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Fig. 3 In situ hybridization analysis of versican during the human hair cycle. Human scalp-skin sections were stained
with the anti-sense RNA probe for the conserved domain of four versican isoforms. (A) In anagen hair follicles, the DP and
bulb matrix (large arrows) showed positive signals for versican mRNA. (B) Very weak staining (small arrows) was observed

in the upper portion of the DP in early-mid catagen hair follicles, which were identified by the constriction of bulb matrix
compared to anagen hair follicles. (C) The positive signal was barely seen in telogen hair follicles, which were

distinguished by the fully keratinized club (CL) above the condensed DP [scale bars, 50 um].

3.2. Specific accumulation of versican
protein in the DP during the anagen phase
and in the bulge during the hair cycle

During the human hair cycle, versican immunofluor-
escence was intense in the DP of anagen hair folli-
cles (Fig. 4A). This immunofluorescence observed in
the DP was diminished in the catagen phase
(Fig. 4B), consistent with the gene expression pat-
tern of versican described above (see Fig. 3B). Inter-
estingly, the DP of telogen hair follicles showed faint
immunofluorescence (Fig. 4C) although mRNA was
not detectable during this phase (see Fig. 2C).
Strong versican immunofluorescence was also
observed in the connective tissue sheath surround-

ing the bulge region in anagen (data not shown),
catagen (Fig. 4B), and telogen (Fig. 4C), but not the
lower bulb of anagen hair follicles (Fig. 4A).

We performed double-immunofluorescence label-
ing combined with anti-K15 antibody and anti-versi-
can antibody to confirm versican deposition around
the bulge region of hair follicles (Fig. 5). Versican
immunofluorescence (green colors) was detected in
the connective tissue sheath along with K15-positive
(red colors) follicular epithelial cells below the
sebaceous gland in anagen hair follicles (Fig. 5A).
In K15-positive cells, intense K15 immunofluores-
cence was restricted to the outer side adjacent to
the connective tissue sheath (Fig. 5B; higher magni-
fication around K15-positive cells).

Fig. 4

Immunofluorescence staining of versican during the human hair cycle. Localization of versican proteins was

analyzed by immunofluorescence staining in human hair follicles in anagen, catagen, and telogen phases. Red staining
represented positive versican immunofluorescence, and blue staining indicated nuclei. (A) Only the DP was intensely
stained in the tower portion of anagen hair follicles. (B) In late catagen hair follicles characterized by the epithelial
column (EC), the DP was almost negative for versican immunofluorescence staining. (C) The DP was weakly positive for
versican immunofluorescence staining in the telogen phase. The connective tissue sheath surrounding the bulge region
showed intense immunofluorescence for versican in telogen hair follicles as well as anagen (see Fig. 5 and catagen
follicles (B) [scale bars, 50 pm].
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Fig. 5 Double immunofluorescence labeling of the bulge region with versican and K15 in anagen hair follicles. The sites
of versican immunofluorescence were compared with the sites of K15 immunofluocrescence around the bulge region in
human anagen hair follicles. (A) Strong versican immunofluorescence (green) in the connective tissue sheath was
localized outside of K15 (red)-positive cells. Blue staining indicated nuclei {scale bar, 50 pm]. (B) Higher magnification
around K15-positive cells. Intense K15 immunofluorescence (red) was observed in the outermost portion of K15-positive

ORS cells [scale bar, 20 pm].

3.3. Lower versican level in vellus-like hair
follicles of male pattern baldness

To investigate whether versican expression is
related to male pattern baldness, we examined
both the gene and protein expression level of
versican in vellus-like hair follicles observed in
male pattern baldness. Versican gene expression
is almost lost in the DP of vellus-like hair follicles in
the anagen phase (Fig. 6A). Versican immunoreac-

tivity was significantly lower in the DP of vellus-like
hair follicles (Fig. 6B) compared to terminal hair
follicles (Fig. 4A) although the dermal compo-
nents surrounding the vellus-like hair follicles
appeared positive for versican immnostaining.
The apparent down-regulation of versican expres-
sion was confirmed by more than 15 vellus-like hair
follicles in balding scalp-skin tissues derived from
three individuals (at least five vellus per each
individual).
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Fig. 6 Analysis of versican expression in vellus-like hair follicles affected by androgenic alopecia. (A) Versican
transcripts (blue) were barely detected in the DP (white broken outline) of vellus-like hair follicles, which were
distinguished from normal hair follicles by the miniature DP (B) Versican immunoreactivity (blue green) was detected in
the fibrous dermal tissues surrounding vellus-like hair follicles but not almost lost in the DP (black broken outline). Red

staining indicated nuclei [scale bars, 50 nm].

4, Discussion

In this study, we showed the anagen-specific expres-
sion of versican in the DP during human hair cycle,
similar to mouse species. In addition, versican
expression was diminished in the DP of vellus-like
hair follicles affected by androgenic alopecia. These
results show that versican is required for normal
human hair growth.

At least four isoforms of the versican gene exist as
variants by alternative splicing {12,13]. Interest-
ingly, two isoforms (V2 and V3) are dominant in in
vivo hair follicles in contrast to cultured DP cells,
which harbor VO and V1 isoforms as their major
forms. The tissue-restricted expression pattern of
versican variants was also observed in other human
adult tissues [14]. The elevation and/or diminution
of the definite variant forms have been shown during
the developmental stage of the neural crest [15]. In
addition, overexpression of the V3 variant, which
has no binding domain of chondroitin sulfate, alters
arterial smooth muscle cell adhesion, migration,
and proliferation in vitro {14,16]. A distinct expres-
sion pattern between in vivo and in vitro may pro-
vide valuable information about the hair inductive
ability of human DP cells. In mice, the same V3
variant was also dominantly expressed in DP cells,

implicating the improvement of hair induction with
this non-chondroitin sulfate proteoglycan. It should
be examined using in vivo grafting assays whether
the overexpression of a definite versican isoform in
human cultured DP cells can restore their hair
inductive ability.

The tissue-restricted distribution of versican var-
iants was also confirmed at their protein level using
several anti-versican antibodies, whose epitope had
been already mapped [14]. As clone 2-B-1 used in
this study is known to bind specifically to the C-
terminal globular domain common to all four iso-
forms of human versican [10], the immunoreactivity
described here showed the entire immunoreactivity
for versican. In mouse and rat hair follicles, versican
immunoreactivity is very intense and specific in the
anagen phase of the mature hair cycle. In this study,
human hair follicles also showed specific accumula-
tion of versican proteins in the DP in the anagen
phase. The apparent diminution of versican immu-
noreactivity was observed in catagen hair follicles
identical to the mouse species [6]. Since the pre-
dominant gene expression of versican continued
until just before catagen entry (Fig. 3B), continuous
versican gene expression throughout the anagen
phase seems necessary for the maintenance of nor-
mal hair growth. In the dermis, no versican tran-
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script was detected despite abundant versican IR.
These observations are consistent with the expres-
sion pattern of the transgene in the dorsal skin of
versican transgenic mice [6], and DP-derived versi-
can may serve as source of interfollicular immunor-
eactivity of versican.

Recent developments have shown that the stem
cells of the follicular epithelium exist in the bulge
region below the sebaceous gland. K15 is preferen-
tially expressed in bulge cells, and its promoter
could target hair follicle bulge cells [17,18]. Surpris-
ingly, versican protein was deposited outside of K15-
positive epithelial cells in the bulge area during
human hair cycle. Since versican protein was slightly
deposited in the DP of telogen hair follicles without
its gene expression, versican protein derived from
the bulge area may be incorporated into the DP
before the next anagen entry. Versican deposition
around the bulge also correlated with a previous
report showing the relationship between versican
and innervation [19], which demonstrated that ver-
sican was associated with nerve fibres during the
development of rat vibrissa hair follicles.

