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Tissue Engineering for Damaged Cartilage
Summary of Basic Research for Cartilage Regeneration of the Last 10 years
Shinji Imai

Department of Physical Medicin and Rehabilitation

Abstract Regeneration of articular cartilage has long been a target of challenge for the orthopaedic
community. Three most important factors of the regenerated cartilage are scaffold, cell, and growth and
environmental factors. As for scaffold, there still remains a controversy over which type of scaffold
should be used; bio-absorbable or non-absorbable. Likewise, appropriate cell type for tissue
engineering of cartilage has not yet been determined; pluripotent stem cell or mature chondrocyte.
Finally, in order to control the proliferative and differentiation activities of the applied cells, appropriate
growth factor should be applied, though it also remains yet undetermined. For the last 10 years, we
have dedicated our basic science activities to the cartilage research in order to elucidate the
characteristics of these factors pertinent to the cartilage regeneration. After summarizing of our
previous research date, we demonstrate our novel attempt to treat cartilage regeneration using

cynomologus monkey model of cartilage injury
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Cartilage Tissue Engineering and Animal Model
Cynomolgus Monkey and iPS cells as a Safety and Efficacy Model for Cartilage Repair
Akihiko Kusanagi and Ryuzo Torii

Research Center for Animal Life Science

Abstract

Articular cartilage has a limited capacity for self-repair because of lack of nerves, blood vessels, and lymphatic tissues.
Autologous chondrocytes implantation (ACI) is the first cell therapy for cartilage repair, however the efficacy of ACI is still
unknown. We have developed a novel engineered cartilage implantation technique utilizing an autologous chondrocytes
seeded in a 3 dimensional (3D) collagen based hydrogel/sponge and bioreactor, and preclinical studies using miniature
swine model had shown the safety and efficacy. Based on the results of 6 months animal study, phase I clinical trial for FDA
approval had initiated and proved the safety of engineered cartilage implantation and currently phase III clinical trial has
been started in USA. ACI using patient’s own cells will not cause immune rejection, however biopsy of healthy articular
cartilage would make an additional damages to patients and harvested chondrocytes have a limited proliferation capacity
since those cells are final differentiated cells. Recent stem cell studies for cartilage repair have shown promising results and
mesenchymal stem cells (MSCs) and iPS cells have the potential to become a universal resource for cartilage cell therapy.
Prior to the use of such iPS cells and MSCs based therapy, preclinical assessment of their safety and efficacy are essential
and non-human primates (NHP) serve as valuable animal model for human disease and biomedical research. We have started
to evaluate the potential of chondrogenesis from cynomolgus monkey iPS cells and confirmed 3 dimensional culture would
enhance chondrogenic differentiation from iPS cells. This preliminary result would support the capability for cartilage repair
using iPS cells and an additional gene profiling and preclinical in vivo evaluation will be needed for the safety and efficacy
in NHP model for the clinical application.
Keyword: Tissue engineering, Cartilage repair, iPS cells, Cynomolgus monkey, Cell therapy
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TABLE 2
Clinical Outcomes After NeoCart Implantation®

Case No

Assessments 1010 3001 an02 3003 3004 2006 3007 3008
Visual analog acale Baseline 592 335 148 133 0.47 678 047 657
6 weeks 231 0.95 068 079 0.40 416 114 2.23
3 months 041 166 048 034 0.20 647 527 2.03
6 months 061 114 034 0.47 074 5.80 215 0.81
1year 0.00 108 054 0.07 0.34 459 021 013
2 years 0.00 1.02 0.95 0.00 0.82 230 020 030

Range of motion, deg ~ Baseline 144 126 137 115 17 120 120 125

6 weeks 140 116 125 125 105 120 125 135

9 months 130 125 130 120 15 125 120 135

6 months 136 140 125 125 15 125 125 135

1 year 140 135 130 135 120 125 125 135

2 years 145 13 125 125 120 125 140 145
International Knee Bascline 12.79 68,97 68.97 T5.96 68,60 25.29 80.46 52.87
Documentation 6 weeks 2278 4828 20,89 42,68 55,62 6.90 4253 are3
Committee score 9 months 4578 6437 6552 68.97 54.02 1279 49.43 50.57
6 months 56,32 68.97 7356 T3.56 6437 3333 59.77 66.52
1 year 72.00 89.66 87.96  100.00 07 2494 6207 8161

2 years 7356 85.06 7701 100.00 72.41 49,43 59.77 92.10

"NeoCart from Histogenics Corperation.

