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FIGURE 3. Immunchistochemical analyses after ESPE transplantation
into RCS rats. (A-C) ESPE-grafted RCS rat retina at the age of 12 weeks
(8 weeks after transplantation). (D-F) The expression of rhodopsin
(green) in the photoreceptors at the age of 12 weeks. Congenic
nondystrophic rat retina (I¥). Sham-surgery RCS rat retina (E). ESPE-
grafted RCS rat retina (F). Nuclei in cells stained with Cytox blue (B-F,
blue). The grafted ESPEs prelabeled with CM-Dil (B, C, F, red). (G)
Histologic analysis at the age of 12 weeks. The maximum ONL thick-
ness of the dorsotemporal retina (grafied quadrant) and that of
the ventronasal reting (four animals in each group). Error bars, SD.
Colored asterfsks: statistical difference (P < 0.05, Mann-Whitney
analysis) in the maximum ONL thickness compared with the
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Ficure 4. Electron microscopy of the grafted ESPEs. The presence of
lamellar structures within the grafted ESPEs (arrowbead). Inset: higher

magnification. Arrows: pigment granules in the ESPE cytoplasm, Aster-
#sk: host RPE. Scale bar, 2 pum.

capability to promote the survival of photoreceptor celis in an
animal model of RPE dysfunction.

Behavioral Assessment of Transplant Recipients

To determine whether the transplantation preserved visual
function, each of the transplant-recipient animals was placed in
a clear glass container surrounded by a motor-driven rotating
drumn with verticat black-and-white stripes (Fig. 5A). The visual
function of the animals was estimated by measuring the head-
tracking time in response to the rotating stripes, which is
closely associated with the optokinetic refiex.'® At the age of
12 weceks (8 weeks after the operation), the head-tracking time
of the ESPE-grafted RCS rat group was significantly longer than
that of the untreated RCS rat group (Fig. 5B; Mann-Whitney
analysis, P << 0.05), but was not significantly different from that
of the nondystrophic rat group. In contrast, the head-tracking
time of the sham-treated RCS rat group was significantly
shorter than that of the nondystrophic rat group (Fig. 5B,
Mann-Whitney analysis, P < 0.05), but not significantly differ-
ent from that of the untreated RCS rat group. These results
indicate that ESPEs could preserve a significant level of visual
function when transplanted into an animal model of RPE dys-
function.

Discussion

One of the advantages of using human ES cells for the treat-
ment of degenerative diseases is that these cells have the
capacity to provide an unlimited source of specific cell types.
However, methods for purifying large numbers of lineage-
specific cells should be developed for clinical application. In
this study, we demonstrated that pigment epithelial cells can
be generated, enriched, and expanded from primate ES cells.
These ES-converted pigment epithelial cells showed develop-
ment of several of the characteristics of RPE cclls and were able

nonsurgical RCS rat group (red), the sham-surgery RCS rat group
(biue), the ESPE-grafted RCS rat group (brown), and the nondystrophic
rat group (green). Black asterisks: significant difference (P < 0.05,
Mann-Whitney analysis) in the maximum ONL thickness between the
dorsotemporal and ventronasal retina. Scale bar, 80 pm.
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FiGURE 5. Behavioral assessment after ESPE transplantation into RCS
rats. (A) Photograph of head-tracking apparatus. (B) The total amount
of head-tracking time to rotating stripes at the speeds of 2, 4, and 8 rpm
during the 4-minute test period for each speed (four animals in each
group). Error bars, SD. Asterisks: signiticant difference (P << 0.05,
Mann-Whitney analysis) in the head-tracking time compared with the
nonsurgical RCS rat group (red) and the sham-surgery RCS rat group
(blue). :

to attenuate the loss of photoreceptors when transplanted
subretinally into RCS rats.

