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Cell sheet technologies for cartilage repair

M. SATO, Tokai University School of Medicine, Japan

Abstract: This chapter outlines the principles of cell sheet technology, its
clinical applications, how to repair cartilaginous defects using layered
chondrocyte sheets, the properties of layered chondrocyte sheets, future
trends in cartilage repair, and regulation of this area in Japan.

Key words: cell sheet, temperature-responsive culture dish, articular
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10.1 Introduction

This section outlines cell sheet technology, specifically introducing the
temperature-responsive culture dish. Cell sheets can be obtained without
enzymes. It is also possible to obtain layered constructs, Prof. Okano,'* from
Tokyo Women’s Medical University, developed this technology involving the
building of three-dimensional tissue constructs, consisting of individual units of
the cell sheets with tight junctions between the cells and extracellular matrices.
A temperature-responsive culture dish is used to obtain the cell sheet. An N-
isopropylacrylamide monomer solution is spread on commercial tissue culture
polystyrene dishes. These dishes are then subjected to electron beam irradiation,
thus resulting in polymerization and covalent binding of the isopropylacryl-
amide to the surface of the dish.

Poly N-isopropylacrylamide (PIPAAm) is a unique polymer that exhibits
thermally reversible soluble-insoluble changes in an aqueous solution in
response to temperature changes across an LCST (lower critical solution
temperature) of 32°C. Polymerized chains of acrylamide hydrate to expand in
water below the LCST, while the isopropyl group dehydrates to form compact,
insoluble conformations above the LCST. These dishes, therefore, reverse their
hydrophobic and hydrophilic properties in response to changing temperature.
When the temperature-responsive polymer (PIPAAm) is fixed to a cell-culturing
dish using Bionano interface technology, the surface of the plate changes in
response to temperature change across an LCST of 32 °C. The surface becomes
hydrophobic above 32 °C, which enables cells to attach to the surface and grow.
However, when the temperature is reduced to 20°C, the polymer surface
becomes hydrophilic and the hydrated polymer chains allow the cultured cells to
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70.17 Cell detachment mechanism of temperature-responsive surface of the
dish. Cultured cells by using a temperature-responsive surface could be
released from the dish surface only by reducing the temperature without
proteolytic enzyme. N-isopropylacrylamide monomer solution was spread onto
commercial tissue culture polystyrene dishes. The surface of the temperature-
responsive culture digh is grafted with a polymer (poly-/V-isopropylacrylamide)
which becomes either hydrophilic or hydrophobic in a reversible manner,
depending on the temperature. Based on this characteristic, the temperature-
responsive culture dish has a weakly hydrophobic surface similar to that of
commercially available dishes and it can be used to culture cells in a
conventional manner when the temperature is 37 °C or higher, However, the
surface of the dish becomes hydrophilic when the temperature falls below the
critical solution temperature of 32°C. Therefore, confluent sheets of cultured
cells can be spontaneously released from the hydrophilic dish surface by
reducing the temperature to below 32°C.

detach easily (Fig. 10.1, Movie: http://www.cellseed.com/technology-e/
003.html). Cells detach because the hydrophobic surface they are attached to
disappears below the LCST of 32°C. Since cell-damaging enzymes are not
required, cells can detach while maintaining the cell--cell junction. This enables
the cultured celis to be harvested as a single ‘sheet’. The cell sheets are highly
effective when transplanted into patients due to the tight connections between
the cells. The cultured cell sheet can be casily moved and layered upon other
cultured cell sheets to generate a 3-dimensional cell culture. If fibronectin is
present, the multiple-layer cell sheets are easily constructed by simply laying
one cell sheet on top of another. The technology is ultimately applicable to the
construction of organs by layering different types of cell sheet.

10.2 Overview of present clinical applications

This section will discuss the present clinical applications of cell sheet tech-
nology (i.e., the regeneration of the cornea. myocardium, esophageal mucosa,
etc.). Prof. Okano and his colleagues are working on building three-dimensional
tissue constructs. Cell sheet technology has already been used for regenerative
medicine in corneal> and myocardial tissues.” * In Japan, the lack of cornea
and heart donors and the immune system’s reaction to a transplanted organ are
recognized as serious problems. Prof. Nishida, at Tohoku University, has
produced cell sheets from the cultured epithelial stem cells of corea and oral
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mucosal cells. He has transplanted these two types of cell sheet into more than
12 patients without sutures for tissue regeneration and has had excellent clinical
results. Prof. Sawa, at Osaka University, made cell sheets from cultured
myoblasts of the femur of a patient with dilated cardiomyopathy who underwent
surgery for the implantation of a ventricular assist device in February 2006. He
transplanted 20 cell sheets into the walls of the left ventricle of the heart in May
2007. The patient recovered well and he no longer needed the ventricular assist
device, which was removed in September 2007. This was the first report of
successful cell sheet therapy for a patient with dilated cardiomyopathy. The cell
sheet therapy can provide regenerative treatment as an alternative for patients
who need cardiac transplantation. Prof. Sawa plans to treat six patients, using the
same type of cell sheet, in Osaka University Hospital. Other preclinical studies
using cell sheets are under way. Clinical studies of cell sheet therapy for
urothelial tissue’ (Tokyo Women’s Medical University), oesophageal tissue' >
(Tokyo Women’s Medical University), periodontal tissue'*"'* (Tokyo Women’s
Medical University and Tokyo Medical and Dental University), hepatic tissue'®?
(Tokyo Women’s Medical University) and articular cartilaginous tissue
(Tokai University School of Medicine) are currently taking place.