Although proteoglycans are involved in hair mor-
phogenesis and hair cycling [4,6], the correlation
between hair follicle-related disorders and proteo-
glycans, including versican, remains unclear. For
example, the abnormal accumulation of glycosami-
noglycans leads to thick hair with a faster growthrate
during childhood in Mucopolysaccharidoses (Hurler’s
syndrome) [3]. Here, we first showed the low expres-
sion of versican in vellus-like hair follicles affected by
androgenic alopecia (Fig. 6). This lower expression of
versican in androgenic alopecia is considerably regu-
lated at its transcriptional level since mRNA is not
detectable in the dermal papilla of vellus-like hair
follicles in the anagen stage (Fig. 6A). Although the
minimal promoter region of the human versican gene
was reported by Naso et al. [20], no functional bind-
ing site of the androgen receptor has been identified
in this promoter sequence. Some potent androgen
responsive elements may be located in the regulatory
sequence of the versican gene.
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ABSTRACT

The successful establishment of human embryonic stem
cell (hESC) lines has inaugurated a new era in regenerative
medicine by facilitating the transplantation of differenti-
ated ESCs to specific organs. However, problems with the
safety and efficacy of hESC therapy in vivo remain to be
resolved. Preclinical studies using animal model systems,
including nonhuman primates, are essential to evaluate the
safety and efficacy of hESC therapies. Previously, we dem-
onstrated that common marmosets are suitable labora-
tory animal medels for preclinical studies of hematopoietic
stem cell therapies. As this animal model is also applicable
to preclinical trials of ESC therapies, we have established
novel common marmoset ESC (CMESC) lines. To obtain
marmoset embryos, we developed a new embryo collection
system, in which blastocysts can be obtained every 3 weeks

from each marmoset pair. The inner cell mass was isolated
by immunosurgery and plated on a mouse embryonic feeder
layer. Some of the CMESC lines were cultured continuously
for more than I year. These CMESC lines showed alkaline
phosphatase activity and expressed stage-specific embry-
onic antigen (SSEA)-3, SSEA-4, TRA-1-60, and TRA-1-81.
On the other hand, SSEA-1 was not detected. Furthermore,
our novel CMESCs are pluripotent, as evidenced by in vivo
teratoma formation in immunodeficient mice and in vitro
differentiation experiments. Our established CMESC lines
and the common marmoset provide an excellent experimen-
tal model system for understanding differentiation mecha-
nisms, as well as the development of regenerative therapies
using hESCs. STEM CELLS 2005:23:1304-1313
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INTRODUCTION

Embryonic stem cells (ESCs) are derived from preimplantation
embryos. Owing to their pluripotency. ESCs have been widely
used for the production of transgenic and gene knockout mice to
clucidate the molecular mechanisms of various genes. In 1998, the
successful establishment of human ESC (hESC) lines enhanced
the role of ESCy in science and medicine. The most promising
application of ESCs in the clinical setting is in the repuir of defec-
live organ function by differentiated ESCs. However. before
differentiated hESCs can be used in clinical applications. the
short-term and long-term safety and efficacy of ESCs must be
thoroughly examined. Due to ethical considerations, these stud-
ies cannot be performed in vivo inhumans, Therefore. preclinical
studies using the ESCs of nonhuman primates are essential.

The common marmoset {Callithrix jacchus) is a New World
primate species with reproductive characteristics that are appro-
priate for ESC studies. More specifically. these animals are small
(weighing upproximately 350-400 g). they have a short gestation
period (approximately 144 days). and reach sexual maturity at
12-18 months. Unlike macaques. marmosets routinely deliver
twins or triplets for each pregnancy. In addition. itis possible to
synchronize the marmoset ovarian cycle with prostaglandin ana-
logs. collect age-matched embryos from multiple females, and
transferembryos to synchronized recipients with success rates in
the range of 70%-80% | 1-3]. Because these reproductive charac-
teristics allow routine efficient transfer of multiple embryos, mar-
moscts constitute an excellent primate species for the generation
of transgenic and knockout animal models of human diseases.

Inaddition to these reproductive benefits. we have shown pre-
viously that marmosets are suitable laboratory animals for preclin-
ical studies of stemcell therapies, owing tothe similarities between
the hematopoietic and immune systems of humans and marmosets
[4,5]. In 1996. Thomson et al. [6] established pluripotent common
marmoset cell lines. whichare considered powerful tools forunder-
standing the regulatory mechanisms of ESC differentiation both in
vitro and in vivo, However., the difterentiation abilities of the plu-
ripotent common marmoset cells interms of in vitro teratoma for-
mation assays and certain common properties of ESC lines, such
as differentiation to the cell lineages of three germ layers, have not
been defined fully. The establishment of totipotent common mar-
moset ESC (CMESC) lines would facilitate the construction, by
gene largeting. of nonhuman primate models for human disease.
To achieve our goal of establishing the common marmoset as a
human disease model. we have established novel CMESC lines and

characterized their differentiation capacitics.
MATERIALS AND METHODS
Animals

To obtain marmoset embryos, 15 pairs of common marmosets,

older than 2 years of age. were selected from the marmoset breed-

1305

ing colony: this colony has been maintained in our laboratory
at the Central Institute for Experimental Animals (CIEA) since
1975. Each pair was keptin a cage withdimensions of 39 x 60 x 70
cm. This study was approved by the animal ethics committees of

CIEA and was performed in accordance with CIEA guidelines,

Embryo Collection

Fifteen female animals were divided into three groups. The ovula-
tion cycles of each group of animals were synchronized with the
prostaglandin (PG) IF2ec analogue cloprostenol (0.75 mg/head
Estrumate. Schering-Plough Animal Health. Union, NI, http://
www.spah.com) which was administered more than 10 days
after the luteal phase. as reported previously [ 7]. Plasma samples
(0.1 mb were collected from the temoral veinat 2.9, 1. and 13
days after the injection of cloprostenol. and the day of ovulation
was determined by the plasma progesterone concentration, using
an enzyme immunoassay (EIA). as described below. The day of
ovulation (day 0) was defined as the day before the serum proges-
terone level reached 10 ng/mi {8]. Embryos were collected 7-10
days afterovulation. after anesthesia by intramuscular injection of
0.05 mg per head of medetomidine hydrochloride (Domitor: Meiji
Techno. Tokyo. hitp://www.meijitechno.cojpyor 0.25-0.5 mg per
head of flunitrazepam (Silece: Eisai Co.. Ltd.. Tokyo. htip://
www.eisal.co.jp/index-e.html) and 70 mg per head of ketamine
hydrochloride (veterinary Ketalar 50: Sankyo Lifetech Co.. Ltd..
Tokyo. htip://www.sankyo-tifetech.co jp/english). The cervix
and both oviducts were exteriorized by midline laparotomy and
clumped. and the uterine lumen was flushed from the proximal
end to the cervix with 2.5 ml of Dulbecco’s modified Eagle's
medium (DMEM: Invitrogen. Tokyo. htip://www.invitrogen,
com) that contained 10% fetal bovine serum (FBS: JRH. Tokyo.
http://www jrhbio.com). The flushed medium was collected using
a23-pauge needle that was placed in the uterine lumen through the
uterine fundus. Cloprostenol was also administered 4 days after
embryo collection. The plasma progesterone concentration was
determined using the DPC Progesterone Kit { Diagnostic Products
Corporation, Los Angeles. http://www.dpeweb.com) according to

the recommendations of the manufacturer.

Isolation and Culture of ESC Lines

Inner cell masses (ICMs) were isolated by immunosurgery. as
described previously [9]. Briefly. the zona pellucida of the mar-
moset blastocyst was removed by the addition of 0.5% pronase
(Sigma, Tokyo, http://www.sigmaaldrich.com)in DMEM. and the
blastocysts were washed three times with DMEM. To remove the
trophectoderm. the blastocysts were incubated for 45 minutes at
37°Cin5% CO-witha 10-fold dilution of anti-marmoset fibroblast
rabbit serumin DMEM. After three washes with DMEM. the blas-
tocysts were incubated with a fivefold dilution of guinea pig com-
plement (Invitrogen) in DMEM for 30 minutes at 37°C in 5% COa.

Alter immunosurgery. the trophectoderm was removed by pipet-
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ting. and the ICMs were isolated. The ICMs were plated on 3.500-
rad y-irradiated mouse embryonic fibroblast (MEF) feeder layer.
After 10— 14 days. the ICMs were dissociated in trypsin-EDTA and
replated on atresh MEF feeder layer. The ICMs and theirexpanded
cells were cultured using CMESC medium that consisted of 80%
Knockout DMEM supplemented with 20% Knockout Serum
Replacement (KSR: Invitrogen). | mM L-glutamine. 0.1 mM
MEM nonessential amino acids. 0.1 mM i-mercaptoethanol (2-
ME: Sigma). 100 TU/ml penicillin. 100 ue/ml streptomycin sul-
fate. 250 ng/m} amphotericin B. and 10 ng/ml leukemia inhibitory
tactor. For cell splitting. undifferentiated CMESC colonies were
detached from the feeder cells. using 0.25% trypsin that was sup-
plemented with I mM CaClyand 20% KSR. The removed colonies
were mechanically dissociated into 10 1o 50 cells and replated on

new irradiated MET feeder layer.

