred in this allogenic
situation, regardless of the age.of the pigs. Using histologi-
cal scoring, the TEC groups exhibited significantly higher
scores than did the control group in all criteria categories in
the immature animals (Fig. 7K). However, in mature ani-
mals, the TEC group had significantly higher scores than did
the corresponding control group in all categories except the
“Matrix” and “Cell Distribution” categories (Fig. 7L).
Comparing the repair tissues developing following TEC
implantation in immature and mature animals, no significant
differences were detected (Fig. 7M).

The Mechanical Properties of Porcine
Chondral Defects Treated with a
Porcine-Derived TEC Approximates
Those of Normal Cartilage at 6
Months Postimplantation

It is accepted that articular cartilage is a biphasic viscoelas-
tic material which exhibits strain-rate dependent mechani-
cal behavior.”* It means that the viscoelasticity of cartilage
which retains interstitial water might be mainly reflected in
faster compression test, while the matrix viscoelasticity
without interstitial water could be mainly reflected in slower
compression tests.

In the tissue localized in the defects of the untreated con-
trol group, the tangent modulus (defined as the slope of the
curve at 5 % strain) in immature animals was significantly
lower than that for normal cartilage at a compression rate of
either 4 pm/s (Fig. 8A) or 100 um/s (Fig. 8B). In contrast,
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Figure 6. Cell proliferation assay and chondrogenic potential of porcine mesenchymal stem cells (MSCs) derived from immature and
mature animals. The cell proliferation assay was assessed by cell counting (A) and the WST-1 method (B). There were no significant
differences in proliferative capacity between immature (N = 3) and mature porcine synovial MSCs (N = 3). Chondrogenic potential

of porcine MSCs derived from immature and mature animals assessed by reverse transcription—polymerase chain reaction (RT-PCR)
for collagen Il expression (C, D), Alcian blue staining (E), and glycosaminoglycan (GAG) synthesis (F). Bar = 200 mm. There were no
significant differences detected between immature-cell pellets (N = 3) and mature-cell pellets (N = 3) by RT-PCR analysis (D) or GAG

synthesis (F).

there were no significant differences detected between the
tangent modulus for the repair tissue resulting from implan-
tation of a TEC and that for normal cartilage at either 4 pm/s
(Fig. 8A) or 100 pum/s (Fig. 8B) in immature animals.
Similarly, the mean tangent modulus in the untreated mature
animals was significantly lower than that for normal carti-
lage at a compression rate of 4 pm/s (Fig. 8A), while there

were no significant differences detected between the tan-
gent modulus for repair tissue in mature recipients treated
with a TEC and that for normal cartilage at either 4 pm/s
(Fig. 8A) or 100 pm/s (Fig. 8B). These results suggest that
the viscoelastic properties of the tissue in defects repaired
by TEC implantation are likely similar to those of normal
cartilage, regardless of age at the time of implantation.
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(C) of porcine chondral defects treated with a TEC at day 7. Arrows indicate interface between the TEC and the cartilage defect. Bar =
50 pm. (D) Macroscopic view of immature or mature porcine chondral lesions treated with a TEC or left untreated at 6 months after
surgery. Bar = 10 mm. (E) Macroscopic score of chondral lesions treated with a TEC (immature animals, N = 8; mature animals, N = 6)
or left untreated (immature animals, N = 4; mature animals, N = 6) at 6 months postsurgery. Regardless of age, the TEC group showed
significantly higher scores than did the untreated group. *P < 0.05. (F) Safranin-O staining of untreated chondral lesions or lesions repaired
with a TEC. Bar = | mm. (G-J) Higher magnification view at the TEC/normal cartilage boundary area (G, H) and the central area (1, )

of TEC-mediated repair tissue. Bar = 200 mm. Regardless of age, the defects treated with a TEC were completely filled with Safranin-O-
positive repair tissue (1, J) with good integration to normal cartilage (G, H, arrow). (K-M) Modified International Carticlage Repair Society
(ICRS) score for repair cartilage in immature (K) and mature animals (L). The TEC group (N = 8) exhibited significantly higher scores than
did the untreated control group (N = 4) in all the criteria categories in the immature animals. P < 0.05. Likewise, the TEC group (N = 6)
exhibited significantly higher scores than did the untreated control group (N = 6) in all the criteria categories except for the “Matrix” and
“Cell Distribution” categories in the mature recipients. *P < 0.05. (M) As to the quality of the repair cartilage mediated by the TEC, there
were no significant differences observed in any criteria category between the immature (N = 8) and mature animals (N = 6).
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Figure 8. Mechanical assessment of in vivo implanted tissue-
engineered construct (TEC) in porcine chondral defect model.
(A, B) The results of compression tests at slower compression
speed (4 pm/s) (A) and at faster compression speed (100 pm/s)
(B). (Immature animals: normal cartilage, N = I |, TEC, N =