20,21

10.3 Challenge for cartilage repair

This section will discuss how to repair cartilaginous defects using layered
chondrocyte sheets. Articular cartilage is an avascular tissue that is nourished by
synovial fluid. Adult articular cartilage shows poor self-repair after degeneration
or injury and it is therefore unlikely to be restored to normal once it has been
damaged, The current treatments available for cartilage defects include the
application of a periosteal patch to cover the defect’ and mosaicplasty, in which
an osteochondral pillar is grafted from a non-weight-bearing site.”> However,
the use of periosteal patches has limitations owing to problems with ossification
and the limited area that can be treated. Although the microfracture technique is
widely used, in which drilling is employed to induce bone marrow cells to
differentiate into chondrocytes, the cartilage obtained by this technique is
fibrocartilage, with different characteristics to those of hyaline cartilage. Since
promising results for the transplantation of cultured autologous chondrocytes
have been reported, various articular cartilage regeneration techniques have
been applied clinically, including the use of scaffolds such as atelocollagen®®
and cell transplantation therapy with bone marrow-derived mesenchymal stem
cells.?® However, current cartilage regeneration techniques are intended for the
treatment of full thickness defects and there have been no reports on the clinical
application of a technique for partial thickness defects in patients with early
osteoarthritis. Defects in articular cartilage are classified as either full or partial
thickness defects, according to whether or not they penetrate the marrow spaces
of the subchondral bone. Partial thickness defects are analogous to the clefts and
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fissures that are seen in the early stages of osteoarthritis in humans. These
fibrillated lesions grow larger and deeper during the course of the disease but
never repair themselves spontaneously. It has also been suggested that partial
thickness defects do not heal because they are walled off from the marrow and
thus have no access to the macrophages, endothelial cells and mesenchymal
cells that reside therein.”’

Articular cartilage is composed of scattered chondrocytes embedded in an
abundant extracellular matrix (ECM). The matrix is mainly composed of type II
collagen and proteoglycans and is responsible for specific joint functions,
including smooth movement and shock absorption. When cultured chondrocytes
are employed in vitro, it is important to harvest the cells without damaging the
ECM. However, current methods damage the cultured cells and disrupt the ECM
because proteolytic enzymes are used when harvesting the cultured cells. To
achieve the repair and regeneration of partial thickness articular cartilage
defects, cultured chondrocytes can be harvested without ECM damage by using
temperature-responsive culture dishes. Such cell sheets have been reported to
have various advantages, including the preservation of the early phenotype and
the expression of adhesion proteins on the base. ! Furthermore, these cell sheets
can be layered onto each other to prepare a layered ‘tissue’ because the ECM is
preserved on the base and such three-dimensional manufactured tissues have
already been used for transplantation.”

In this study, human chondrocyte sheets with the ECM were obtained using
the temperature-responsive culture dish method and were then combined in
layers. Following this, the ‘tissue’ was compared with that of a single sheet and
the adhesion of the sheets was examined both in vivo and ex vivo. This
demonstrated the first step towards bioengineering cartilaginous tissues for the
treatment of partial thickness cartilage defects using cell sheet technology (Fig.
10.2).

10.3.1 Allograft study

Articular chondrocytes from Japanese white rabbits

Twelve Japanese white rabbits aged 3—4 weeks and weighing between 800 and
1000 g were used as the source of articular cartilage cells. Cartilage samples
were collected from the femoral compartment of the knee joint and were
subjected to the same enzymatic treatment process as that used for human
articular cartilage cells. Thereafter, the isolated cells were seeded and cultured in
temperature-responsive culture dishes.

Cell proliferations on a temperature-responsive surface

Chondrocytes were digested for 1h in Dulbecco’s modified Eagle’s medium/
Fi2 (D-MEM/F12; GIBCO, NY USA) containing 0.4% Pronase E
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70.2 Cell sheet technology for articular cartilage repair. The advantages of
using such cell sheets are that they are easy to culture and they proliferate easily,
they have good adhesion, and a barrier function which is also very important
because it enables the protection of intra-articular catabolic factors, while also
preventing proteoglycans from escaping. Furthermore, cell sheets are useful for
various types of cartilageous defect in conjunction with the use of scaffold free
tissue-engineered cartilage.

