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* Repair of articular cartilage with anti-VEGF antibody bevacizumab.
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Bevacizumab# 5% 1 » A RAAMER 1 » A

Bevacizumébﬂ%ﬁ 3

X4 Q’ﬁﬁ(’“‘k?ﬁ%vﬁwbé Hébevaolz |
ARl i’m’ﬁk'ﬁ"k?ﬁ%‘:r)w_zb&j‘Z>beva01zumab§’“ BRTH
TRIECHEL 36205 772> 0 RETH

%%MW&%L%;&%&M%%K%?%%@W
R DIE LT, Mtk 4, 128 ﬂ%%%
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ODGtE = RO, KIBERB B THMERR
B CBE SN, —7, bevacizumab¥ 55
DRIEWER IEsafranin O TIEL: L, BREHMBLERIC
AL L7 T /- ST B 0 BFERE L O
BifZzintegration % 226, KIBEII ML CI51E X
N7z, Wk 3 A ORIERERE SRS O
EEZFR0 7. —7F, bevacizumabiz 5-E T,
safranin O DGk % HERF L -5 1E 2 529, #&E
TEOBED BIFTH o7, BIEEAEEOMIE
DFZREI IR FEREAR CIRIRECY & 2 320 T\,
% 6 A DRIEMEREICBNTHHRETEDOE
R BRI COB1E% O ), Bk E Dsafranin
ODGEMEDIKRT #5888 7:. —75, bevacizumab
WERETIE, safranin ODFe it % i L7-161E
TR0, HELZFBERoTWz(R4). 22T,

T B -

M5 SBEHETEBBEFIICET Z)bevaClzumab?x—'iﬁ

s 6 7 3 Obevacizumabd 5E OEEABOR =B BT 6 1 B OMEMIER
AR LSRR R L2 & 25, BFERE T FREIT-FUIATT TRIEaG—T 54T
SNANE TS — 4 OEREL3D, [Ba5— NORELAE Tharid250umTd 5 .
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B OERNEHEICE S35 LRR S ML b superficial zone
protein (SZP/PRG4) DR EZFHE L 72 & & A, iy
#% 6 H H Obevacizumab?x 5812 BT A 15HFKE
IZBWTHSZPOFEH D7/ (K 6). £ LTk
B 1515 %) 5 % International Cartilage Repair Soci-
ety (ICRS) DFHEEYE (R 1) £ BV THET Lo &
A, itk 1,3,6 A TRERERLKBLT
bevacizumab¥z 55 CHEIZ (P<0.01) BfEZ R L
72 (= 7). '

RIBHERE & bevacizumab$k S EFED LI EDFER
DEEEZBHRET A72012, Hig 1 PHICBITS
BB OFHMEE L7z, KRIEHER TIZChMID

VR TR F46E B 4E

SZP

M6 BHEREETIVCH U Bbevac
(U3 B 6 B O
SZP D $a B Yuts, Tharid250umTH 5 .

4

zumabfﬁﬁﬁ

# 1 International Cartilage Repair Society (ICRS) D#B#FT i 2%

Variable Comment

Variable Comment

Ti Tissue morphology
4=mostly hyaline cartilage
3=mostly fibrocartilage

2=mostly non-cartilage

SurfH Histologic appraisal of surface architecture
1=severe fibrillation
2=moderate fibrillation
3=slight fibrillation or irregularity

1=exclusively non-cartilage 4=normal
Matx  Matrix staining FilH Histologic appraisal defect filling
1=none 1=<25%
2=glight 2=26~50%
3=moderate 3=51~75%
4=strong 4=T76~90%
Stru Structural integrity 5=91~110%
1=severe disintegration Latl  Lateral integration of implanted material
2=cysts or disruption 1=not bonded
3=no organization of chondrocytes 2=bonded at one end/partially both ends
4=Dbeginning of columnar organization of 3=bonded at both sides
chondrocytes Basl Basal integration of implanted material
5=normal, similar to healthy mature cartilage 1=<50%
Clus Chondrocytes clustering in implant 2=50~70%
1=25~100% of cells clustered 3=70~90%
2=<25% of the cells clustered Infl  Inflammation
3=no clusters 5=no inflammation
Tide Intactness of calcified cartilage layer, formation 3=slight inflammation
of tidemark 1=strong inflammation
1=<25% of the calcij:jled cartilage layer i.ntact Hgtot Histologic grading system
2=25~49% of the calcified cartilage layer intact Some of the histologic variables  tissue morphol-
3=50~75% of the calcified cartilage layer intact ogy (Ti), matrix staining (Matx), structural integrity
4=76~90% of the calcified cartilage layer intact (Stru), cluster formation (Clus), tidemark opening
5=complete intactness of the calcified cartilage layer (Tide), bone formation (Bform), histologic surface
Bform Subchondral bone formation architecture (SurfH), histologic degree of defect fill-
1=no formation ing (FilH), lateral integration of defect-filling tissue
2=slight (Latl), basal integration of defect-filling tissue
3=strong (Basl), and histologic signs of inflammation (InfH)

Maximum total . 45 points

11~45 points Tpoint S EE TH 5 1T E RIFLEHKEBE L 1 5.
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ZHHIIED Do 7253, bevacizumabix G Tl
ChM-1058 7 — I3 72, VEGFIZB W T,
B OBEME T —RICEH L RD 72 (K 8).

