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ABSTRACT

The goal of regenerative biotechnology is to
and structures lost or
injury,
approaches are

restore cells, tissues,

damaged by disease, or aging. The
current influenced by our
understanding of embryonic development, of
tissue turn over and replacement and by tissue
engineering and stem cell plasticity being at the
open debate,

hypothesis. This review main points are that

center of an with mulitiple
scientists need to make an effort to understand
the biological mechanism of stem cell plasticity
and to characterize. Also, this may allow for
the derivation of a human or another
mammalian counterpart. At the same time,
researchers need to ask themselves whether
these phenomena, even if they do not occur
can be

physiologically, manipulated  for

therapeutic use.

M B

AEgate] WAL 214719 ABFTe ¥
e &t A2 wjolEIIHAEE HIRE A
AE7NANEL 71540l FFHATA 7159 ol
ozt AFHUY AMYFTHY M2 FEH, 4
£ 2] 7tsstA U AAFY FIH
2He Al EE A 9o &EAAAY &
A5 AE, 23 T AAY GRE 3= A
ojtt. 22y AAARSY 71&H Bgd w LA
gAlo) Aol xHoluyt Zigel FA A@IH A
E2oMe F7hA FFoIRt. 2 Pl
A AEsHR de z2FFFo|Y E71AXETAA
o] Haol YR Eolg. HAIAAE AA AL F
2o 7] n@ol} AXE o4 F AYH dE
AFZo] AFH 2AYAA olFojAxn Yer U
Be 3oz AP  JYd(Alonso and
Fuehs, 2003; Harada and Rodan, 2003; Radtke
and Clevers, 2005). ol 33322 AelA 3
£8 dAdA FLE AAESE EFd2 € F A
th. & FHAMNE ol% HIY A2 T¥E 4
HEEHA FEAY A FHAA 71E9 HE
oz2uk A EHYY diztFEC] GA A%9 v
AY FFo] old & AY o EL YYdez9
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g 7hs4e e AR aa 3o,

Aol FTEEL AgdEH AV|E AY, Hxz
7}&3le7 Al&Rsta A7t o) oA MY A
obgk3z, 20417) EAAMEA YFES Ha A2
T B9 A3 DAL 214719 #@delt) o]y
g A AS 2 IS @A QG x=@
A2 7t dF ITF WA FAY, Fod, 2
FREEES Foto QA9 o] 9P wa g
o a2¥dn A Foy FEUYI FFYY
FESY ANE ¥7] # 4 Qidn 2. oY

2R ERTE 22 Bas} geon o
BHAN Fl2E FudMel UY BRg Wy

d@stol Y434} FBUY, 53 52AYF
stel @ 2 F7MESY Be S oy
Holgtn 4zEch 2B & FAQNE A4
Fotol o A AT ojgA FTAY
H2Y AAME A2 97 UL Fad 4y
u3 e FELAe] Agaor ¢ BYL o

F 1z g}

= £

AAE3e A+ B

AYEgold HNEAM B %ol &48 e
MEA 2A8se tolgtam AP} @A o3
AdA et e AAFSL A A 7HA) 9
o FEE = JHFig. 1. AAE 42 A
ATz AAE st F7NAZE olyst: A
oltt. ol ojn] ox HE wgo] dALH Y&
WA =Heo] M2e ENHAEE ojygtozy v
¥4E AR Fu, A3E T3 HHL &
T3t H3Yold(Brockes and Kumar, 2005).
olx WAE AUx HMEe 1YWF Pz} o
A E7IHZ Alolo N 2AED ol Nz
£ Ee AAFZE Y4ss U g8
B2 oot F WA HIYPL g &
A Al BolA I Z7AE7 A Ho
2 o" EHY FZE FAHY £ Q7] 9Fo
T4 E= 53 TZRE FA4HRAFE NE2E 7z

