FLENBASE day 4 vs day 5

2@, Lapheresis¥ HE{TLI-BH TH
(n=96)

Day4 BHIR
G-CSFURVEE
LMEMMIES

1ERBRNRET ?

CD34H &

% CD34

AMKERER RET B

Day 4 vs Day 5

AN A B
g 48

g-csk 4 O
sx | 1 anm
AR or BU
G)s + + 9@
g¢csFs 4 0 04 8 ]!

4
am § Jamosn

Blood access

HF—TIUEA: FF—OURIDBRANSEELL
L

ATF—FIBHE: @EAFF—:15/155 (#110%)

ANKPHER RETF - BERLE

HF—FLBHENE, 10%DRBMAFRDYRY

Blood access

HT—TFLBAERDENRE
FF—DBBREDH, 9—FR—F—wI
M (ESIIR) ORENBE
SRARORS T ESIR LI Eh-5E5T 52
G-CSFEHT 1R TARRE,

FRARIA—MENGNEESITH?
BRREMAEREMLEZLGESFTS?

Blood access

ROKIRATF—TFILEAIZONT
BREOHAFSL243E
LHEBAFELHHBHR POBRIT—FAREAI=2TIL

http://www.mms~-net.com/ med.nagoya-
u/anesth/cv/CVmanual2.pdf

BARREPES
RETADBIFHT—TILEA - EEO-8DF5|E2009
http://www.anesth.or,jp/dbps_data/_material_/localhost/a.pdf

Blood access

FlBIRDT—TILRAIZDNT

SHBRAD T IRRIZONT

1. PBR+—NHBEIC, BB T HFEBRNHS %45
FEBREEF, ﬁiﬁi?&*ﬂﬁ

o AT A L

3. LROBAIE, KEMIRIZT7RTH

PIOBIRAT VLR TDAREAH IR
HohLOHORF—IZAYTd—L

-578-




ZE1

« BEIMENEIETITIN. AIREATITINE,
PRERMERR, R —. FH—CEREUEER O Hh BRI RE (R
FICKYRLD

« BIRFE B(E, day4 days LWTFhiiFashd

et

s BILBIRADTIERIZDONT

1. BASMIEKRENSOREH R
Rr—iB IO T
2. EKHEMNLEMLENEET, BT
MELRMNLELDT,
G-CSFEELI-#&Izhit [F =BT

. EP'L\‘%RIR’\T’J'EZ"?'é_I“ETEﬁ&%n_t’é?&b?ﬁ\b

O F—Iz427

o RILDBIRICT 7EALIRE, REHmISH T 550G

1. BRORYSa—)L
2. FHHOLE

-579-




UR-PBSCTM %3k

\’ﬂ\\) C/)‘

\UR-PBSCTDEE 58 (C
ESERY N )

\/\)Y ’\)

UR-PBSCTIZ# 1T HEERFAERICDOWNT

1. GVHDFIhEEEEIC. BERIUBRGE
BULRBHEREPHOMSEVNRRET, Ch
SOBES EEH—L-2HERERERRK
SHERDERIZHLL,

2. BREOBELUR-BMTEREED ELWUR-
PBSCTZ BB T 5F-8HIZIL. UR-
PBSCTIZDOWTHHHIEEDEEKREZEERE
BHEAEOEBIEALETHD,

UR-PBSCTIZH T HEERHERIC DT

1. Lf=#>TUR-PBSCTD Z &L BIFEKRFERE
TH50THNE, BB TGVHDFIHELEDER
tZBIELIZEBRRBREHETRETHS,

2. LAl BRAGRFERBLATNIEGSLNE
KT B-AERERROERIIBHTH
Y. BF<{Learning curvelc L ABHERFED R
E5U51F5,

3. &L T, BIEBRORBICH -2 RO
retrospective studylZIXBRAH S, (HERE
MEUE TELLY,)

UR-PBSCTIZHITAEREKRAERIZDOLNT

1. #CT. BHERICATILE. GVHDFBhEL
EDOBHEAEIZDONT, LD DEIRAE
ARELTHYENHRETEIRTESLELD
IZLT. FOBINBHELHIZEHTLIHAX
[C&o T KUBEDELNEFNTELELD
HEERABREEET 5,

BEMORE
OPBSCTO# (Beh: )
OBMT/PBSCTLUIhTH

Fr—Rlo®L
OPBSCTO# (B )
OBMT/PBSCTU hTHLT

BT
ocyY-18l
fBU-CY
OFLU-MEL  CFLU-MEL-TBI( Gy)
OFLU-BU OFLU-BU-TBI(  Gy)
OFLU-CY OFLU-CY-TBI{ GY)
OFo# ( )

RIAAE RIS
CREROMERINE
OWmKDT=&

ORBHE(  [EXR)OLY

-580-




GVHDFB% (’Wi&bt&%%ﬂiL‘Ct\éﬁwﬁ?'\fi&ﬂ)
CICSA
OMMF

CSA. TACERIL\DI1BE. TS A% MLAR. BhOPBE
Bsamft __ mgkg
OfSME (BROPRE
0182681 48E (BmndRE
O181ERERE (BRADRE

MTXZRALDHE. TOR5ALRER
115 mg/m? (day 1) + 10 mg/m? (day 3,6,11)
110 mg/m? {day 1) + 7 mg/m? (day 3,6,11)
0115 mg/m? (day 1) + 10 mg/m? (day 3,6)
010 mg/m? {day 1) + 7 mg/m? (day 3,6)
OEO#e (__mgim? (day __) +(__mg/m? (day __)

MMFERVSBRE. FOREBLRER
0¢ mg/m?(day __ ~ )

DPSL

ng/mi)
ngiml O+57-05 i)
ng/ml Ob57-04% 5 BM#)

CSAMR BT E B(GVHDDREMELVIHE)
Btk B

CSAMEHR T ¥ B(GVHDDRENLLMAR)
B =]

S&.BELMLTVENZE

1. BIARATEIRIRE
}
2. UR-PBSCTO#IEAEDEEIL
!
3. UR-BMTED LB (RCT?)
EBFEDHEST, QOL, EEEIZDOIVTE,

M#%&KPBSCTvsBMT

Event/Patients Statistics ORand95% Ci  Odds Redn.
pPBSCY BMT {O-E} Var, (PBSCT : 8MT) (5D}
Survival 207/544 234563 -135 9.6 - 1P 2
Owsease-liee survval  228/534 270564 =240 1099 L 20m18 2P 02
Relapse 96/542 132558 185 535 -~ B 1zh, 20 e 01
Relapse montaity 537544 79563 -132 315 ] W 18.2P e G2
Nonrelapse mortality  154/544 158563 ~0.4  71.8 + fagt2nafe 10
aGVHD (1) 2275520 213841 127 953 o e 2P 2
GGVHD (extensive) 1894483 122490 388 611 W 08, 2P 000
Neutrophil engrafiment  516/530  528'555 -984 632 - g 181, 2Pe L6001
Platelet engraltment 4717332 476:554 -B6.7 1316 - 46% (8). 2P < 050
| SSEEENINEVN S
¢1 1.0 10.0
PBSCY BMT
Better Better

J Clin Oncol 23:5074-5087.

>

mi#z#&KPBSCTvsBMT

wes o
aatatc 117 T 7
[R5 B wfim ——
E": . 10 Tia eru
£ %! Sthennaxn 2 "ress
52 n, TOHS gz nf -t
= €=
33 33
3 e LIRS I
jg o Pate \SET— iow .
i3 = I ey TN
3w 58 i
Ixx L ™ ot e
X iz T %Y
2w ¥ o (P - —w—FasCt
e o ] Ta “w £ w
fwn
E it bl Erertsperam iy
(BT e 23N eI B0 xow (320R PBET v mam paze wam ek atn

31200 34032 BALY XA BN 224 183} I3VMT \TTI8E 122108 TMLIN G0

J Clin Oncol 23:5074-5087.