VEGFIZ, ¥ MEVREE 2 EREECM
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RV T &, R BT 5 bevacizumab
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Fu) & LT AH Lbevacizumab D3 5508 % &
FLTwb., EREBSEICSWTEICEAEL
R LIS AREESERG L BREEGOM
¥ A T OB I3 L Thevacizumab$:5-12 &
LIGENRERL TN FETH L. 2 0H
VEGFk MbE /7 80— F VHERORFIRAES O
AT, EIMERBEEICKTT 5 EERE 0L EN
HBRZBRET 22 TH Y, FHOLRMEE
BEICH T A GEIEOW A BIETOIDTH 5.
REHNIT CICHERTER SN TE D, #HILO
WRIZEY, ELEL O CIHEERITIE L
B RAATH D, WD O FIROET R
FEEE & B WIEEIRIRI IZIBE T 5 2 &%
felz ), EEESEEOMHTEIES L



Rheumatology Oct. 2011

W AUE, NTREETFMNZ o & 5 et d
n, EBEEOHIBICKWIZEMT 2D EER
%, ZLTHEENDADLE QOLOE LD TIZE
REORBEEGOEMBIIFESTLLDOTH 5.

X

1) Insall J. The Pridie debridement operation for os-
teoarthritis of the knee. Clin Orthop 1974 ; 101 : 61.

2) Muller B, Kohn D. Indication for and performance
of articular cartilage drilling using the Pridie
method. Orthopade 1999 ; 28 : 4.

3) Steadman J, Rodkey W, Briggs K, Rodrigo J. The
microfracture technique in the management of com-
plete cartilage defects in the knee joint. Orthopade
1999 ; 28 : 26.

4) Mithoefer K, Williams RJ 3rd, Warren RF, et al.
Chondral resurfacing of articular cartilage defects
in the knee with the microfracture technique : sur-
gical technique. ] Bone Joint Surg Am 2006 ; 88 :
294,

5) Shapiro F, Koide S, Glimcher M. Cell origin and
differentiation in the repair of full-thickness defects
in articular cartilage. ] Bone Joint Surg 1993 ; 75A :
532.

6) Caplan Al, Elyaderani M, Mochizuki Y, et al. Prin-
ciples of cartilage repair and regeneration. Clin
Orthop Relat Res 1997 ; 342 : 254.

7) Messner K, Gillquist J. Cartilage repair. A critical
review. Acta Orthop Scand 1996 ; 67 : 523.

8) Hangody L, Kish G, Karpati Z, et al. Autogenous
osteochondral graft technique for replacing knee
cartilage defects in dogs. Orthopedics 1997 ;5: 175.

9) Szerb I, Hangody L, Duska Z, Kaposi NP.
Mosaicplasty : long-term follow-up. Bull Hosp Jt
Dis 2005 ; 63 : 54.

10) Brittberg M, Lindahl A, Nilsson A, et al. Treatment
of deep cartilage defects in the knee with autolo-
gous chondrocyte transplantation. N Engl ] Med
1994 ; 331 : 889.

11) Moseley JB Jr, Anderson AF, Browne JE, et al.
Long-term durability of autologous chondrocyte
implantation : a multicenter, observational study in
US patients. Am J Sports Med 2010 ; 38 : 238.

228

46 413

12) Marcacci M, Berruto M, Brocchetta D, et al. Ar-
ticular cartilage engineering with Hyalograft C : 3-
year clinical results. Clin Orthop Relat Res 2005 ;
435 : 96.

13) Crawford DC, Heveran CM, Cannon WD Jr, et al.
An autologous cartilage tissue implant NeoCart for
treatment of grade III chondral injury to the distal
femur : prospective clinical safety trial at 2 years.
Am J Sports Med 2009 ; 37 : 1334.

14) Nagai T, Furukawa KS, Sato M, et al. Characteris-
tics of a scaffold-free articular chondrocyte plate
grown in rotational culture. Tissue Eng Part A
2008 ; 14 : 1183.

15) Furukawa KS, Imura K, Tateishi T, Ushida T. Scaf-
fold-free cartilage by rotational culture for tissue
engineering. ] Biotechnol 2008 ; 133 : 134.

16) Nagai T, Sato M, Furukawa KS, et al. Optimization
of allograft implantation using scaffold-free chon-
drocyte plates. Tissue Eng Part A 2008 ; 14 : 1225.

17) Nagai T, Sato M, Kutsuna T, et al. Intravenous ad-
ministration of anti-vascular endothelial growth fac-
tor humanized monoclonal antibody bevacizumab
improves articular cartilage repair. Arthritis Res
Ther 2010 ; 12 : R178.