-
& 4 st wigse @l olth(Imokawa

and Brockes, 2003). o|9 A}g3es Fx=
scaffold2t i 3t ol TEA Ay Zay
2 UE F Jon A4 oM 471 L)y
g2l Ad. A& S0 &7 ¥uy 8
o] &3t Alg&AoAM ZE scaffoldE o
¥ olg E7IAxXe FuiFe A HE 7
A E7} scaffoldlielA Z3x 238 AS@
(Imokawa et al, 2004). 223 YA o] &rjate
BAgFH2oz FE9 &3 FAEA HYH %
TEvRE 20 oA AY FE9 A YR o
433 angiogenesis WP o2 YHo] AAYHEE
FES F ddd &g B¥gozn &g
S AYE F Atk o|Eojt}. o)} AR AT
7H 32 A Ev 2§ Y92 A¥EY ¥ ¥=
ol-2olA Al Y AL FEAN F A
Fate A7/ WA= Qo a2 AAF e
opAe W $HE 4 gL 2oy AW
o dobdle AAAJA HAEI 222 A 5
A=EE Bxs] F& AP g Aot} oj:
H EA AEE o4ste AL ol s&9 A
X7t F48A AAHEZE EF A T
E7IAE7E 843t HEE fxde Rz g
o] AYFLE L) o2 AAHL AHFE)
A doue @dolt. a2lm RiHoz x3
&4 Ee 2AS AAY A 5 N3AgA
7t AL NS E AlFsE AL EYQPE A 2
o FAF] AL EulWoi Egvo)al:
ANZAY EF0] NFdHoz YAHL Hol=y o
R A4 zHAoln ZHo] &AL YUY
S BY A LA 222 ¢4 g w
2 ol ojm E3lg M¥Es MEEY S
A(E YA EAGA-DNA 24D A So7=
activator241¢] &g 9F3} oluix gEE,
HFFEAAMT ol AEAY AAd 2= =
3 dlFdoe] EQ8 How AP Tanaka et
al,, 1999).

E o0& YT N x=Haz gE
M dE 37k Ao st s]Ee B9}
TAE 27 & AAsdgn sy A4y
AZHE BT ofel o HEJ Az uEo
HEsn gJeAd dgd 42 dfog
(Leor et al., 2005). AAZ AEuUojA o]e)s &

i wo

H B o
T

715 &
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A 71se AEE F2343 ol oHE B
of AYH AE7 el AA9 71v4 EA
Azte] A £ FoF 8ol HI At 2
oz B FAdMe 9wvEd /4% ¥3
o] @ AFFH dEo] FVIMES HFA
(plasticity) @7 Z#S S AAste FEAITY
o] AAA e =ad Buz ot

A

AN

RV

‘A
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Fig. 1. Schematic = of three approachs to
regenerative medicine. (A) Implantation
of stem cells (light green) from culture
leads to the restoration of the structure.
(B) Stem cells are provided with a
scaffold(triangle) in order to guide
restoration. (C) The residual cells of
the structure are induced to make a
regenerative response.

Z714x =3 A9 94

EFFoM =AY @ 7L olv] 19
M 7] ¥t Conhheim 7} o3t AZRHUG
(Cohnheim, 1867). 1 EE AX7l d#o=zYy
B AA"EdE 714e 233dY. ole As
Z4oA AL e olgoz LHEA H
ot oldd ML HEFE APESe] THEAYE
g, g zFoly 7|#e MEEe Y E£= I
& s AERE AAHe AR 27 LR
g9 28ln Hx HZe AF/ES vEHA