The grafted ESPEs probably preserved the photoreceptors
in the RCS rat retina, either by phagocytosing the host's outer
segments’ or by secreting soluble growth factors.*? Although
ESPEs are able to phagocytose latex beads (Fig. 2B), we have
not measured their ability to phagocytose photoreceptor outer
segments in vitro. However, phagosome-like bodies were seen
in the grafted ESPEs by electron microscopy (Fig. 4), suggest-
ing that grafted ESPEs had the ability to ingest host shed outer
segments, The results of transplantation may have been even
better if we could have transplanted an organized patch of
ESPEs instead of dissociated cells, because, in such a patch,
cellular polarity and tight junctions seem more likely to de-
velop.

An e¢arlier study reported the retinal transplantation of new-
ral precursors that had been differentiated from mouse ES
cells.*” The transplanted cells probably slowed the photore-
ceptor degeneration in RCS rats by secreting some growth
factors, because grafted neural precursors can neither phago-
cytose host shed outer segments nor differentiate into photo-
receptor cells. In contrast, our results showed that ESPEs from
primate ES cells can differentiate and develop characteristic
properties of RPE cells, which would be necessary for the
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treatment of primary RPE dysfunction and for the long-term
preservation of visual function after retinal transplantation.

If undifferentiated cells are contaminated, transplantation of
ES cell-derived cells might involve the risk of tumor formation
in the host animal. However, no tumors were observed in the
animals that received ESPE grafts in our study. One reason for
this may be that we sclectively expanded the ESPEs as patches
of cells on the matrix-coated dishes and generated relatively
pure populations of donor pigment epithelial cells, These pro-
cedures may have kept unwanted cell populations from con-
taminating the donor cells.

Because both undifferentiated primate ES cells and ESPEs
can be expanded in vitro, it is possible to generate an unlimited
number of ESPEs for retinal transplantation. Considering the
close phylogenetic relationship between humans and cynomol-
gus monkeys, we can also expect that the methods of differ-
entiation used to generate ESPEs can be applied to human ES
cells. Human retinal diseases for which ESPE transplantation
may be used include age-related macular degeneration and
hereditary retinal degeneration due to primary RPE dysfunc-
tion, such as some forms of retinitis pigmentosa.

One substantial problem to be solved is the control of
immunologic rejection after the transplantation of allograft
tissue. It is therefore important to determine in future studies
how much immunosuppression is necessary after ESPE trans-
plantation into the subretinal space, which is sometimes re-
garded as an immunologically privileged site for retinal allo-
grafts.* The transplantation of monkey ESPEs into the monkey
subretinal space would provide a more accurate model for the
allograft transplantation of human ESPEs into other humans.

Our results indicate that the expected morphologic, bio-
chemical, and functional characteristics of RPE cells developed
in the expanded ESPEs in vitro. After transplantation of the
ESPEs into the subretinal space of an animal model of RPE
dysfunction, the grafted ESPEs enhanced the survival of host
photoreceptors, These effects were demonstrated both by his
tologic analyses and behavioral tests. To the best of our knowl-
edge, this is the first study to show detailed functioning of
specific cells differentiated from primate ES cells both in vitro
and in vivo. In addition, this is also the first study to demon-
strate the successful therapeutic application of primate ES cells
in an animal disease model. As human ES cells significantly
differ from mouse ES cells but closely resemble nonhuman
primate ES cells, the fatter would be more suitable for preclin-
ical research aimed at cellreplacement therapies. Before hu-
man ESPEs are used in clinical trials, however, longterm stud-
ies of retinal transplantation in nonhuman primate hosts are
necessary to confirm the cells’ safety and efficacy.

Acknowledgments

The authors thank Tomoko Yokota and Noriyasu Murata for technical
assistance, Noriaki $asai for technical advice, and Raj K. Ladher for a
critical reading of the manuscript.

References

1. Young RW, Bok D. Participation of the retinal pigment epithelium
in the rod outcr scgment renewal process. J Cell Blol. 1969%42:
392-403,

2, Lund RD, Kwan AS, Keegan DJ, Sauve Y, Coffey PJ, Lawrence JM.
Cell transplantation as & treatment for retinal disease. Prog Retin
Eye Res. 2001;20:415- 449,

3. Thomson JA, Itskovitz-Eldor ], Shapiro 55, et al. Embryonic stem
cell lines derived from human blastocysts. Sclence. 1998,282:
1145-1147.