18) Eskens FA. Angiogenesis inhibitors in clinical de-
velopment. Br J Cancer 2004 ; 90 : 1.

19) Herbert H, Louis F, William N, et al. Bevacizumab
plus irinotecan, fluorouracil, and leucovorin for
metastatic colorectal cancer. N Engl ] Med 2004 ;
350 : 2335.

20) Jain RK. Normalizing tumor vasculature with anti-
angiogenic therapy : a new paradigm for combina-
tion therapy. Nat Med 2001 ; 7 : 987.

21) Willet CG, Boucher Y, di Tomaso E, et al. Direct
evidence the VEGF-specific antibody bevacizumab
has antivascular effects in human rectal cancer. Nat
Med 2004 ; 10 : 145.

22) Branavan S, Lorraine EH, Ewa MP. Modulation an-
giogenesis. JAMA 2004 ; 292 : 972.

23) Yin M, Pacifici M. Vascular regression is required
for mesenchymal condensation and chondrogen-
esis in the developing limb. Dev Dyn 2001 ; 222 :
522.



46 414

24) Gerber HP, Vu TH, Ryan AM, et al. VEGF couples
hypertrophic cartilage remodeling, ossification and
angiogenesis during endochondral bone formation.
Nat Med 1999 ; 5 : 623.

25) Afuwape AO, Kiriakidis S, Paleolog EM. The role
of the angiogenic molecule VEGF in the pathogen-
esis of rheumatoid arthritis. Histol Histopathology
2002 ; 17 : 961.

26) Enomoto H, Inoki I, Komiya K, et al. Vascular en-
dothelial growth factor isoforms and their recep-
tors are expressed in human osteoarthritic cartilage.
Am J Pathol 2003 ; 162 : 171.

229

Ve TR A6 4T

27) Hayami T, Funaki H, Yanoeda K, et al. Expression
of the cartilage derived antiangiogenic factor
chondromodulin-I decreases in the early stage of
experiment osteoarthritis. ] Rheumatol 2003 ; 30 :
2207.

28) Haigh JJ, Gerber HP, Ferrara N, et al. Conditional
inactivation of VEGF-A in areas of collagen2al ex-
pression results in embryonic lethality in the het-
erozygous state. Development 2000 ; 127 : 1445,

29) Zelzer E, Mamluk R, Ferrara N, et al. VEGFA is
necessary for chondrocyte survival during bone de-
velopment. Development 2004 ; 131 : 2161.



European Cells and Materials Vol. 22 2011 (pages 275-290)

ISSN 1473-2262

TRANSPLANTATION OF SCAFFOLD-FREE SPHEROIDS COMPOSED OF
SYNOVIUM-DERIVED CELLS AND CHONDROCYTES FOR THE TREATMENT OF
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Abstract

Autologous chondrocyte implantation (ACI) is the
treatment of choice for osteoarthritis. However, to
regenerate articular cartilage using this method, the

procedure paradoxically demands that the cell source of

the articular chondrocytes (ACs) for ex vivo expansion
be from the patient’s own healthy cartilage, which can
result in donor site morbidity. Accordingly, it is essential
to develop a substitute for AC. In the present study, we
investigated whether synovium-derived cells (SYs) could
be used as a partial replacement for ACs in ACI. ACs
and SYs from the knees of rabbits were isolated and
cultured, and the growth rates of the cells were compared.
To manufacture the cellular transplants, we developed a
high-density suspension-shaking culture method (HDSS),
which circulates the cells in culture media, promoting
self-assembly of scaffold-free cellular aggregates. ACs and
SYs were mixed in various ratios using HDSS. Injectable
cellular transplants were harvested and transplanted into
full-thickness osteochondral defects. Simultaneously,
histological evaluations were conducted with toluidine blue
and safranin O, and immunohistochemistry of collagen
type I and II was conducted. Gene expression to evaluate
chondrocyte-specific differentiation was also performed.
We successfully prepared a large quantity of spheroids
(spheroidal cell aggregates) in a short time using mixed
ACs and SYs, for all cellular composition ratios. Our data
showed that the minimal therapeutic unit for the transplants
contributed to in situ regeneration of cartilage. In summary,
SYs can be used as a replacement for ACs in clinical cases
of ACI in patients with broad areas of osteoarthritic lesions.

Keywords: Articular cartilage regeneration, injectable
scaffold-free spheroids, high density suspension shaking
culture method, synovium-derived cells, chondrocytes.
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Introduction

Adult articular cartilage has a limited capacity for self-
repair after either degeneration or injury occurs and is
therefore unlikely to be restored to normal once it has
been damaged.