AZEAAE o3 7% Aol WAe=
¥ Cohheim® 7t4d& F9dd FUAtHTanaka,
1999). olald HMEE EF %5 A(plasticity)
tg23lse AT ded o AXEC] oA 7]
Foziy ZHUY Tgxm ez wg
Aot A & 2Ho AYEs a2 =F Yol
A8 limb oM 435 HAde] FLE
AL @t ol wAGAY =F TdFH YA
o Aol 27 wgtel Holoj o7 7HA] Aol
< F AT HAE 2N BAE 1089
A3 £ FId58 L BAsHA d49 53,
vhdl e 23 md2 Ry AAHE T A
e Aoz HAAA B 1089 7% A
#o] o]Fojx e Aoz gA U otvix <A
e EFE XHF FE UdFEAME o8 #
AL 71% el BFo) EAY Aoz UWn A A
ARoz old Wiy AFEo] AdH Yd. &
3] morphogene 59 % Fulol wW& Z3A9
Ao ARG AL 7 Aoz wIHA
tH(Gurdon and Bourillot, 2001; Tabata and
Takei, 2004). 2282 ZAHH L TAFH £33
o] RA(retinoic acid)®l 9 &eo] HZ w3 AUA
B dFE0] oo FFH olFoA: Yt
283 ¥ Shh(sonic hedgehog) &9 7%
B 2 AP Aol digit(FF)E 2
Aae F83 FAAZ deAd dd. BY, 9
FAz7E ERHX REAY Ldo] FEEA X
3 713 zAAMo] dold F UAdE AT
BnE 2T Qo 53], vte2u g wizt
Aol A Shhel HMEW =& A= =} L3y
o] AAo] o]FolAE Ho| HAHUT ol%
AFA BAFE F8T AAHLS AR &
Fuflo] @2 ZH AYPL YNHoz golt=E
o] gito] ojd 5 wIAHL AAse FIA
o] g% We AYS ¢ F Yo 222 @
9 ZASodE 27 WY MXe EEES A4 o
&o] o3t AR Fol X d F99 AR
e 27 AAE 299 FHo e AL T
22 8¢ Aol olFoYE ¢ F INHRoy
et al, 2000, Roy and Gardiner, 2002; Ahn and
Joyner, 2004, Harfe et al., 2004).
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E71Ax £3 ¥F

Z7IAXLE E22YE JAHIAY == A7 3
*ﬁ—% AP3tAA EAE Hef2 W3t £ Q)
T AEet O e A ENAMEAAN o)
g MREEC] ZtzZe] HA E71MAEI AAHE 1
T EE Z2F Y g2 oz 3 wgd
T A dsidE E3toh a8y Ho w
ozl =FoA AdA E7ME} T9F
layer #9¢ ol &
FaAS AEYAGE

EE T
embryonic germ

embryonic germ layerol A

£35S AYx dgol #H3HHWeissman,
2000). 2 ZT2RE Rgd ts E7AE
A, THAE, AZBHAE, AZEZHE Fog B
std S THaAth 28z oled deAE, o

multipotent adult progenitor cells (MAPCs)z}
3t=d °] A EX¥E mesenchymal stem cell (0]
MSCze} 3tth el subpopulation®.2 ZFHE 9]
o2 zxoz F3d5dL 7ML UA(Jiang
al, 2004). 242 MSCE X3 AHAZE7A
Aol de Bo 53 w T Qo] A%
g2 vj$ gYsh(Fig 2) ARG 718, F%,
Zg, S-S Aol s ABsS N5
UE FEEIEZ AIEEHT 9.1‘4. oju] H Ay
%3t 147} AFHA LT, A2z} g}ty
2 dfo] & dEE 499 MAME bone
cartilage Zﬂ%‘ﬂl XYool FPHYc}. o
F HZ 2 d Alojof ol @ TF Fd =714

Ry dob FIJ

ol
2 o

o 8 jo b 4> o R

Pre-RS cells ()
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Fig. 2. Schematic relationship
between dubpopulations of MSCs and
their differentiation to specific cell
phenotypes.

summarizing

Zo o3 thdg A7l BasYPe =9
43P0l #e] LEHAUY. £F D o) &
Aste v R AFAHEE E£3 M E B3
T EE 54 AR EIY £ Y vHo) ¢
HAch £ "WA £ GFP #3A7 Mold £7)
AEL2RE o3 FE AYPM 87A s|Bo
2 239 AEXE 39 #3¥A v o &
3, F5E Aoz A AANA dirdgAx
¥2 432 GFP #Az7 2dge 98 4
UAHeLEARY) 28 £ G ATF2 A4 )
FZ7IME wiFelM Mo NFMEE B
of wjolEZIA XS} FulFsATiY of 7l A
oM HFHE HEHUode drRunst g
(Fig. 3). °ol& %7} g¥Aoz olopy 3s&
stemnessE ©A wlolEV| A X9} FujgFozy
TFY AE, BVNAEFE FAAE EJER
FHEEN o] NEX TF oF Ve
g £ gldes 99 Aude dAFB Izl
(Ying et al, 2002; Terada et al, 2002). 22| %
E7IAEY F35EL F o U AYPoz
T2 ARG e HHd A9 &4 237 2