18. NeoCart® Phase I O fE £ &

NeoCart® D % 4Pk % FEW 3 % Phase T B R 305 13 Ak
&I . BIfE., FDA Phase IIT B PR3 BR 23 42K 25 4
AT CATH A T 5. Phase I B KRR D 2 M D 7 + 1
—7 v TRESIE, B A Y L 72 Oregon Health and
Science University ® Crawford [EffilZ & 0V 5 S TW
%18].

B b 3 R R A O 7o iR AR

B M &2 i iR W AR E LT, A
TR AW REHEGERR LTS, E
B b UTo#C MR O BEFERE L IX R A 3 b v | A5
AR L TR E T D MRS O MR A L.
X, v Fa—ty Y TRRF. Langer BFEE I W
Tt MMERGMWM EBNERY ~— - XA AV T
=% HWEREFAET e NIBRIMLEZO T,
ZOWFREREEZFNT H[19]. +55 Ao lRe &2 R
2 8RN A W R~ oy A S sk g B R EL
WCFE D B Z ik s, Ko T, Frxlde FEIER
BHEAE TR EIT - 72, BEOFAYE O
scaffold (. ¥R ENIEFICT VD, ENOMH
THRE & RS A 0 R R R M % FE D scaffold BH % & R Ky
WCHIEEL, BRI ~—Chbr R B Ta 57 o
(PCL)f#k #E scaffold (3D-woven PCL) ZBHZE L. /XA A
U7 s 4 =% L., BAREEZERLE (K 19).

hMSC in 3D-woven PCL usin

A - B T

¢ bioveactor

Earth (1g) Orbit (ug)

19. hMSC in 3D-woven PCL/Bioreactor



3D-woven PCL ffi#fE > B % #il 2> < #fi A 72 scaffold & F5
DL RESHRATE SO XY b A EITRE R ) F 0 R
RSN, A" AFVT 72 —THEEEITH) Z LI
KXV ZONFHRMETIABECLEA T 2203 ERIN
7= (X 20). BALFERRFM&ERID SA 3V T2
A —IC KAWL R & 2T — 5 VR
ERBEICEME L, —) GAG OFMHICHE L T A
FUVT 7 Z—=F PRV EREERICR R & DR RN
mon (K21). ZoOREZ., Fx 2 NeoCart®Bi 5§

ReDNA AV T 74 —TRBRLEMREFKTH > 7.

F o MBS . AR RRAT & R 2R R
Bohz (K 22). LEO#KE XY, 3D-woven PCL
scaffold (X, B ERE THDL GAGR I M 2T —4 D
ERIIADTHY, AL AV T I X=X DN
B2 R S MR g & 2 T — 7 VR IR B R
ThdHENREINTZ. FIZEIEFE IO BRI
BEInDANLHEHT, S DE. WE, WaR
ED XD ITIEFICRE R G E LTI FRRRED
FR &AL DR TR O MLk M E & B A T D ER
FEFICEWRFB N 5. RWFJE TR % L 72 3D-woven
PCL (ZFEHICHE 2 NP LR, RV A
DT THEN TR EN D720 (KN TH 2 4£/) . WK
IEHICEBWTHERICAD THLEEZLND.