(Kakenseiyaku Inc.) and subsequently for 4 h in DMEM/F12 containing 0.016%
Collagenase P (Roche, Mannhein, Germany). The digested tissue was passed
through a cell strainer (BD Falcon™) with a pore size of 100 um. The cells
were then sceded at a high density (10000 cells/cm®) onto the surfaces of
temperature-responsive culture dishes (UpCell™, diameter: 35mm provided
by CellSeed, Tokyo, Japan) and cultured in DMEM/F12 supplemented with
20% Fetal Bovine Serum (FBS; GIBCO, NY) and 50 pg/ml ascorbic
acid (Wakojunyakukougyou Corp. Japan) and 1% Antibiotics-Antimycotic
(GIBCO, NY) at 37°C in an atmosphere of 5% CO, and 95% air for a week.
Human articular cartilage cells were also seeded onto commercially available
culture dishes (diameter: 35 mm, Iwaki, Japan) and cultured under the same

conditions.
Harvesting of cell sheets

Each culture dish was removed from the incubator when the cells reached
confluence and was then left to stand at about 25 °C for 30 minutes. After the
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culture medium has been removed, the cell sheet was harvested using a
polyvinylidene difluoride (PVDF) membrane according to the method reported
by Yamato et al.?® In brief, the PVDF membrane was placed on the cell sheet
and then the sheet was rolled up with the membrane from one corner. Cultured
human chondrocytes were able to be successfully harvested as a single
contiguous cell sheet using this method. Then each cell sheet was placed on top
of anether confluent cell sheet to create multilayered sheets. Since the
multilayered sheets floated in the culture medium, a 0.4 um cell culture insert
(Falcon, USA) was placed on top to prevent this and then the culture of the
sheets was continued for 1 week.

Three-layer sheets of cartilage cells from Japanese White rabbits were also
prepared. A 0.4 um filter was also used to compress these sheets onto the culture
dish and sheets were incubated for 3 weeks to prepare the multilayered sheets for
transplantation.

Transplantation of chondrocyte sheets

The articular cartilage of the medial femoral condyle of Japanese white rabbits,
weighing about 3000 g, was removed to a depth of less than 1 mm using a file to
prepare a model of partial thickness cartilage damage. The damaged cartilage
was covered with a three-layered chondrocyte sheet, which was stabilized with a
nylon suture until the initial fixation was achieved. This was done in four knees
of two rabbits as the transplantation group. At the same time, the articular
cartilage of the medial femoral condyle was similarly filed, but not covered with
a cell sheet, in four knees of two rabbits (the control group). The cartilage was
harvested after 4 weeks, fixed in 4% PFA for one week and decalcified with K-
CX Decalcifying Solution (Fujisawa Pharmaceutical, Japan) for 1 week. The
specimens were then embedded in paraffin, cut into sections and stained with
safranin-O and toluidine blue for evaluation.

Histological findings of the allografted chondrocyte sheet and injured sites

The three-layered cell sheet remained well attached to tissue sections 4 weeks
after transplantation. The area covered by the sheet was better stained than the
area not covered with it, as observed in the previously mentioned ex vivo
experiment. In the partial damaged cartilage model, the area not covered with
the multilayered sheets showed progressive cartilage degeneration with
fibrillation and poor staining of the matrix at 4 weeks. In contrast, the area
covered with the three-layered sheets showed relatively mild degeneration and a-
well-stained matrix (Figs 10.3 and 10.4). This study confirmed that chondro-
cytes could be harvested as sheets and thus be made into multilayered ‘tissue’ by
culturing in temperature-responsive dishes and then collecting them using a
temperature recovery system.
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70.3 Layered chondrocyte sheets transplantation to the cartilageous defects of
the rabbit knee joints. In this rabbit animal model, the aliografted cell sheet
maintained its cartilageous thickness, but the group without any cell sheets
showed an exposure of subchondral bone and severe osteoarthritis.

Normat articular cartilage Partial thickness defect model

{c) , _ , -
With sheet (4 weeks after surgery) Yithout sheet (4 weeks after surgery)
70.4 Histological findings after transplantation of layered chondrocyte sheets.
A histological analysis of an /n vivo study (left side: Safranin-0 staining, right
side: Toluidine blue staining): (a) the normal articular cartilage of the Japanese
white rabbit femoral chondrocyte; (b) the partial thickness defect model; (c¢)
the partial thickness defect models which covered the three-layered
chondrocyte sheets. These showed a better stainability than those not covered
by the chondrocyte sheets (d). The partial thickness defect models themselves
showed progressive cartilage degeneration with fibritlation (d}. The arrows
demonstrate the layered chondrocyte sheets (c¢) (bar: 100 um).
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The importance of treatment and prophylaxes for osteoarthritis is increasing
due to a progressively ageing society. However, there are only a few conserva-
tive therapies available at this time, such as non-steroidal anti-inflammatory
drug (NSAID) administration and the injection of hyaluronic acid. There is still
no means of preventing the future exacerbation of cartilage degeneration.