718 23 AYANE A2 5 tehgc of

L
=2 (<]

T E7IME H2Z #¥3 JF F U 9%
dHoz ol4d HAEIMLG e sang
E4d 718 = 23os FY gL FU4E

Small ey spitholisioots  (S[0[0 010

. LJLILILIL]

0000
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Fig. 3. Schematic showing that in the coculture
system some MSCs differentiated
directly into SAECs and others fused. In
addition, the MSCs probably synthesized
and secrete growth factors that enhance
regeneration of epithelial and other cells.
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Table 1. Therapeutic application of MSCs in animal models

delivery

Indication Animal m(->del/route of MSC source Result Reference
delivery
Myoca.rdlal Mouse/direct injection Lin c-kit' bone De novo myocardium Orlic et al. (2001)
infarction marrow cells
Myocardial Immuno.cqmpe_:tent Lewis C57B1/6 mouse Donor-derived cardiomyocytes | Saito er al.
. . rats/IV injection 1 week ) )
infarction . ) MSCs and angiogenesis (2002)
pre-infarction
Normal mouse Partial restoration of .
E/Iu;culir mdx mouse/IV injection muscle-derived dydtrophin expression in %;;Z(;m et al
ystrophy MSCs affected muscle
Lung Bleomycin (BLM)-sensitive | BLM-resistant Reduced inflammation and Ortiz et al. (2003)
fibrosis C57BL/6 mouse/IV injection | BALB/c mouse collagen deposition ’
Spine Canine bone marrow-derived . Muschler et al.
fusion cells/cancellous bone matrix Autologous Improved bone grafting (2003)
. . . Enhanced bone formation and | Bruder, Kurth, et
g Athymic rat/ceramic carrier | Human MSCs improved biomechanics al (1998)
bone Canine/ceramic carrier Autologous MSCs | Enhanced bone formation Bruder, Kurth, et
al. (1998)
defects — p
. . . . . uts an
Canine/ceramic carrier Allogeneic MSCs Enhanced bone formation Ploenacher(2003)
Craniotomy | Immunocompromised Alloplastic transgenic o - within 2 Krebsbach et al.
defect mouse/gelatin sponge mmouise W >99% repair within 2 weeks (1998)
stromal cells
Tendon R::lb bit/contracted collagen Autologous MSCs | Improved tendon biomechanics, | Young et al.
defect g structure and function (1998)
; Caprine/intraarticular Enhanced tissue formation and | Murphy et al.
Meniscus injection Autologous MSCs reduced osteoarthritis (2003)
Table 2. Therapeutic application of MSCs
Indication Source/route of Result Reference

Myocardial infarction

AC133+ bone marrow
cells/direct injection

Function enhanced in 4/6 and
tissue perfusion improved
strikingly in 5/6 patients

Al-Khaldi et al. (2003)

Osteogenesis imperfecta

Allogeneic bone marrow
transplantation/infusion

New dense bone formation and
engraftment of donor-derived
cells in three patients

Horwitz et al. (1999)

Large bone defect

Autologous bone marrow

stromal cells/scaffold patient

Enhanced bone repair in 1/1

Quarto et al. (2001)

Metachromatic
leukodystrophy (MLD) and
Hurler syndrome

Allogeneic MSCs/infusion

Significant improvements in nerve
conduction velocities in 46 MLD
patients; no GVDH

Koc

et al. (2002)

Severe idiopathic aplastic
anemia

Allogeneic MSCs/infusion

Improved stroma in 1/1 patient

Fouillard et al. (2003)
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AAZ71ME9 9% A (plasticity)