Autologous chondrocyte implantation (ACI), first
reported by Brittberg group (Brittberg et al., 1994), has
been used clinically. Promising results for transplantation
of cultured autologous cartilage cells have been reported,
and various articular cartilage regeneration techniques
have been clinically applied, including the use of
scaffolds such as atelocollagen (Ochi et al., 2002) and
cell transplantation therapy with articular chondrocytes,
synovium-derived cells (Shimomura ez al., 2010), and
bone marrow-derived mesenchymal stem cells (Wakitani
etal.,2002). In addition, tissue-engineered cartilage with
varying scaffold materials (Buckwalter and Mankin,
1998; Freed et al., 1994; Ochi et al., 2001; Darling and
Athanasiou, 2003) or without scaffolds (Brehm et al.,
2006; Nagai et al., 2008a; Nagai et al., 2008b; Mitani et
al., 2009) have been developed and introduced.

While clinical results have shown that ACI can
be beneficial, problems remain, such as periosteal
hypertrophy, limits on the size of lesions that can be
treated due to associated donor site morbidity, ability
to treat only a predetermined defect area, alterations in
the chondrogenic phenotype associated with in vitro
expansion of the cells, and lengthened ex vivo culturing
time for preparing a large amount of articular chondrocytes
(ACs). In addition, due to alterations and degenerative
changes in cartilage accompanying aging, the availability
of such cells may be limited in elderly patients (Nehrer et
al., 2006; Twasa et al., 2009).

To overcome these issues, therapies using stem cells
have been studied to facilitate tissue repair. Recently,
research has focused on synovium-derived cells (SYs),
whose high proliferative potency does not change with
age, associated with mesenchymal stem cells (MSCs)
that have the capacity to differentiate into chondrocytes.
SYs of MSCs have the capability to proliferate and
differentiate into a variety of connective tissue cells (De
Bari et al., 2001). ACs from aged patients show limited
proliferation in vitro; in contrast, MSCs are an attractive
cell source for cartilage regenerative medicine because
they can be harvested in a minimally invasive manner, are
easily isolated and expanded, and have multipotentiality
that includes chondrogenesis ( Prockop, 1997; Pittenger et
al., 1999; Sekiya et al., 2002; Sakaguchi et al., 2005). In
addition, synovial MSCs are especially promising due to
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their high proliferative capacity and chondrogenic potential
( Sakaguchi et al., 2005; Mochizuki et al., 2006; Yoshimura
et al., 2007; Nagase et al., 2008; Nimura ef al., 2008).

As disadvantages of pure cell suspension delivery were
identified in several previous studies, artificial scaffolds
have been adopted to deliver cells into cartilage-defect
sites and to reinforce the mechanical stability of three-
dimensional (3D) tissue-engineered chondral grafts. An
ideal scaffold would encourage the development of the
extracellular matrix (ECM). Although a few scaffolds
have been applied successfully to cartilage regeneration
(Masuoka et al., 2005), challenges remain regarding
biocompatibility and cellular viability, including cell
attachment, distribution, and proliferation (Mitani et
al., 2009). Biological or synthetic materials can cause
immunological problems such as acute rejection, foreign
body reaction, or fibroblastic overgrowth (Anderson et al.,
2008; Badylak and Gilbert, 2008), which have an impact
on the therapeutic effect.

Accordingly, we have developed 3D, scaffold-free,
tissue-engineered cartilaginous tissues (Nagai et al., 2008a;
Mitani et al., 2009) from chondrocytes and transplanted
these tissues into the region of osteochondral defects as
an initiator of cartilage differentiation in reparative cells
(Kaneshiro ef al., 2006; Nagai ef al., 2008b); we achieved
good long-term restoration results. However, the overall
process of these methods requires a comparatively long
period (more than 4 weeks), as reported previously for
studies of ACI (Brittberg ef al., 1994; Freed et al., 1994;
Buckwalter and Mankin, 1998; Ochi ef al., 2001; Ochi et
al., 2002; Wakitani er al., 2002; Darling and Athanasiou,
2003; Brehm er al., 2006; Shimomura ef al., 2010).
Therefore, a shortened process for the preparation of ACI
was accomplished using a high-density suspension-shaking
(HDSS) cultare method, which allows an equivalent
amount of mass transfer to be achieved more quickly,
thereby increasing the feasibility of this ACI using a new
scaffold-free transplantation system. Conversely, as is
well known, pellet culture is a representative 3D culture
technique. A pellet culture system that allows cell—cell
interactions, analogous to those that occur in pre-cartilage
condensation during embryonic development, has been
reported as a way to prevent and reverse the phenotypic
modulations of chondrogenesis in vitro. Because this
system forms only one aggregate, this aggregate cannot
be used to produce tissue-engineered cartilage (Furukawa
et al., 2003).

The purpose of this study was to evaluate the feasibility
of a new method for scaffold-free spheroids (spheroidal cell
aggregates) using an HDSS method originally devised to
manufacture structures comprising two types of cells, and
to investigate whether ACs and SY's form transplantable
spheroids for cartilage regeneration in rabbits. To
investigate the effects of implantation, we conducted
animal experiments using these scaffold-free transplants.
The recovered spheroids, which were constructed using
different mixing ratios, were analysed histopathologically
and morphologically, and a gene expression analysis was
performed to test the cartilaginous phenotype. The results
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revealed that our HDSS culture system shortened the
preparation time by half (less than 2 weeks) and produced
a considerable amount of spheroids for ACL

Materials and Methods

Animal experiments were approved and carried out
following the Guidelines of Tokai University on Animal
Use.