Based on the results of this study, the use of bioengineered chondrocyte
sheets may be potentially useful in the treatment of partial thickness defects of
articular cartilage. The advantages of such cell sheets are that they are easy to
culture and grow and, most importantly, they show good adhesion and barrier
functions. This means that they can protect against intra-articular catabolic
factors while also preventing the escape of proteoglycan from the injured site.
They have a promising growth factor supply and furthermore, such cell sheets
could be useful as an alternative to periosteum grafting, which is the most
commonly used treatment. '

Good adhesion and the inhibition of cartilage degeneration at the injured sites
were also confirmed even after the experimental study of allografts of layered
chondrocyte sheets had been running for 2 months. The sites where the cell
sheets showed adhesion were well stained with safranin-O. Therefore, it is
suggested that multilayered chondrocyte sheets may serve as a barrier for
preventing proteoglycan loss from damaged cartilage, while also protecting the
injured site from the catabolic factors in synovial fluid. A strategy has been
developed for repairing a full thickness defect of articular cartilage using the
lavered cell sheets because it is necessary to treat the bleeding from the bone
marrow.

10.4 Properties of chondrocyte sheets

This section will discuss the properties of chondrocyte sheets. In particular,
layered chondrocyte sheets contain few of the destructive factors that cause
cartilage to degenerate and they also have good adhesion properties that help to
both protect and repair the cartilage surface.

10.4.1 Human articular chondrocytes

The cells used for this in vitro experiment included human articular chondro-
cytes obtained from patients who had undergone anterior cruciate ligament
reconstruction and had given their informed consent at the Tokai University
Oiso Hospital from December 2004 to August 2005. Chondrocytes were
obtained while forming the interfoveolar ligament and they were then isolated
by enzymatic treatment. Twenty-five knees of 25 patients aged 14 to 49 years
(average 23 years, 19 males and 6 females) were used as the source of these
cells. The chondrocytes were enzymatically dissociated and were then seeded
and cultured according to the method of Sato ef al®
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10.4.2 RNA isolation and cDNA synthesis

Total RNA was isolated using the RNeasy Mini kit (Qiagen Inc., Valencia, CA)
according to the manufacturer’s instructions. The RNA quality in each sample
was confirmed by the A260/280 absorbance ratio and by electrophoresis on a
1.2% agarose formaldehyde gel. Approximately 1.0-2.0 ug of total RNA was
reverse transcribed into single strand ¢DNA using Moloney murine leukemia
virus (MulV) reverse transcriptase (Applied Biosystems, Foster City, CA). The
reverse transcriptase (RT) reaction was carried out for 60 min at 42 °C and then
for 5min at 95°C in a thermocycler.

10.4.3 Primer design and real-time polymerase chain reaction
(PCR)

All oligonucleotide primer sets were designed based upon the published mRNA
sequence. The expected amplicon lengths ranged from 70bp to 200bp. The
oligonucleotide primers used in this study are listed in Table 10.1. Real-time
polymerase chain reaction (PCR) was carried out in a SmartCycler II (Cepheid,
Sunnyvale, CA) using the SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). For real-time PCR, 2-2.5 ul of cDNA template was used
in a final volume of 25 ul. The cDNA was amplified according to the following
conditions: 95°C for 15s and 60°C for 60s for 35 to 45 amplification cycles.
Fluorescence changes were monitored with SYBR Green after every cycle. A

Table 10.7 List of primers used in real-time PCR

Primer ID Accession No.  Sequence Expected
size (bp)