HAE7INES] 954 (plasticity) & 10| L
SAAE 23F e 45" YL A= A
S BT old] g Hoe wjol FrMES G
2] AA 7R J1EAEL o XS %
3 2oz = 1 FFHo] &3 Y germ
layer2% &3} 7HgsitdE Rolurk zyy o
ATFEAAEL o3 /S HAE AAESo) AL
A WHEHI UHGrove et al, 2004). 2] 7}
ITRIE AHEY WA o] AEE A2 AX
2 E37 7bsdtt. 2 8AXdE 28 EV)HE
&= satellite cello] &A=t S50 &
BA Z271NEE BIANA FHE TS Q79
, O1AE F A SI)MAENA Fed AT
7t 2AF §& T2 A AAE BEIgy
(Mauro, 1961). 28] 3 O & HudXE Ay

AN KL HaA €47 F o] ATE o4 T

S
a9
2

2o i

o
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A= A A sHsAe]l glgo] BuEQr}
(Moss and Leband, 1971; Campion, 1984).

A BAAEVIAEZE 2 F 7HA =49 FA
o el 2F FUQ AME} AX Alold &8
dE& FA%e 2FAME E7AES &Y 2
A Axe §HE} 2 AEe ENL WwHsUA
Adddn T2 QcHFerrari et al, 1998).
Y B & agdME oju] ZrMTds
Zt 718 Aol fAEA ¥e B T z2Fo
2 B3 299 HET 9o} of AXE FAo
2 E3sdEA Addon FZ3n Yo F s}
A FRAA 2 FAZ H= A3 AL BE
HI QAT obd =9 A7} @o] Ut}

T WA J54Le AHA SV)MEY AzZNE
T3olh. AR Fuo AEE AEdT Y= A
A E71HE] HBEA AFAF(acute myocardial
infarction) &2 A&7 Al Y4B of 9 Az
A¥ME HAFn doh gz wjo} Zr|A ¥}

Table 3. Murine liver engraftment by hematopoietic stem sells

Publication | Yeae Donor Marker Recipient Treatment Donor Tirm? after
(Reporter) BMTx Liver Injury ’(%; Injury
Petersen et al. | 1999 | Y-chromosome or CD26 | Yes 2-AAF +CCl 0.16 9 and 13 days
Thlese et al. 2000 Y-chromosome Yes None 22 24 weeks*
Lagasse et al. | 2000 LacZ Yes FAH deficiency 30-50 28 weeks
Wagers et al. 2002 GFP Yes None <0.0001 36 weeks*
Maller et al. 2002 Bcl-2 Yes Fas-agonist antibody 0.05-08 8 weeks
Wang et al. 2002 LacZ Yes FAH deficiency None 5 weeks
30-50 22 weeks
Wang et al. 2003 hAlbumin or hck19 Yes CCly NR 4 weeks
Terai et al. 2003 GFP Not CCly 26 4 weeks
Kanzawa et al. | 2003 GFP or LacZ Yes CClL None 4 and 8 weeks
Y-chromosome Yes CCl <0.0001 {4 and 8 weeks
GFP or LacZ Not CCl None |4 and 8 weeks
GFP Yes Uroklnase expression None 15 weeks
GFP or LacZ Yes HBsAg exprssion None 13-32weeks
GFP Yes | HBsAg exprssion +CDE None 4Tweeks

Abbrevlation: BMTx, bone marrow transplant; CD26, dipeptidyl peptidase IV; 2-AAF, 2-acetylaminofluorene; LacZ,
ROAA26-B-galactosidase; FAH, fumarylacetcacetate hydrolase; hAlbumin, human albumin; hCK19, human

cytokeratin 19, NR, not reported; HBsAg, hepattes B surface antigen; CDE, cholline deficient,
ethionine-supplemented diet.
*Time after BMTx

1BM injected without total-body irradiation
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kA2 QA EVIMEE AZAEAE 25
Azz 237t 5ol 4FHZ A
(Petersen et al, 1999, Tomita et al, 1999;
Makino et al, 1999). 22y A E714XE ¥
£ RE Z7|AZAN BYAFEG dF 3
AR e otx FEA JdehtA g3 Qo A
AT B3 AFANE B A4A 742N B
QAR wgoz MFMPANN HEEL AFA
F1m Yot 1Y SFAE ¥ AXdMe A
Y AZHESG FIE 715S Hole AXIL
w7slo] Bu HAHOrlic et al, 2001; Fuchs
et al, 2003; Perin et al., 2003).