Mm#%&FPBSCTvsBMT

g,
&y -
—— Y. :
A §ulligre il B}Z Hepia et
H BN prirtes 28 e ne g
» YD o 0 57 ran -
§; 4 if —
it w BB S 4
5w o~ 98 -t i
3% 9] aun i /“} 2l + et
§e »1 P e e g g e
i R H — e et
H "} S S Sl
: ok
€2 AL tin
» e S 34
H / i:°
ige H 2%
i [ S A T S
H 5
e ron
[o— [P—
PRCT lim IVEED LA SAIK GAAY APIY Fw:l v':'m; I ATB SATAY WAL AP
WONEIE VMR UL M sI8 wy ot IR D R D v

J Clin Oncol 23:5074-5087.

Mg &ERPBSCTvsBMT

00 t]
o 17 statstc. 6,36 - mc’
Pem - e e
2 Abadif ar
§‘)_ w § vears =387%
£g 704 mee e o
5 g P
£
E %
85
- R
3f 268 AP
H e
id AT b | |
10 s 2053% 2.5%
-
5 ' H 3 3 3 3
Yoare

Reqpre/persan-yeirs
PB3C” 5 2033398
B

620439 1. 427006 5T 24601 CISE2
YNAIA T LIS 1

EPLIT IR P7h Y VAV R

J Clin Oncol 23:5074-5087.

-581-




Mm#FE#EMRPBSCTvsBMT m#ZFERPBSCTvsBMT
f f [ . e 102 v
WO stanste 351 cow PBSCT % sz 009 - EBSGT A \ » - PLSCY B \ e peoT
A L a0 PR, 4454 B R o a-BMT_ s \ —a— BNT_ oy —_— M
90} avsdmat i weax " .
§years s 3772 C hyeas - 1.50% 0 e R ol g
0~ 4 <
z € . k., wom 6556 \
3 2 ki — N
§ 0! g 79- = 70 e T 3 ] g
3 i b P ) [ - Yl 3 3 .
i 8 | § ® S 4 . R . ‘i
i S ——  [EYRHOBRBROT—SNRE
— 73
i i . [ EVERHOBED WWE)-
3w - . 3387 P .
¢ H P o5 Z 3 3 i
] £ - [P TE “x ™ e — e
3 = § sew, T = 3 72n
B 231 2 3
N £ stact 0.5 £ stansie: s 28
~ 1P= P= 0l
° i 0] ascdfat 1 asedttat
f Hyears= 1 38 byrars 210177
a vz 34 s € ] vz a4 5 & 3 T2 3 3 s A
Yeas Years ear
AN o o omas deem vem dayREO DAY SIS NI A e sun e T . [
wr BEIF 2PV 7™ L1 40P e T CARIM AR 3PN nuEn Y GNE FBALT ArMAG XZM A3 RTII INM AT AN RO AIRLH 2% .U FRB 26U (114
STONIG EERD VI RN o M L o Tye i %3 A~ o G A
J Chin Oncol 23:5074-5087. J Clin Oncol 23:5074-5087.
Engrafiment fadure
», p——
Mm#z&MPBSCTvsBMT iRER 74 / e
1] / / 5 Al wel
[Ev— H [ ewo
‘l Alive well L———\ Alrse with GVHD
!
= Mesrkary toorm Rela,
” / It Raet 0 3 = Alrve after relaspe
POSCT | ! |rerrea o \m”
‘i \\ 'J Fod Radt O  Dead
!' % ‘4 wceabaty onsT
n
| \ , ) 2 Alve with GYHD
| } | { omsr |
!‘ | l Ao with GYHU ’_r\«—% Alive with GVHD
} Aow borm Retipse
] Yengratment oyving! SRR 5 Alve after relaspe
" er Rud 0 Dead
| em Freat Rwd 0 Dead < Deat
: - f “\ Aleve «
i | .\ Alive after rekaspe <G Mlve after relaspe
- ‘ [TV rT— Dead -
PHSCT or BT et R 0 ————7 Dead
——] \ s Rwd 0
\ Fox Rt 0
'
Dead -
- Madovldom . |
] et Rws 0
N . I inar Rwd 0
Biol Blood Marrow Transplant 15: 14131421 (2009 ‘ Fnd Rud 0

Tabie |. Probabillty Estimates with Data Sources

Adgrend for Adpnedior  Rangs for
Extimate Hooch Crde Mosth Cycle  Sensomty
Probatiiey Orea Source POSCT) Lesgin (PBSCTY Esuerate (B4T) Lengs @HT) Aratyses
Engrakmens takare Hewr 1 003 00 908 0 001908
1GVHD Mrcaratna o412 0137 031 0114 41208
Daseh hom 1GVHO Meeyanstysa y ty i RS 1S
Reapre. yeur { Mecsariysis o183 o017 4185 [Y5 003
Reapse, yar 1 Mecsaniyn 406 0035 904 st 001042
Retapse. yeor 3 Heaaning 00143 o001 0057 0004 Q005008
Traaoment sweeess WGYHD  Leerature 04 0047 04 Q067 025078
CGVHD Groughyew | Hesramaipa o3 0078 048 ars 00807
<GVHD beyord Metasrayia 209 2007 008 00067 005015
GYHD omplators  Mea-aalis o4 0067 015 conn o183
yeur t
GVHD comphanors Metranalysiy L1 00042 004 03l 002004
beyord
Tranplre compherens  Laeatmn 0128 001 0125 o0l 00502
Treaoment success GVID Leerature 03 0008) 03 20083 007
Tiper 15T Stewars e d P2} 030 0005 04 eoh 00505
T o relpre, exly  Hetraryse 007 00050 ot ao083 00503
Death from eehapre.late Hesaniiysa 0045 000378 2045 couse 004008
Eacly TAM Heesamina o128 o0t o1 ot 00502
Lme TRM Hea sy 001 [ 002 co017 0ot
Quatey of We Leenatore evometes (e Mechod)? exmates (see methody) 10
JOVHD comgicmon Meaaeins 026 0087 010 0067 069.039
Death trom cGVHO Fecracayss ARETRA he xe RRE 15
Ageyan e cae 3 3 1865
ASR morciey Ureratore “US. sundird AR maraly U sarderd ASR moreky

elated mocuality, ST,

LGVHD indcates acute grahversus host deease, cGYHD, droric grafl vor tus-bost disease; TRH,
s therapy: RRI, relitive risk increase; ASR. agefiex/race.

M #&&RMPBSCTvsBMT RET 5347

§568%

Quality adjusted survval

D8k

3

ass

o8s

EX: ) 025 XT3

[ F%D F ik Toost-effectivenessi= DL CHEFE A k. |

TYable 2. Survival Outcomes for PBSCT versus BMT

rOSCT oMT
Overal lfe expectarcy. months 13 54
QALE £6 49

PBSCT indicates paripharal blaod 1tem cdi tansphntadon; BMT, blood
marrow transplantation; QALE, quality-adjusted kife expectancy.

Biol Blood Marrox Transplant 15: 1415-1421 (2009]

-582-



F+—®DQOL (Seattle RCT)

P
3]

——
o
(-
et
——
v
——

f——
[——

Emotonst Status Seih-Repon
Phiyaical Status Seit-Raport
——

{Blood. 2001;97:2541.2548)

K+—dMQOL (NMDP)

80% —— 2B3CIN= 404 80%
- <8¢
708 3one matrow (N = 38%3) 0%
2 60% 80%
g s0% 5%
& 4o% {7 At
ox |f Time to wovery » 3 donor repured meavare | | 36%
20% sach marmaw and PBSC denor 15 soarscnd weekly | £ oo
post-dorution unal the donor confioms complete
10% rocosery from cheie procedure (Figure 53 10%
o% %

3 2z a4 6 8 I 12 "4 1% W8 0 2

Waeks ater Oonation

Figure 5. Kaplan-Meier plozs of tine to recavery from stert cef
domtion (first domatons performed from November 2001 through
March 2006).