Collagen Typel-F NM_000088  AAG GGT GAGACA GGC GAACAA 170

Collagen Type|-R TTG CCA GGA GAA CCAGCAAGA

Collagen Typell-F  NM 033150  GGACTTTICTTICCCTCICT 113

Collagen Type lI-R GAC CCG AAG GGTCTTACAGGA

Aggrecan1-F NM 001135  TCGAGGACAGCGAGGCC 94

Aggrecani-R TCG AGG GTG TAG GCG TGT AGAGA

Fibronectint-F NM_001030524 GCA CAG GGG AAG AAAAGG AG 189

Fibronectint-R TIG AGT GGATGG GAG GAG AG

MMP3-F NM_002422  ATTCCATGGAGCCAGGCTTTC 138

MMP3-R CATTTG GGT CAAACT CCAACTGTG

MMP13-F NM 002427  TCACGATGG CATTGCTGACA 77

MMP13-R AGG GCCCAT CAAATG GGTAGA

TIMP1-F NM 003254  CAG CGTTATGAGATCAAGATG GACCA 186

TIMP1-R AGT GATGTG CAAGAGTCCATCCTG

ADAMTSS-F NM 007038  GAG CCAAGG GCACTGGCTACTA 120

ADAMTSS-R CGTCACAGC CAGTTCTCACACA

GAPDH-F NM 002046  GCACCGTCAAGGCTGAGAAC 142

GAPGH-R ATG GTG GTG AAG ACG CCAGT
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melting-curve analysis was performed (0.5 °C/s increase from 535 to 95°C with
continuous fluorescence readings) at the end of the cycles to ensure that single
PCR products were obtained. The amplicon size and reaction specificity were
confirmed by 2.5% agarose gel electrophoresis. All reactions were repeated in.
six separate PCR runs using RNA isolated from four sets of human samples. The
results were evaluated using the SmartCycler Il software program.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers were used to
normalize the samples. To monitor crossover contamination of PCR, RNase-free
water (Qiagen Inc., Valencia, CA) was included in the RNA extraction and used
as a negative control. To ensure the quality of the data, a negative control was
always applied in cach run.

10.4.4 Analysis of gene expression

Layered chondrocyte sheets were shown to adhere to porcine cartilage after a one-
day organ culture. It is possible that an increase of fibronectin in the multilayered
chondrocyte sheets may have been involved (Fig. 10.5). Good adhesion could thus
be obtained because harvesting without enzymatic treatment makes it possible to
better preserve the activity of both fibronectin and adhesion proteins such as
integrin. Matrix-matrix interactions therefore play an important role in the
adhesion between chondrocyte sheets and injured cartilage, and specific enzymes
may modify the surface of each matrix and permit interaction between integrin
proteins and fibronectin, Although this adhesive phenomenon is currently being
studied using a ¢cDNA microarray, some of the results were demonstrated here.
The expression of fibronectinl, collagen type 1, aggrecan | and TIMP] mRNA

70.5 The expression of fibronectin. The localization of fibronectin was the
surface of the layered chondrocyte sheet. The high magnification demonstrated
that the expression of fibronectin focalized among extracellular matrices and
cell-cell junctions.
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was observed at significantly high levels, while the expression of collagen type I,
MMP3 and ADAMTSS5 was at significant levels in the layered chondrocyte sheets
in comparison to the monolayer culture. Another interesting aspect of these
chondrocyte sheets is the fact that catabolic factors, such as MMP3,30-2
MMP13**% and ADAMTSS5*®®” were observed to decrease at the time of
layering, while the expression of TIMP1 with antagonistic actions against MMP3
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70.6 The relative expressions of mRNA of key genes. The mRNA expression of
fibronectin 1 of three-layered chondrocyte sheets was higher than monolayer
culture. The mRNA expressions of aggrecan and type |l collagen of chondrocyte
sheets were higherthan that of monolayer culture. The mRNA expression of type
{ collagen demonstrated a low [evelin the three-layered chondrocyte sheets. The
expressions of MMP3 and ADAMTSS, which promote cartilage degeneration
were low in the three-layered chondrocyte sheets while the mRNA expression
of TIMP1, which is an antagonistic factor of MMP3, showed a significantly high
level in the three-layered chondrocyte sheets. Mono: conventional monolayer
culture, UpCell: monolayer culture using temperature-responsive culture dish,
Layered: layered chondorocyte sheets (—: F < 0.08).
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increased (Fig. 10.6). The layered chondrocyte sheets to be transplanted bad low
levels of the enzymes that degenerate cartilage and had good adhesion properties
that help to both protect and repair the cartilage surface.

10.5 Future trends in cartilage repair

The development of a less invasive therapeutic approach for grafting a cell sheet
to the injured site may be fundamental in expanding its use for the treatment of
patients demonstrating the early stages of osteoarthritis. This section will discuss
future trends in cartilage repair. '

In the future, it will be important to determine how long such chondrocyte
sheets can adhere to and live on the grafted sites, while also clarifying the
optimum conditions for the adhesion of other cell sheets, such as synovial
sheets, to injured sites. Therefore, use of a combination of both chondrocyte
sheets and synovial sheets may also be possible. Although further research is
necessary, the use of chondrocyte sheets is useful for the treatment of partial’
thickness defects of articular cartilage.

Scaffolds may not always be fundamental to the engineering of regenerative
tissues. Today, many kinds of scaffold are used, such as atellocollagen,
polyglycolide (PGA), poly-lactic-co-glycolic acid (PLGA) and poly-L-lactic
acid (PLLA). These compounds are both biocompatible and biodegradable.
Although they provide the advantage of initial strength against loading on the
engineered tissue, they also introduce the possibility of side effects, such as a
foreign-body reaction. Therefore, the long-term effectiveness of these scaffolds
is questionable. Scaffold-free tissue engineering using novel technologies could
be applied to cartilage repair in the near future.

