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Abstract. Regenerative medicine is a new field based on the use of stem cells to generate

biological substitutes and improve tissue functions, restoring damaged tissue with high prolifer-

ability and differentiability. It is of interest as a potential alternative to complicated tissue /organ

transplantation. Recently, amnion-derived cells have been reported to have multipotent differen-

tiation ability, and these cells have attracted attention as a cell source for cell-transplantation

therapy. The amnion possesses considerable advantageous characteristics: the isolated cells can

differentiate into all three germ layers; they have low immunogenicity and anti-inflammatory

functions; and they do not require the sacrifice of human embryos for their isolation, thus avoid-

ing the current controversies associated with the use of human embryonic stem cells. Moreover,

we developed human amniotic cell-sheets using a novel culture surface coated with a non-

cytotoxic, temperature-responsive elastic protein-based polymer. We also generated a “hyper-

dry-amnion”, which has already been applied clinically in the ophthalmological field. Compared

to cryopreserved fresh amnion, “hyper-dry-amnion” is easy to handle and has started to bring

good results to patients. These materials from the amnion are also expected to open a new field

in tissue engineering. Thus, amnion, which had been discarded after parturition, has started to be

appreciated as an attractive material in the field of regenerative medicine. In this review, the most

recent and relevant clinical and experimental data about the use of amniotic membrane and cells

derived from it are described.
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I. Introduction

Recently, in addition to the current therapeutic modal-

ities, such as medical therapy, surgery, organ transplan-

tation, and mechanical assist devices, regenerative

medicine is being focused on as a potential alternative to

complicated tissue /organ transplantation. Regenerative

medicine is a new field based on the use of stem cells to

generate biological substitutes and improve tissue func-

tions. Three essential factors are necessary: stem cells,

which retain the capacity to renew themselves and may

be able to restore damaged tissue with high prolifer-

ability and differentiability; the scaffolds that support

them; and growth and differentiation factors.

Stem cells isolated from adults or developing embryos

(embryonic stem (ES) cells) are currently thought to be a

source of cells for regenerative medicine. However,

despite their therapeutic potential, both adult and ES

cells present a number of challenges associated with

their clinical application and are thus not in general use

yet (1). For example, although adult stem cells can be

directly isolated from the patient and are therefore

immunologically compatible with the patient, they are

generally hard to isolate and grow in culture; and more-

over, transplantation of a sufficient number of cells to

adult tissue needs a large-scale cell supply. In contrast,

human ES cells can proliferate very fast in culture and

differentiate into cells of all adult tissues, but additional
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research is required to control the growth and to over-

come the risks of tumor formation by undifferentiated

ES cells and graft rejection. It is also necessary to

resolve the ethical issues surrounding the use of

materials from embryos. Therefore, much attention is

now focused on obtaining a novel source of cells.

Recently, the multipotent differentiation ability of

amnion-derived cells has been reported and these cells

have attracted a lot of attention as a cell source for cell

transplantation therapy. The amnion-derived cells have

considerable advantages that will be described in detail

later: they can differentiate into all three germ layers;

they have low immunogenicity and anti-inflammatory

functions; and they do not require the sacrifice of human

embryos for their isolation, thus avoiding the current

controversies associated with the use of human ES cells.

The amniotic membrane has already been applied in

medicine, for example, in burn lesion treatment, surgical

wound covering to avoid collusion (2), and ocular

surface reconstitution, although uncertainty remains

regarding the mechanism of its effects.

II. Basic structure and function of amniotic mem-

brane

The amniotic membrane is a tissue of fetal origin and

is composed of three major layers: a single epithelial

layer, a thick basement membrane, and an avascular

mesenchyme (3). There are no nerves, muscles, or

lymphatics in the amnion. It is adjacent to the tropho-

blast cells and lines the amniotic cavity. It can be easily

separated from the underlying chorion, with which it

never truly fuses at the cellular level. The amnion

obtains its nutrition and oxygen from the surrounding

chorionic fluid, the amniotic fluid, and the fetal surface

vessels.

One of the basic functions of the amniotic membrane

is to provide the developing embryo with protection

against desiccation and an environment for suspension

in which the embryo can grow without distortion by

pressure from surrounding structures. The amnion

also plays an important role during parturition. In the

initiation and maintenance of uterine contraction,

prostaglandins play a pivotal role. The amniotic epithe-

lium is not only one of the main sources of prostaglan-

dins, especially prostaglandin E2 (4), but also expresses

prostaglandin-biosynthesis enzymes such as phospho-

lipase, prostaglandin synthase, and cyclooxygenase (5).

Moreover, these enzymes are regulated by human

chorionic gonadotropin (hCG), the receptors of which

are found on the amniotic epithelium (6).

Amniotic epithelium is metabolically highly active

throughout gestation, and it is also responsible for

regulating the pH of the amniotic fluid, keeping it

constant at about 7.10.

From a structural perspective, the amniotic cells are

connected to each other by numerous desmosomes;

however, tight junctions occluding the lateral inter-

cellular spaces and thus limiting paracellular transport

can not be observed between the cells (7). Consequently,

the intercellular clefts may represent an effective route

for paracellular transfer of macromolecules. The basal

lamina contains large quantities of proteoglycans, rich in

heparan sulfate, that may serve as a permeability barrier

to amniotic macromolecules (8). Wolf et al. reported that

in the amniotic epithelium, the specialized arrangement

of intracellular cytoskeletal filaments such as actin, α-

actinin, spectrin, ezrin, cytokeratins, vimentin, and des-

moplakin indicates their role in the structural integrity

and modulation of cell shape as well as in junctional

permeability (9).