Immunohistochemical Staining
To examine the expression of cell surface markers on cultured
marmoset ICMs. alkaline phosphatase was detected using the
Alkaline Phosphatase Staining Kit{Sigma) according to the man-
ufacturer’s instructions. For immunostaining. ESCs were fixed
with 4% paraformaldehyde in phosphate-bultered saline (PBS)
for 10 minutes at room temperature and then incubated with 0.3%
H.,0- for 10 minutes at room temperature. The primary amibod-
jes against stage-specific embryonic antigen (SSEA)-1. SSEA-3.
SSEA-4 (Developmental Studies Hybridoma Bank. Towa City.
IA. hitp://www.uiowa.cdu/~dshbwww). TRA-1-60. and TRA-1-
81 (Chemicon. Temecula. CAL hup://www.chemicon.com) were
diluted with Antibody Diluent {DAKO ChemMate: DakoCyto-
mation. Glostrup. Denmurk. hup://www.dakocytomation.dk) and
incubated for 1 hour at room temperature. The following primary
antibodies (dilutions) were used: anti-SSEA-I (1:50). anti-5SEA-
3110y anti-SSEA-4 (1:50). anti-TRA-1-60. and anti-TRA-1-81
(10 pg/mh). After three washes with PBS. the biotinylated second-
ary antibody Simple Stain PO Multi system ( Nichirei Corporation.
Tokyo. http://www.nichirei.co.jp/english) was incubated with
the cells for 30 minutes at room temperature. The samples were
washed three times with PBS. and the localization of the bound
monoclonal antibodies was detected using the DAB (3.3"-diami-
nobenzidine tetrahydrochloridey horseradish peroxidase complex.
For immunohistochemical analysis of tumors that formed
after transplantation into immunodeficient mice. the collected
tumors were fixed in neutral buffered formalin and embedded
in paraffin. The paraltin blocks were sectioned and subjected
to immunohistochemical staining. Primary antibodies against
keratin wide specific sereening tWSS). desmin, CD31.and ghial
fibrillary acidic protein (GFAPY (all purchased from DakoCyto-
mation, Tokyo) were incubated with the paraftin sections at dilu-
tions of 1:200. 1:200, 1:10. and 1:50. respectively. The localiza-
tion of the bound monoclonal antibodies was detected using the

Envision System (DakoCytomation).

Novel ESC Lines from the Common Marmoset

For immunofluorescence staining of in vitro-differentiated
neural cells. the shides and sections were preincubated with 10%
normal goat serum plus (0.3% Triton X-100in PBS. followed by over-
night incubation in 10% normal goat serum plus 0.3% Triton X-100
in PBS that contained rabbit polyclonal anti-TH antibody (ABI52:
Chemicon). Alexa™ 488 goat anti-rabbit lgG antibody and Alexa™
568 goat anti-mouse IeG antibody (Juckson ImmunoResearch Lub-
oratories. Inc.. West Grove. PAL http//www jacksonimmuno.com)
were added as secondary antibodies for 2 hours. Finally. the speci-
mens were soaked in 2 pg/ml Hoechst 33528 in distilled water. All
of the micrographs were analyzed on the Zeiss AxioCam imaging

system (Carl Zeiss, Jena. Germany. http://www.zeiss.com),

Karyotypic Analysis

ESCs were prepared by passaging a confluentculture froma 25-
cm bottle. Aftera 3-hour incubation with Iresh medium. a colee-
mid (Invitrogen) was added to a final concentration ol 0.02 pwg/ml
for 20 minutes. The cells were then washed in PBS. dissociated
using trypsin. and spun down. The pellet was resuspended care-
Tully in 0.56% KClatroom temperature. After centrifugation. the
hypotonic solution was removed. and the pellet was fixed with
methanol/acetic acid. 3:1 (vol/vol) via gently pipetting. Aftercen-
trifuging at 1L.OOO rpm. S-minute fixation was performed twice
before spreading the cells on slides. The slides were air-dried
overnight. stained in freshly made 5% Giemsa for 10 minutes.and
rinsed with distilled water. In the Giemsa (G)-banding analysis.
the nuimbers of chromosomes as well as karyotypic analyvsis were

performed using 30 and five metaphase spreads. respectively.

Telomerase Activity

Telomerase activity was determined using the TRAPEZE Telo-
merase Detection Kit (Chemicon. Tokyo) according to the man-
ufacturer’s instructions. Briefly. cell extracts were obtained from
approximately 1 x 10°cells, and the protein concentrations were
normalized using the Coomassic blue—stained protein assay
reagent bovine serum albumin standards (Pierce. Inc.. Rocklord.
IL. hitp://www.picreenet.com). Heat-inactivated controls were
obtained by incubating the samples at 85°C for 10 minutes. Ali-
quots (1.5 pg) of the celb extracts were used for polymerase chain
reaction (PCR). which was performed according to the manufac-
turer’s instructions, The PCR products were electrophoresed ona
12.5% nondenaturing polyacrylamide gel. and telomerase activ-

ity was detected by SYBR green staining (Invitrogen).

PCR-Single Strand Conformation

Polymorphism (PCR-SSCP)

SSCP analysis of the major histocompatibility complex-DRB
genes was perlormed as described previoushy {10]. The following
PCR primers were used: MA-DR-2r. 8-CTCTCCGCGGCAC-
TAGGAAC-3" and MA-DR-4s. S-GCACGTTTCTTGGAG-
TATAGC-3.
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Reverse Transcription (RT)-PCR
Poly(A)* RNA was isolated using the QuickPrep Micro
mRNA Purification Kit (GE Healthcare. Toyko. http://www4,

amershambioscience.com) according to the manufacturer’s

instructions. First-strand cDNA was synthesized from | ug of

poly{A)* RNA from the undifferentiated ESCs. or the embryoid
bodies (EBs). using the ImProm-11 ¢DNA Synthesis Kit {Pro-
mega. Tokyo, htip://www.promega.com). As negative controls,
I pg of the poly(A)* RNA was allowed to react with the cDNA
synthesis reaction mixture in the absence of the ImProm-11 RT.
Alter cDNA synthesis, 1720 of the ¢cDNA synthesis reaction mix-
ture was used as the template for the PCR. For RT-PCR analysis of
fresh ICMs. ICMs were obtained from seven blastocysts and used
for poly(A)* RNA isolation. Half of the isolated poly(A)* RNA
was then used for first-strand cDNA synthesis, and the other half
was used as u negative control, as described above,

Individual primers were designed for the target genes.
The following (forward and reverse) primer pairs were
used: Nanog., 5-AAACAGAAGACCAGAACTGTG-
3 and 5-AGTTGTTTTTCTGCCACCTCT-3": Qct3/4.
5-CCTGGGGGTTCTATTTGGGA-3" and 5-TTT-
GAATGCATGGGAGAGCC-3"; FoxD3. 5-CGACGAC-
GGGCTGGAGGAGAA-Y and 5-ATGAGCGCGATGTAC-
GAGTA-3": Sox-2. 5'-AGAACCCCAAGATGCACAAC-3'
and 5-GGGCAGCGTGTACTTATCCT-3 CD34. §-AGCCT-
GTCACCTGGAAATGC-3" and 5'-CGTGTTGTCTTGCT-
GAATGGC-3": Nestin. 5-GCCCTGACCACTCCAGTTTA-
5'-GGAGTCCTGGATTTCCTTCC-3":
u-fetoprotein. 5-GCTGOATTGTCTGCAGGATGGGGAA-
3" and 5-TCCCCTGAAGAAAATTGGTTAAAAT-3:
marmoset chorionic gonadotropin (mCG) B. 5-CCCTGT-
GTGTGTCGCCTTT-3" and 5'-CTAATGGAGGGTCT-
GCTGGC-3": Bex//Rex3. 5'-ACAGGCAAGGATGAGA-
GAAG-3 and 5'-CCCACGTAAACAAGTGACAG-3": HEB.
5'-ACTGAAACAAAGAAAGGATGAAAACC-3 and 5'-
CCCTTTCTATCTTCTGTTCAGGGTTC-3" gpl30.5-AAA-
CAGAACAGCATCCAGTC-3'and5-AGTTGAGGCATCTTT-
GGTCC-3": leukemia inhibitory factor receptor (LIFR).
S-TTTCTTGGCATTTACCAGG-3 and 5'-GCTATTTT-
GGAAGGTGGTG-3" B-actin. 5-TCCTGACCCTSAAG-
TACCCC-3'and 5-GTGGTGGTGAAGCTGTAGCC-3" Except
for CD34 a-fetoprotein.and mCG.the expected sizes of the PCR

3 and

products were estimated from human sequences. The expected
PCR products were ~190 bp (nanaog). ~530 bp (oc13/4). ~200 bp
(Sox-2). ~356 bp (FoxD3), ~200 bp (nestin). 627 bp (CD34). 200
bp (u-fetoprotein). ~559 bp (gp130). ~269 bp (Bexl/Rex3). ~165
bp(HEB). 286 bp (mCG). ~514 bp (LIFR). and 118 bp (B-actin).
The PCR reaction mixture (25 pl) contained x1 PCR buffer (10
mM Tris-HCI [pH 9.0]. 1.5 mM MgCl,. 50 mM KC1). 0.2 mM
dNTP. 0.5 pM of cach primer. and 2.5 U Tug polymerase. The

amplification was performed for 35 cycles of denaturation at
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95°C for | minute. annealing at 60°C for 30 seconds, and elon-
gation at 72°C. Representative RT-PCR products for each gene
were verified by DNA scquencing (data not shown).