10.6 Regulations regarding regenerative medicine in
Japan

Finally, we will discuss some of the problems in the development of laws for
regenerative medicine in Japan, which have not been improved as of September
2009. The Japanese medical system is structured to ensure the future safety and
validity of both medical products and medical devices during the business
development phase, in accordance with the Pharmaceutical Law. However, this
Pharmaceutical Law is based on uniform manufacturing and selling practices for
the general public and provides for only the two categories of medical products
and medical devices. Therefore, if the concepts of the Pharmaceutical Law are
applied directly to technology for regenerative medicine, which provides
customized processes for autologous cells, it would result in requirements and
stipulations that are far removed from the actual treatment situation, thus
interfering with the spread of treatments that use the tissue engineering of
autologous cells. In 2006, the Ministry of Health, Labour and Welfare presented
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a set of guidelines for clinical research using human stem cells, but much like
the Pharmaceutical Law, the guidelines fail to differentiate between autologous
and allogeneic cells, and the differences between cell provision to the general
public and technology provision through customized processes using autologous
cells are not specified. The process of applying the achievements of clinical
research using autologous cells for practical and general use requires a
completely different qualification system from that of the conventional
Pharmaceutical Law and the guidelines for stem cells. We strongly feel that
new legislation is therefore urgently required in order to quickly realize the full
potential of regenerative medicine using autologous cells for patients. Unfor-
tunately, if this process is delayed, we will face a situation in which most of
these products and technologies will have to be imported, much like the medical
devices and materials currently being used in the clinical field in Japan.
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Abstract

Background: Although the clinical results of autologous chondrocyte implantation for articular
cartilage defects have recently improved as a result of advanced techniques based on tissue
engineering procedures, problems with cell handling and scaffold imperfections remain to be
solved. A new cell-sheet technique has been developed, and is potentially able to overcome these
obstacles. Chondrocyte sheets applicable to cartilage regeneration can be prepared with this cell-
sheet technique using temperature-responsive culture dishes. However, for clinical application, it
is necessary to evaluate the characteristics of the cells in these sheets and to identify their
similarities to naive cartilage.

Results: The expression of SOX 9, collagen type 2, 27, integrin .10, and fibronectin genes in triple-
layered chondrocyte sheets was significantly increased in comparison to those in conventional
monolayer culture and in a single chondrocyte sheet, implying a nature similar to ordinary cartilage.
In addition, immunohistochemistry demonstrated that collagen type I, fibronectin, and integrin o 10
were present in the triple-layered chondrocyte sheets.

Conclusion: The results of this study indicate that these chondrocyte sheets with a consistent
cartilaginous phenotype and adhesive properties may lead to a new strategy for cartilage
regeneration.

Background ogy of OA is not known. The symptoms of osteoarthritis
Osteoarthritis (OA), the most common articular disorder,  usually appear in middle age and almost everyone has
is characterized primarily by slow progressive degenera-  them by age 70. Therefore, adequate treatments for the
tion or destruction of cartilage. However, the exact etiol-  early stages of degeneration are required.

Page 1 of 11

(page number not for citation purposes)

319



BMC Biotechnology 2009, 9:17

Cartilage has two important functions, the reduction of
friction and the transmission of load. Some of the specific
properties of cartilage are a lack of blood vessels, a small
number of cell constituents, and a large amount of extra-
cellular matrix (ECM). Once cartilage has been damaged,
itis unable to heal itself.[1,2] There are various treatrents
for damaged cartilage, but few recommended surgical pro-
cedures. Drilling, subchondral abrasion[3] and microfrac-
ture treatments[4] allow the regeneration of damaged
cartilage by activating mesenchymal stem cells derived
from the bone marrow; however, previous reports have
shown that the regenerated cartilage was fibrocartilage,
not hyaline cartilage. The functions and properties of
fibrocartilage are inferior to hyaline cartilage, and there-
fore the outcomes at long-term follow-up after these treat-
ments tend to be poor.[2] Mosaicplasty can be used to
transplant hyaline cartilage to the damaged area and
reports have shown at long-term follow-up that mosaic-
plasty is beneficial; however, it has associated donor site
morbidity, and only a predetermined defect area can be
treated.[5] The clinical results of arthroplasty for severe
osteoarthritis have improved with the development of
new surgical techniques and the selection of appropriate
medical devices. However, many obstacles have yet to be
overcome, including limited range of motion and durabil-
ity, and excessive invasiveness of the surgery. In addition,
resulting function is significantly inferior to that of the
normal joint. Therefore, the establishment of new proto-
cols for cartilage regeneration using tissue engineering is
important. Because of recent progress in tissue engineer-
ing, various techniques are available to cure damaged car-
tilage. Autologous chondrocyte implantation (ACI), first
reported by Brittberg et al., [6] has been used clinically.
Although clinical results show that this technique can be
beneficial, some problems remain, such as limits on the
size of lesions that can be treated, periostal hypertrophy,
and the lack of appropriate methods to evaluate the regen-
erated cartilage after ACL. Moreover, although the clinical
results of ACI have recently improved as a result of
advanced techniques based on tissue engineering proce-
dures, problems relating to cell handling and scaffold
imperfections remain. Artificial scaffolds have been
adopted to deliver cells into cartilage defect sites, and to
reinforce the mechanical stability of three-dimensional
tissue engineered chondral grafts. The ideal scaffold is
supposed to encourage ECM. Although, some scaffolds
have been successfully applied for the cartilage regenera-
tion,[7] there are problems with biocompatibility and cel-
lular viability, including cell attachment, distribution and
proliferation.