Bialogy of Blood and Marrow Transplantation 14:19-16 (2003)

RF—F—IL DK

o BAEMIZIIBM. PBELLTHEWNEESTK
haE+—niEm,

o LHOL.TPBAED: » JELWSRF—H R F—
?—)bd)i%x!:ama“éﬁlﬁ'é’filiéi'éé
LY,

« FF(IPBEAYAIZLT, PBIEEL., BMEEER
DOWEBEH > T ET, FDLS4R
TR EHEEFT S,

RICT,NST from UR-donor
B

91/ G-PBMC (n=71) |

B0 '/

T

—
-

Peripheral blood T cell chimerism

Median % Donor Chimerism
@
g

40
) :
” I Marrow (n=18) | T — L,
10 v
P=02 P=01 P=08
3
° 8 50 [
Oays after HSCT

(Blood, 2003;102:2021-2030}

FR20EE EHETHEE

9.8.30 JRIRRED S DB - I UR-BMT
ER

Ai~UB 0T 9R a9 0 81 w2 MR 0L on s ast

o M~N8 0T C9R N9 N0t a2 MR e en Ces ‘o7 |
GRS @ % M 11 & @ 31 2% 3% 20 39 2| 35
3~9 W8 B3 43 55 A6 36 46 37 38 35| s
-1 WS g MW 42 3 47 M w2 1 3% m | s
1529 5 @ b @ TTO6F 6 B 45 4 18 B T
20 -24 9 % oofho5% @ w0 8 3 5 2] 7.6
2~ T 62 7C % & 56 42 ST 9 53| 7.4
30~31 e 36 30 61 58 82 69 6L 42 G0 s BE| 00
35~39 e 32 43 50 Wi 9 65 a0 w0 tE il et
i~ 41 oW W @ ; it o 7

15~ 19 0 W ¥ W5 W6 5

H~31 i) N 8 17 51

3B~59 0 Q9 0 6 19
50~64 6 0o 0 I ¢
45~69 L] [t} L{] 1] ¢ b 5

T0~71 o o o o & 1 o 0 0 1 2 9 1
75~70 [ S R S N B T R T R R 0
S-~-xq o 4 0 A} € (1] 0 0 4] o o 3 0
36~3Y i 1} 0 0 < 0 0 0 (4 o n 3 0
W~95 ¢ 0 0 0 ¢ 0 v 0 a « v 2 0
(8] 1] it 0 0 { 1] L] 0 [t] [ 4] i 1]
o LOKG 390 16 B35 660 706 475 611 61 U3 3 xpr | 85w

FhREMBRAMNNOBXOER

.

UR-PBSCTDEAIZEST

F+—QOLDO%E

MBI —BAEDIEKX

ML~ DOLR(ZH O, TH)
KREKORT(FTONTFE)

-583-




BERBEHPARER
IRHREORBABHEEAREMTI I RAFOER. B0, HANXBIZMTIHR; W
BH B— HE

FRIEHE A BRMKM (2010/1/31)

FRAH M HRRIERIE T DIBHE
DREER

PUEBARR EMERBETF — A
REWH. RILEH, LLRMR

EARREIC &5 11 B IR EFS R MODI4- MM £ AL - EHETSHE
HBE & UFE

& 1996467 ~20094 12 . FMEPBSCT (RISTZRRC) 7260l
BEFH  PREITF (17~60F)
BEWRA  B/x=41/25

AML 314 MDS 5
ALL 15 4
NHL 8 SAA 2
CHL 7

® FF—(dHA—BOMBET, G-CSF 10ug/ke/dayE HTFE
L% 54~5801%IZCobe SpectraTl~2HERAPBSCEIREL /-,
IMIRE(£150~200 ml/kg(KF—{hE) .

CD34+ MM ML 21105/ kg BHE. 1x10/kg £ BOBELT
CEEBRICERLE.

HREL & M f-CD3AMS M MRE R D BE R 16

CD34+cells x 108/Kg

-584-

EN-E

FIEEMEARERORMIA L L TRHMEMIE (PBSC) DFMEA
BEYD0HHH, +HUCOMEERBOB LGV FF—2Duh b
THEETHI NG, MBMIThEL YRIL FRERFL THI08mN
ERELTHLOBREShHIENEL, LHL., BYLBEERIZA
LTEBTLLBE>THHLIFERL,

LR TIRRA, BECREMEERRFETICBEET> TS, BIX
?gi;ﬁﬁﬁﬁﬁﬂ:gméﬁaf:ﬁﬂ EHRARICRH LE-OTRE

R MEHERE b () CDI4R5 1 MR B %

g IR ERE 1B R LU (2 052 RS

k. 56 control CD34-PE

§§ a 970022004 970072003

8 gy

8 4 8

3 3

2 EE

N .

£

M I B iy B ;
Anti CD34-PE

K R & N 1-CDIARB A SRR 2=

R 24BN x CO4BR IR B OIS

VI ERBHARBOL N> —XTD

BRI
16 BiRmCD34 M 28 BRMCOMBMY BHICOIMMIE BN
(X108/kg} {X10%/kg} (X10%/kg)
028 081 1.09
039 141 18
0.58 084 142
065 1.03 1.68
067 032 0399
015 038 113
0.93 093
095 121 216
098 0.85 1.83




#WECD34+4fa L& M EIE

Infused CO34+cells

ANC>500/ubL PIt>50, /
o , > 5 n aotg >50,000/ L
: I
- 24
*
<
: By
% Qe
r=0.032 Q =0.129
. . 2 f
b
R . - € =
. 1t - T T
| "n;u W uh »z F
By o o w e TR
Days after transplant Days after uansp‘ant

mECD34+¥{ﬂB‘&<‘:GVHD

- T T 1
F BHEGVHD i 1BEGVHD
i
i ¢
H i H
I i D
§ o
P !
s ' 1 H '
:
b |
viewshe e . *
—— . ;

FEH

¢ REIOBEOR. FH—5m"o28I1hiYRIRLf-0IX14

PTEHot,

& Bk ENf-CD34+RRAR L RIE2. 16 X105/Kg (0.93~
18.92 X10%/Kg )

& 2PTEXRTED,

& CD3A+4HRR>2. 0 X105/Kgliix S hi-EH Tidm/MMROE
ggffl:;&ﬁénf:bﬁ HhRBOEHEICKERES
E> £Y Rl

& Al - BEGVHD & ¥ & h7-CD34+1BBa K & DIAR8IZER
Hlamot=

-585-

#ECD34+4Hka & &M EE

CD34+<2. 0x109¢CD34+22 Ox106DHE#

ANCS00/ 1 } ' P11250,000/ 4 1
e .
o .zzno-/jx_r(:,d—l—— = | - BIXIO g e
I - exike o f X 1007k
o Lo g
o i o _
?M I ! %6\
o g $=0.185 . o1 { p<000s
ol i as i
af -1 of
sif O | o /
ol ol £ g e e
1 5 I | o d o e h & s W om
o !
. I

WECD34+ iR & EFE

0.21 P=0, 135




VIL #f 52 B R © I 47 4% - B Jil



Long-Term Donor-Specific Tolerance in Rat Cardiac
Allografts by Intrabone Marrow Injection of Donor
Bone Marrow Cells
Kequan Guo,"” Muneo Inaba,">* Ming Li," Jun An,” Wenhao Cui,’ Changye Song," Jianfeng Wang,"

Yunze Cui," Yutaku Sakaguchi," Masanobu Tsuda," Mariko Omae," Yugo Ando,” Qing Li," Xiaoli Wang,’
Wei Feng,' and Susumu Ikehara™>*°

Background. Donor-specific central tolerance in cardiac allograft can be induced by hematopoietic chimerism via
conventional intravenous bone marrow transplantation (IV-BMT). However, there are problems with IV-BMT, such
as the risk of graft failure and of the toxicity from conditioning regimens.