Analysis of Differentiation Potency

EB Formation

To study EB formation. undifferentiated ESCs were removed
from the MEF feeder luyer. dissociated using (.25% trypsin in
PBS with 20% KSR and I mM CaCl.. and cultured in bacterial
Petri dishes for 10-21 days using DMEM supplemented with 10%
FBS. The medium was changed every 2 days.

InVivo Differentiation Analysis: Teratoma Formation

To examine teratoma formation in mice. between 1-5 x 10°
CMESCs were injected subcutaneously into the abdomen of
S-week-old immunodeficient mice. NOD/shi-scid. 1L-2Ry""
(NOG) mice [11]. Four to eight weeks after the injection,
tumors were resected from the mice. The resected tumors
were fixed in buffered formaldehyde, embedded in paraffin
blocks. and subjected to immunohistochemical and histologi-

cal examinations.
In Vitro Differentiation

Neural Cells

Stromal PA6 cells were plated on 12-mm coverslips and grown
Lo semiconfluence. On day 0. 5 x 10? ESCs were cocultured
with the PAG cells on coverslips in Glasgow's modified Eagle's
medium (GMEM) supplemented with 10% KSR. 0.1 mM
2-ME. and 107 M ascorbate. For the first 10 days of coculture.
the medium was changed every 2 days. On day 12, the medium
was exchanged for GMEM plus N-2 supplement (Invitrogen)
that contained 0.1 mM 2-ME and 107 M ascorbate. and the cul-
ture was continued until day 20. The cells were then fixed with

4% paraformaldehyde in PBS.

Hematopoietic Cells

CMESCsweredifferentiated into hematopoietic cells by EB formu-
tioninIscove'smodified Dulbecco’s medium (Invitrogen) that con-
tained 15% FBS. 200 ug/mltransferrin. 10 pg/mlinsulin, 50 ug/ml
ascorbic acid. and 0.45 mM monothioglycerol. The CMESCs (104
cells per 9-cm dish) were cultured without cytokines for 14-18 days
and then subjected to hematopoietic colony assays. Hematopoictic
colonies were examined by growing differentiated ESC-derived
celis (10" cells) in Methocult GF* medium (StemCell Technologies.
Vancouver, British Columbia, Canada. http://www.stemeell.com)
according to the manufacturer's instructions. After 1014 days. the
colony-forming units (CFU) were counted. and cellular morphol-
ogy was confirmed microscopically using May-Giemsastaining of

cytospun samples,

—164—



1308

REesuLTS

Establishment of CMESC Lines

The marmosets ovulated 10.7 £ 1.3 days (n = 70) after PGF2a
administration. Our ovarian cycle control system made it possible
to obtain fertilized eggs every 3 weeks from the same animals.
Sixty immunosurgically isolated ICMs from 70 blastocysts (the
ICM isolation rate was 85.7%) were plated on the irradiated MEF
feeder layer, and 11 ICMs were cultured for more than 10 passages
(18.3% derivation rate). To date. 3/11 ICM-derived cells have been
cultured for more than | year. AlLICM-derived cells showed flat.
packed. and tight colony morphology and a high nucleus:cyto-
plasm ratio (Figs. 1AL 1B). The morphology of these derived cells
was very similar to that of reported primate ESCs. including those
from humans and from rhesus and cynomolgus monkeys [ 12-16].
It has been reported that primate ESCs exhibit spontancous differ-
entiation during culture and that leukemia inhibitory factor does
not maintain the ESCs in the undifferentiated state {13. 14]. The
common marmosct ICM-derived cell lines also showed low fre-
quency of differentiation. However, most ICM-derived cells main-
tained undifferentiated morphology of the cells. Ttis known that
the quality of FBS is critical to the maintenance of undifferentiuted
primate ESCs; different fots of FBS from the same manufacturer
can vary in this respect. Therefore. the chemically defined serum-
free supplement KSR was used for the establishment and culture
of the marmoset ESCs. The CMESC colonies appeared more
packed and tight when KSR was used in the cultures they were flat-
ter in appearance when FBS was used in the medium. To maintain
stem cells. the dissociation procedure for cynomolgus ESCs was
adopted for subculture of the marmoset ICM-derived cells [ 14
With this culture system. continuous cultures of CMESCs have

been sustained for more than | year.

Characterization of Undifferentiated CMESC Lines

To contirm the undifferentiated status of the ICM-derived cells.
all three lines (CMESC 20. 30. and 40) were examined for the
expression of cell surface markers that are specific for undiffer-
entiated ESCs. As shown in Figures 1C-1G. the ICM-derived
cell lines showed alkaline phosphatase activity (Fig. 1C) and
expressed SSEA-3 (Fig. 1E), SSEA-4 (Fig. 1F). TRA-1-60 (Fig.
1G). and TRA-1-81 (Fig. IH)but not SSEA-1 (Fig. 1D). All three
cell lines retained the normal 46. XX karyotype (Fig. 2) and
telomerase (Fig. 3A) activity. These three ICM-derived cell lines
also expressed Nanog. Oct3/4. Sox2. gpl30. mCG. HEB. and
Bexl/Rex3 mRNA and low levels of FoxD3 and Nesrin mRNA
(Fig. 4A). Conversely. LIFR mRNA was not detected by RT-PCR.
Allthree lines showed identical expression patterns of the genes.
Therefore. we believe that these cells are CMESCs. To compare
the gene expression patterns of fresh ICMs and the ICM-derived
celllines, RT-PCR analysis was conducted using fresh ICMs. As
aresult, the expression of Nanog. Oct3/4, and Sox2 mRNA was

Novel ESC Lines from the Common Marmoset

Figure 1. Expression of alkaline phosphatase und cell surface mark-
ers on CMESCs. Unstained CMESCs (A, B). cells stained for ALP
(C).SSEA-1(D).SSEA-3 (E). SSEA-4 (F). TRA-1-60(G). and TRA-
1-81 (H). Abbreviations: ALP, alkaline phosphatase: CMESC. com-
mon marmoset embryonic stem cell: SSEA. stage-specific embry-
onic atigen.
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Figure 2. Karyotype analysis of CMESCs. The results for CIEA-
CMESC #20 are shown. All three cell lines show the normal 46. XX
karvotype after more than 6 months of culture. Abbreviations: CIEA.
Central Institute for Experimental Aninids: CMESCL common mar-
mosctembryonic stemeell.
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observed. whereas FoxD3 and Nestin mRNA was not detected in
fresh ICMs (Fig. 4B).

All three CMESC lines were examined for MHC-DRBI
genotypes using PCR-based single strand conformation poly-
morphism (SSCP) methods. As shown in Figure 3B, the three
CMESC lines were confirmed. based on ditferent SSCP patterns.
as having been established independently. Of these three CMESC

lines. nos. 30 and 40 were derived from the saume parents.

Differentiation Potency
Similar to other primate ESCs. CMESCs differentiate spon-
tancously during culturing on MEF feeder layer. However, the

Figure 3. (A): Telomerase activities of CMESC tines. All three
CMESC lines show high telomerase activity. On the other hand, MEF
feeder layer does not show telomerase activity. (B): SSCP analysis of
CMESCs for the MHC-DRBI gene. The results of SSCP indicate that
all three lines were derived independently. Abbreviations: CMESC.
common marmoset embryonic stem cell: MEF. mouse embryonic
fibroblast: SSCP, single strand conformation polymorphism.
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complete differentiation of CMESCs was suppressed by some
growth factors or inhibitory factors from MEF feeder layer. To
estimate the degree of differentiation. 50 CMESC clusters were
seeded onto MEF feeder layer. As aresult. 22% -74% (n=6) of
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Figure 4. (A): RT-PCR analysis of CMESCs und EBs. Undifteren-
tiated CMESCs expressed the Nanog. Oct3/4. Sox2. FoxD3. Bexl/
Rex3 Heband mCG, GPI30, and low level of Nestin genes, Two-week
cultures of EBs display expression of Nestin and CD34. Three-week
cultures of EBs show expression of Nesrin, CD34. and u-fetoprotein.
Octi/4and Nanog gene expression is shut down in the EBs. (B): RT-
PCR analysis of {resh ICMs. ICMs expressed the Nanog, Oct3/H,
and Sox2 genes. Expression of FoxD23 and Nestin was not detected.
Abbreviations: CMESC. common marmoset embryonic stem cell:
EB. embryoid body: ICM_inner cell mass: RT-PCR. reverse tran-
scription—polymerase chain reaction.
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the colonies (average 42.6%) were morphologically undifferenti-
ated ESCs (data not shown). However. the differentiation rute of
cach cell was unclear because CMESCs need to be cell clusters to
maintain undifferentiated status.