Primary cultures of articular chondrocytes and
synovinm-derived cells

With the rabbits under isoflurane (Forane®; Abbott Japan,
Tokyo, Japan) anaesthesia (induction 4 %, maintenance 2.0
% under 30 % oxygen and 70 % nitrous oxide), specimens
of articular cartilage and synovium with subsynovial tissue
were harvested from the knee joints of 4-week-old male
Japanese white rabbits weighing approximately 1 kg. The
cartilage and synovial tissues were stored in basal medium
(BM) containing Dulbecco’s modified Eagle’s medium/
F12 (DMEM/F12; Gibco/ Invitrogen, Carlsbad, CA, USA)
supplemented with 10 % heat-inactivated foetal bovine
serum (FBS; Gibco/Invitrogen), 50 pg/mL ascorbic acid
(Nissin Pharmaceutical Co, Yamagata, Japan), and 1 %

“antibiotic-antimycotic mixture (ABAM; 10,000 U/mL

penicillin G, 10,000 pg/mL streptomycin sulphate, and 25
ug/mL amphotericin B as Fungizone; Gibco/Invitrogen)
until required for the next step. The samples were cut
using scissors with curved blades on a watch glass (120
mm diameter; Toshinriko Co., Tokyo, Japan). Thereafter,
the finely chopped specimens were digested for 3-4 h in
BM containing 0.5 % collagenase (collagenase class I;
Worthington Biochemical, Lakewood, NJ, USA).

The digested cell suspensions were passed through a
cell strainer (BD Falcon™; BD Bioscience, Bedford, MA,
USA) with a pore size of 70 um, and the isolated cells were
rinsed twice with chilled Dulbecco’s phosphate-buffered
saline (PBS; Dainippon Pharmaceutical, Osaka, Japan).
The isolated primary cells were counted on a Burker-Turk
haematocytometer (Erma, Tokyo, Japan) with trypan blue
staining. The ACs and SY's were then each seeded into 500
cm? dishes (245 x 245 mm; Coming, Corning, NY, USA)
at a density of 20,000 cells/cm? and cultured in BM with
10 % FBS at 37 °C under an atmosphere of 5 % humidified
CO, and 95 % air according to previously reported methods
for ACs of (Mitani et al., 2009) and for SY's of (Koga et
al., 2007). The culture medium was changed twice a week.
The cells were cultured until 90 % confluenice as passage
0. At subconfluence, the seeded cells were expanded by
sequential passages in monolayer cultures in BM with 10
% FBS. Each passage of AC and SY cells was detached
using 0.05 % trypsin/ethylene-diaminetetraacetic acid
(EDTA,; Gibeo/Invitrogen) for 20-30 min at 37 °C. The
cells were centrifuged at 200 g for 5 min. The washed
pellet was resuspended in medium and the passages were
subsequently reseeded under the same conditions described
above. The cells were trypsinised and further expanded for
passage.
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1. 100- 0 8Y-AC
2. 75- 25 8Y-AC
3. 50- B0 8Y-AC
4, 25- 75 8Y-AC
5. 0-100 8Y-AC

BM =

Low cell
binding
culture dish

- 8Y

AG

T
Rotary shaker

Fig. 1. Construction of scaffold-free spheroids. (A) Schematic illustration of the manufacture of scaffold-free
spheroids. (B) Recovered ACs and SYs were mixed in various ratios and subjected to either morphological evaluation
or gene expression analysis. In addition to the in vitro analyses, we selected the optimum ratio of ACs and SY's (2.
75:25 SY:AC) for in vivo implantation. (C) Schematic illustration of the high-density suspension-shaking culture
method (HDSS). To fabricate the spheroids, a total of 1.0x107 cells/5 mL medium was plated on each low cell-
binding culture dish and the shaking culture was maintained at 37 °C under 5 % CO,. A rotary shaker was used
for circular movement at 70 rpm. BM: basal medium, SYs: synovium-derived cells, ACs: articular chondrocytes.

Proliferation potential

To compare the proliferative potency of'the ACs and SYs,
we defined and calculated the passaging growth rate (PGR).
The PGR for each culture dish was calculated per culture
day using the following formula: PGR = (recovered cell
numbers for a given passage/seeded number of cells for the
passage)/culturing days until the next passage.

Fluorescent dye staining

To evaluate the morphology and the distribution within the
spheroids with mixed ACs and SY's, isolated ACs and S§Y's
were labelled with PKF-26 (Red Fluorescent Cell Linker
Kit for General Cell Membrane Labelling; Sigma-Aldrich,
St. Louis, MO, USA) and PKH-67 (Green Fluorescent
Cell Linker Kit for General Cell Membrane Labelling;
Sigma-Aldrich), respectively, prior to spheroid culture.
The PKH fluorescent cell linker kits, which are stably
incorporated and retained in the plasma membrane, are
nonradioactive and lipophilic substances with no known
cellular toxicity, having a fluorescent half-life of >100 days
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in erythrocytes (according to the manufacturer’s package
insert) (Samlowski ef al., 1991). Labelling was performed
according to the manufacturer’s instructions, i.e., reacting
2.0%107 cells with PKH-26 or PKH-67 in F12/DMEM
without serum at 25 °C for min.