Methods. A new method for heart transplantation is presented. This method consists of administration of fludarabine
phosphate (50 mg/kg) and fractionated low-dose irradiation (3.5 GyX2 or 4.0 GyX2), followed by intrabone marrow
injection of whole bone marrow cells IBM-BMT) plus heterotopic heart transplantation.

Results. Cardiac allografts with IBM-BMT were accepted and survived long-term (>10 months) showing neither acute
rejection nor chronic rejection including cardiac allograft vasculopathy by such conditioning regimens. In contrast,
cardiac allografts with conventional IV-BMT were rejected within 1 month after the treatment with irradiation of 3.5
GyX2 or within 3 months after the treatment with irradiation of 4.0 GyX2. Macrochimerism (>70%) was favorably
established and stably maintained by IBM-BMT but not IV-BMT. Low levels of transient mixed chimerism (<7%)
were induced by IV-BMT with fludarabine plus 4.0 GyX2, but the chimerism was lost within 1 month after the
treatment.

Conclusions. These findings indicate that IBM-BMT is a feasible strategy for the induction of persistent donor-specific
tolerance, enables the use of reduced radiation doses as conditioning regimens, and obviates the need for immunosuppressants.

Keywords: Tolerance induction, Heart transplantation, Intrabone marrow injection, Bone marrow transplantation.

{Transplantation 2008;85: 93-101)

D espite recent advances in immunosuppressive agents,
chronic rejection and side effects associated with the life-
long usage of nonspecific immunosuppressants remain a bar-
rier to successful clinical solid organ transplantation ().
Mixed hematopoietic chimerism has proven its efficacy in the
induction of persistent tolerance in rodents, large animals
(including nonhuman primates) and recently a few renal pa-
tients by conventional intravenous (IV) bone marrow trans-
plantation (BMT) (2-4). However, obstacles that hinder the
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clinical application of BMT as a feasible strategy for inducing
tolerance in a clinical setting include the toxicity of condi-
tioning regimens, the risk of graft failure, and the problem of
graft-versus-host disease (GVHD) (5).

Recent studies in animal models have therefore aimed
at minimizing conditioning and optimizing selective immu-
nosuppression. Included in these approaches is the use of
nonmyeloablative conditioning regimens, T-cell depletion,
donor lymphocyte infusion, and blockade of stimulatory and
costimulatory pathways (6-9). We have recently found that
the injection of donor bone marrow cells (BMCs) directly into
the bone marrow cavity (intrabone marrow BMT [IBM-BMT])
induces persistent donor-specific tolerance in mice even if the
radiation doses are reduced to sublethal levels (10). IBM-BMT
also enhances the rapid recovery or reconstitution of the hema-
tolymphoid system (including bone marrow stromal cells) of
donor origin, resulting in the complete amelioration of autoim-
mune diseases in MRL/Ipr mice, in which conventional IV-BMT
had been unsuccessful (10). It is of interest that the recipients
treated with IBM-BMT have no clinical or histopathological
signs of GVHD or graft failure (10, 11). In addition, we have more
recently extended this new approach to the induction of toler-
ance in the transplantation of the leg (12), lung (13), and
pancreatic islets (14) in rats. Therefore, the new BMT method
(IBM-BMT) seems to have significant advantages in achieving
successful allogeneic organ transplantation.

It has been reported that fludarabine eliminates normal
and malignant mononuclear cells in animals and humans
through the inhibition of DNA synthesis. It has also been
shown to have cytotoxic effects on lymphoid cells (15), par-
ticularly T cells (16). Furthermore, the prior injection of flu-
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darabine has proven to facilitate the establishment of high
levels of hematopoietic chimerism with low doses of irradia-
tion, as shown in our previous leg (12) and pancreatic islet
transplantation (14). In view of both its selective lympholytic
activity (especially to eliminate donor-reactive T cells in the
recipients) and relatively mild side-effect profile (17), we have
used this immunosuppressive agent as a part of our nonmy-
eloablative conditioning regimens.

In the present study, we report that the combination of the
injection of fludarabine, low-dose fractionated irradiation, and
IBM-BMT provides a feasible clinical strategy for inducing per-
manent tolerance without using any immunosuppressants.

MATERIALS AND METHODS

Animals

Brown Norway (BN: RT1"), Fischer 344 (F344: RT1Y,
and PVG (PVG: RT1°) rats were purchased from SLC (Shi-
zuoka, Japan) and maintained until use in our animal facili-
ties under specific pathogen-free conditions. BN rats at the
age of 8—10 weeks were used as recipients, and F344 rats at the
age of 8—10 weeks were used as donors for the transplanta-
tions of the heart, skin, and BMCs. PVG rats were used as
third party stimulators in mixed leukocyte reactions (MLRs).
Allanimal research was reviewed and approved by the Animal
Experimentation Committee, Kansai Medical University.

Heterotopic Heart Transplantation

Heterotopic heart transplantation was performed, as
described by Tomita Y (18). Briefly, after induction of anes-
thesia with intraperitoneal injection of sodium pentobarbital,
vascularized heart transplantation was performed hetero-
topically into the right cervical portion of recipients using a
microsurgical cuff technique. Donor hearts were procured
and stored in a cold saline bath. The donor brachiocephalic
artery and main pulmonary artery were anastomosed with
the recipient right common carotid artery and right external
jugular vein, respectively. Allograft survival was assessed by
daily palpation. Graft rejection was defined as complete ces-
sation of spontaneous ventricular contraction.

Experimental Protocol for BMT

BN rats were injected intravenously with 50 mg/kg of
fludarabine phosphate, followed by fractionated whole body
irradiation (3.5 GyX2 to 5.0 GyX2) by '*’Cs (Gammacell 40
Exactor; Nordion International Inc, Ontario, Canada) 1 day
before the bone marrow and heart transplantation (day —1).
As described previously (11), BMCs (3X 107 or 10X107
cells/60 uL) obtained from the femurs and tibias of donor
F344 rats were injected intravenously (IV-BMT) or directly
into the bone marrow cavity (IBM-BMT) of the left tibia of
the recipient BN rats on day 0, and the cardiac allografts from
F344 rats were implanted simultaneously. In terms of the
IBM-BMT technique, the knee was flexed to 90 degrees and the
proximal side of the tibia was drawn to the anterior. A 26-gauge
needle was inserted into the joint surface of the tibia through the
patellar tendon and then inserted into the bone cavity.

Analyses for Cell Surface Antigens
Spleen cells, peripheral blood mononuclear cells
(PBMNCs), and BMCs from the recipient rats were stained
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with fluorescein isothiocyanate (FITC)-conjugated rat
antiRT1! monoclonal antibody (mAb; PharMingen, San
Diego, CA) to identify the donor-derived cells, and puri-
fied mouse antiRT1" mAb (Serotec Ltd., Oxford, United
Kingdom) followed by phycoerythrin (PE)-conjugated goat
antimouse immunoglobulin G (Serotec Ltd.) to identify the re-
cipient-derived cells. Donor-derived cells bearing a lineage-spe-
cific phenotype were also analyzed by FITC-antiRT1' mAb plus
PE-conjugated mAb against CD45R (B220) (PharMingen),
CD4, CD8, or CD11b (Caltag Laboratories, Burlingame, CA).
The stained cells were analyzed by a FACScan (Becton Dickinson
& Co., Mountain View, CA).

Mixed Leukocyte Reactions _
MLRs were performed as described previously (13).
Briefly, the responder spleen cells (2X 10°) were cultured with
2X10° irradiated (12 Gy) stimulator spleen cells from F344,
BN, and PVG rats for 72 hr and pulsed with 0.5 uCi of [*H]-
thymidine for the last 16 hr of the culturing period.