Laminin is one of the main components of the

basement membrane and it critically contributes to cell

differentiation, cell shape and movement, maintenance

of tissue phenotypes, and promotion of tissue survival

via cell surface receptors such as integrins and dystro-

glycans (10). Therefore, we characterized the laminin

subunit chains in the human amnion (manuscript in

preparation). Laminin has several heterotrimeric iso-

forms composed of an α-, a β-, and a γ-chain; and each

type of chain has several types of subunit chains: α1 – 5,

β1 – 3, γ1 – 3. Laminin is produced and secreted from

adjacent epithelial cells, and therefore the gene expres-

sion of laminin subunit chains in human amniotic

epithelial cells (HAE) was investigated by reverse

transcription-polymerase chain reaction (RT-PCR). We

detected the expression of laminin subunits α2, α3, α5,

β1, β2, β3, γ1, and γ2 chains by RT-PCR and found

that the mRNA expression of the subunit chains in the

basement membrane paralleled the immunohistochemi-

cal staining for these subunit chains. These findings

suggested that the basement membrane of the human

amnion contains a broad spectrum of laminin isoforms,

laminin-2, -4, -5, -6, -7, -10, and -11. These findings will

provide clues not only for understanding the physio-

logical roles of the amnion and HAE cells, but also for

applying this tissue in the tissue engineering field.

III. Advantages of amniotic membrane /amnion-

derived cells as materials for regenerative medicine

1. Pluripotency of amnion-derived cells

Regarding differentiation potential, it is expected that

the amniotic membrane might maintain pluripotent

properties. Developmentally, the inner cell mass of the

blastocyst, from which ES cells are derived, gives rise to
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both the epiblast (from which the embryo is derived) and

the hypoblast (from which the yolk sac is derived).

From this epiblast (embryonic ectoderm) the amniotic

epithelial layer (amniotic ectoderm) is derived on about

the 8th day after fertilization, while the mesenchymal

cells (amniotic mesenchyme) are from extraembryonic

mesoderm of the primitive streak (11). Considering

that the epiblast also gives rise to all of the germ layers

of the embryo, amniotic epithelial cells are also expected

to give rise to three germ layers. Moreover, the amniotic

epithelial layer is derived before gastrulation. Consider-

ing that pluripotent embryonal carcinoma cells can only

be generated from cells derived before gastrulation

(12), indicating the importance of gastrulation in the

differentiation and specification of cell fate, it is

expected that amniotic epithelial cells might maintain

the plasticity existing in the cells in the pregastrulation

embryo (13). Previously, several reports, including ours,

demonstrated that both HAE cells and human amniotic

mesenchymal cells (HAM cells) express several stem

cell markers such as octamer-binding transcription

factor (OCT)-4, which is specifically expressed in ES

cells and germ cells; GATA-4, which is a marker of

definitive embryonic and visceral (extra-embryonic)

endoderm; hepatocyte nuclear factor-3β (HNF-3β),

which is a marker of definitive endoderm; nestin, which

is an intermediate protein and a neural stem cell-specific

marker; and nanog (13 – 15). These facts suggest that

not only HAE cells but also HAM cells possess pluri-

potency.

2. Anti-inflammatory and low immunogenic charac-

teristics of amniotic membrane /amnion-derived cells

Amniotic membranes /amnion-derived cells have been

considered to be suitable tissue or cells for allotransplan-

tation, based on their anti-inflammatory effects and low

immunogenicity. Much evidence supporting these ideas

has been accumulated.

As to anti-inflammatory effects, Hao et al. reported

that both HAE and HAM cells express various anti-

angiogenic and anti inflammatory proteins such as inter-

leukin (IL)-1 receptor antagonist; tissue inhibitors of

metalloproteinase (TIMPs)-1, -2, -3, -4; and IL-10 (16).

Amniotic membrane stromal matrix markedly sup-

pressed lipopolysacharide-induced upregulation of both

IL-1α and -1β in human corneal limbal epithelial cells

cultivated on it (17). In addition, amniotic membrane

stromal matrix also suppressed DNA synthesis and

subsequent differentiation of myofibroblasts obtained

from human cornea and limb, through suppressing the

TGF-β signaling system. The authors noted that these

actions would explain in part not only the antiscarring

results of amniotic membrane transplantation but also

why fetal wound healing is scarless (18). HAE cells

expressed mRNA of tumor necrosis factor (TNF)α, Fas

ligand, TNF-related apoptosis-inducing ligand (TRAIL),

TGF-β, and macrophage migration-inhibitory factor

(MIF) (19). The supernatants from HAE cell cultures

inhibited the chemotactic activity of neutrophils and

macrophages toward macrophage inflammatory protein

2, reduced the proliferation of T- and B-cells after mito-

genic stimulation, and induced apoptosis of T and B

cells, but not of corneal epithelial cells (19), and also

suppressed corneal neovascularization and migration of

major histocompatibility complex (MHC) class II+

antigen-presenting cells (APCs) in cauterized mouse

corneas (20). As to antibacterial properties, human

amniotic membrane reduces bacterial counts and pro-

motes healing of infected wounds (21).

As to the low immunogenicity, clinical signs of acute

rejection were not observed when amniotic membrane

was transplanted into volunteers (22). The expression

level of MHC class I antigens is still controversial.

Although it was reported that HLA-A, -B, -C, and -DR

were not detected in cultured amniotic epithelium (23),

the detection of class I antigen in almost all cells in the

amniotic membrane has been reported since then (24,

25). In contrast, class II antigen was expressed only in

some fibroblasts in human amniotic membrane (25).

Several studies examined the fate of amniotic mem-

brane grafts. Wang et al. (26) studied allogeneic GFP+

mouse amniotic membrane grafts heterotopically

transplanted in the eye. Kubo et al. studied xenotrans-

planted human amniotic membrane in the eye of rats

(25). These experiments showed that the fate or

allogenicity of amniotic epithelial cells depended on the

graft site. For example, grafts implanted in the anterior

chamber or intracornea survived longer than those

transplanted on the ocular surface. The authors men-

tioned that because of the short period of viability of

donor-derived amniotic epithelial cells grafted on the

ocular surface, these cells had already lost viability and

thus were unable to display enough antigens to represent

a target for effector CD4+ and CD8 + T cells. As a

result, long-term memory of sensitization was not

acquired (26). In addition, from the observation that

amniotic cells disappeared without a rejection reaction,

the authors speculated that the short existence of donor-

derived AE cells on the ocular surface might be due to

the process of apoptosis (25, 26). Actually, both HAE

(19, 27) and HAM (25) cells were reported to express

Fas ligand, which may be easily released from apoptotic

amniotic cells as the soluble form, and may exert an

immunosuppressive effect.