A Aggregate Modulus (MPa) B Young's Modulus (MPa)

0.8 05
"

0.6

0.4

0.z

0.0
Loose PCL  Tight PCL  Tight PCL Loose PCL  Tight PCL Tight PCL.
Static Static Bioreactor Static Static Bioreactor

20. F15E B9 REAM RS

>
o

DM (! sam pls)
Ed 2
L3

U d TaMd7a 10 fiedid  1d7d14d21d 214
Static dish Bioreactor Static dish Static

DM1 DMt DMz oM

-]
g

o
B2

?
!:‘m
Fa b
£
2m
L b
8
100 |!|
o lm =m0 A A
1d 7d|ald 214 14 Td |4d 2|d 1d Td |ld 21d 2|d
oM DI"
c m b
gam
';ZW b
]
a 130
| |

=

Id Tde RId Id ?d Hd2|d Id ?d Ildﬂd 21

?

nm

21, Az Ak A A FF Al A R

Static dish, DM2

Static dish, CM

22, HLAK S WA (I-111: SAF-0, IV: COL2A THC)

iPS Sl 2 W 72 B AR E

iPS a2 U 72 AR RS X, ES MR 28 £ O f
o SEHEMOME, FoMERBMBENAEESRE S
NI OMEEZ W T s EE2A 65, Ll
iPS Ml o g Ak 23 E RIS H ~ D KR OIESM B & 72 o
THEY ., iPS Mz ER~IEHTDICE, ETEHYE
TERWERERME - AHEFMALATHY . &b
B MZEWE D LB T2 FEER R OB RS A BB
LD, L, REARE~TARELITRRY W
NEBEET VEEZSEA, REERROMEN D H
FEMIZREIN, ZFRAELGREIND. TORE
FHOMBEEZITWRT 20N, EENFTET 5 AER
KFEAE MBI F e v X — B3B3 O MHC T
BORkh = A FLran=—7Th%. MHC 7 E #&KH
CBUTOBMEMNAIETH DD T, Hr &t TBED
BREMNTRE L 720, BEMENEL, HomWEihER
BATH ZENHFFFENTWD. 2009 EiC, EEHER %
FLE LT HMC REN =27 A4 BARREEE L0 ES
nNi-miEFEE » LT 4R TE2H L by AL
ZIEWC KD =7 A Yo iPS MIRRR S S S iz (K
23). FEHIIBE, B =2 A VL iPS MM L 0 K M
ONEFE L WEHAEER~OISH~ROVMEATEY .,
TORHARKa BT N ETHEROBERERNT 5.

X 23. B =7 A YUK EZ 3k iPS il i

1. P viEEEE T Vo EEME

P IITEBRE BV THE— D BT 21T D 8
WMThHo, BHFHNICATH, TAXOEWVTIHD D
ODOD%/VO)H’SEQE” R bE NORBBES EEEMLTWD
(X 24). WA O L2 2R OEHEN 72T 7 L H)



HBA[RENE D D EENPD D2,

1%P/S) TH:#E L -,
M DOEIEERIZEB W T GAGERBICOERH D Z &

MTHII=I ATV EANTEREHFAEOHFIELIL, 5
B2 HEIZ/2 5 TS EEF X HILAH[20]. T TITE
BER K2 AR G O fr R M R Ok, #elE
ORI =7 APV EFAINTEY . R4 Hk
RE2HBTWD. RE2H, EEANSWFENIZE FED
HRMIEE W =7 AP TH DN, RFHEDHE
B L —mZ g d s 2ok, FEiwgoEsT
HAHY., UYL IFENEOD, KEREOE XX

Imm 2L FCH Y BEEREIC KB ZERST 2%, B
FRBIZREINDZ EBEBEICAN, BUICIG L
BEETVOMMOILHAEL LD, ¥R bIE, BEKIC
BWTIEE KRB Z LS O IREIZIS WD Tk, AL
OFARFBETREZEMERTHY . EHICEL Bl L
REA S B RIBEIT S 28V CTIEIEFICEBE LD,

Human knee joint

Monkey Knee joint

Xl 24. & MEBEEIE =27 A FIOVERBEE

2. W=7 AV )ViPS Ml D 3 KT H &

FPRAENKFEBMEMBZHEE L ¥ —ICB
WCHISEE D T = 27 A F L iPS Hll ja 53 # f j ~ 76
1 38 [ R ZE R ] BT
LB BICE > TT U F LR (EEFHE LIPS

WA 1.5%7 W e — XX VNICHERE L7 (11 25). 2

i ] M3 AN Kt (DMEM/F12, 10%FBS, 1%ITS,
7o, RERFIRAED & b ECE

CS%MBEREDORIFITB W THEET I LIMER L.,

Rt &=1T - 7.