2 ggoz FYAL HEF Y AEE
oA e TAF P dF HIE HHRY
7t ASE HaE F XY R A2=dd 9
s @ FAE AP NEF{A T AN
71%5 & hepatocyte®t cholangiocytegts Al E ol
o]3e 3@ HTable 3). 28ln kol AzZH3HA
E4EE AEE EEE 951 BEVIAEY
oval celldl ojstd Aol APt AP T
gy AHde Wy odAd FE dydez HAAY
& o 25 Fd B ENAEE oAHE T
&89 FHZHE oval celle] 3B N5dS
#gatch. 28 n ke Aol AE3A o A
¥E325E AA4AA hepatocyteZt WE S
z9 g 4 AUHTheise et al, 1999; Alison et
al.,, 2000; Danet et al., 2002).

auto] AFPES Aurd AR AE YA, 37
AR, A FE aYdn ARAEF Fid o2&
s 95AHL RdFE A3dTREc] LEHN
o AAZ7IMES] AFAHE FTHH}L o€ ¥
o Hga7ldE otF 71&HA FA7 Bl AUk
gty gozel HAE o FVNHMEE HA
& opA Aol AlFska, A MEete] AP
T 454 R o2y A EF AFTHY o
A3 A4 Ad7d 2 FASn g 5+ Aok

she

4 £

AP aetolP 8 Fol Hx2 AxE AlZIE F
A FdAAM 59 koo tEE it FUA9

el mA HEsd FAL e & Y
243 @ 71204 FolB £ duh. ol A}
oz wAstd F9 9ggo] HAG 23U E7I
Axets Ay 2 old diE A7 Sl JAHEUA
olu] 506 d Mol WAY NTE AW TF E7I
MEo] o]Ho et AEEol VYo Kot =F
wadsto] FAlo] wasAN EV|HAE AT B
& AQso] AYPYHA T AN AMFAA
29 d& BoFa gk A AY¥Y AR
4 o]2o] nHdly FVNAEX XN3Eg2 AEE
3 o= g FgPHg & Aol

aglx ol FI|M X vldd ¥3Hso] ol
Itk 9l £33 MAPCO 9ste 7Hdo] AR
At B FAMANE A E7VIMEE ol8@
Mg AA QT R Ao FF A 7}
23 A9gstn o olFA ¥ &8 7t
=Ao) & HE L FAHE AFsHn FEAL
ol glo} old AAF3e BAFL AMest
Qrh dwtzez AE AHYU M FUAXE
zt7] & z37 ¢td EAEE Sold E7IAXE
o Yyygz 2 F gloen ol& TE EYE ¥
o FAZFsed FEAYe] & ol 2 5 Ue
Aolgt AR ¥ a1 TE RES o|8F A
I AE 3712 & 9 AN £+ UL A
ozt AzZtHx oo HAYUE VYA E=
HAAR wgeo EAE £ o f4A A2 & +
AL ol E=E MM FVIAEE FHAHe=
AzzaPgol 715 AEe Fagch wd, o
Aol EX A =2HAY B &4d 9=
o]F3tEe W UMz EF AL ZAHMA
zod 27 date 2249 AY L =3 AR
ee gd + JALAA transdifferentiation= 7}
Factn AzEY ol @ AASe WA TEH
dct. utgez AFAHL 7L Je AXE
A7 AL AX $EE d= & EA¥Hn
A+ ch(Wilmut et al, 1997). °l& °] AIXE
wut¥o oAy L o YeyE  germline
chimera @4& F3d A9=HJAADG. de2 &
Agde oy AT F FEo2 FoU
qge & Ao Yo gAA werh A Z7)
A AP Y olFFY] AT FLI}ATL
Jojop & Alo] YR B3 ol LA @

rlo

A

How
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