7, untreated, N = 4. Mature animals: normal cartilage, N = 5,
TEC, N =5, untreated, N = 5.) Regardless of age, there were

no significant differences detected in the tangent modulus of the
repair tissue mediated by a TEC compared with normal cartilage
at either the slower or faster compression speed. Conversely, the
untreated cartilage defects, whether immature or mature, showed
significantly lower tangent modulus than did normal cartilage at
either the slower or faster compression speed. “P < 0.05.

Comparison of Zonal Structure and
Mechanical Properties of Repair
Cartilage Resulting from Implantation
of a Porcine-Derived TEC

As mentioned above, following implantation for 6 months,
TEC efficiently led to the repair of chondral defects by
mediating the development of a cartilage-like tissue without
the involvement of any detectable immunologic reaction,
regardless of skeletal maturity.' However, more detailed
observations revealed that more spindle-shaped fibroblast-
like cells were dominant in the superficial area of the repair
tissue and this was not observed in normal cartilage.*"*7*
Therefore, we investigated the quality of the repair cartilage
generated from implantation of a TEC derived from synovial
mesenchymal stem cells at 6 months postimplantation in
more detail, especially in the superficial zone location. This

repair material was then compared with that from uninjured
cartilage using the same porcine chondral defect model dis-
cussed above. TEC-mediated repair tissue was cartilaginous
with Safranin O staining (Fig. 9A), and had macroscale
compressive properties comparable to uninjured cartilage
(Fig. 9B and 9C). However, morphological assessments
revealed that the superficial zone of the TEC-mediated
repair tissue was more fibrocartilage-like, in contrast to the
middle or deep zones that were more hyaline cartilage-like
with Safranin O staining (Fig. 9D). Histological scoring of
the TEC-mediated repair tissue indicated it was significantly
compromised in the superficial zone compared to the middle
and deep zones (Fig. 9E). Scanning electron microscopy
showed a thick tangential bundle of collagen fibers at the
most superficial layer of uninjured cartilage, while no such
corresponding structures were detected at the surface of
TEC-mediated repair tissues (Fig. 9F). Interestingly, immu-
nohistochemical analysis revealed that the lubricating mol-
ecule PRG4 was localized to the superficial area of uninjured
cartilage, as well as the TEC-mediated repair tissue (Fig.
9G). Friction testing showed that the lubrication properties
of the 2 tissues were similar (Fig. 9H). However, microin-
dentation analysis revealed that the surface stiffness of the
TEC-repair tissue was significantly lower than that of unin-
jured cartilage (Fig. 9I). Permeability testing indicated that
the TEC-mediated repair tissue exhibited lower water reten-
tion capacity than did uninjured cartilage, specifically at the
superficial zone (Fig. 9J). Taken together, cartilage defects,
repaired by implantation of a scaffold-free TEC derived
from synovial mesenchymal stem cells, becomes a cartilagi-
nous tissue that exhibits macroscale compressive properties
similar to uninjured cartilage. However, the TEC-mediated
repair cartilage lacks the lamina splendens, as well as the
superficial tangential zone, and exhibits inferior microscaled
mechanical properties such as surface stiffness and water
retention capacity. Further improvement of these surface
structures will be required to optimize cartilage regenera-
tion. As well, assessment of TEC-mediated repair tissue
properties at longer time points post-implantation to deter-
mine whether the quality improves with time, or perhaps
requires some biological assistance to improve the superfi-
cial zone location.

Clinical Trials Using a TEC Derived
from Human Synovial MSCs for Repair
of an Isolated Cartilage Defect

Based on the encouraging results of the preclinical studies
discussed above, we have now proceeded clinical studies
under the auspices of an approved first in human protocol.”
Patients with symptomatic chondral lesions of the knee, and
who meet the inclusion criteria (isolated chondral lesion
<5 cm?, 20 to 60 years of age, with normal alignment) have
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Figure 9. Comparison of zonal structure and mechanical properties of repair cartilage generated from a porcine-derived tissue-engineered
construct (TEC). (A) Safranin O staining of uninjured normal porcine articular cartilage and chondral lesions treated with or without a TEC
at 6 months after implantation. Bar = 100 um. (B) Typical stress—strain relationships of TEC-treated repair tissue compared with those

of uninjured cartilage and defects left untreated. (C) Tangent modulus of uninjured cartilage (n = 10), repair tissue in chondral lesions of