Manufacture of the scaffold-free spheroids

We fabricated the mixed cellular scaffold-free constructs
using HDSS modified from the original method (Fig. 1A)
(Lee, 2007). Briefly, ACs and SYs were harvested and
counted on a Burker-Turk haematocytometer with trypan’
blue staining, and subsequently resuspended in BM with
10 % FBS. Recovered ACs and SY's were mixed at various
ratios: 75:25, 50:30 and 25:75. ACs alone (100) and SYs
alone (100) were also prepared for analysis (Fig. 1B). Upon
mixing, 1.0%x107 cells/5 mL medium were plated in a low
cell-binding culture dish (60 mm Hydrocell™; Cellseed
Co., Tokyo, Japan) and maintained in the shaking culture
at 37 °C under 5 % CO,. Arotary shaker (Double Shaker
NR-3; Taitec, Koshigaya, Japan) was used to maintain
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Table 1. Grading Scale for Gross Appearance. Thistable
was extracted from Cook ef al. (2003).

Description

Points

Intraarticular adhesions
None

Minimal/fine loose fibrous tissue

Major/dense fibrous tissue

[=— N S

Restoration of articular surface

Complete restoration
Partial restoration
No restoration

Erosion of cartilage
None
Defect site/site border

Defect site and adjacent normal cartilage

Appearance of cartilage
Translucent
Opaque
Discolored or irregular

o -

O o=

Maximum total

el O — N

Table 2. Histological Grading Scale for Defect Cartilage. This table
was extracted from Wakitani ef al. (1994).

Category Points
Cell Morphology
Hyaline cartilage 0
Mostly hyaline cartilage 1
Mostly fibrocartilage 2
Mostly noncartilage 3
Noncartilage only 4
Matrix Staining (Metachromasia)
Normal (compared with host adjacent 0
cartilage) 1
Slightly reduced 5
Markedly reduced 3
No metachromatic stain
Surface Regularity
Smooth (3/4) 0
Moderate (1/2-3/4) 1
Irregular (1/4-1/2) 2
Severely irregular (1/4) 3
Thickness of Cartilage
2/3 0
1/3-2/3 1
173 2
Integration of Donor with Host Adjacent Cartilage
Both edges integrated 0
One edge integrated 1
Neither edge integrated 2
Maximum Total 14

circular movement at a speed of 70 rpm (Fig. 1C). After
2-3 days of culture, the spheroidal cell aggregates were
collected and divided for in vivo implantation and in vitro
analysis including histology, immunchistochemistry, and
gene expression.

In vivo transplantation
Cartilage and synovium tissues were harvested from two
different donor rabbits (4 week old male Japanese white
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rabbits weighing approximately 1 kg) according to time
(8 or 16 weeks) after the transplantation of spheroids.
These tissues were treated to obtain each of the primary
cell lines. Twelve Japanese white rabbits (females, 16-18
weeks old, weighing ~3 kg) were used for transplantation
in this study. The rabbits were anaesthetised with isoflurane
(induction 4 %, maintenance 2.0 % under 30 % oxygen and
70 % nitrous oxide). After a medial parapatellar incision
to both legs, each patella was dislocated laterally, and a
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superficial osteochondral defect (5 mm in diameter and 3
mm deep) was created on the patellar groove of the femur
in both legs using a drill and a biopsy punch (Kai Industries,
Seki City, Japan). The bottom of the subchondral bone
was shaved to a plane using a biopsy punch until bleeding
was seen from the marrow, as described previously (Nagai
et al., 2008b). Rabbits were classified into two recipient
groups: an injectable spheroid-implanted group, in which
the scaffold-free transplants were allografied into the defect
that was created, and a non-transplanted control group.
Before allograft transplantation, spheroids were collected
from a culture dish through micropipette tips and were then
delivered into the defect using micropipette aspiration. The
defect was filled with scaffold-free spheroids, which were
processed and prepared with 1.0 x 107 cells in 200 pL of
medium, and was held stationary for 15 min without any
additional fixation. The joint capsule and soft tissue were
then closed in routine fashion. After recovery from the
surgery, all animals were allowed to walk freely in their
cages without splints.

Morphologic evaluation in vifro and in vive
At the end of the study periods, the rabbits were euthanised
with a lethal dose of 120 mg/kg sodium pentobarbital
(Abbott Laboratories, Abbott Park, IL, USA).