4. Reubinoff BE, Pera MF, Fong CY, Trounson A, Bongso A. Embry-
onic stem c¢ell lines from human blastocysts: somatic differentia-
tion in vitro. Nat Bfotechsol. 2000;18:399-404.

— 250 —



I0OVS, March 2004, Vol. 45, No. 3

5.

10.

11.

12.

14,

15.

16.

17.

18.

Kim JH, Auerbach JM, Rodriguez-Gomez JA, et al. Dopamine neu-
rons derived from embryonic stem cells function in an animal
modei of Parkinson's disease. Nature. 2002;418:50-506.

. Rideout WM, Hochedlinger K, Kyba M, Daley G(Q, Jacnisch R.

Correction of a genetic defect by nuclear transplantation and
combined cell and gene therapy. Cefl. 2002;109:17-27. -

. Thomson JA, Kalishman J, Golos TG, et al. Isolation of a primate

embryonic stem celt line. Proc Nat! Acad Sci USA. 1995:92:7844 -
7848.

. Suemori H, Tada T, Torii R, et al. Establishment of embryonic stem

celllines from cynomolgus menkey blastocysts produced by IVF or
ICSI. Dev Dyn. 2001;222:273-279.

. Kawasaki H, Suemori H, Mizuseki K, et al. Generation of depami-

nergic neurons and pigmented epithelia from primate ES cells by
stromal cell-derived inducing activity. Proc Natl Acad Sci USA.
2002;99:1580-1585.

Kawasaki H, Mizuscki K, Nishikawa S, et al. Induction of midbrain
dopaminergic neurons from ES cells by stromal cell-derived indue-
ing activity. Newron 2000:28:31-40.

Ooto 8, Haruta M, Honda Y, Kawasaki H, Sasai Y, Takahashi M,
Induction of the differentiation of lentoids from primate embry-
onic stem cells. favest Opbthbalmol Vis Sct, 2003;44:2689 -2693.
Mizuseki K, Sakamoto T, Watanabe K, ¢t al. Generation of neural
crest-derived peripheral neurons and floor plate cells from mouse
and primate embryonic stem cells. Proc Natl Acad Scf USA. 2003;
100:5828 -5833.

. Lund RD, Adamson P, Sauve Y, et al. Subretinal transplantation of

genetically modified human cell lines attenuates loss of visual
function in dystrophic rats. Proc Natl Acad Sci USA. 2001;98:
9942-9947.

Takahashi M, Miyoshi H, Yerma IM, Gage FIL. Rescue from photo-
receptor degeneration in the rd mouse by human immunodefi-
ciency virus vector-mediated gene transfer. f Virol, 1999,73:7812-
7810.

Haruta M, Kosaka M, Kanegae Y, et al. Induction of photoreceptor-
specific phenotypes in adult mammalian iris tissue. Nat Neurosct.
2001;4:1163-1164.

Nishida A, Takahashi M, Tanihara H, et al. Incorporation and
differentiation of hippocampus-derived ncural stem cells trans-
planted in injured adult rac retina. tavest Opbthalmol Vis Sci.
2000;41:4268 - 4274.

Nabi IR, Mathews AP, Cohen-Gould L, Gundersen D, Rodriguez-
Boulan E. Immeortalization of polarized rat retinal pigment epithe-
lium. f Cell Sci. 1993;104:37- 49,

Hamel CP, Tsilou E, Harris E, et al. A developmentally regulated
microsomal protein specific for the pigment epithelium of the
vertebrate retina. J Neuroscl Res. 1993,34:414 - 425,

Pigment Epithelial Cells Differentiated from ES Cells

19

20.

21.

22,

23.

24.

25,

26.

27.