Fetal nonclassic HLA-G (class Ib antigen) is also

expressed in the human amniotic membrane (24, 25).
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Because the HLA-G molecule has low polymorphism

compared to with class Ia antigen, aggression against

the fetus is not easily initiated by HLA-G expression in

the fetal-maternal interface. Kubo et al. noted that the

expression of HLA-G in the amniotic membrane implies

two possibilities for the host immune system. First,

HLA-G may play the role of a tolerogenic peptide, and

the host lymphocytes or dendritic cells may be inacti-

vated by HLA-G’s binding to inhibitory receptors.

Secondly, HLA-G may be recognized by certain T cells

because CD8 can bind to HLA-G, and these cells may

have a suppressor function (25). The expression of these

immunosuppressive and immunoregulatory factors may

also explain it in part. Thus, the problem of immune

rejection could be overcome by the use of amniotic

membrane.

However, it was also reported that in presensitized

recipient mice and recipients that underwent repeated

amniotic epithelial implantation, graft survival was

markedly shorter than in normal recipients, suggesting

that fresh allogeneic mouse amniotic epithelium

expressed immunogenicity (26). Therefore, at present,

amniotic membrane and the cells derived from it seem

to be suitable tissue for transplantation because of

their anti-inflammatory and low immunogenic charac-

teristics; however, in clinical applications, the risk of

immunogenicity depending on the transplantation-site or

of rejection, occurring after repeated amniotic mem-

brane transplantation from the same donor, should not

be ignored.

3. Non-tumorigenicity

There was no evidence of tumorigenicity in humans

when isolated amniotic cells were transplanted into

human volunteers to examine their immunogenicity or

into patients in an attempt to correct lysosomal storage

diseases (22, 28, 29).

However, trisomy mosaicism in the amnion has

been reported, especially in amniotic epithelial cells.

Robinson reported that in 16 (48%) of 33 cases of

prenatally diagnosed trisomy mosaicism, trisomy was

confirmed to be present by molecular analysis of the

amnion, although the trisomy was absent from most

fetal tissues (30). In the cases in which trisomy

mosaicism in the amnion was not noticed because the

fetal tissue was normal, whether or not some biological

effects would arise in clinical application of these

amnions is unclear. Further studies are necessary to

clarify this.

4. Little ethical problems with usage

Because the amniotic membrane is discarded after

parturition, it is easy to obtain without harming mothers

or babies and would thereby overcome the ethical issues

associated with the use of ES cells. However, it is still in

the possession of the mother, so the use of human

amniotic membrane had been approved by the Ethics

Committee of each Institution and written informed

consents had been obtained from the mothers. Based

on these considerations, human amniotic membrane

/ amnion-derived cells are considered to be a useful

biological material and also a novel cell source for cell

transplantation.

IV. Isolation and cultivation of amniotic cells

The human amnion was mechanically peeled from the

chorion of a placenta obtained from an uncomplicated

Cesarean section with informed consent. The study and

the use of the amnion were approved by the Ethics

Committee of the University of Toyama, School of

Medicine. HAE and HAM cells were isolated by sequen-

tial trypsin and collagenase digestion as described pre-

viously (14). Briefly, the amnion was washed in phos-

phate-buffered saline (PBS) and then cut into pieces in

PBS containing 0.03% hyaluronidase (Sigma-Aldrich

Co., St. Louis, MO, USA) and 0.025% deoxyribonu-

clease I (DNase I, Sigma-Aldrich Co.). The resulting

minced amnion was digested with 0.2% trypsin (Sigma-

Aldrich Co., Steinheim, Germany) in Dulbecco’s

Modified Eagle’s Medium (DMEM; Sigma, Irvine, UK)

and incubated at 37°C in an Incubate Box M-260F

(Taitec Co., Saitama) with stirring at 100 rpm for

30 min. Thereafter, the medium was removed, and the

tissue was minced again and incubated at 37°C in

DMEM with trypsin and stirred at 400 – 600 rpm for

30 min. The mixture was then poured over gauze to

separate the dispersed amnion epithelial cells from the

tissue pieces. The dispersed epithelial cells were

collected by centrifugation and suspended in DMEM

supplemented with heat-inactivated 10% FCS (Gibco

BRL, Grand Island, NY, USA) and 1% antibiotic-

antifungal solution (Gibco BRL) and then seeded into

culture dishes (Greiner Bio-One GmbH, Frickenhausen,

Germany) at a concentration of 3.0 × 104 cells /cm2

(Fig. 1). Incubation was carried out at 37°C under 5%

CO2 in air. Trypsinization of the amnion was repeated

several times until no more HAE cells were obtained.

The yield of amniotic epithelial cells obtained from one

amniotic membrane was 8 × 106
/ tissue to 50 × 106

/ tissue.

Mesenchymal cells were isolated from the amniotic

tissue pieces after the removal of epithelial cells. The

tissue pieces were placed in DMEM with collagenase

(0.75 mg /ml) (Wako, Osaka) and DNase I (0.075

mg /ml) and were incubated at 37°C with stirring at

600 rpm for 60 min. The dispersed mesenchymal cells
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were collected by filtration through gauze and centrifu-

gation. The yield of mesenchymal cells was approxi-

mately 1 × 106
/ tissue. It was also reported that the

epithelial: mesenchymal cell ratio was 4.3:1 at preterm

(15 cases at 23 – 36 weeks) and 7.8:1 at term (27 cases)

(31).

V. Characterization

The amniotic epithelial cells express not only epider-

mal markers such as CA125 (32) and general epithelial

markers such as cytokeratins, but also express vimentin

(33, 34). Human amniotic mesenchymal cells are

derived from the fetal mesoderm (11) and are positive

for CD44 and desmin, as well as vimentin. Vimentin-

positive cells made up 97.5% of the total cells tested in

cultured HAM cells, while 3.6% of the total HAM cells

expressed the phenotype CK19+/vimentin+, indicating

coexpression of epithelial and mesenchymal cell

markers (35). These facts suggest that the amnion-

derived cells have not completely differentiated into

epithelial or mesenchymal cells. Another explanation

from the embryological point of view is that the

epithelial-mesenchymal transition (EMT) may occur in

the amniotic membrane (35).