Macroscopic evaluations of the transplanted areas were
conducted at 8 or 16 weeks postoperatively. The six femoral
knee joints per group (n = 3) were evaluated immediately
after the rabbits were euthanised. The distal parts of
the femur were harvested and observed. The cartilage
defects were examined and scored macroscopically for
the presence of intraarticular adhesions, completeness
of surface restoration, signs of cartilage erosion, and the
overall appearance of each defect, including smoothness,
colour, and integrity, according to a gross appearance
grading scale consisting of four categories with a total
score ranging from 0-8 points (best score, 8; worst score,
0), as described by Cook et al. (2003) (Table 1).

After macroscopic evaluation, the distal part of the
femur was excised and fixed in 4 % paraformaldehyde for
7 days. Each specimen was decalcified in a solution of 10
% EDTA in distilled water (pH 7.4) for 2-3 weeks and then
embedded in paraffin wax and sectioned perpendicularly (4
um sections) through the centre of the defect. The sections
were then deparaffinised according to standard procedures.

Spheroid samples were washed with PBS, then
immersed in PBS containing 15 % and 20 % sucrose and
immediately frozen, embedded in OCT compound (Sakura
Finetechnical, Tokyo, Japan), and sectioned at a thickness
of 4 pm.

After pretreatment of tissue and spheroid specimens,
each section was stained with toluidine blue (for
detection of proteoglycans) and safranin O (for detection
of glycosaminoglycans) for histological evaluation.
Immunohistochemistry was conducted as described
previously (Nagai ez al., 2008b). In brief, the sections
were treated with 0.005 % proteinase (Type XXIV;
Sigma-Aldrich) for 30 min at 37 °C for antigen retrieval.
For types I and II collagen, a primary mouse monoclonal
antibody (Daiichi Fine Chemical Co., Toyama, Japan)
diluted 1:200 in PBS + 1 % bovine serum albumin (BSA;
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Sigma-Aldrich) (final concentration 2.5 mg/mL) was
placed on the section overnight at 48 °C. The remaining
sections were incubated with PBS instead of specific
primary antibedies and stained as negative controls. The
slides were washed with PBS after incubation for 1 h at
room temperature with biotin-conjugated goat anti-mouse
secondary antibody (Cortex Biochem, San Leandro, CA,
USA) for type I collagen and type II collagen. The slides
were then treated with horseradish peroxidase-labelled
streptavidin (Dako, Glostrup, Denmark) for 1 h and were
then soaked in a 0.05 % solution of diaminobenzidine in
Tris-HC! buffer (pH 7.6) containing 0.005 % hydrogen
peroxide. The slides were counterstained with Mayer’s
haematoxylin and evaluated microscopically.

The sections were scored according to a histological
grading scale. We used Wakitani’s Scale consisting of
5 categories (cell morphology, matrix staining, surface
regularity, cartilage thickness, and integration of donor
with host) with a total score ranging from 0 to 14 points
(best score, 0; worst score, 14) as described by Wakitani
et al. (1994) (Table 2). The total scores were compared
between groups.

Morphologic evaluation of the spheroids was performed
using phase-contrast microscopy and fluorescence
microscopy (AX70; Olympus, Tokyo, Japan). To evaluate
the location and distribution of cells in the spheroid
structures composed of ACs and SYs, the spheroids
were analysed using the lambda stack function of the
confocal microscope (LSM 510 Meta; Zeiss, Oberkochen,
Germany).

The threshold for PKH67 and PKH26 was set by
evaluating the highest exposure at which the unlabeled
ACs or SY's showed no autofluorescence.

RINA extraction and reverse transcription-
polymerase chain reaction

Intact total RNA was isolated and extracted from spheroids
with various cellular ratios (SY:AC: 100:0, 75:25, 50:50,
25:75, 0:100 ) both at the beginning (0 h) and on day 3 of
HDSS using the SV Total RNA Isolation System (Promega,
Madison, WI, USA), which included DNase digestion
and spin column purification. 18S ribosomal RNA was
used as an internal standard {Applied Biosystems, Foster
City, CA, USA). The primers for rabbit collagen type I
and II were obtained from Invitrogen and designed using
Primer Express 3.0 (Applied Biosystems), based on
sequences from the GenBank database ({Genbank: D49399
and D83228] respectively). For rabbit collagen type I
the primers used were GCCTCGCTCACCACCTTCT
(forward) and CAATCTGGTTGTTCAGAGACTTCAG
(reverse). For rabbit collagen type II the primers used
were GCAGCACGTGTGGTTTGG (forward) and
CAGGCTGCTGTC TCCATAGCT (reverse). For each
sample, 2 pg of total RNA was reverse transcribed into
¢DNA using Multi- Scribe Reverse Transcriptase (Applied
Biosystems) and Random Hexamers (Applied Biosystems).
For PCR 5 uL of ¢DNA template was amplified in a 25
uL reaction volume of GeneAmp PCR buffer (Applied
Biosystems), containing 5.5 mM MgCl,, 200 uM of each
dNTP, 0.5 pM of appropriate primer pairs and 1 unit of
AmpliTag Gold DNA polymerase (Applied Biosystems).
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Fig. 2. HDSS schedule and passaging growth rate. (A) Schedule for manufacturing the SY-AC spheroids. During 11-12
days of continuous culture passaging, we performed three passages for ACs and five passages for SYs. The third AC
passage and the fifth SY passage were utilised to fabricate the scaffold-free spheroids. After 2-3 days of HDSS, the
cellular aggregates were considered stable enough to be handled: (B) Comparison of proliferative potency between
the SYs and ACs. The PGR for the SYs was significantly higher than that of the ACs. PGR: passaging growth rate.