28.

29,

30.

31.

32

33.

34.

1025

. Futterman §, Saari JC. Occurrence of 11-cis-retinabbinding protein
restricted to the retina. fnpest Ophthalmol Vis Sci. 1977,16:768 -
771.

Vollrath D, Feng W, Duncan JL, et al. Correction of the retinal
dystrophy phenotype of the RCS rat by viral gene transfer of Mertk.
Proc Natl Acad Sci USA. 2001;98:12584 -12589.

Feng W, Yasumura D, Matthes MT, LaVail MM, Vollrath D. Mertk
triggers uptake of photoreceptor outer segments during phagocy-
tosis by cultured retinal pigment epithelial cells. J Bfol Chem.
2002;277:17016-17022.

Graham DK, Bowman GW, Dawson TL, Stanford WL, Earp HS,
Snodgrass HR. Cloning and developmental expression analysis of
the murine ¢-mer tyrosine kinase. Oncogene. 1995;10:2349-2359,
Gu SM, Thompson DA, Srikumari CR, ¢t al. Mutations in RPEGS
cause autosomal recessive childhood-onset severe retinal dystro-
phy. Nat Genet. 1997;17:194-197.

Marthens F, Bareil C, Griffoin JM, et al. Mutations in RPEGS cause
Leber's congenital amaurosis, Nt Genet. 1997;17:139-141.

Maw MA, Kennedy B, Knight A, et al. Mwation of the gene
enceding cellular retinaldehyde-binding protein in autosomal re-
cessive retinitis pigmentosa. Nat Genet. 1997:17:198-200,

Gal A, Li Y, Thompson DA, et al. Mutations in MERTK, the human
orthologue of the RCS rat retinal dystrophy gene, cause retinitis
pigmentosa. Nat Genet. 2000;26:270-271.

Dowling JE, Sidman RL. Inherited retinal dystrophy in the rat. f Cell
Blof. 1962;14:73-109.

Bok D, Hall MO. The role of the pigment epithelium in the etiology
of inherited retinal dystrophy in the rat. J Cell Biof. 1971;49:664 -
682,

D'Cruz PM, Yasumura D, Weir J, et al. Mutation of the receptor
tyrosine kinase gene Mertk in the retinal dystrophic RCS rat. Hum
Mol Genet. 2000,9:645-651.

Li LX, Turner JE, Inherited retinal dystrophy in the RCS rat: pre-
vention of photoreceptor degeneration by pigment epithelial cell
transplantation. Expr Eye Res. 1988;47:911-917.

Lopez R, Gouras P, Kjeldbye H, et al. Transplanted retinal pigment
cpithelium modifies the retinal degeneration in the RCS rat. frnvest
Opbtbalmol Vis Scf. 1989;30:586-588.

Faktorovich EG, Steinberg RH, Yasumura D, Matthes MT, LaVail
MM. Photoreceptor degencration in inherited retinal dystrophy
delayed by basic fibroblast growth factor. Nature, 1990;347.83~
86.

Schraermeyer U, Thumann G, Luther T, et al. Subretinally trans-
planted embryonic stem cells rescue photoreceptor cells from
degencration in the RCS rats. Celf Transplant. 2001;10:673-680.
Streilein JW, Ma N, Wenkel H, Ng TF, Zamiri P, [mmunobiology
and privilege of neuronal rctina and pigment epithelium trans-
plants. Viston Res. 2002,42:487-495.