After culturing with bromodeoxyuridine (BrdU) for

24 h, 66% – 82% of HAM cells were found to be

BrdU-positive, suggesting that they have proliferative

potency (35). Nakajima et al. studied telomerase activity

in rat aminiotic cells that were thought to be equivalent

to human amniotic epithelial cells. Telomerase activity

was higher in the cells isolated from fetuses in the

middle stage (day 13.5 to 15.5) than in the late stage

(day 17.5 to 21.5) of gestation (36). However, in vitro,

under conditions without any growth factors except

10% FCS, HAE cells stop proliferating and settle into

senescence after 3 or 4 passages.

Erythropoietin (EPO) and EPO-receptor (EPO-R) are

expressed in HAE cells. EPO stimulates the differentia-

tion, proliferation, and survival of erythroid precursors

via binding to the EPO-R, and its production is regulated

by the concentration of oxygen in the blood. However,

EPO production in HAE cells was not stimulated by

hypoxia (37). Ogawa et al. reported that EPO synthesis

in HAE-SV40 cells, which were immortalized by

transfection with simian virus 40 large T antigen, is

stimulated by progesterone, but not by 17β-estradiol.

Progesterone, as a transcriptional regulator, is mediated

by two distinct forms of the progesterone receptor (PR):

PR-A and PR-B. PR-A is an N-terminal truncated form

of PR-B. In the human term amnion cells, PR-B is a

transcriptional activator of progesterone–responsive

genes, whereas PR-A is a transdominant repressor of

PR-B-mediated transcription (38). PR-B was detected

in both HAE cells and HAE-SV40 cells by Western

blotting, indicating that EPO synthesis might be regu-

lated by progesterone not only in HAE-SV40 cells but

also in HAE cells (39). However, the functions of EPO

in the amniotic membrane are still unknown.

VI. Differentiation-potential of amniotic membrane-

derived cells (Fig. 2)

1. Hepatocytes

For treatment of fatal liver diseases, such as fulumi-

nant hepatitis and severe congenital liver failure, hepato-

cyte transplantation has been expected to be a novel

method. However, many questions have remained

regarding this approach, especially concerning donor

cells. In 2000, hepatic stem cells were identified from

the developing mouse liver (40), and hepatic stem cells

were suggested to be a good candidate as a trans-

plantable cell source. Non-hepatic lineage cells that can

differentiate into hepatocytes have also been suggested

to be potentially useful for hepatocyte transplantation.

Bone marrow-derived cells were shown to differentiate

into hepatocytes both in vivo (41) and in vitro (42) in

rats, as well as mouse embryonic stem cells (43). In

humans, embryonic stem cells (44), bone marrow-

derived cells (45), and cord blood cells (45) have been

shown to be possible candidate cell sources for hepato-

cyte transplantation, although in the case of bone

marrow-derived cells and cord blood cells, the efficiency

of differentiation into hepatocytes was low and in some

cases γ-irradiation was necessary.

To evaluate whether human HAE cells can be used as

a cell source for hepatocyte transplantation, we analyzed

hepatic gene expression of HAE cells (15). RT-PCR

analysis demonstrated that freshly isolated HAE cells

expressed albumin and α1-antitrypsin (α1-AT) (serum

proteins), cytokeratin 18 (cytoskeletal protein gene),

glutamine synthetase and carbamoyl phosphate syn-

thetase-1 (ammonia metabolism-related genes), phos-

phoenolpyruvate carboxykinase (gluconeogenesis-related

gene), and cytochrome P450 (CYP) 2D6 and CYP3A4

(drug metabolisum-related genes). After cultivation,

HAE cells started to express α-fetoprotein (α-FP),

transthyretin, tyrosine aminotransferase (TAT), and

CYP2CP. These data are consistent with other reports

(46, 47). HAE cells did not express ornithine trans-

carbamylase, glucose-6-phosphatase, or tryptophan 2,3-

dioxygenase.

In order to clarify the regulatory system for the

expression of these genes, we investigated the gene

expression of transcription factors such as HNF-1α, -1β,

-3α, -3β, -3γ, -4α, or -6, GATA-4, and C /EBP-α that are
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essential for liver development and hepatocyte function.

Among these genes, HNF-3γ and C /EBP-α were

expressed in HAE cells (15). HNF-3γ, one of the iso-

forms of transcription factor HNF-3, induces the expres-

sion of albumin, α-FP, α1-AT, and transthyretin.

C /EBP-α controls liver functions such as glycogen

storage (48) and the gene expression of albumin, α-FP,

transthyretin, and TAT. These transcription factors may

regulate the expression of the hepatocyte-related genes

noted above. In addition, albumin and glycogen were

detected by immunohistochemistry in almost all culti-

vated HAE cells, which is consistent with the previous

report that albumin production was also observed in

half of the adherent amniotic cells in rats (36). More-

over, the secretion of albumin into the culture medium

was detected by ELISA in amnion organ culture

[4.055 ± 1.532 ng albumin /µg genomic DNA per 24 h

(n = 6)], although the level of secretion was lower than

that of HepG2 [44.21 ± 5.14 ng /µg per 24 h (n = 4)]

(49). Based on these observations, it was assumed that

HAE cells have typical functions of hepatocytes such as

albumin production and glycogen storage.

However, although we stimulated HAE cells for

10 days with growth factors that contribute to liver

regeneration and /or liver development: hepatocyte

growth factor (HGF) and /or fibroblast growth factor

(FGF)-2 and /or oncostatin M (OCM) in combination

with dexamethasone, we could not induce the gene

expression of ornithine transcarbamylase, glucose-6-

phosphatase, and tryptophan 2,3-dioxygenase.

To investigate whether the amnion possesses hepato-

cyte-related functions in vivo, pieces of amnion tissue

was transplanted into SCID mice and their survival

and secretion of albumin were studied in vivo (15).