Recently, a cell-sheet technique[8] has been developed
that is potentially able to overcome these problems.
Therefore, a new strategy for cartilage regeneration with-
out a scaffold has been studied with cell-sheet technology
using temperature-responsive culture dishes (UpCell™
CellSeed Inc., Tokyo, Japan).

http://www.biomedcentral.com/1472-6750/9/17

We previously reported[9] the implantation of layered
chondrocyte sheets, harvested by simply lowering the
temperature and with no need for enzyme digestion, in
Japanese white rabbits. We also verified the effectiveness
of chondrocyte sheets using a swine partial cartilage defect
model, which showed reduced degeneration. Interest-
ingly, in layered chondrocyte sheets, it appeared that cat-
abolic factors such as MMP3, MMP13, and ADAMTS5
decrease at the point of layering, while the expression of
TIMP1, an inhibitor of MMP3, increases.[9] This indicates
that layered chondrocyte sheets have fewer destructive fac-
tors than degenerate cartilage and have good adhesion
properties, which help to both protect and repair the car-
tilage surface.]9] However, the precise mechanisms by
which such chondrocyte sheets adhere to the damaged
cartilage and maintain the cartilage phenotype remain to
be elucidated. The purpose of this study was to further
investigate the properties of human chondrocyte sheets
using scanning electron microscopic evaluation and gene
expression and immunohistochemical analyses.

Results

Manipulation of chondrocyte sheets

Chondrocyte sheets prepared as either cell monolayer
sheets or three-layered sheets were obtained by simply
reducing the temperature, with no need for an enzymatic
digestion step (Fig. 1). The chondrocytes were harvested
as a single contiguous cell sheet, retaining the neighboring
extracellular structure, which implies that these cell sheets
should contain extracellular proteins including cell-cell
junction, ECM, and adhesion proteins.

The multilayered sheets could be easily produced by plac-
ing one chondrocyte sheet onto other sheets by making
use of the supporting PVDF membrane (Fig. 1A-C). By
repeating this procedure twice, three-layered cell sheets
were obtained (Fig. 1D). When cultured for 1 week, the
triple-layered chondrocyte sheets were extendable and
were not damaged by mild external force. This extended
multilayering process was sufficient to give a single contig-
uous multilayered structure in which each sheet had
adhered firmly and tightly to the other sheets.

With the help of the supporting membrane, the cell-sheet-
PVDF film showed good stability and we could easily han-
dle the chondrocyte sheets.

Scanning electron microscopy

SEM analysis revealed that the top and basal aspects of the
chondrocyte sheets showed completely different textures.
A network of laminated ECM structures was observed on
the top aspect of the sheet. These sheets of ECM structures
appeared piled up, with several sheet-like configurations
and amorphous shapes, and separated edges of the ECM
sheet occasionally being observed as dog-ears facing the
culture medium side (Fig. 2A).
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Figure |

Fabrication of the cell sheets. Temperature-responsive
culture dishes on which chondrocytes had been cultured
were removed from the incubator when the cells reached
confluence and were let stand at about 25°C for 30 min (A).
After the culture medium was removed, a polyvinylidene dif-
luoride (PVDF) membrane was put onto the dish (B), and the
sheet was detached gently (C). The chondrocyte sheets
could then be easily fabricated into multilayered constructs
with the help of the PVDF and without the need for enzyme
digestion (D).

The surface of the basal aspect, which had been attached
to the bottom of the culture dish, was covered with a
smooth ECM pattern, and numerous humps (mound-like
elevations) were observed. Compared with the top side of
the chondrocyte sheet, the arrangement of the accumu-
lated ECM surface was smoother, with a parallel pattern
(Fig. 2B).

Analysis of gene expression

The expression of collagen type 1 (COL1) mRNA was
observed at significantly lower levels in the layered
chondrocyte sheets in comparison to the conventional
monolayer cultures and monolayer chondrocyte sheets
(Fig. 3A).

Figure 2

Scanning electron microscopy. Scanning electron micro-
scopy revealed that the top (A) and the basal aspects (B) of
the chondrocyte sheet demonstrated completely different
textures. The chondron like texture was only observed on
the basal aspect, which had adhesive properties. Scale bar =
10 um.

http:/Aww.biomedcentral.com/1472-6750/9/17

In contrast, the expression of collagen type 2 (COL2)},
SOX9, COL 27, integrin 010 and fibronectin mRNAs were
observed at significantly higher levels in the layered
chondrocyte sheets in comparison to the conventional
monolayer cultures and monolayer chondrocyte sheets
(Fig. 3B-F).