Toassess the spontancousdifferentiation potency of CMESCs.
the formation of EBs andteratomas was examined. The suspension
culturesof all three CMESC lines formed EBs (Figs, SA.5B). Sim-
ple EBs formed several days after the start of the suspension cul-
ture. and cystic EBs formed within 2 wecks. These EBs expressed
mRNA for the Nesrin. CD34. and a-fetoprotein genes, which are
marker genes for the three germ layers. and mCG. BexI/Rex3.
and Heb. which are marker genes for trophectoderm (Fig. 4A).
Furthermore, expression of LIFR and gp/30 was observed. How-
ever. Nanog. Oct3/4. and Sox2 gene expression was shut offafter
2 weeks of EB culture. In contrast. the expression level of FoxD3
in EBs was greater than in undifterentiated CMESCs. To examine
the differentiation potency in more detail. cells of CMESC 20 were
injected subcutaneously into five immunodeficient NOG mice
[11]. Eight weeks after injection. subcutaneous tumors were res-
cued from these mice and subjected to histological analysis. The
umor formation rate was 100% (5/5). The tumors were found to be
teratomas that consisted of embrvonic germ layers of ectodermal.
mesodermal. and endodermal tissues (Figs, 6A—6M), Teratomas
formed in all five NOG mice (100% teratoma formation rate). In
the teratomas. the ectodermal tissue consisted of keratinized epi-
dermis (Figs. 6B. 6G. and 7F) and neuronal cells (Fig, 6M): the
mesodermal tissue was comprised of muscle (Figs. 6C. 6H) und
blood vessels (Figs. 61.63). and the endodermal tissue contained
columnar epithelium (Figs. 6A, 6K, and 6L). Furthermore. carti-
lage-like tissue {Figs. 6A. 6D.and 6E)yand adipose-like tissue (Fig.
6D) were also observed. These blood vessels were distinguished
from murine blood vessels by immunohistochemical staining
with human anti-CD31 antibody. Bronchus-like structures and
gut-like structures were occasionally found in the teratomas (Figs.
6A. 6K and 6L). Differentiation was contirmed by immunohis-
tochemical analysis with several tissue-specific antibodies. As
evidence for ESC differentiation into ectodermal cells. the GFAP-
positive cells were observed as neuronal cells (Fig. 6M). and the
keratinized epidermis-like structures in the teratomas expressed
WSS keratin (Fig. 6G). The teratomas differentiated frequently
into mesodermal tissues such as muscle. blood vessels. and car-
tilage. The muscle-like structure showed desmin expression. and
CD31-positive cells were focated in the hemangioendothelivm of
the blood vessel-like structures (Fig. 6J). The presence of the gut-
like structures suggests endodermal differentiation. Alcian blue
and periadic acid-Schiff (PAS) staining revealed mucus secretion
{rom the columnar epithelium (Fig. 6L).

To investigate the in vitro differentiation potency of the
CMESCs. the measurement of stroma] cell-derived inducing
activity {SDIA) was performed. After culture on PA6 cells for 20

days. extensive neurites appeared in the majority of the primate

Novel ESC Lines from the Common Muarmoset

ESC colonies (67%. 1 = 30). which contained & large number
of postmitotic neurons positive for class 1T -tubulin (red: Fig.

7). SDIA has been reported to induce the production ol tyrosine

hydroxylase (TH)—positive dopaminergic neurons in mouse and

Figure 5. Spontancous differentiation potency of CMESCs. A sus-
pension culture of CMESCs shows the formation of EBs: (A) sim-
ple EB. (B) cystic EB. Abbreviations: CMESC. common marmosel
embryonic stemcell: EB.embryoid body.
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Figure 6. Ditferentiated CMESCs in teratomas and the expression of
tissue-specitic markers. (A): A bronchus-like structure that consists
of columnar epithelium surronnded by cartitage-like tissue. (B-M):
Keratinizing squamous epidermis (B). striated musele (C). adipose-
Tike tissue (high magnifications (D). cartilage-like and columnar epi-
thelium (high magnification) (E). epidermis (F ) reactivity foreyto-
keratin WSS (G ). muscle-expressing desmin (H). capillary blood
vessels (1), CD31-positive vasculur endothelial cells (J ). columnar
epithelium (K). Alcian blue-PAS—positive columimar epithelia (L),
and GFAP-expressing neural celts (M) Abbreviations: CMESC.
common marmosetembryonic stemeell: GFAP. glial fibrillary acidic
protein: PAS, periodic acid-Schiff: WSS wide specilic sereening.
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cynomolgus monkey ESCs and hESCs [17-19]. Therefore, we
tested the marmoset cells for similar activities. After 2 weeks
of induction. 14% of the class 1T -tubulin—positive postmitotic
neurons were TH-positive at the cellular level (11 =50). These cells
were plated from trypsinized ESCs at passage. Most of the cells
were derived from single cells. but only 15% of them expressed
the TH protein. In the teratoma-like tumor induced by subcutane-
ous transplantation into NOG mice. some 111 -tubulin—positive
cells were found in colonies. Among HI -tublin—positive neu-
rons. TH-positive neurons were found in 21% of them(n = 113
datanot shown).

To induce hematopoietic cells. EB formation was allowed
to proceced in the cytokine-free medium. and CFU assays were
performed. CFU-M (CTFU-monocyte/macrophage) colonies were
mainly observed under these conditions (Fig. 8A). and the main
population of macrophages was confirmed microscopically using

May-Giemsa staining of cytospun preparations (Fig. 8B).

Discussion
In this study. we have developed an embryo collection system that

ensures a stable supply of common marmoset embryos for future

Figure 7. Ncuronal cell differentiation of CMESCs in vitro. In vitro—
differentiated ESCs using the SDIA method express TH protein and
class 11 B-tubulin protein. Tyrosine hydroxylase: green: class 111
B-tubulin: red: Hoechst: blue. Scale bar = 80 mm. Abbreviations:
CMESC. common marmoset embryonic stem cetl: ESC, embryonic
stemcell: SDIA stromal eell—derived inducing activity.
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Figure 8. Hematopoietic CMESC differentiation in vivo. (A): CFU-
M-like colonies predominate under these conditions. {B): May-
Giemsa staining of colony-forming cells. confirming that the major
population consists of macrophages. Abbreviations: CFU-M. colony-
forming unit-monocyte/macrophage: CMESC. common marmoset

embryonic stemeell,
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productionof transgenic or gene knockout marmosets. Qurresults
show that marmoset ovulation is not disturbed. even after contin-
uous administration of the PGF2a analogue cloprostenol. Thus.
embryo collection from the same animal was carried out rou-
tinely. every 3 weeks. using cloprostenol administration. Using
our embryo collection system. we recently established CMESC
lines. In this study. we used a reported method of immunosurgery
[9]. Although there was a high ICM isolation rate (85.7%) from
blastocysts. the CMESC derivation rate was 18.3%. which is com-
parable to previous reports on other primate ESC lines. including
35.7% forhuman and 12.5% forcynomolgus monkey | 14, 15]. The
derivation rate of CMESC lines was considered to be dependent
onthe expansion procedure used for the cultured ICMs. including
the in vitro developmental ability of embryos or the passage tech-
nique used for expanded ICMs.

Theresultsofimmunohistochemicalanalysis.enzymatic activ-
ity assays. RT-PCR analysis. and karyotype analysis show that the
CMESC lines maintain their undifferentiated status. The RT-PCR
results indicate that the gene expression patterns of undifferentiated
CMESCsare similar to that of hESCs and different from those of
mouse ESCs. In undifferentiated CMESCs. the expression patterns
of Octd/4. Nunog. Sox2.imCG. HEB. and Bex]/REX 3 gene mRNA
were identical to hRESCs or marmoset ESCs {6. 20]. In contrast. a
very low level of FoxD3 expression was observed in undilferenti-
ated CMESCs. Infresh ICMs. the expression of Nanog. Oct3/4. and
Sox2 was observed. whereas that of FoxD.3 and Nestin was not, The
presence of Nanog. Oct3/4. and Sox2 mRNA expression in both
fresh ICMs and CMESCs suggests that these genes are required
to maintain stemness of cells in vitro and in vivo. Because FoxD3
and Nestin were expressed at very Jow levels in undifferentiated
CMESCs. itis possible that these genes in fresh ICMs are expressed
under the detection level of our RT-PCR analysis. Another possibil-
ity is that the FoxD3 and Nestin genes were amplified from spon-
taneously differentisted CMESCs in the cultured CMESCs. The
latter possibility is supported by increased FoxDJ3 gene expression
1 EBs. As the FoxD3 gene expressed in murine undifterentiated
ESCs(20]. the different FoxDJ3 expression patterns in primate and
murine ESCs suggests that FoxD3 plays a difterent role in respec-
tive ESCs. The expression of mCG and Bex!/REX 3 reflects the
ability of CMESCs to differentiate into trophectodermal cells.
These results match the ability of other primate ESCs to differenti-
ate into trophectodermal cells,

The molecular mechanisms that maintain undifferentiated
primate ESCs are fargely unknown. and MEF fecder layer is
essential to maintain undifferentiated primate ESCs. CMESCs
also differentiated spontancously on MEF feeder layer at low
frequency. The expression of gp/30and the absence of LIFR in
CMESCs were identical to hESCs. These results indicate that
maintaining undifferentiated CMESCs is not dependent on LIF
signals. However, the expression of gp/30 suggested that other
apl30-STAT 3 signals. such as interleukin (IL)-6. oncostatin M.
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or IL-11. play a role in CMESC proliferation or differentiation.
The MEF feeder layer dependency of primate ESCys is consid-
ered one significant obstacle to using hESCs for stem therapy.
Elucidation of the molecular mechanisms for the maintenance or
development of MEF feeder layer—{ree culture systems of undif-
ferentiated primate ESCy is one of the important themes of ESC
research. Combined. these results suggest that the cellular charac-
teristics and activities of CMESCs are similar to those of human
and other primate ESCs [6. 12-16.21.22].