Following transplantation into the peritoneal cavity of

mice, the amnion survived for 2 weeks, with metaboliz-

ing ability against MTT and secretion of albumin until

7 days after transplantation. These observations suggest

that transplantation of HAE cells and /or amnion tissue

could be a novel therapeutic strategy for treatment of

hepatic diseases; however, short survival in the trans-

plantation site remained one of the problems to be

solved.

Takahashi et al. reported the possibility of rat amniotic

epithelial cells as a gene carrier for hepatic tissue.

Amniotic epithelial cells from day 18.5 – 20.5 fetuses

were transfected with adenoviral AdlacZ and harvested

to inject into fetal rat liver of the syngeneic strain

(day 18.5 – 20.5). The transformed cells formed a

cellular mass and survived for up to 14 days after birth.

They suggested that the use of amniotic epithelial cells

as a gene carrier would result in long-term expression

of exogeneous genes in the liver (49).

2. Cardiomyocytes

Cellular cardiomyoplasty is a major method for the

treatment of ischemic injury to cardiomyocytes, which

results in heart failure, because adult cardiomyocytes do

not regenerate sufficiently. Because of the great interest

in finding suitable cell sources for cellular cardio-

myoplasty, the suitability of a wide range of cell types

has been examined, including ventricular cardio-

myocytes, skeletal myoblasts, embryonic stem cells, and

adult somatic stem cells. Each cell type has its own

advantages, but there are still many problems associated

with their use, for example, cell number, immune rejec-

tion, tumorigenesis, and ethical issues (50).

We examined the potential of HAM cells to differen-

tiate into cardiomyocytes in response to growth factor

treatment and assessed whether they could integrate into

heart explants and undergo cardiac differentiation in

coculture experiments (51).

RT-PCR analysis demonstrated that freshly isolated

HAM cells expressed cardiac-specific transcription

factor GATA4; cardiac-specific genes such as myosin

light chain (MLC)-2a, MLC-2v, cTnI, and cTnT; and

the α-subunits of the cardiac-specific L-type calcium

channel (α1c) and the transient outward potassium

channel (Kv4.3). After stimulation with basic fibroblast

growth factor (bFGF) or activin A, HAM cells expressed

Nkx2.5, a specific transcription factor for cardiomyo-

cytes, and a cardiac-specific marker, atrial natriuretic

peptide (ANP). Nkx2.5 is expressed earliest in heart

development and regulates the expression of several

transcription factors not only in the developing stage

but also in the latter stage of differentiation to cardio-

myocytes (52). Nkx2.5 can also transactivate the ANF

gene synergistically with the zinc finger transcription

factor GATA-4 (53). In addition, the cardiac-specific

gene α-myosin heavy chain (α-MHC) was expressed in

HAM cells after treatment with activin A, but not with

bFGF (51), consistent with the previous report showing

α-MHC expression during cardiac myogenic differentia-

tion programmed by activin A (54). In contrast, after

stimulation by activin A or bFGF for 7 days, HAE cells

did not express cardiac genes such as Nkx2.5, ANP, or

α-MHC, suggesting that the characteristics of HAE and

HAM are different.

The genes of ANP, MLC-2a, MLC-2v, GATA-4, α-

MHC, Nkx2.5, cTnT, cTnI, α1c, and Kv4.3 were

expressed in the human ES-cell-derived cardiomyocytes

(55, 56). ANP, MLC-2a, MLC-2v, GATA-4, and

Nkx2.5 were also expressed in the cardiomyocytes

derived from both mouse marrow stromal cells (57) and

mouse adipose cells (58).

Coculture experiments confirmed that HAM cells

were able to both integrate into cardiac tissues and
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differentiate into cardiomyocyte-like cells. In vivo after

xenotransplantation into myocardial infarcts in rat

hearts, HAM cells survived in the scar tissue for at least

2 months and differentiated into cardiomyocyte-like

cells. These results showed that in vivo some endo-

geneous factors could induce cardiac differentiation of

HAM cells (51).

In our culture system, beating cells were not observed

in cardiomyocyte-like cells derived from HAM cells.

Beating cardiomyocytes derived from ES cells and

bone-marrow cells have been verified both in mice and

humans (55 – 57). Although several methods have

been reported for generating beating cardiomyocytes,

and 5-azacytidine is one of the major differentiation

factors, 5-azacytidine-stimulated HAM cells did not

express NKX2.5, ANP, or α-MHC genes. Different

inducers may be required for the differentiation into

myocardiocytes, depending on the cell source.

From the perspective of electrophysiological pro-

perties, bone marrow mesenchymal stem cell derived

cardiomyocytes have been reported to be useful as bio-

pacemakers (59). However, little is known about the

electrophysiology and chronotropism of stimulated

HAM cells expressing ion channels, such as α1c and

Kv4.3. Thus, further study is necessary in order to

induce HAM cell-derived cardiomyocytes to contract

spontaneously.

These studies suggested that HAM cells possess some

characteristics of cardiomyocytes and the possibility of

being a suitable cell source for cellular cardiomyoplasty,

although their properties and potential are not yet

completely understood.

3. Chondrocytes

We tried to analyze whether HAM cells have charac-

teristics of chondrocytes and the possibility of their

being a suitable cell source for cartilage repair (J.P. Wei,

submitted manuscript). HAM cells expressed chondro-

cyte-related genes, including SOX-9, SOX-5, SOX-6,

bone morphogenetic proteins (BMP)-2 and -4, as well as

BMP receptors. In vitro, collagen type II and aggrecan

were expressed after the induction of chondrogenesis

with BMP-2. In vivo, HAM cells that were transplanted

into non-cartilage tissue of mice with BMP-2 or

implanted with collagen-scaffold into the defects

generated in a rat’s bone underwent morphological

changes with deposition of collagen type II. These

results showed that HAM cells have the potential to

differentiate into chondrocytes in vitro and in vivo,

suggesting that they have therapeutic potential for the

treatment of damaged or diseased cartilage.

4. Pancreatic β-cells

For the treatment of type I diabetes mellitus, whole

pancreas or islet transplantation can prevent the progres-

sion of secondary complications, controlling blood

glucose level. However, it is always limited by the

shortage of transplantation materials.