— 251 —



46. ABHFIFENHFEBHABELI S DERRAICLSATHRORN

O, 7 HE. AT, AERT. MUNE, £FHEFE
FHEL, KBEA, AKEGh, HEFREE
N

WRES B : ALREICST 2 RERBERFNGHALCIIRMNE, MEE, TR
PEESETRMERELLN TV, WEOHSHETOMEDN L S0, Ba ZR
FALZO 1IR3 BLELS, HiENE, FREAV-AHERICL Y ZOMREELT
L. 44 E, &0 RVEEL VT ZORENARHIEIC S £ BE L0 TRET
%o HEEFIE: FEME TR CEMAESER (50 pm) &R EMICERIROH R
ICHIAGRE L, 4~6 1A OFSRIMEmm s, MUEE, BESREL, BRI X285
TR AT LT, $EBKTH, TREAROEMRLADE(L LR 2MICR L,
FER S0 pm BOALKEZ EARLTICREICHARETS - L ATETH- 2, FBRE
MR, 5B L BAERE 20 A0 5 b 19 ASERRILENICES Sh, ERic L3
FRTUOTDENTETH - 7, HEEOEREMIZ 193 £92 pA (6.0£2.9 puClem>)TH Y |
Witk 1 /A TH 78.8+31.9 pA (24.6 £ 10.0 uClem)H & LR L7128, FO% 6 » A £ Tidifitg 1
by A O HERIESRWIEN o T, MECEE O a 1 b ¥ L UCHEFREM ORI L IR
EiCit, BEREREEDRL o, BEEPIICRE U SRR I S B 7
3. BHEOEMBEH S VIXERAEIC L5 L Bbh 3T LIIR0enot, & G
ELFRENTEN L OBHIM ORI T, EETORSMRTRINLT LTk
D, WMERB, ATEBELAT LO—FRE R VB TEENTRINE,

A. BRAM
ANTHREITI T BRI LR B B #
W, WEELE, THLOMEERY, ke nE
U7 RS, SRIER D b O HERER]
Wil e FRBRRBIA TV, Fx
i, T HBRIHRIC XA ANTHESL
EZRELTVWD AMEERESE TIIER 200un
OHEAEERE AV -aMERIZL b Y
FROFDEET L, SEIk4iE, XV
MNERE AV TEORYNREMEICS
R Lo THET 5,

B. MiRAL

FIRERR & L TELAE 50um QG 13 4 B
ERWE, BEBIZERL. 20 bhb3E
4 RDOBEREFEA L, BB TICTHFE
T2 AW TR 2 \BENICH 0. Sun
FIA LT, fAT. #i 1 » AEIC, &R 6
r A ETHARERRBEIC T 5 RE
BERFLOHEEZEICRE Lz PRIEDIA
HERH D OB RBALEEP Ziek L7z, B
TR LR AV ZRBE Ve,
A, SaRORELR~ LD, #iEE
4 ERG, R FAEFRERL VEP bIFAT. k.
PE L, Fio, SBEBREE. BRI

-— 202 —



L. {BEMIICEERH DI ENERERL
7

C. HRER

Bl R & ERE T HAE LR

THZLENTE, M I G 20 KO ERR
» ) LEAZIET 19 ABEEEN TV
(B 1a), HAREELIIBNTHRES
otz (K1b),

B 1

B1 BHEeyAROBEERNELEXER

i REBE R %@ U T ERG @ a-wave,
b-wave DOEAr, BEFFCITZTEERAIR L HR
TIIEREED 2o (M2),

RSS2 E T VEPDP— 13k
DENL, ERFICITEBREARLER T
REBOEM-T- (E3),

¥ 3

| TEAR P

/‘ Bl S

:uH:l—L o Qw

i i
Hif&s-:ﬂd)w.v

B3 SEARSURCETLIAEEREM
VEP

FREIRAFEPRERRETH D, 35
REMELECSELRIMEROBMBEIZ 1 »
AETRERICEF LR, DBIEIFEE
Milplizot= (H4),

&
Do

. W
: ¥
2]
[
?
Pocwtags of Cantrol (%)

8 &5 8 3 B B B
) I
4 B
-1l !._w.t
w '_-;
-
Jh
[

#ik6s A DERG

Bz EAREHARICETIBREE
ERG

4

S‘m

ij"[\/"’\.\ 3 b

e, Em

miAﬂﬁ“‘~

—V‘\_\_\__ »

15 b — e T tg N
#itk6r A DEEP Monthy

B4 SEBERMMCSTSABERRIC
#5FRBLEEEP AIXAEZEZTT .