The spontaneous differentiation abilities of the CMESCs
were verified by EB formation (Fig. 5) and teratoma formation
(Fig. 6). RT-PCR analysis of EBs showed that the CMESCs dif-
{erentiated into three germ layers in vitro. Furthermore. when the
CMESCs were transplanted subcutancously into immunodefi-
cient NOG mice, teratomas that consisted of three-dimensional
tissue structures were formed with high efficiency (100%). When
SCID mice were used for the teratoma formation experiment, the
teratoma formation rate was also 1009 (two of two NOD/SCID
mice, data not shown). Therefore. the formation of teratomas indi-
cates that CMESCs have multipotent differentiation ability. The
teratomas were also examined by immunohistochemistry, using
several tissue-specific antibodies. The most frequently observed
tissue type in the teratomas was mesodermal, which included car-
tilage (Figs. 6A. 6D, and 6E). muscle (Figs. 6C. 6H). and blood
vessels (Fig. 61). Although the frequency of endodermal tissue
differentiation was lower than the frequencies of ectodermal and
mesodermal tissue differentiation. endodermal tissue differen-
tiation was clearly demonstrated with one of our CMESC lines
(no. 20). Interestingly. Alcian blue and PAS staining of columnar
epithelium showed the secretion of mucus from the cells. which
indicates that CMESCs can differentiate into functional endoder-
mal cells (Fig. 6L). Teratoma formation was not demonstrated for
the marmoset ESC line (¢ 11) established by Thomson ctal. [6].
BothCMESC and ¢j 1 showed similar morphology and identical
marker expression patterns. However, when we examined tera-
toma formation with a marmoset ESC line purchased from the
WiCell ResearchInstitute. Inc. (Madison. WL http//www.wicell.
org), we obtained fibrosarcomas, but no teratomas, in NOD/SCID
mice (data not shown). The reasons for successful in vivo tera-
toma formation with our ESCs remain to be elucidated.

SDIA caused CMESC lines 20 and 40 to differentiate into
TH-positive neurons in vitro (Fig. 7). In vitro differentiation into
hematopoietic cells from EBs was measured in colony assays.
Although other types of hemuatopoietic colonies were not seen in
all experiments (7> 7). other conditions. such as gene-transfer
methods. make it possible to induce various hematopoietic col-
onies from CMESCs (Kurita et al., personal communication).
which suggests that CMESCs have the ability to differentiate into
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multiple hematopoietic lineages. These results support our find-
ing that CMESCx have the capacity todifferentiate into functional
cells both in vitro and in vivo. Therefore. CMESCs can be used in
preclinical studies aimed at developing regenerative medicines.

In this study. the teratoma formation and in vitro differentia-
tion experiments show the strong differentiating potency of our
CMESC lines; in addition. this is the first report to demonstrate
the pluripotency of CMESCs. Our pluripotent CMESC lines
should be very usetul inestablishing a preclinical animal model
system for predicting the safety and efficacy of regenerative ther-
apies using hESCs. Chimerism and the germ line transmission
ability of CMESCs are not yet known. The mechanisms of the
germline transmission of ESCsare unknown. and in primates and
other mammals. except mice. germ line transmission of ESCs has
not been reported. Therefore. it is possible that germ line trans-
mission of CMESCs will not occur in chimeras. If CMESCs do
nottransmit into the germ line. somatic cell nuclear transfer from
the chimera or gametogenesis from CMESCs is one way to solve
the problem [23-25}.

Recently. various types of cells differentiated from hESCs or
nonhuman ESCs have been reported | 18. 26-36]. For example.
hematopoietic cells. dopaminergic neurons. and insulin-pro-
ducing cells have been generated {tom hESCs or primate ESCs.
However, reports of transplantation of these differentiated ESCs
into nonhuman primates are very rare [37]. There are various dif-
ficulties involved in using nonhuman primates as experimental
animals, For example. rhesus or cynomolgus monkeys in which
the ESC line has already been established are too expensive and
cumbersome. Furthermore. immunological incompatibility
between ESCs and animals may represent a significant obstacle
to ESC transplantation. Taking this situation into consideration.
the common marmoset has advantages. such as low cost and ease
of maintenance. Importantly. marmosets are immunogenetically
closed because they huve been bred in large closed colonies. Thus.
the common marmosct and CMESCs provide an excellent exper-
imental model system for studies into the mechanism of cell dif-
ferentiation, as well as for the development of regenerative thera-

piesusing hESCs.
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Midterm Results on Ocular Surface
Reconstruction Using Cultivated Autologous
Oral Mucosal Epithelial Transplantation

TSUTOMU INATOMI, MD, PuD, TAKAHIRO NAKAMURA, MD, PHD,
NORIKO KOIZUMI, MD, PuD, CHIE SOTOZONO, MD, PHD,
NORIHIKO YOKOI, MD, PHD, AND SHIGERU KINOSHITA, MD, PHD

e PURPOSE: To perform a midterm assessment of the
integrity and reproducibility of cultivated autologous oral
mucosal epithelial sheets, and to evaluate the clinical
efficacy of their transplantation in ocular surface.

e DESIGN: Observational case series.

e METHODS: Cultivated autologous oral mucosal epithelial
sheets were created using amniotic membrane and buccal
mucosal epithelium from 12 patients with Stevens-Johnson
syndrome, chemical and thermal injury, pseudo-ocular
cicatricial pemphigoid, and idiopathic ocular surface dis-
order. They were transplanted onto 15 eyes from these
patients who were then followed up for a mean of 20
months; with the longest follow-up being 34 months. We
assessed their clinical outcomes with special reference to
neovascularization.

e RESULTS: Cultivated autologous oral mucosal epithe-
lial sheets could be generated from all patients. On the
second postoperative day, 14 of 15 sheets transplanted
demonstrated total re-epithelialization on the cornea.
During the follow-up, the ocular surface was stable and
transparent without any major complications in 10 of 15
eyes (67%), and the transplanted epithelium survived for
at least 34 months. There were five eyes (33%) with
small but long-standing epithelial defects, three of these
healed spontaneously, and two (13%) required reopera-
tion. In 10 eyes, postoperative visual acuity was im-
proved by more than 2 lines. All eyes manifested some
peripheral corneal vascularization.
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® CONCLUSIONS: We established a successful tissue-
engineering technique to generate cultivated autologous
oral mucosal epithelial sheets and succeeded in recon-
structing the ocular surface. We suggest that this surgical
modality may be both safe and useful, especially in
younger patients with the most severe ocular surface
disorders. (Am ] Ophthalmol 2006;141:267-275. ©
2006 by Elsevier Inc. All rights reserved.)

cells attributable to acute or chronic ocular surface

disorders leads to limbal deficiency that results in the
conjunctivalization of the corneal surface, that is, conjuncti-
val epithelial invasion with superficial vascularization and
subepithelial scarring. Various degrees of pathologic keratini-
zation, symblepharon, and entropion also occur, resulting
in serious visual loss. Surgical approaches to ocular surface
diseases such as Stevens-Johnson syndrome (S]S), ocular
cicatricial pemphigoid, and chemical injury include limbal
transplantation! and amniotic membrane (AM) transplan-
tation.” These approaches were both developed in the
1990s and have produced some positive therapeutic results.

The more recently developed and improved surgical
modality that uses cultivated corneal epithelial stem cell
sheets has already been implemented widely.” The pri-
mary concept and cultivation technique for epithelium is
an extension of the method first introduced in the 1970s by
Rheinwald and Green® that employed tissue-engineered
epidermal sheets to treat thermal skin injuries.