As alternative strategies for supplying β-cells, the

stimulation of existing β-cells or the induction of

embryonic stem cells, as well as pancreatic or nonpan-

creatic adult stem /progenitor cells, to differentiate into

functional β-cells were reported.

It was reported that through 5 steps of induction via

embryonic bodies or nestin-positive cells, mouse ES

cells could differentiate into insulin-producing cells, but

not into mature β-cells (60, 61). The efficiency of

induction to insulin-producing cells was up-regulated by

expression of TGF β2 or pdx-1, important factors for the

development of the pancreas (62). The induction of

insulin-producing β-cells from human ES cells was also

reported (63).

Although putative adult islet stem /progenitor cells

have been assumed to exist in the ductal epithelium,

islet (64) and exocrine cells, it is still controversial

whether new islets are derived from pluripotent stem

cells or from de-/ trans-differentiation of preexisting

differentiated cells. Suzuki et al. reported that glucagon-

like peptide (GLP) 1-(1-37) induces insulin production

in developing and, to a lesser extent, adult intestinal

epithelial cells in vitro and in vivo. This process,

mediated by up-regulation of the Notch-related gene

ngn3 and its downstream targets, is involved in

pancreatic endocrine differentiation (65).

We assessed the possibility of inducing HAE cells to

differentiate into insulin-producing cells by culturing

with 10 mM nicotinamide for up to 4 weeks (14).

In vitro, after stimulation with nicotinamide, culti-

vated HAE cells expressed insulin mRNA. In vivo, HAE

cells normalized the blood glucose level in streptozo-

tocin-induced diabetic mice several weeks after implan-

tation. The distributions of human cells and human

insulin secretion in mouse tissue were studied by

immunohistochemistry for antihuman-specific β2-micro-

globulin and anti-human-specific insulin. They showed

the same location in mouse tissue.

However, 20% of diabetic mice, which became

normoglycemic after HAE-implantation, returned to the

hyperglycemic 6 weeks after the implantation, indicat-

ing that this process is reversible. This might depend in

part on the half-life of the implanted cell clusters.

Therefore, we are now investigating the possibility of

elongating the half-life of implanted cells by using

immortalized HAE cells transfected with insulin-

producing genes. The responsiveness of transplanted
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HAE-cells to “glucose-stimulated insulin secretion” is

also one of the remaining issues to be studied. For the

treatment of diabetes with β-cell grafts derived from

amniotic membrane, it will be necessary to demonstrate

stimulus-secretion coupling after obtaining enriched or

homogeneously cultured β-cells, especially terminally

differentiated, mature β-cells. Although the mechanism

regulating the terminal differentiation of β-cells from

insulin-expressing cells remains unknown, several

important factors have been reported such as large Maf

family (66), HB9 (67), or snail family (68). Based on

these findings, the efficiency of transplantation of HAE

cells for the therapy of diabetes can be improved.

5. Neuronal cells

Both HAE cells and HAM cells have characteristics

of neural progenitor cells. Some differentiation markers

for neural stem, neuron, and glial cells are reported to be

expressed in HAE cells such as the synthesis and release

of acetylcholine (69), catecholamines, and dopamine

(70), neurotrophic factors (71), activin, and noggin (72).

HAM cells express the phenotype of neuroglial

progenitor cells (35). When subjected to a neural cell

differentiating protocol, HAM-cell bodies extended long

bipolar or complex multipolar processes. Nestin (87.7%

of total cells tested) and Musashi1 (93.1%) were

expressed in undifferentiated cultured HAM cells, and

their positively stained cells increased in number slightly

after induction. Musashi 1 is an evolutionally conserved

marker for the central nervous system (CNS) progenitor

cells, including neural stem cells (73). Thus, this study

demonstrated that undifferentiated HAM cells were

already “primed for neural differentiation” (35, 74).

Considering that these nestin-positive cells showed

positive immuoreactivity to BrDU and vimentin,

neuronal progenitor cells exist in HAM cells.

Undifferentiated HAM cells were also stained by anti-

TuJ 1, -neurofilament (NF)-M, and -glial fibrillary

acidic protein (GFAP), and their positively stained cells

increased significantly in number after induction. Tuj1 is

a very early marker for postmitotic neurons that have

just finished their final cell division (75), whereas NF-M

expression is associated with the initiation of neurito-

genesis, neural process outgrowth, and assumption of

the characteristic mature neuronal morphology (76).

GFAP, a classical astrocyte marker, is also expressed in

neuroglial precursor cells (74). These results indicated

that HAM cells can be differentiated into neuroglial

phenotypes by using an optimized differentiation proto-

col (35).

Studies of intracerebral grafting of HAE cells for the

treatment of a mouse model of Parkinson’s disease

showed that HAE cells have an advantage for use in

Parkinson’s disease, because they can synthesize and

release catecholamine and neurotrophic factors, such as

nerve growth factor, neurotrophin-3, and brain-derived

neurotrophic factor (70, 71).

6. Auditory systems

In the auditory system, stem cells are present in the

inner ear and in spiral ganglion tissue (77) and are

capable of giving rise to hair cells and neurons. The vast

majority of the cases of hearing impairment are caused

by a loss of hair cells, the sensory cells in the inner ear

that transduce sounds into neural signals. Fewer

instances of deafness are due to auditory neuropathy,

where the VIIIth cranial nerve is degenerated or absent.

However, regeneration may not occur because the stem

cell population decreases after birth (78). Therefore, cell

transplantation may be the best option for therapeutic

repair of the damaged cochlea.

Corrales et al. showed that neural progenitors derived

from murine ES cells, when transplanted into the

cochlea nerve trunk in a gerbil model with nearly

complete loss of the afferent innervation of cochlear

hair cells, survived and differentiated into neurons that

appeared to respond to cues guiding neurite outgrowth

by sending out processes toward denervated hair cells in

the organ of Corti (79). This study showed the regrowth

of the neuronal processes of the replaced neurons toward

hair cells in vivo and augments the in vitro observation

of growth toward hair cells (80).