Skin Transplantation

Full-thickness F344 donor or PVG third-party skin
grafts of 2X3 cm were prepared and transplanted with 6-0
Prolene on the dorsolateral thorax of BN recipient rats. Grafts
were secured with sutures and covered with sterile gauze and
an elastic protective tape. The first inspection was carried out
on the seventh day, followed by daily inspections for 3 weeks.
The graft rejection was defined as the complete loss of viable
epidermal graft tissue when more than 50% of the graft be-
came raised, necrotic, or covered by eschar.

Histological Studies

Fresh heart necropsy tissue was fixed in 10% formalin
for 48 hr and embedded in paraffin according to standard
procedures. Three-micrometer-thick sections were stained
with hematoxylin and eosin (H-E), Elastica-van Gieson’s
(EvG), and Masson’s trichrome (MT). Antia-smooth muscle
actin (a-SMA) mAb (DAKO A/S, Denmark) was used for
immunohistochemical staining. Furthermore, the frozen
specimens were also prepared for fluorescent staining using
FITC-conjugated rat antiRT1' mAb (PharMingen) and puri-
fied OX-62 mAb, reactive to rat dendritic cells (DCs) and
integrin ay chain (PharMingen), followed by PE-conjugated
goat antimouse immunoglobulin G (Serotec Ltd.) to identify
the donor-derived DCs in the recipient thymus by a confocal
laser scanning microscope (LSM-GB200; Olympus, Tokyo,
Japan). To determine GvHD, the liver, intestine, and skin
were also histologically examined after H-E staining.

Statistical Analysis

Statistical analysis of the survival rate of the cardiac
allografts was performed using a log-rank test. A P value of
<0.05 was considered statistically significant using Stu-
dent’s t test.

RESULTS
Establishment of Hematopoietic Chimerism
after IBM-BMT

We first determined not only the number of donor
BMC:s (for injection) but also the conditioning regimens for
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BMT. Recipient rats were given fractionated irradiation
(=4.5 GyX2) with prior injection of fludarabine, and BMCs
(1X108) from donor F344 rats were injected intravenously
(IV-BMT). In these conditions (1X10® BMCs and =4.5
GyX2), macrochimerism (>>90%) was established in the re-
cipient rats regardless of IBM-BMT or IV-BMT (Table 1).
Therefore, we next carried out BMT with a lower dose of
BMCs (3X107) and a lower irradiation dose (3.5 GyX2) to
make differences in chimersim clear. PBMNCs were collected
from the recipient rats every 2 weeks from the second week
until the 24th week after the treatment and stained with do-
nor-specific antirat RT1' mAb and recipient-specific antirat
RT1" mAb to examine the chimerism.

As shown in Figure 1A, all the recipient rats with
fludarabine plus irradiation of either 3.5 GyX2 or 4.0
GyX2 showed macrochimerism (>70%) after IBM-BMT.
It is noted that approximately 80% of PBMNCs were of
donor origin even 180 days after IBM-BMT at the lower
irradiation dose (3.5 GyX2), although the PBMNCs of the
recipients treated with fludarabine plus 3.5 GyXx2, fol-
lowed by IV-BMT, were of host origin (Fig. 1A). This mac-
rochimerism achieved by IBM-BMT was maintained stably
even 10 months after transplantation (data not shown). He-
matolymphoid cells bearing mature lineage markers were
also shown to be of donor origin when the cells in the spleen,
PBMNGCs, and BM were stained with antibodies against
CD45R, CD4, CD8, and CD11b plus donor RT1' (Table 1 and
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Supplemental Table 1, available for viewing online only). It is
noted that the reconstitution of donor multilineage hema-
tolymphoid cells was similarly observed in the bone marrow
of injected and noninjected sites (Supplemental Table 2,
available for viewing online only). In contrast, IV-BMT after
fludarabine plus 3.5 Gy X 2 failed to reconstitute the recipients
with donor-derived hematolymphoid cells (Table 1). Only a
low level of transient donor chimerism, which lasted only
about 1 month, was achieved when the rats were conditioned
with fludarabine plus 4.0 Gyx2. Thus, the donor macrochi-
merism was stably maintained by IBM-BMT, and the low
levels of chimerism seen at 2 weeks after IV-BMT (fludara-
bine plus 4.0 GyX2) were almost undetectable at 4 weeks.
These findings clearly indicate that IBM-BMT facilitated the
rapid recovery and reconstitution of donor hematolymphoid
cells even with less myelotoxic conditioning regimens (flu-
darabine plus 3.5 GyX2) in comparison with conventional
IV-BMT.

Survival of Cardiac Allografts

After IBM-BMT, cardiac allografts survived for more
than 10 months without any signs of rejection or GVHD in
the recipients conditioned with either fludarabine plus 3.5
GyX2 or fludarabine plus 4.0 GyX2 (Fig. 1B). In contrast,
the cardiac allografts with IV-BMT were rejected within 1
month after BMT in the recipients conditioned with flu-
darabine plus 3.5 GyX2 (mean survival time: 22.8+5.4

TABLE 1. Analyses of cell surface antigens on donor-derived cells in the spleen of the recipient rats
Cell surface antigen (%) Donor-derived
cells in
Radiation BMCs Donor-derived Donor-derived Donor-derived Donor-derived  chimeric rats
Rat N BMT (Gy) (x107) CD4" CD8 CD45R CD11b (%)
[F344—BN] 5 IV 3.5GyX2 3 0 0 0 0 0
9.65x0.60 10.34%0.60 68.34*+0.67 10.49*1.23
[F344—BN] 5 IBM 3.5Gyx2 3 6.45+0.56 15.38+1.21 44.87+1.34 11.54*+1.85 73.26+8.54
10.34£0.25 21.29%0.35 62.78+0.64 16.32£0.76
[F344—BN] 10 1V 4.0GyXx2 3 0 0.02+0.01 0.07x0.02 0 0.12%0.04
7.67+0.58 16.661.25 62.04=015 8.24*+0.47
[F344—BN] 10 IBM 4.0GyXx2 3 12.21*1.42 12.46*2.43 38.25+1.81 6.880.88 81.36*8.86
14.38%+2.05 16.04+0.37 54.45+0.62 11.19%0.54
[F344—BN] 10 1V 4.5GyX2 10 10.02%+1.25 17.68£2.54 56.56+2.47 9.47*1.57 94.26::7.83
11.32*0.57 19.54*1.25 66.14+0.61 9.83x1.56
[F344—BN] 10 IBM 4.5GyX2 10 11.35+2.01 9.98+1.48 67.81+1.56 12.76+2.04 98.34+2.16
12.54*0.41 10.82£0.63 68.75+0.83 14.87%0.29
[F344—BN] 10 IV 5.0Gyx2 10 15.22*2.05 19.84*1.34 52.14x2.06 10.01x1.07 96.27*+1.80
16.11+2.57 22.14+1.72 56.13+1.05 10.04£0.21
[F344—BN] 10 IBM 5.0Gyx2 10 23.65%1.02 11.22+1.84 52.23x2.63 8.3920.96 99.26x0.45
24.21x1.12 11.04x0.56 53.74*0.32 8.73x0.57
F344 5 - - - - - - - -
21.29%0.58 26.13x0.54 59.17+0.71 9.13*x0.32
BN 5 - - - - - - - -
26.13%0.60 17.63£0.41 49.29+0.16 10.81x0.27

The cells from the spleen were prepared from the recipient rats 12 weeks after IBM-BMT or IV-BMT, and stained with donor-specific antirat RT1' mAb and
mAD against mature lineage markers (CD4, CD8, CD45R, and CD11b) to examine the reconstitution of the hematolymphoid system. The cells were analyzed
using a FACScan. The results are expressed as the mean=SD of more than five rats.