Despite a number of failures, in part attributable to a
lack of knowledge regarding stem cells, in 1997 Pellegrini
and associates’ successfully restored damaged human cor-
neal surfaces by transplanting autologous cultivated cor-
neal epithelium. Subsequently, patients with unilateral
damage received transplants of cultivated corneal epithe-
lial stem cells obtained from the healthy contralateral eye.
This has become an established, successful approach.’!™!!
Patients with bilateral eye damage required the transplan-
tation of cultivated corneal epithelial stem cells from

T HE COMPLETE LOSS OF CORNEAL EPITHELIAL STEM
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TABLE 1. Baseline Data of Patients Receiving an Oral Mucosal Epithelial Culture Reconstruction

Condition of Feeder Cell Culture Density of Ceil Days Reach Integrity of
Case Age/Gender Disease Orai Cavity Condition Serum Seeding (Cell/Well} Confluence Culture Sheet
1 33/M Chemical Good Good FBS 1.0 X 105 5 Excellent
2 33/M Chemical Good Good FBS 1.0 x 10° 5 Excellent
3 27/M Chemical Good Good FBS 1.0 X 108 6 Excellent
4 24/M SJS Moderate Good FBS 0.9 x 10° 6 Excellent
5 14/F SJs Moderate Good FBS 0.7 X 10° 6 Excellent
6 24/M SJS Moderate Good FBS 1.1 x 10° 8 Excellent
7 65/F SJS Moderate Good FBS 0.7 X 10° 6 Fair
8 61/F 0OSD Good Moderate FBS 1.0 X 10° 7 Excellent
9 69/M Chemical Good Good FBS 1.0 x 105 6 Excellent
10 65/F SJS Moderate Good AS 1.5 X 10° 7 Excelient
kb 70/M SJS Moderate Good AS 1.3 x 108 6 Excellent
12 67/F SJSs Moderate Good AS 1.5 x 10° 6 Excellent
13 29/M Thermal Moderate Good AS 1.0 X 108 5 Excellent
14 81/F pOCP Good Good AS 1.5 x 10° 6 Excellent
15 64/M Chemical Moderate Good AS 1.5 X 10° 7 Excellent

AS = autologous serum; Chemical = chemical injury; FBS = fetal bovine serum; OSD = idiopathic ocular surface disorder; pOCP =
pseudo-ocular cicatriclal pemphigoid; SJS = Stevens-Johnson syndrome; Thermal = thermal injury.

cadaver donors or a living-related eye. While this method
also yielded some success,*'? immunologic rejection and
microbial infection as a result of immunosuppressive ther-
apy after allogeneic transplantation continue to present
challenges.

In the context of regenerative medicine, the transplan-
tation of cultivated mucosal epithelial stem cell sheets
created from autologous cell sources presents a viable
alternative in cases with bilateral eye damage that vitiates
the use of autologous corneal epithelial stem cells. Oral
mucosal epithelium has attracted attention as a cell source,
and favorable results have been obtained in animal- and
preliminary human pilot studies.!3-16

Here we present midterm clinical data on 15 eyes grafted
with cultivated autologous oral mucosal epithelial trans-
plants. The corneal surface in 13 of our 15 eyes was stable
and remained fairly transparent despite some peripheral
corneal neovascularization.

METHODS

THIS STUDY WAS APPROVED BY THE INSTITUTIONAL RE-
view Board for Human Studies of Kyoto Prefectural Uni-
versity of Medicine; prior informed consent was obtained
from all patients. We report on 15 eyes from 12 patients
with bilateral total limbal deficiency; their ages ranged
from 14 to 81 years. The preoperative diagnosis was S]S in
five patients, chemical injury in four, and thermal injury,
pseudo-ocular cicatricial pemphigoid, and idiopathic ocu-
lar surface disorder of unknown etiology in one patient
each. Preoperatively, all 15 eyes manifested severe destruc-
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tion of the ocular surface with limbal deficiency, but also
reasonable reflex tearing with some meniscus height.
The 12 patients presented displayed total limbal deficiency
in either the acute or chronic phase. This was diagnosed by
the complete absence of the palisades of Vogt. The four eyes
in the acute phase had sustained chemical (n = 3) or thermal
injury (n = 1) and manifested persistent epithelial defects
involving the entire cornea, complete limbal deficiency,
and sustained conjunctival inflammation. The injury to
these four eyes was of grade IIIb or IV according to the
grading system we proposed elsewhere.!” The 11 eyes in
the chronic phase included seven with SJS, two with
chemical injuries, and one each with pseudo-ocular cica-
tricial pemphigoid and idiopathic ocular surface disorder.
All 11 eyes manifested total conjunctivalization on the
cornea with conjunctival cicatrization. Of the 15 eyes,
seven had received previous treatment consisting of AM
transplantation alone (n = 2), limbal transplantation with
AM transplantation (n = 1), keratoepithelioplasty with
AM transplantation (n = 1), and penetrating keratoplasty
(n = 1); both eyes in one patient had been grafted with
cultivated allogeneic corneal epithelial sheets in the acute
phase. The mean follow-up period in our midterm study
was 20 months; the longest follow-up was 34 months.

& PROCEDURE FOR THE TISSUE-ENGINEERING OF AU-
TOLOGOUS ORAL MUCOSAL EPITHELIAL SHEETS: After
obtaining informed consent in accordance with the tenets
of the Declaration of Helsinki for research involving
human subjects, we harvested human AM at the time of
elective Cesarean section. Under sterile conditions, the
membranes were deprived of their amniotic epithelium by

FEBRUARY 2006

—172—



m&my

FIGURE 1. The integrity of all transplanted cultivated oral mucosal epithelial sheets confirmed by fluorescein staining at the end
of ocular surface reconstruction. The yellow broken line encompasses negatively-stained cultivated stratified oral mucosal
epithelium. Arrows indicate the region harboring the epithelial defect in the sheet that was considered to be of only fair quality
before grafting. Of the 15 sheets, 14 (93.3%) were of excellent quality and without epithelial defects (Top left); one case was scored
as fair with some epithelial defects (Top right). Histologic examination using hematoxylin and eosin staining revealed good stratification

throughout the entire sheet (Bottom). EP: cultivated oral mucosal epithelium; AM: amniotic membrane; CI: culture insert.

using a 2-hour incubation at 37°C with ethylene diamine
tetraacetic acid (EDTA) 0.02% to loosen cell adhesion.
This was followed by gentle scraping with a cell scraper.
The presence of healthy oral mucosa in our patients was
confirmed by a dentist before biopsy. All patients were
monitored to confirm their adherence to required tooth-
decay treatment, their abstinence from alcohol or tobacco
use, and their regular performance of tooth brushing and
iodine gargling. Under local anesthesia, oral mucosal biopsy
specimens, each measuring approximately 2 to 3 mm?, were
obtained 2 to 3 weeks before the planned transplantation
procedure. Submucosal connective tissues were removed with
scissors to the extent possible, with the resulting samples
being cut into small explants that were then immersed
three times (10 minutes, room temperature) in phosphate-
buffered saline solution containing antibiotics (50 IU/ml
penicillin-streptomycin and 5 pg/ml amphotericin B). The
explants were then incubated at 37°C for | hour with 1.2
IU dispase as previously described'? and treated with trypsin-
EDTA 0.05% solution for 10 minutes at room temperature
to separate the cells. Enzyme activity was stopped by
washing with culture medium comprised of DMEM and
Ham’s FI12 medium (1:1) containing insulin (5 pg/ml),
cholera toxin (0.1 nmol/l), human recombinant epidermal

VoL. 141, NO. 2

growth factor (10 ng/ml), and penicillin-streptomycin (50
[U/ml). In cultures for eyes no. 1 to 9, the medium also
contained 10% fetal calf serum. In cultures for eyes no. 10
to 15, we included 10% autologous serum. The oral
mucosal epithelium was then seeded onto denuded AM
spread on the bottom of culture inserts, and cocultured
with mitomycin-C (MMC)-inactivated 3T3 fibroblasts.
The culture was submerged in medium for 2 weeks and
then exposed to air by lowering the level of the medium
(air lifting) for 1 to 2 days. Cultures were incubated at
37°C in a 5% CO;-95% air incubator; the medium being
changed daily. Baseline data on the oral mucosal epithelial
cultures are summarized in Table I.