In these reports, neural regeneration or reinnervation

was the focus of attention, and local ion transportation

and cochlea fibrocyte-regeneration were not investi-

gated. Cochlear fibrocytes are also crucial components

of the inner ear homeostasis and are related to its defects

resulting from various causes such as mutation of

connexin (Cx) 26 that leads to hearing loss. We studied

the possibility of using HAE cells for the treatment of

hearing loss (81).

In in vitro studies, cultivated HAE cells expressed

Cx26 on the cell membranes and nuclei and also

expressed Na+-K+-ATPase on the cell membranes and

cytoplasm. In addition, a scrape-loading lucifer yellow

dye transfer assay revealed cell-to-cell communication

capacity through the gap junction between the cultured

HAE cells. In vivo, HAE cells transplanted in the

guinea-pig cochlea were located predominantly at the

supralimbal region, supraspiral region in the scala

vestibule, and subcentral region of spiral ligament in the

scala tympani. They could survive there for at least

3 weeks, expressing Cx26 and Na+-K+-ATPase, which

are known to be expressed in cochlear fibrocytes,

indicating that HAE cells were acting as functional

fibrocyte-like cells. The cochlear lateral wall fibrocytes
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have been reported to maintain the local ion homeostasis

that is crucial for hearing. Studies of transcellular

recycling routes of the potassium ion in the cochlea

indicated that Cx26 and Na+-K+-ATPase were involved

in the ion transportation (82). However, it is still

controversial whether these characteristic features of

transplanted cells in that study were the result of trans-

differentiation or fusion of cells, and functional recovery

of hearing should also be evaluated using an animal

deafness model. However, these findings did suggest

that application of HAE cells in transplantation therapy

would be one of the therapeutic strategies for various

inner ear diseases.

VII. Isolation of stem cells in the amniotic membrane

Transplantation of a sufficient number of cells to adult

tissue needs a large-scale cell-supply. If we could isolate

stem cells from the amnion, it might be possible to

efficiently induce the differentiation of amnion-derived

cells to specific cell types, and a small number of cells

might be sufficient for transplantation.

It is known that HAE cells express surface markers,

such as Oct-4 and nanog, normally present on embryonic

stem and germ cells. However, it has not been clarified

whether the major population of HAE cells possesses

pluripotent characteristics or whether only stem cells

possess them.

Several methods have been tried to isolate stem cells

from adult tissue. One of them is isolation of the side

population (SP) fraction. SP cells, regardless of their

tissue origin, are identified by their unique fluorescence-

activated cell sorting (FACS) profile. Red (>675-nm)

and blue (440 – 460-nm) emissions from the vital

fluorescent DNA dye Hoechst-33342 have been used to

define a small subset of cells, called the side population

(SP) cells. SP cells are enriched in stem cells and have

the ability to actively efflux the Hoechst-33342 (83).

This efflux is the result of the expression of members

of the ATP binding cassette (ABC) transporter super-

family, such as the breast cancer resistance protein

(BCRP)/ABCG2 and multidrug resistance gene

(MDR1) in the SP cells. Expression of ABCG2 is a

characteristic also observed in ES cells, suggesting that

expression of this protein may represent a general

marker of stem cells. We detected 0.01% of HAE cells in

the SP-fraction (manuscript in preparation). These HAE

SP cells showed higher ability to form colonies

compared to non-sorted cells, and they were completely

lost in the presence of verapamil, a blocker of BCRP

protein.

Miki et al. reported that under high-density culture

conditions without other cell-derived feeder layers,

amniotic epithelial cells form spheroid structures that

retain stem cell characteristics. They maintain Oct-4

expression, do not express telomerase, and are nontum-

origenic upon transplantation, as well as having the

potential to differentiate in vitro into all three germ

layers-endoderm (liver, pancreas), mesoderm (cardi-

omyocytes), and ectoderm (neural cells) (13). Their

spheroids contain 10% stem cell marker-positive cells,

expressing Oct-4, SSEA-3, TRA1-60, or TRA1-81.

However, as the authors commented, long-term self-

renewal ability and single-cell clonal analysis will be

necessary before describing them as stem cells. Further

work will thus be required.

VIII. Human amniotic cell sheet usage in the field of

tissue engineering

Usually, cell transplantation has been performed by

injection of cell suspensions. However, direct injection

of dissociated cells makes it difficult to control the graft

size, location, and functions of the differentiated cells;

and thus it is not sufficient for replacing congenital

defects. To overcome these problems, cell sheets have

been developed, using noninvasive cell-manipulation

techniques such as a temperature-responsive culture-

surface-system (84, 85). In this system, poly-N-iso-

propylacrylamide (PNIPAM) was widely studied and

used as a coating material; however, its cytotoxic pro-

perties could not be completely eliminated (86). There-

fore we developed a novel culture surface coated with a

noncytotoxic, temperature-responsive elastic protein-

based polymer (87). It is also highly biocompatible and

imperceptible (the polymer can be injected into the

tissue and disappears within 2 weeks without leaving

any signs of its presence). This unique temperature-

responsive polymer switches from hydrophilic surfaces

below its transition temperature (29°C) to forming a

hydrophobic surface above this temperature. Primary

cultured HAE or HAM cells could adhere, spread, and

proliferate on this novel culture surface similarly to

those on noncoated tissue culture surfaces at 37°C. Upon

reducing the temperature to 4°C, the coating surface of

the culture dish melted and the primary HAE or HAM

cell sheet could detach from the coated surface, using

a polyvinylidene difluoride (PVDF) membrane for

support. The recovered cell sheet could be transferred

to re-adhere and to re-proliferate on another surface of a

culture dish. In this system, in contrast to enzymatic

digestion, only the interaction between adhesion pro-

teins and the material surface is disrupted. The cells

detach from the substratum together as a continuous cell

sheet with membrane-proteins and intact adhesion-

proteins when the temperature is decreased. This new
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technique of cell sheet formation will be useful in tissue

engineering, as well as in cell sheet transplantation.