“Donor- and recipient-derived cells.
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FIGURE 1. Analyses for donor-derived cells in the PBMNCs of recipients after IBM-BMT or IV-BMT. (A) PBMNCs were
obtained from the recipients every 2 weeks from the 2nd to 24th week after IBM-BMT or [V-BMT plus heart transplantation,
then stained with donor-specific antirat RT1! mAb (X-axis) and recipient-specific antirat RT1" mAb (Y-axis) to examine the
donor cell engraftment. The stained cells were analyzed using a FACScan. FACS profiles represent representative data of
five rats. Quadrants in the figures were set by the staining profile of the cells treated with isotype-matched Ig controls. Note
that macrochimerism (>70%) was maintained stably after 180 days by IBM-BMT, but the transient chimerism induced by
IV-BMT (fludarabine plus 4.0 GyxX2) was almost undetectable at 4 weeks. (B) Survival of cardiac allografts after IBM-BMT or
IV-BMT. BN rats were injected intravenously with 50 mg/kg of fludarabine phosphate, followed by fractionated irradiation
(3.5 Gy X2 or 4.0 Gyx2) 1 day before the bone marrow and heart transplantation (day — 1). BMCs (3x 107 or 10107 cells/60
pL) from donor F344 rats were injected intravenously (IV-BMT) or directly into the bone marrow cavity (IBM-BMT) of the left
tibia of the recipient BN rat on day 0. Vascularized heart transplantation was performed heterotopically into the right
cervical portion of recipients using a microsurgical cuff technique. Allograft survival was assessed by daily palpation. Graft
rejection was defined as complete cessation of spontaneous ventricular contraction.*The cardiac allograft of 1 of five rats
treated with IV-BMT (4.0 GyX2) was removed for immunohistochemical examination on day 180.

days, n=5) or within 3 months after BMT in those with Histology of Cardiac Allografts
fludarabine plus as much as 4.0 GyX2 (mean survival time: All cardiac allografts were sectioned and stained with
68*14.3 days, n=4) except in one instance. H-E, EvG, MT, and a-SMA mAb at the time of rejection or at
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180 days after the transplantation. As already described, the
cardiac allografts after IV-BMT were rejected within 1 month
in the recipients conditioned with fludarabine plus 3.5 Gy X 2.
This was clearly confirmed by the histological findings of se-
vere lymphocyte infiltration and extensive myocyte damage
(Fig. 2D), showing evidence of acute rejection. Furthermore,
despite the transient mixed chimerism induced by IV-BMT
(4.0 GyX2), severely thickened intima (cardiac allograft vas-
culopathy: CAV) was observed in the intramyocardial and
epicardial arteries of the rejected allografts, and this was fur-
ther confirmed by a-SMA staining and EvG staining (Fig.
2E). In contrast, in the allografts of the recipients conditioned
with fludarabine plus 3.5 Gy X2 or 4.0 Gy X2 and treated with

H-E

o-SMA
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IBM-BMT, the arterial intima was maintained almost intact
without any appearance of CAV (Fig. 2B, C).

MT staining was also performed to assess the cardiac re-
modeling of the allografts with respect to interstitial fibrosis dur-
ing the chronic phase. While the allografts with IV-BMT (3.5
Gy X2, or 4.0 GyX2) showed moderate to severe fibrosis in both
the epicardium and intramyocardium (Fig. 2D, E and Fig. 3C,
D), the prevalence of interstitial fibrosis in the allografts with
IBM-BMT (3.5 Gy X2, or 4.0 Gy X 2) was significantly lower than
that in the allografts with IV-BMT (Fig. 2B, Cand Fig. 3A, B). In
addition, the coronary vessels in the allografts with IBM-BMT
developed minimal myointimal thickening, compared with
moderate to severe thickening with IV-BMT. Furthermore, in-

EvG MT

FIGURE 2. Histological findingsin cardiac allogratts after IBM-BMT or IV-BMT. The cardiac allografts were histologically
examined at the time of rejection or 180 days after the treatment. H-E, a-SMA, EvG, or MT staining (X 100) was performed to
determine the rejection or the severity of CAV. (A) Intact isograft after syngeneic heart transplantation. (B) Allograft with
minimal intimal thickening and sparse interstitial fibrosis at 180 days after IBM-BMT (fludarabine plus 3.5 Gyx2). (C)
Allograft with well-preserved intact intima and mild interstitial fibrosis at 180 days after IBM-BMT (fludarabine plus 4.0
Gy X2). (D) Rejected allograft with severe lymphocytic infiltration and severe interstitial fibrosis at 28 days after IV-BMT
(fludarabine plus 3.5 GyX2). (E) Allograft with severe CAV and remarkable proliferation of elastic and collagenic fibers at

86 days after IV-BMT (fludarabine plus 4.0 GyX2).
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FIGURE 3. Macroscopic ap-
pearance in cardiac allografts
after IBM-BMT or IV-BMT. The car-
diac allografts from IBM-BMT (A,
B) and IV-BMT groups (C, D) were
stained with MT and coronal sec-
tions examined (X8) at the time of
rejection. Allografts examined af-
ter IBM-BMT and irradiation with
3.5 Gyx2 (A) or 4.0 Gyx2 (B)
showed mild interstitial fibrosis at
180 days. Allografts after the IV-
BMT showed extensive interstitial
fibrosis and abnormal cardiac re-
modeling when rejected on day
28 (3.5 Gyx2) (C) or day 86 (4.0
Gyx2) (D).

terstitial fibrosis and myocyte atrophy in the allografts with V-
BMT were significant and obvious when compared with those
observed with IBM-BMT.

EAnalyses of Donor-Derived DCs in the
Recipient Thymus

Donor-derived DCs stained with FITC-conjugated
donor-specific mAb were clearly detected in the thymus of
the recipient rats treated with IBM-BMT (3.5 GyX2, and 4.0
GyXx2; Fig. 4A-C). By contrast, the presence of donor-derived
DCs in the recipient thymus could not be detected in the rats
treated with IV-BMT (3.5 GyX2, or 4.0 GyX2; Fig. 4 D-F).
Therefore, regarding the long-term macrochimerism and
chronic rejection-free cardiac allograft acceptance after IBM-
BMT, the donor-derived DCs might interfere with the induc-
tion of donor-specific tolerance of both donor and recipient
major histocompatibility complex (MHC) molecules.

Analyses of Immunological Functions

Regardless of the conditioning regimens with fludara-
bine plus irradiation of 3.5 GyX2 or 4.0 GyX2 prior to IBM-
BMT, newly developed T cells were tolerant of both host-type
(BN rat) and donor-type (F344 rat) MHC determinants,
whereas they showed a significant response to the third-party
(PVG rat) MHC determinants in MLRs (Fig. 5). In contrast,
tolerance failed to be induced in the rats that had lost allo-
grafts within 3 months and also in the rat that had been sac-
rificed at 180 days with a weakly functioning allograft. This
was further confirmed by skin grafting. The donor skin grafts
were accepted (>24 weeks), whereas the third-party skin
grafts from PVG rats were rejected (mean survival time:
8.4*+1.5 days, n=5) in the rats treated with IBM-BMT. In
contrast, the mean survival time of skin allografts in the rats
treated with IV-BMT was 9.2%1.6 days (n=5) and 11.6+3.4
days (n=5) with irradiation of 3.5 Gy X2 or 4.0 Gy X2, respec-
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tively. These findings indicate that successful cooperation can
be achieved among newly-developed T cells, B cells, and an-
tigen-presenting cells in the rats treated with IBM-BMT.

Analyses of Development of GVHD

None of the rats treated with IBM-BMT or IV-BMT
had any apparent body weight loss after transplantation,
compared with age-matched nontreated BN rats. None of the
animals showed clinical or histological evidence of GvHD
throughout the period of observation (data not shown).