X 25. W=7 A4FIVIPSHMRDOT T u—AF i &
5 3 WLk &

16

TH O — XA MW7 iPS i o 3 kot & 2
B T o7& 2 A, HEMMKEL CHIMRAINL1o
B E THDH GAG DERMN., M AP T —
R lZ XV LN ERoT (IX26). F7=. 8E M
IR B ORF RN BE CH DG REICH E N
WA/ NENICEBE CHEELTWDHIRTHDLIN, 7THu
— A7 VND IPSHIE Y MV A Py TV — 5O GAG
W E NG /N ES B S, R E IS LR
B EEELLL Ce. iz, 2 MO 3R ®RE%HO T
Hu— A7 LN iPS M A 5 total RNA Z4fiH L., #&
Bk~ — 0 —#{E T O mRNA O FH 2 M58 L 727,
THa—=AFVNIZBWT 3 RILE®EEZTT -7 iPS
Ja CECE b~ — 7 — BB OREANEE I, Bl
RER T A R VRV OMRIZIZRETH DN, D
< EHBUERBN L TWD A =74 YL iPS #ll & #E
M ~SIEHEEAETHD ERBINDIERIE LN
7o, A%EVA MLy KERTORMIC KL S ER
LN ERE LR M~ Db FE SR AR L, EIC
VA= B FRoMaRE~— 7 —OFf M &b E
DANT LY R iPS Mld % & £ 72 WL A7 iPS
MM EE AT 2 H 022t L OHE DR O
OO EREZFEL TWDS.

26. GAG DRl (hvA Y v T —Yefh)

Agurese Agarese FB
iPS-200% M5S0 PS8 Nega

SOX-®

GAG

COL2A

GAPDH

27. RT-PCR



SRR

[7]

[8]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Hunter W. On the structure and diseases of

articulating cartilage. Philos Trans R Soc London. 42.

514-521, 1743

Buckwalter JA. Articular cartilage: injuries and
potential for healing. J Orthop Sports Phys Ther.
28(4):192-202, 1998

Buckwalter JA. Articular cartilage injuries. Clin
Orthop Relat Res. (402):21-37, 2002
Shelbourne KD, Jari S, Gary T. Outcome of

untreated traumatic articular cartilage defects of the
knee: a natural history study. J Bone Joint Surg Am,
85-A(Suppl 2):8, 2003

Brittberg M. Autologous chondrocyte implantation
technique and long term follow-up. Injury,
39:540-S49, 2008

Brittberg M, Lindahl A, Nilsson A, Ohlsson C,
Isaksson O, Peterson L. Treatment of deep cartilage
defects in the knee with autologous chondrocyte

transplantation. N Engl J Med, 14:889-895, 1994

Gomoll AH, Madry H, Knutsen G, van Dijk N, Seil
R, Brittberg M, Kon E. The subchondral bone in
articular cartilage repair: current problems in the
surgical management. Knee Surg Sports Traumatol
Arthrosc, 18:434-447, 2010

Knutsen G, Engebretsen L, Ludvigsen TC, Drogset
JO, Grontvedt T, Solheim E, Strand T, Roberts S,
Isaksen V, Johansen O. Autologous chondrocyte
implantation compared with microfracture in the
knee. A randomized trial. J Bone Joint Surg Am.
Mar;86-A(3):455-64, 2004

Knutsen G, Drogset JO, Engebretsen L, Grontvedt T,
Isaksen V, Ludvigsen TC, Roberts S, Solheim E,
Strand T, Johansen O. A randomized trial comparing
autologous chondrocyte implantation with
microfracture. Findings at five years. ] Bone Joint
Surg Am 89:2105-2112, 2007

Takahashi K, Yamanaka S. Induction of pluripotent
stem cells from mouse embryonic and adult
fibroblast cultures by defined factors. Cell.
25;126(4):663-76, 2006.