— 253 —



MM, BRI E 2 Ebh 34
BEEIRD oA, BEIESAS
TEbhLTWE (5),

4 5

B5 WathEicHEESERPNER

D. &R

SMEHDHR P RAOCERBBIZREICE
Wb, BRI BRI AR D & ORI
KREVHEFLOFREARELNEIE
&0, ZEREOBRFICBWTL ZOBERE)
LORIFIZL Y, FEEUSEMGELN
HAREHES BV, il 2RK0TEE AV
SMEMERLERERY, SEI4ROEETYH
BREMSELNIEICED, XD ofE
REOWHEBRGEONDAEMENTTEL,

E. &3

AR ALFRPIBAVERC & 5 AR
RETHEMRATHEOHRIEL2VAED
RIREMEA RIR S e,

F. BEGRINE
L

G. IXR%E

1. WXRE

1. Kanda H, et al. Invest Ophthalmol Vis
Sci 45:560-566,2004

2. Sakaguchi H, et al Jpn J Ophthalmol.
48:256-261,2004

3. Sakaguchi H, et al. Jpn J Ophthalmol.
48:552-557,2004

4. Fang X, et al. Graefes Arch Clin Exp
Ophthalmol. 243:49-56,2005

5. Nakauchi K, et al. Graefes Arch Chn
Exp Ophthalmol. Dec 7,2004

2. 24R%
%209 BIARBHEZSRSICTRETE,

H. MK EEOHE - BRRR
1. #HFR8
FrRrHEER S - FFFE 2002-354330 &

B B R Eri14412H5H

RADAEH TATHEHERT A

% B # . [ATRE MM,
| OE, KT
k44

H B EH BX

2. RAHEER

L

3. it

L

1. BE&XR

1. Dobelle WH, Mladejovsky MG.
Phosphenes produced by electrical
stimulation of human occipital cortex,
and their application to the development
of a prosthesis for the blind.
dJ. Physiol 243:553-576,1974

— 254 —



2. Zrenner E. Will retinal implants
restore vision?
Science.295(5557):1022-1025,2002

3. Veraart C, Raftopoulos C, Mortimer JT,
et al. Visual sensations produced by
optic nerve stimulation using an
implanted self-sizing spiral cuff
electrode. Brain Res. 813:181-186,1998

4. Chow AY, Chow VY. Subretinal
electrical stimulation of the rabbit
retina. Neurosci Lett. 225:13-16,1997

5. Zrenner E, Miliczek KD, Gabel VP, et
al. The development of subretinal
microphotodiodes for replacement of
degenerated photoreceptors.
Ophthalmic Res. 29:269-280,1997

6. Eckmiller R. Learning retina implants
with epiretinal contacts. Ophthalmic
Res. 29:281-289,1997

7. Walter P, Szurman P, Vobig M, et al.
Successful long-term implantation of
electrically inactive epiretinal
microelectrode arrays in rabbits.
Retina.19:546-552,1999

8. Humayun MS, de Juan E Jr, Dagnelie
G, et al. Visual perception elicited by
electrical stimulation of retina in blind
humans.
ArchOphthalmol.114:40-46,1996

— 2556 —



TS R B R B RS
SR SRR

SRS - RRADEEEAAE 2 B B B4
ERIGAERE 4848 - SRR
SERRITEE S H31H  HIR - R

TEfTE  FASTBEM IR E AR T
AEREIRAE IR « BIAPEZEMIAE DA T 5 DTFEHE

tERE A B E

ERTHREH3 -1~ 1
RAMARFEES  BAERE
T 092 —642—5648 (EigE)
X 092—642—-5663
E-mail fumie@eye.med. kyushu-u.ac.jp

Eliln &R 1 N & X =
WEMERKER 2 -16—8
T 092-821—0173 B 032—831-3329
E-mail:t-aibundo@h3.dion.ne.jp