DISCUSSION

The major obstacles that remain in the current clinical
transplantation setting include chronic rejection and side ef-
fects due to lifelong usage of nonspecific immunosuppres-
sants (1). The induction of stable hematopoietic chimerism
has been an attractive approach for the depletion of donoz-
reactive T cells in the thymus while preserving immunoreac-
tivity against third-party antigens (2, 3). The toxicity from
conditioning regimens and the risk of graft failure restrict the use
of conventional BMT (IV-BMT) to clinical trials for the induc-
tion of transplantation tolerance (4). In the present study, we
demonstrated that the robust donor-specific tolerance in cardiac
allografts could be readily established by simultaneously per-
forming IBM-BMT, with less myelotoxic conditioning regimens
than with IV-BMT, and free of GVHD or of the need for immu-
nosuppressive agents after transplantation.

Similar to our previous findings in the transplantation of
the leg (12), lung (13), and pancreatic islets (14), IBM-BMT fa-
cilitated the rapid reconstitution of donor multilineage hema-
tolymphoid cells even when the rats were conditioned with less
myelotoxic regimens than with IV-BMT. The mechanisms un-
derlying the optimal outcome with IBM-BMT (but not with
IV-BMT) may be presumed to be as follows: 1) direct injection
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FIGURE 4. Presence of donor-derived DCs in the thymus of the rats treated with IBM-BMT or IV-BMT. Thymic sections
were double-stained with FITC-antiRT1' mAb (A and D, cells colored green) and purified OX-62 mAb followed by PE-
conjugated goat antimouse immunoglobulin G (B and E, cells colored red) for DCs and then analyzed by confocal micros-
copy (X200). Donor-derived DCs from the recipient rats treated with IBM-BMT were double-positive for RT1' and OX-63 (C,
cells colored yellow); however, DCs from the recipient rats treated with IV-BMT cannot be recognized with donor-specific
mAb (D, no cells colored).
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FIGURE 5. MILRs in recipient rats treated
with heart transplantation plus IBM-BMT or
IV-BMT. MLRs were performed 180 days af-
ter the treatment. The recipient rats treated
with IBM-BMT or IV-BMT were assessed us-
ing untreated BN, F344 and PVG rats (the
third party). Responder T cells (2X 10%) from
the rat treated with IBM-BMT or IV-BMT were
mixed with 2x10° stimulator cells. The re-
sults are expressed as the mean =+ SD of five
rats. The spleen cells from the rats treated
with fludarabine+3.8 Gy x2-+IBM-BMT showed
tolerance of both donor-type (F344) and re-
cipient-type (BN) MHC determinants, but
showed a significant response to the third
party (PVG) MHC determinants. In contrast, IV-BMT IBM-BMT

the spleen cells from the rats treated with flu- : B Medium alone EIIV-BMT-treated rat spleen cells
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of the donor stem cells to engraftment niches without the hom-
ing process (10); 2) avoidance of the depletion of the antigen-
disparate donor cells by the host immune system during
systemic circulation (19); 3) donor-derived stromal cells injected
into the bone marrow cavity being capable of supporting MHC-
matched donor hemopoietic stem cells (HSCs) (10, 20, 21); and
4) injection of the donor BMCs directly into the bone marrow
induces a local megadose effect, which improves the efficiency of
the donor HSC engraftment, particularly under nonmyeloabla-
tive conditioning regimens (19). In addition, the high-dose pulse
administration of fludarabine (50 mg/kg) can also facilitate the
engraftment even if modest levels of irradiation are used.

The underlying mechanism by which our protocol in-
duced hematopoietic macrochimerism and tolerance appears
to involve the deletion of host alloreactive cells in both the
thymus and the periphery of chimeric rats (3). With respect to
the induction of tolerance, both the quality and quantity of
the chimeric hematopoietic cells are presumed to be determi-
native factors (22). Microchimerism was first detected in
some patients after solid organ transplantation due to the
movement of passenger leukocytes transplanted with the
graft (23) and was thought to be an epiphenomenon (24).
Furthermore, acute rejection- or chronic rejection-associated
graft loss has been observed in spite of microchimerism (25).
Although many protocols achieved the acceptance of allo-
grafts via microchimerism, they often failed to sustain the
long-term survival of the allografts (26) or failed to accept
permanently fully MHC-mismatched donor skins (9, 27)
owing to a lack of the continuous presence of bone marrow-
derived donor DCs in the thymus (28). Therefore, the mac-
rochimerism approach seems to be a prime strategy for the
induction of transplantation tolerance, though requiring rel-
atively stringent conditioning. In our experiments, IBM-
BMT proved to be of higher efficacy in inducing persistent
stable high levels of chimerism (>70%) than IV-BMT, under
the mild conditioning regimens (3.5 GyX2). Furthermore,
donor-derived DCs were clearly observed in the thymus of
the recipient rats after IBM-BMT but not IV-BMT (Fig. 4),
indicating that bone marrow-derived donor DCs may mi-
grate into the thymus of the chimeric rats and be involved in
the induction of donor-specific tolerance. It has been re-
ported that microchimerism does not correlate with the sur-
vival of murine cardiac allografts (26), and at least 30% of
donor lymphocyte chimerism was found to be required to
prevent rejection of allogeneic islet cells in nonobese diabetic
mice (29). In our study, the cardiac allografts with low levels
of transient chimerism were completely lost because of no use
of immunosuppressants after transplantation, We hypothe-
size that microchimerism or low levels of chimerism may be
sufficient to induce tolerance but insufficient to maintain it,
particularly in the absence of immunosuppression.

Despite improvements in short-term and mid-term
survival, long-term survival remains far from satisfactory in
clinical heart transplantation (30, 31). CAV associated with
chronic rejection accounts for the majority of these graft
losses after operation (32). Thislesion is known as an irrevers-
ible progressive pathogenesis and, unfortunately, the tradi-
tional immunosuppressive agents have proven to have a very
limited effect except for retransplantation (31). At present,
the only definitive treatment is known as prevention against
the pathogenesis through the induction of donor-specific tol-
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erance. Therefore, the rapid reconstitution and high levels of
donor-origin hematopoietic chimerism induced by IBM-
BMT might play a determinative role against CAV pathogen-
esis. In contrast, moderate to severe CAV and interstitial
fibrosis were assessed by immunohistochemistry in the allo-
grafts treated with IV-BMT, notwithstanding the transient
chimerism in the early stages.

Some recent protocols have attempted to reduce the
incidence of GVHD using T-cell-depleted bone marrow.
However, the chronic GvHD, engraftment failure, or oppor-
tunistic infections associated with these protocols still need to
be addressed (33). From our previous studies, facilitating cells
in the bone marrow, including CD8" T cells and stromal
cells, have proven to be required for the engraftment of HSCs,
especially under nonmyeloablative conditioning regimens
(34). Martin (35) reported similar data where donor-derived
CD8™ T cells were necessary for the engraftment in autoim-
mune MRL/Ipr mice, and the addition of a small number of
donor CD8™ T cells to T cell-depleted donor BMCs was ca-
pable of reconstituting recipients with donor hemopoietic
cells. The graft-enhancing effect of CD8* T cells in the BMCs
might be attributed to their cytotoxic or suppressive activity
against host CD8* and/or CD4 ™ T cells responsible for caus-
ing graft rejection (36, 37). Therefore, we injected the whole
BMCs (including the facilitating cells) directly into the BM
cavity. No notable differences in inducing hematopoietic chi-
merism between IBM-BMT and IV-BMT were observed with
the injection of high doses of BMCs (=1% 10%) and with high
doses of radiation (=4.5 GyX2). However, using lower doses
of BMCs (3%107) under less myelotoxic conditioning regi-
mens (=4.0 GyX2), stable high levels of macrochimerism
were readily established and immunocompetence was well
preserved by IBM-BMT but not by IV-BMT (Table 1). Fur-
thermore, none of the animals that underwent IBM-BMT
had clinical or histological appearance of GVHD throughout
the period of observation (>10 months), which is consistent
with our previous findings (10-14). To be of value in clinical
application, IBM-BMT has proven its validity in the induction of
tolerance in various immunogenic organs in rodents (10—14).