® SURGICAL PROCEDURE FOR OCULAR SURFACE RE-
CONSTRUCTION USING CULTIVATED AUTOLOGOUS
ORAL MUCOSAL EPITHELIAL TRANSPLANTATION: The
surgical procedure was as described in our previous report.*
Stated briefly, after a 360-degree conjunctival peritomy, we
either scraped the area' with the epithelial defect, or
completely removed the conjunctivalized tissue by thin
superficial keratectomy on the corneal surface. Subcon-
junctival spaces were treated with MMC 0.04% for 5
minutes, followed by a vigorous washing with saline. Then,
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TABLE 2. Characteristics of Cases and Clinical Outcome of Patients With Oral Mucosal Epithelial Culture Reconstruction

Visual Acuity
Case Age/Gender Eye Disease Prior Op Combined Op Pre Op Post Op Last VA Complication  Follow-up (mos)
1 33/M OS Chemical (acute) AMT HM 20/200 20/40 34
2 33/M OD Chemical (acute) AMT HM HM HM 34
3 27/M OS Chemical (chronic) None AMT HM CF HM 32
4 24/M OS SJS CCET HM 20/2000 CF ED 29
5 14/F 0S 8JS None CF 20/1000 20/1000 28
6 24/M oD SJSs CCET HM 20/2000 CF ED 28
7 65/F oD 8JS AMT + KEP PEA + IOL CF 20/400 20/500 ED 26
8 61/F OD O0sD AMT + LT PEA + IOL HM 20/500 20/800 23
9 69/M OD Chemical (chronic) PK PK* HM HM 20/50 18
10 65/F 0S8 8JS None PEA + 10L HM 20/320 20/320 12
11 70/M 0OS 8JS None PK* HM HM 20/1000 11
12 67/F Oob SJS None PEA + IOL HM 20/2000 20/2000 ED 8
13 29/M OD Thermal (acute) None Lid 20/500 20/1000 20/32 ED 8
14 81/F 0S pOCP None PEA +I0L + 20/400 20/63 20/63 6
PPV
15 64/M OD Chemical (acute) None PEA + IOL + 20/500 20/250 20/500 3
Lid

AMT = amniotic membrane transplantation; CCET = cultivated corneal epithelial transplantation; CF = count finger; Chemical = chemical
injury; ED = epithelial defect; HM = hand motion; IOL = intraocular lens; KEP = keratoepithelioplasty; Lid = lid plastic surgery; LT = limbal
transplantation; OSD = idiopathic ocular surface disorder; PEA = phacoemulsification; PK = penetrating keratoplasty, pOCP =
pseudo-ocular cicatricial pemphigoid; PPV = pars plana vitrectomy; SJS = Stevens-Johnson syndrome; Thermal = thermal injury.

*Two cases received PK after primary surgery.

the cultivated autologous oral mucosal epithelial sheet in a
culture dish was cut with a 19-mm diameter trephine,
transferred onto the corneal surface, and sutured with 10-0
nylon. The integrity of the cultivated epithelium was
confirmed by fluorescein staining at the end of surgery
(Figure 1), and the ocular surface was protected with a
medical-use contact lens.

® CLINICAL EVALUATION: Preoperative and postopera-
tive best-corrected visual acuity was measured, and ocular
surface manifestations were inspected with a slit-lamp micro-
scope and fluorescein staining. Corneal superficial vascular-
ization was monitored photographically and graded according
to extent and intensity, where grade 1 indicates peripheral
vascularization, grade 2 peripheral and midperipheral vas-
cularization, grade 3 modest vascularization involving the
entire cornea, and grade 4 massive vascularization of the
entire cornea.

RESULTS

@ CULTIVATED AUTOLOGOUS ORAL MUCOSAL EPITHE-
LIAL SHEETS: There were no complications during or
after the excision of oral mucosa. Cell suspensions of
approximately 1 X 10° seeded oral mucosal epithelial cells
began to form colonies on the denuded AM within 3 days.
After 5 to 8 days in culture, a confluent primary culture of
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oral mucosal epithelial cells was established on the whole
AM. After 2 weeks, the cultivated oral mucosal epithelium
consisted of five to six cell layers and was similar to the
cultivated corneal epithelial sheets we reported previous-
ly.*1* The oral mucosal epithelial sheet was composed of a
well-conserved basal layer formed by cuboidal cells, several
suprabasal cell layers, and flat apical cell layers (Figure 1).
In 14 of 15 instances, the quality of the cultivated
epithelial sheets was excellent. In one instance (Case 6), it
was merely fair because only 70% of the entire cultivated
epithelial sheet showed mature stratification as determined
by fluorescein staining under a phase-contrast microscope
and an operating microscope at the end of surgery (Table I,
Figure 1).

® CLINICAL OUTCOMES: All eyes, including the eye
transplanted with the sheet whose quality we judged as
only fair, demonstrated total re-epithelialization of the
corneal surface 2 days after surgery. During the follow-up
period, in 10 of 15 eyes the ocular surface grafted with
cultivated autologous oral mucosal epithelial sheets re-
mained silent and fairly transparent. However, five eyes,
including four with severe SJS, developed small but long-
standing epithelial defects; two eyes proceeded to be
completely healed by adjacent oral mucosal epithelium,
one eye demonstrated conjunctival replacement, and the
other two eyes required reoperation. Except for the latter
two eyes, all ocular surfaces became stable without any
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FIGURE 2. The clinical appearance of case 1 at 34 months
after cultivated autologous oral mucosal epithelial transplanta-
tion. Fluorescein staining confirms the long-term survival of
oral mucosal epithelium identified by the different levels of
staining density. Arrows indicate the margin of the outgrowth
of survived oral mucosal epithelium (Top). Slit-lamp photo-
graph showing the appropriately resurfaced cornea. Note the
modest vascularization involving the entire cornea beneath the
amniotic membrane sheet and the preexisting corneal stromal
opacity (Bottom).

major postoperative complications such as microbial infec-
tion or secondary glaucoma (Table 2).

Cultivated corneal epithelial stem cell sheets and ec-
topically surviving cultivated oral mucosal epithelial sheets
are somewhat different in terms of their fluorescein stain-
ing patterns at the apical cell surface. In fact, regenerating
epithelium that had originated from cultivated oral muco-
sal epithelium was clearly demarcated from adjacent con-
junctival epithelium even as late as 34 months after
surgery, the longest follow-up period in this series. This
observation strongly suggests the long survival and epithe-
lial supply of presumed oral mucosal epithelial stem cells
(Figure 2).

Preoperative best-corrected visual acuity in our series
was hand motion (HM) or counting fingers (12 eyes),
20/500 (rwo eyes), and 20/400 (one eye). Postoperative
visual recovery ranged from HM to 20/32; best-corrected
visual acuity was improved by more than 2 lines in 10 eyes
(67%) at 3 months, and in 10 eyes (67%) at their latest
follow-up examination. Three eyes with severe corneal
opacity were scheduled for ocular surface reconstruction
before penetrating keratoplasty. In cases 9 and 11, we
performed a triple procedure with penetrating keratoplasty
at 5 and 6 months after the ocular surface reconstruction
procedure, respectively; visual acuity achieved in these two

eyes was 20/50 and 20/1000. Of the 15 eyes, six were

VoL. 141, NoO. 2

treated with cataract surgery immediately after the removal
of ocular surface scarring using either a surgical slit-lamp or
a special lighting device, and two eyes were treated with
eyelid plastic surgery for entropion attributable to the
primary injury (Table 2).

CASE REPORTS

FIGURES 3 AND 4, SHOW REPRESENTATIVE CASES OF CULTI-
vated autologous oral mucosal epithelial transplantation.

® CASE 1: A 33-year-old man in the acute phase of alkali
injury graded IlIb with severe corneal stromal opacity in
March 2002. AM transplantation was initially petformed to
cover the total damaged corneal surface, however, persistent
corneal epithelial defect and severe inflammation pro-
longed for more than 1 month. Cultivated autologous oral
mucosal epithelial transplantation was performed on June
24, 2002. Postoperatively, the ocular surface showed sta-
bilized epithelialization with peripheral corneal vascular-
ization (Figure 3). Even after 34 months of follow-up,
surviving oral mucosal epithelium was distinguishable from
conjunctival epithelium. The latest visual acuity was
maintained at 10/20.

® CASE 5: A 14-year-old girl in the chronic phase of SJS
with severe symblepharon over the cornea. The primary
SJS occurred at the age of 5. The ocular surface was totally
conjunctivalized with severe symblepharon without any
surgeries. The ocular surface was reconstructed using cul-
tivated oral mucosal epithelial transplantation, and the
postoperative corneal surface was maintained fairly trans-
parent. Best-corrected visual acuity improved from count-
ing fingers to 20/1000 although the damaged corneal
stroma was somewhat opaque (Figure 4).

® CASE 8: A 61-year-old woman with limbal deficiency of
unknown etiology following AM transplantation and con-
ventional allogeneic limbal transplantation. Primary sur-
gery was performed in November 2000, but subsequent
failure resulted in total conjunctivalization. After removal
of scarred tissue and previously transplanted lenticles, the
ocular surface was covered with a cultivated oral mucosal
epithelial sheet. Postoperatively, the comeal sutface showed
complete epithelialization with minimal vascularization;
some calcium deposits were observed (Figurce 4).

® CASE 10: A 65-year-old woman with SJS. The primary
SJS occurred at the age of 28. Visual acuity was reduced to
CF, because of the conjunctivalization and the progression
of cataract. Ocular surface was reconstructed in April 2004
using cultivated oral mucosal epithelial transplantation
and cataract surgery. Postoperatively, the ocular surface

was stable and transparent (Figure 4). Visual acuity im-
proved to 20/320.
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