Immunohistochemistry

Immunohistochemical examination revealed that
fibronectin, integrin 010, and COL2 were present in the
triple-layered chondrocyte cell sheet (Fig. 4). Interest-
ingly, fibronectin was located in the periphery of the tri-
ple-layered chondrocyte sheets. (Fig. 4A, D) and COL2
was observed in the pericellular matrix of the triple-lay-
ered chondrocyte sheets (Fig. 4B, E). However, in contrast
to these two proteins, integrin 10 was diffusely distrib-
uted throughout the triple-layered chondrocyte sheets
(Fig. 4C, F). These different immunohistochemical fea-
tures of target proteins are illustrated in Fig. 5, where the
main results are presented together.

Discussion

Cell-sheet technology using temperature-responsive cul-
ture dishes was first reported by Okano et al. in 1993.[8]
Since their report was published, this technology has been
studied with regard to regenerative medicine for the cor-
nea, heart, pancreas, and liver. {10-13] Nishida et al.
reported that corneal cell sheets cultured in temperature-
responsive culture dishes could strongly adhere to the cor-
nea without scaffolding or suturing.[10] Kushida et al.
reported that fibronectin expression was preserved on the
basal side of cell sheets cultured on temperature-respon-
sive culture dishes.[14] As cell sheets can be harvested
with the ECM and adhesion factors, it is simple to layer
the cell sheets one on top of another, using the natural
adhesiveness of the basal side. Therefore, large layered
three-dimensional tissues without a scaffold can be con-
structed in this repeating fashion. Shimizu et al. reported
that the maximum thickness of the fabricated rabbit myo-
cardial cell sheet is three layers in vitro because thicker
sheets receive inadequate nutrition. They also demon-
strated that repetitive allografts of cell sheets cannot
increase the thickness of the fabrication by more than 1
mm in myocardial tissues in vivo. [12]

To fabricate the multilayered sheets, we extended the cul-
ture by 1 week, which was effective enough to consolidate
the cell sheets into a single three-dimensional structure.
However, the cell sheets tended to float in the culture
medium because of their shape. Accordingly, it was neces-
sary to devise strategies to apply a physical force to the
sheets to enable them to attach gently to each other and
the bottom of dish during culture. Using cell-culture
inserts of an appropriate height and the weight of the cul-
ture-dish cover, we achieved an appropriately narrow
space to facilitate strong adhesion between the cell sheets.
Although our experimental study of allografts using lay-
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Figure 3

Relative expression of mRNA. The y-axis shows the mRNA expression relative to that of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The results were evaluated using the SmartCycler Il software program. GAPDH expression was
used to normalize samples. The error bars represent the standard deviation. Type | collagen mRNA expression was present at
a low level in the layered chondrocyte cell sheets (A). In contrast, type Il collagen mRNA expression was at significantly higher
levels in the layered chondrocyte sheets in comparison to the monolayer cultures and monolayer chondrocyte sheets (B).
SOX9 and COL27 mRNA expression were observed at significantly higher levels in the layered chondrocyte sheets in compar-
ison to conventional monolayer cultures and monolayer chondrocyte sheets (C, D). Integrin .10 and fibronectin mRNA
expression were at significantly higher levels in the layered chondrocyte sheets in comparison to the conventional monolayer

cultures and the monolayer chondrocyte sheets (E, F).

ered chondrocyte sheets has been proceeding for only 2
months, good adhesion and an inhibitory effect on carti-
lage degeneration at injured sites has been confirmed
(unpublished data).

The SEM examination of the cell sheets indicated that the
top and the adhesive basal aspects were completely differ-
ent in texture. A network of laminated ECM was observed
on the top side of the sheets (Fig. 2A). These sheets of
ECM structure resemble the lamination of the normal
superficial cartilage zone, the "lamina splendens," as ini-
tially proposed by MacConaill and later identified by
Clark using SEM;[15] however, the scanning electron
micrographs show that the sheets do not have a smoother
surface than normal articular cartilage.[15] In this study,

it was impossible to observe a distinct collagen fibrous
structure, which may exist beneath the lamination.
According to scanning electron micrographs of ordinary
cartilage,[15] in the superficial zone several layers of col-
lagen fibrils exist immediately beneath the lamina splend-
ens, forming a mesh of interwoven fibrils that run parallel
to the articular surface, and the chondrocytes in this zone
appear to be located beneath the layers of collagen fibrils.
Meanwhile, on the basal aspect, numerous mound-like
elevations were observed in the surface with a texture sim-
ilar to an aggregation of chondron-like shapes. This
smoother surface more resembled normal cartilage sur-
face than did the top side of the cell sheets (Fig. 2B). The
flat and smooth surface of the basal aspect implies abun-
dant accumulation of extracellular proteins therein, and is
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