In conclusion, we have shown that IBM-BMT is an op-
timal strategy for the induction of permanent donor-specific
tolerance for: 1) facilitating the establishment of stable macro-
chimerism with low doses of BMCs even under less myelotoxic
conditioning regimens than with conventional IV-BMT; 2) in-
ducing persistent donor-specific tolerance to allografts without
acute/chronic rejection even in the absence of immunosuppres-
sants after transplantation; and 3) reducing the incidence of
GVHD even after long-term observation (>10 months). This
strategy would therefore be applicable to humans.
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EXPERIMENTAL TRANSPLANTATION

Prevention of Osteoporosis and Hypogonadism by
Allogeneic Ovarian Transplantation in Conjunction
With Intra-Bone Marrow-Bone Marrow
Transplantation

Wei Feng,"" Yunze Cui,"” Changye Song," Hongsheng Zhan,* Xiaoli Wang," Qing Li," Wenhao Cui,"
Kequan Guo," Masahiko Maki," Hiroko Hisha,">® Takahide Mori,® and Susumu Ikehara>>”

Background. We investigated the effects of ovarian allograft in conjunction with intra-bone marrow—bone marrow
transplantation (IBM-BMT) on estrogen deficiency in mice.

Methods. Female C57BL/6 mice underwent ovariectomy (OvX). After 3 months, the mice were irradiated at 9.5
Gy, and the bone marrow cells (BMCs) of female BALB/c mice (8 weeks old) were then injected into the bone
cavity of the B6 mice. Simultaneously, allogeneic ovaries from BALB/c mice were transplanted under the renal
capsules of the B6 mice.

Results. Three months after the transplantation, the hematolymphoid cells were found to be completely reconstituted
with donor-derived cells. The transplanted ovary tissues under the renal capsules were accepted without using immu-
nosuppressants; there were a large number of growing follicles at different stages of development. Atrophic endome-
trium and its glands were also recovered by ovarian transplantation (OT). The transplanted allogeneic ovaries secreted
estrogen at normal levels. Furthermore, bone loss was prevented to a certain extent.

Conclusions. These findings suggest that IBM-BMT+OT will become a valuable strategy for young women with malignant
tumors to prevent premature senescence, including hypogonadism and osteoporosis, after radiochemotherapy.

Keywords: Allogeneic ovary transplantation, Intra-bone marrow—bone marrow transplantation, Ovariectomy, Osteo-

porosis, Hypogonadism.

(Transplantation 2007;84: 1459-1466)

Intensive uses of radiochemotherapy and stem cell trans-
plantation have greatly improved the prognosis of intrac-
table diseases such as malignant tumors in young women.
Allogeneic bone marrow transplantation (BMT) has com-
monly been recommended in the treatment of children with
relapsed or very high-risk leukemias and lymphomas today:
the 10-year-survival rate after BMT is close to 50% (1). As the
population of transplant recipients has grown, new chal-
lenges have arisen in the management of long-term compli-
cations of transplantation. Especially, the improvement of
vital prognosis is frequently associated with premature ovar-
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ian failure and bone diseases. Schimmer et al. reported that all
women became menopausal after BMT (2). A retrospective
survey found that only 232 (0.6%) patients conceived after
stem cell transplantation relating to 19,412 allogeneic and
17,950 autologous transplant patients (3). Premature ovarian
failure is one of the major risk factors associated with the
development of osteoporosis (4).

Estrogen replacement therapy is used clinically, but
its risks and benefits need to be carefully weighed because
of its side effects, such as the development of breast, uter-
ine and ovarian cancers, and heart diseases, especially in
young women with premature ovary failure (POF) who
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need to use exogenous estrogen for a long time (5-7). If
endogenous estrogen can be provided, it may solve the
problem of side effects resulting from long-term estrogen
replacement therapy.

We have recently found that intra—bone marrow
BMT (IBM-BMT) is so far the best strategy for allogeneic
BMT (8). IBM-BMT creates an appropriate hemopoietic
environment for the early recovery of hemopoiesis and
donor cell engraftment, since BMCs collected by the per-
fusion method contain not only hemopoietic stem cells
(HSCs) but also mesenchymal stem cells (MSCs) (9), and
IBM-BMT can efficiently recruit both (8). We have also
shown that IBM-BMT can be used for organ transplanta-
tion because it allows us to reduce irradiation doses as the
conditioning regimen (10-12).

In the present study, we attempt to treat secondary hy-
pogonadism and osteoporosis by IBM-BMT plus ovarian
transplantation (OT). We here show that IBM-BMT+OT
can be used to treat patients with secondary ovarian failure
and osteoporosis.

MATERIALS AND METHODS

Animals

Female 8-week-old C57BL/6 (B6: H-2K®) mice,
BALB/c mice (H-2K9), and C3H/HeN mice (as third party)
were purchased from SLC (Shizuoka, Japan). These mice
were maintained in our animal facilities under specific

A

(8 wks old)

Ovariectomy in CS7TBL/6 mice
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pathogen-free conditions until use. Mice had ad libitum
access to water and commercial standard food.

Experimental Protocols

The female C57BL/6 (B6: H-2K®) mice were divided
into four groups with eight mice per group. Inbrief, there was
a sham-operated group (Sham-operated), OvX group,
OvX+IBM-BMT group and OvX+IBM-BMT+OT group,
according to a randomized block design using body weight as
a selection parameter, At the begining of the experiment,
three groups underwent OvX (13) bilaterally under diethyl
ether anesthesia, and the remaining group (intact) was sham-
operated. After 3 months, two groups of OvX mice were le-
thally irradiated at 9.5 Gy, and 1 day after the irradiation, the
mice were transplanted with whole BMCs (1X107 /10 pL/
mouse) from female BALB/c mice (H-2KY, female 8 weeks
old) via IBM injection. Allogeneic bone marrow cells were
then injected into the left tibia bone cavity, and each mouse in
one group was simultaneously transplanted an allogeneic
ovary under its renal capsule. Another group served as an only
IBM-BMT control group. After 3 months of treatment, mice
were killed by cervical dislocation, weighted their uterus and
body, and blood was removed by cardiac puncture. Serum
was stored at —80°C for further analysis (Fig. 1A).

All of the bright-field images were taken on an Olym-
pus BH-2 microscope (Olympus Optical, Tokyo, Japan) with
a Fujifilm HC-2500 digital camera (Fujifilm, Tokyo, Japan)
and Photograb-2500 software.

IBM-BMT (1x107/10p1) + OT from BALB/c mice
9.5 Gy

FIGURE 1. OvX mice treated with IBM-
BMT. B6 mice at the age of 8 weeks were
OvX. After 3 months, the mice were irradi- R
ated with a lethal dose (9.5 Gy), and BMCs

\
I
I

I I S N

v
l /1 >
|7/

(BALB/c — C57BL/6)

BALB/c (H-2K%)
by IBM-BMT

from normal BALB/c mice were injected di-
rectly into the bone marrow cavity (IBM-
BMT) of the left tibia (A). Three months after
IBM-BMT and OT, cells from the peripheral
blood of chimeric mice were stained with

FITC-conjugated anti-H-2K® mAb (recipi-

ent type) or anti-H-2K* mAb (donor type).
Cells from C57BL/6 mice treated with IBM-
BMT from BALB/c mice were donor origin
(H-2K%). These findings indicate that the
hemopoietic cells were reconstituted with C

donor-type cells after IBM-BMT (B). Mixed 5000

leukocyte reactions: Responder cells

(4% 10°) were cultured with 3X 10° irradiated 7 5000
(15 Gy) stimulator cells for 96 hr and pulsed & 4000
with 0.5 pCi of [*H]-thymidine for the last 18 = 3"“3
hr of the culturing period (C). Cultures were igg 0
performed in triplicate. Data are expressed 0

as mean+SD, n=3. YP<0.01 vs. BALB/c;
1P<0.01 vs. C57BL/6; ¥P<0.01 vs. C3H.
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