Takahashi K, Tanabe K, Ohnuki M, Narita M,
Ichisaka T, Tomoda K, Yamanaka S. Induction of

pluripotent stem cells from adult human fibroblasts
by defined factors. Cell. 30;131(5):861-72. 2007

Martin  JA, Buckwalter JA. The role of
chondrocyte-matrix interactions in maintaining and
repairing articular cartilage. Biorheology,
37:129-140, 2000

Benya PD, Shaffer JD. Dedifferentiated
chondrocytes reexpress the differentiated collagen
phenotype when cultured in agarose gels. Cell,
30:215-224, 1982

Langer R & Vacanti JP. Tissue engineering. Science,
260:920-926, 1993

Mizuno S, Tateishi T, Ushida T, Glowacki J.
Hydrostatic fluid pressure enhances matrix synthesis
and accumulation by bovine chondrocytes in
three-dimensional  culture. J  Cell  Physiol.
193(3):319-27, 2002

Wakitani S, Goto T, Pineda SJ, Young RG, Mansour
JM, Caplan AI, Goldberg VM. Mesenchymal
cell-based repair of large, full-thickness defects of
articular cartilage. J Bone Joint Surg Am.
76(4):579-92, 1994

Pineda S, Pollack A, Stevenson S, Goldberg V,
Caplan A. A semiquantitative scale for histologic

17

grading of articular cartilage Acta Anat

(Basel). 143(4):335-40, 1992

Crawford DC, Heveran CM, Cannon WD, Foo LF,
Potter HG, 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. 37(7):1334-43. 2009

Valonen PK, Moutos FT, Kusanagi A, Moretti MG,
Diekman BO, Welter JF, Caplan Al, Guilak F, Freed
LE. In vitro generation of mechanically functional
cartilage grafts based on adult human stem cells and
3D-woven poly(epsilon-caprolactone) scaffolds.
Biomaterials. (8):2193-200. 2010

Athanasiou KA, Rosenwasser MP, Buckwalter JA,
Malinin TI, Mow VC. Interspecies comparisons of in

situ intrinsic mechanical properties of distal femoral
cartilage. J Orthop Res. 9(3):330-40, 1991

repair.

[18]

IO E%

BIER R (AR, M. U o SHRRICZ LD &
LCTambh, —EHEELsZTH2EACHELZ VL. H
FCE MR B AE (ACD (X HCE 1554 O M e 5 ik 72
B, ZTOHPTEMBE SN TS, T2 THR4ITARE
WEME 3D 27— v« ARCDICHERL, A
VT2 —rHNWbHZ LIk, o o=T
— FEBBMEEZERE LZ. 2 =74 % 82 al g
RPN T, B AEHEERL, TOMEEZ LI
FDAICB T AR A M E Y . BITE, 2Kt T
Phase Il BRI O TH 5. ACIIEIL, BF O
FEZRCE SRR Z L T 208, #OB B BUT A e s
BEZEIBRALLH Y. HOWCE MEITHEAEEEIC b IR
RBd 5. EFEOHMBITEORIICLY . SR
WEFAE~OFIH S RCICHIFF S du, 3Rl i<
iPSHIFLOF M b EZ b TWA. LaL., iPS #llIx
Lo S WSS, RIS E T RIERRE T
NCREEWEHENEEZHRT LI ERRLATHD. L
Ve MZiEWIFe PEARZAVWERERET LViTe
N DOIERET NVRAEWEFRRIZEFTICEETH .
Fealx, =74 F L iPS LD D HCE ML~ D 551k
FEHEREEL ML, THERICE W T3 KRTERENRE
ML FEEICAITOHDLI 2R TRELZSL. &
RIER O 2120%, 4% X0 B comz e v =
7 A4V AEEKE R A a2k - AR EREG 2 4 ZH T
b DM, SEOREEIL. IPS MM EKE FAEERA~A
hCThDHATREMEZ RBELTWVD.

F—U— F MRk, W HE4. iPS
A W R