the group treated with a TEC (n = 6), and those in the untreated group (n = 3) at compression rate of 4 pm/s. *P < 0.05, compared with
uninjured cartilage. °P < 0.05 compared with the TEC-treated group. There were no significant differences between the tangent modulus of
TEC-mediated repair tissue and that of uninjured cartilage. (D) Safranin O staining of superficial, middle and deep zone of porcine chondral
lesions 6 months after implantation of TECs and uninjured cartilage. Bar = 25 pm. (E) Zonal histological and histochemical grading scale

of uninjured articular cartilage and TEC-mediated repair tissue (n = 8). **8P < 0.001; ®*"P < 0.01; *'P < 0.05 compared with the uninjured
cartilage. (F) Scanning electron microscopic (SEM) view of normal porcine cartilage and chondral lesions treated with a TEC at 6 months
after implantation (upper pictures). Bar = 100 um. Higher magnification SEM view of uninjured porcine cartilage and chondral lesions treated
with a TEC (lower pictures). Bar = 25 pm. Arrow; the thickness of the superficial layer. (G) PRG4/Lubricin expression at the surface zone

of uninjured porcine cartilage and chondral lesions treated with or without a TEC. (H) Frictional coefficient of uninjured cartilage (n = 11)
and chondral lesions in the TEC-treated group (n = 7) at 60 seconds with the application of a compressive force of 1.76 N. There were no
significant differences between the frictional coefficients of repair tissue following implantation of a TEC and those of normal cartilage. (I) The
surface stiffness of normal cartilage, the repair tissue of chondral lesions in the TEC-treated group, and that in the untreated group. *P < 0.05,
®p < 0.05 compared with normal cartilage. (J) Permeability of uninjured cartilage (n = | 1) and repair tissue in chondral lesions of the TEC-
treated group (n = 7) at the surface, middle, and deep zone. °P < 0.05, compared with normal cartilage.
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Figure 10. Arthroscopic and magnetic resonance imaging (MRI) analyses of repair tissue following implantation of a tissue-engineered
construct (TEC) to repair human chondral defects in clinical trial. (A, B) Arthroscopic views of the preoperation defect and then

| year after implantation of a TEC. The cartilage defect was completely covered with a cartilage-like repair tissue. (C) T2-weighted
mapping of the lesion at the femoral groove. Left, before implantation; right, | year after implantation.

been enrolled (Fig. 10A). Under general or spinal anesthe-
sia, approximately 1 g of synovial membrane is harvested
from the knee joint, which is then subjected to the isolation
and culture of MSC for their separation and expansion.
Following 3 to 5 weeks post—tissue harvest, the TECs are
prepared for autologous implantation. By mini-arthrotomy
or arthroscopy, the chondral lesion is debrided so as to not
breach the subchondral bone. Before implantation, the TEC
is washed several times with sterile phosphate buffered
saline to minimize calf serum—related protein contamina-
tion, followed by the adjustment of the TEC size to match
that of the chondral defect. Implantation is completed
within 5 to 10 minutes, without any reinforcement for fixa-
tion. The knee is immobilized in a brace for 2 weeks fol-
lowed by the initiation of range-of-motion exercises and
muscle exercises. Full weightbearing is allowed 6 to 8
weeks after implantation surgery. Return to strenuous activ-
ity is allowed approximately 12 months following implan-
tation. The duration for follow-up is 1 year and the primary
end point of this study is an analysis of adverse reactions.

The secondary end point is the assessment of feasibility,
which consists of subjective assessment (visual analog
score [VAS] for pain, Knee Injury and Osteoarthritis
Outcome Score [KOOS]), and structural assessment. For
the structural assessment, histologic analysis of a biopsy
specimen at 12 months and magnetic resonance imaging
(conventional and quantitative such as T2-weighted map-
ping) at 3, 6, and 12 months are performed. The preliminary
results indicate that this treatment restored normal joint
function by completely covering the cartilage defect with
cartilage-like repair tissue (Fig. 10B) with high T2-weighted
mapping profile (Fig. 10C). This clinical study will be com-
pleted by March 2015.

TEC Derived from Synovial MSCs: The
Next-Generation Cell-Based Strategy
to Regenerate Cartilage

The present review has demonstrated the feasibility of using
a unique scaffold-free TEC generated from synovial MSCs
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for effective cell-based cartilage repair. The cultured
synovium—derived cells had high self-renewal capacity and
stable expression profiles for surface antigen characteristics
through passage 4 to 7, similar to what has been observed
for bone marrow—derived MSCs. Furthermore, these cells
retained the capability for osteogenic, chondrogenic, and
adipogenic differentiation as previously reported.® Thus,
the cultured synovium—derived cells have characteristics
similar to those of MSCs derived from other sources, and
consequently, the in vitro generated TEC could be regarded
as an MSC-based 3D bioengineered tissue.