The reaction mixture was kept at 95 °C for 10 min for
a ‘hot-start’, followed by PCR of 40 cycles. Each cycle
included denaturation at 95 °C for 15 s, followed by
annealing and extension at 61 °C for 1 min. A total of 10
uL. of each PCR product was applied to 3 % NuSieve® 3:1
agarose gel (Lonza Rockland, Rockland, ME, USA) for
electrophoresis. Resolved bands on the gels were visualised
with 0.5 mg/L ethidium bromide on a densitograph system
(ATTO Biotechnologies, Tokyo, Japan).

Statistical analysis
Data are presented as means = standard deviations (SD)
of measurements from 6 independent experiments. Groups
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were compared by analysis of variance (ANOVA). Student’s
t-test was used to determine significant differences. Values
of p <0.05 were considered the minimum level of statistical
significance.

Results

Primary cultures of chondrocytes and synovium-
derived cells from articular cartilage

Using the methods described above, the recovered numbers
of AC and 8 cells from a single knee joint were 850.9x10*
+24.2x10*and 593.3%10*+47.0x10*, respectively. During
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A

Fig. 3. Implantation of injectable spheroids. Changes in the appearance of representative cellular aggregates (75:25
SY:AC) with HDSS over time compared to other SY:AC ratios under a phase contrast micrograph at (A) 0 h, bar =
50 pm; (B) 12 h, bar = 200 pm; (C) 24 h, bar = 200 pm; and (D) 36 h, bar = 500 um. (E) Macroscopic appearance of
the spheroids (75:25 SY:AC) after HDSS. Bar = 5 mm. (F) A representative spheroid (50:50 SY:AC) under confocal
microscopy. Bar = 100 um. (G) The spheroids were collected and delivered to the osteochondral defect site using
micropipette aspiration through a micropipette tip. (H) The defect was filled with scaffold-free spheroids (75-25
SY:AC) in 200 pL. medium and (I) left stationary for 15 min without any additional fixation. Bar = 5 mm.
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Fig. 4. Morphological analysis and RT-PCR results of spheroids. (A) Morphologic appearance under fluorescence
microscopy (Flu Mi, Bar = 500 pm) of the completed structure of each spheroid type after a 36 h culture. For
histological analysis, spheroids with different ratios of SY:AC subjected to 3 days of HDSS were evaluated with
toluidine blue (TB) and safranin O (SO) staining. There were no prominent differences in the staining patterns among
the cell composition ratios for any structures. None of the spheroids showed a normal cartilage phenotype regardless
of cellular composition. For all spheroid compositions, the ECM was sparsely and irregularly stained with SO and
TB, suggesting a small amount of glycosaminoglycans and proteoglycans, and was also positive for type I and type
II collagen. Bar = 100 pm. (B) RT-PCR analysis showed that both type I and type II collagen was expressed in each
spheroid, regardless of cellular composition.
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Fig. 5. Grading scores for gross and microscopic appearance. (A) Cook’s scores. (B) Wakitani’s histological scores.

11-12 days of continuous culture passaging, it was possible
to trypsinise three times for ACs and five times for SYs.
Ultimately, the third passage of ACs and the fifth passage
of SY's were utilised to fabricate the scaffold-free spheroids
(Fig. 2A). It has previously been reported that SY's have
the characteristics of MSCs when isolated and cultured
according to the method of primary culture described by
(Koga er al., 2007; Koga et al., 2008a).

Proliferative capacity of ACs and SYs

The proliferative potency of the SYs was significantly
greater than that of the ACs. The PGRs for the ACs and
SYs were 0.51 £0.11 and 0.96 +0.29, respectively (Fig.
2B). The PGR for the SYs was approximately double that
for the ACs.

Morphological analysis of spheroids

Analyses were performed with ACs and SYs derived
from the third or fifth passage, respectively. Fig. 3A-D
shows the changes in the appearance of representative
cellular aggregates (75:25 SY:AC) with time among other
SY:AC ratios under a phase contrast micrograph. The cells
undergoing HDSS gathered into small numbers of cell
clusters and anchored onto others over time. The surfaces
of the cell aggregations gradually became smooth from an
original rough state. The final diameters of the spheroids
were ~250-700 pm, divided into two groups according to
size. The smaller spheroids were ~250 +100 pm and the
larger spheroids were ~700 £250 pm. The spheroidal cell
aggregates were macroscopically observed within 12 h of
HDSS (Fig. 3B-E). After 2-3 days of HDSS, the cellular
aggregates were considered stable enough to be handled
with micropipette aspiration (Fig. 3E, G-1).
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