The development of a 3D tissue without an artificial
scaffold is the crucial center of this tissue engineering tech-
nology, a technology that is based on the active contraction
of a cultured monolayer cell/matrix complex. The phenom-
enon of active tissue contraction to form a TEC is some-
what similar to that observed with cells in collagen gels.”®”’
As reported in previous collagen gel studies,”® negative
regulators of the actin-cytoskeleton significantly inhibit the
contraction of the monolayer sheet and generation of a con-
tracted TEC (unpublished observations). Contractile forces
generated within the actin-cytoskeleton of the cultured
MSCs may be at least partially involved in this active tissue
contraction. Importantly, the TEC develops without any
exogenous scaffold and therefore, implantation of the TEC
would have minimal risk of potential side effects induced
by artificial or extrinsic biological materials contained in a
scaffold. Furthermore, we confirmed that human serum is
no less effective than bovine serum in promoting prolifera-
tion of synovium-derived MSCs without losing the differ-
entiation potential of the cells (unpublished observations).
Accordingly, with the use of autologous human serum, it is
technically possible to develop the TEC in a xeno-free sys-
tem, a set of circumstances which would minimize the risk
of infectious agents, as well as immune reactivity develop-
ing to the TEC via any associated xeno-proteins.*

Since the active contraction of the monolayer cell/matrix
complexes could be expected as a natural course when the
culture conditions of the complex converts from a conven-
tional adherent culture to a suspension culture, as has been
reported in previous collagen gel contraction studies,” the
safe and reproducible detachment of the cultured mono-
layer cell/matrix complex is a crucial element of this tissue
engineering technology. Previous studies have shown the
feasibility of using a temperature sensitive culture dish to
detach a cultured cell sheet from the substratum.”
Conversely, the present TEC method does not require any
special equipment and thus could be an easier and more
direct method to accomplish the same purpose.

A further structural advantage of the TEC is that the
MSCs and the ECM synthesized by the cells are integrated
together into a 3D structure with a uniform cellular distribu-
tion. Thus, there is no need to modify or adjust the cellular
distribution within the TEC. It is also notable that the TEC

possesses sufficiently self-supporting mechanical proper-
ties in spite of the fact that it does not contain an artificial
scaffold. The tensile strength of the TEC, which is devel-
oped in the presence of Asc-2P for 14 or 21 days, is compa-
rable to that of healing ligament tissue at 1 to 2 weeks after
injury.® Therefore, such TEC can be readily handled with-
out causing overt damage to the matrix during implantation
procedures.

Another important biological characteristic of the TEC
described in this report is its tissue adhesiveness. This
property contributes to the rapid and secure adhesion of
the TEC to a natural cartilage matrix and thus, simple
implantation procedures for the placement of the TEC into
chondral lesions or defects could be expected to proceed
without augmentation of the initial fixation. Moreover,
such adhesiveness also enables rapid self-association
internally with its own matrix, a factor that likely contrib-
utes to the tissue plasticity of the TEC. In reality, it is thus
possible to develop a spherical-shaped tissue several mil-
limeter thick by allowing the released monolayers from
several dishes to fold in series. With such “plasticity,” it is
possible to develop a TEC that matches the needed size
and shape to repair a chondral defect more than several
millimeters in thickness. Although we have not yet identi-
fied the crucial factor(s) that determine the tissue adhe-
siveness of the TEC, immunohistochemical analysis has
shown that fibronectin and vitronectin are localized at the
interface between the TEC and the base of the chondral
lesions. Therefore, fibronectin and vitronectin may likely
be, at least partially, involved in the adhesive properties of
these in vitro generated TEC.

It is known that a 3D culture environment at high den-
sity, such as in micromass cultures®' or pellet cultures,™ is
an important variable to promote chondrogenesis. However,
these methods cannot be directly applied to most clinical
situations because of limitations in the mass size of the
materials.”> The present studies revealed that the TEC
approach overcomes this problem of tissue size while pro-
viding a 3D and highly dense environment for the MSCs to
differentiate toward a chondrogenic phenotype following
implantation without leading to cell and tissue necrosis. The
TEC originally does not contain chondrogenic marker mol-
ecules such as collagen II, and instead is rich in collagen |
and III. However, following implantation in vivo, the basic
TEC which did not receive ex vivo stimulation toward chon-
drogenic differentiation, appears to have responded to the
endogenous environment and evolved a matrix composition
to that of a chondrogenic tissue. The findings from the in
vitro chondrogenesis experiments suggest that local bio-
logical and mechanical environment factors may facilitate
degradation of the “old” matrix followed by the synthesis of
a new chondrogenic matrix, thus leading to an overall phe-
notypic change of the matrix within the TEC during postim-
plantation chondrogenic differentiation in vivo.
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The series of in vitro experiments reported suggest that
the TEC are plastic, adhesive, and capable of chondrogenic
differentiation, and a unique and promising implant for car-
tilage repair. This possibility was initially confirmed fol-
lowing assessment of TEC implanted in vivo into porcine
chondral defects. The TEC firmly attached to the surface of
injured cartilage at the initial stage of implantation, and thus
a sutureless implantation was possible. Thereafter, the TEC
maintained good tissue integration to the adjacent cartilage
matrix and the repair tissue exhibited chondrogenic differ-
entiation without any evidence of central necrosis out to 6
months after implantation. This biological integration was
already evident 3 months after implantation. Using the
modified ICRS histological score,* it was shown that the
repair tissue with the TEC implants was histologically supe-
rior compared with that of the control lesions in all aspects
and implantation of the TEC appeared to prevent progres-
sion of the defects toward overt osteoarthritis. Biomechanical
analysis also revealed that the tissue repaired with the TEC
implant exhibited modulus and frictional properties similar
to the properties of normal cartilage. To our knowledge, this
study was the first demonstration of a successful MSC-
based therapy for repair of a chondral injury without breach-
ing the subchondral plate. Additionally, these results were
equivalently observed in both immature and mature ani-
mals. Therefore, this study would support the clinical appli-
cation of this strategy to promote cartilage repair and
regeneration in patients over wide range of patient ages.
This may be particularly relevant to older patients where
autologous chondrocytes are limited in number and quality.
Also, this procedure has been translated into clinical trials,
and the preliminary clinical results indicate that this treat-
ment restored normal joint functions by covering the carti-
lage defects with a predominantly hyaline-like cartilage
repair tissue. Therefore, these studies would support the
clinical application of this TEC strategy to promote carti-
lage repair and regeneration in appropriate patients with
defined chondral lesions.

It is notable that the implantation of TEC without any
pretreatment to promote a specific differentiation pathway
resulted in tissue repair associated with an active chondro-
genic differentiation response. However, the repair was not
perfect, in that the repair tissue still contained some fibrous
tissue, mainly at the surface or in the superficial zone. In the
detailed biomechanical studies discussed above, the TEC-
mediated repair cartilage still exhibited some compromised
mechanical properties at the superficial zone, properties
that likely need improvement in the future for maintenance
of long term repair cartilage integrity.”

However, it should be noted that the implanted TEC did
not exhibit any inappropriate phenotypic changes. While
the mechanisms underlying the success obtained thus far
are still not clearly delineated, it should be noted that the
animal model used in the present study involved a chondral

injury that did not breach the subchondral plate and thus, an
environment relatively free of bleeding and bone marrow
leakage at the site of the lesion. Such conditions might be
involved in the specific chondrogenic differentiation
observed in vivo rather than fibrocartilage development
which is observed after breaching the subchondral bone
barrier with the microfracture method. However, to attain a
more extensive chondrogenic differentiation response
including surface area, some biological manipulation of the
TEC may be required before (or after) implantation to fur-
ther optimize the rate and extent of repair, and this direction
is the focus of some of our current research. In addition, the
use of TEC in the repair of osteochrondral defects is cur-
rently underway.

In conclusion, we have elucidated many of the character-
istics of a scaffold-free 3D synthetic tissue (TEC) derived
from cultured synovium-derived MSCs as a unique and
promising implant for cartilage repair. This was demon-
strated in vivo using a preclinical model of a range of
ages’”"** as well as more recently in clinical trials. Because
of the scaffold-free nature of the in vitro—generated struc-
ture, implantation of the TEC could yield more long-term
safety and efficacy than that derived from scaffold-based
cell therapies. Being a collagen I-rich matrix, the basic
TEC could also be potentially suitable for augmenting
repair of compromised skin, or enhancing the repair of liga-
ments or tendons, which are also collagen I rich. Since the
TEC also has osteogenic or adipogenic differentiation
capacity, the basic TEC could likely also be used for other
applications. Moreover, the TEC could be developed from
MSCs derived from other tissues, such as adipose tissue
which is an abundant source of MSC and readily obtained
without entering the joint. Therefore, tissue engineering
using the TEC technology could potentially provide a vari-
ety of therapeutic interventions in regenerative medicine for
a number of tissue applications using MSC from different
sources.
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