IX. Clinical application of amniotic membrane

1. In the field of ophthalmology

Transplantation of human amniotic membrane in

ocular disorders was introduced into ophthalmology

more than 60 years ago. Since 1995, amniotic membrane

transplantation has been successfully applied for ocular

surface reconstruction in patients with a variety of ocular

surface diseases, including chemical or thermal burns

(88); persistent corneal ulcers of different etiologies

(89); Stevens-Johnson syndrome; pterygium (90, 91);

symptomatic bullous keratopathy; removal of tumor,

scar, or adhesion; ocular cicatricial pemphigoid; and

other causes leading to limbal stem cell deficiency.

These studies reported that ocular surface inflammation

was markedly reduced in the area covered by amniotic

membrane.

There are three types of applications for human

amniotic membrane transplantation in ocular surface

disorders (92): 1) Grafting: By transplanting amniotic

membrane on corneal or scleral stroma, proper prolifer-

ation and differentiation of the ocular surface epithelium

are promoted. 2) Patching: Amniotic membrane may be

used to cover the inflamed ocular surface, especially

when associated with epithelial defects. It is also useful

in the acute phase of chemical / thermal burns or Stevens-

Johnson syndrome. 3) Stuffing: Deep corneal /scleral

ulcerations or small perforations refractory to conven-

tional medical therapy can be treated by stuffing small

pieces of amniotic membrane into the stromal defects,

followed by amniotic membrane grafting and patching

over the area. Amniotic membrane is used not only as a

substitute but also as a scaffold upon which cells can

migrate and regenerate, forming new and healthy tissue.

In addition to these applications, amniotic membrane,

on which limbal stem cells or their progeny have been

cultivated in vitro, can also be used as a graft.

A variety of characteristics, such as promoting re-

epithelialization, decreasing inflammation and fibrosis,

and inhibiting angiogenesis, make amniotic membrane

useful in clinical applications. Another advantage of

amniotic membrane for use on the ocular surface is that

it is an avascular tissue.

Inhibition of neovascularization during corneal sur-

face reconstruction is important. Regarding the antian-

giogenic activity of human amniotic membrane, pigment

epithelium-derived factor (PEDF), which localizes in the

basement membrane of amniotic membrane, is reported

to play a major role in inhibiting endothelial cell growth

in the cornea (93). PEDF inhibited the proliferation of

human umbilical vein endothelial cells and bovine

retinal capillary endothelial cells, while it promoted the

proliferation of bovine cornea epithelial cells.

Although much evidence has been accumulated, there

is still a lack of scientific evidence based on randomized

comparative studies to prove that the use of amniotic

membrane is better than other alternative therapies for

ocular surface reconstruction (94). Based on such

studies, appropriate indications for the therapies using

amniotic membranes will be clarified, and thus it will

be possible to give the best therapy to each patient. In

addition, these studies may help unravel other new

applications of amniotic membrane transplantation.

2. Hyper dry amnion

At present, in most cases, cryopreserved amniotic

membrane tissue has been used clinically for the mem-

brane grafts. The immunogenicity of cryopreserved

tissue is generally thought to be less than that of fresh

tissue. However, ≥50% of AE cells, cryopreserved for

2 months, remained viable and able to grow in culture

(25), and Akle et al. reported that low-grade inflamma-

tory responses were observed when viable amniotic

epithelial cells were present (22), suggesting that live

amniotic membrane is immunogenic.

To overcome these problems, we developed a novel

dried amniotic membrane (Hyper-dry-amnion), using

far-infrared rays and microwaves, in addition to γ-

irradiation for sterilization (M. Okabe, manuscript in

preparation: Fig. 3). When we made it dry, the boiling

temperature could be decreased under the low-air-pres-

sure condition. Thus we could decrease the degradation

of tissue-protein as far as possible.

We have already started to apply this “Hyper-dry-

amnion” in outpatient clinics with the informed consent

of patients, with the approvement of the Ethics Commit-

tee of the University of Toyama, School of Medicine.

Compared to cryopreserved amnion, which can be pre-

served for less than 3 months at −80°C, “Hyper-dry-

amnion” can be preserved at room temperature without

time limitation. Because it is very easy to handle it, the

operation-time was shortened in the clinical application

in the case of recurrent pterygium, and the clinical

outcomes for these diseases might have been improved.

However, there is still a lack of appropriate indica-

tions or scientific evidence based on randomized com-

parative studies to prove that its use is better than other

alternative therapies, and we are now accumulating

evidence on this point. In the very near future, we will

be able to report our findings and conclusions.
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Fig. 2. The isolated amnion-derived cells were capable of differentiation into multiple cell types, including hepatocytes,

expressing albumin (A: FITC-labeled anti-human albumin staining, S. Takashima 2004: ref. 15), insulin-producing cells (B:

αHuman insulin staining, J.P. Wei 2003: ref. 14), cardiomyocyte-like cells (C: Masson-trichrome staining), and chondrocytes

(J.P. Wei, submitted for publication).

Fig. 1. Isolation of human amniotic cells. In the amnion before

trypsinization, both epithelial cells and mesenchymal cells are

observed (A: HE staining). After trypsinization, only epithelial cells

are detached (B: HE staining) and collected (C: cytokeratin 19-

positive HAE cells). HAM cells are cytokeratin 19-negative (D).

Arrows show amniotic mesenchymal cells (A and B).

Fig. 3. Novel dried amniotic membrane (Hyper-dry-amnion) was

developed using far-infrared rays and microwaves, in addition to γ-

irradiation for sterilization (M. Okabe, manuscript in preparation).

The boiling temperature could be decreased under the low-air-

pressure condition. Thus, we could decrease the degradation of

tissue-protein as much as possible.
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X. Summary

Based on the above analyses, it was shown that

amnion-derived cells have the potential to differentiate

into all three germ layers: endoderm (liver, pancreas),

mesoderm (cardiomyocytes), and ectoderm (neural cells),

both in vitro and in vivo. Their ability to integrate into

the tissue and respond to the degenerated environment

suggests that amnion-derived cells retain the plasticity to

respond to these potential signals from the nearest

environment. These data suggest that amnion-derived

cells are a useful cell source for developing therapeutic

strategies such as cell transplantation, gene therapy, and

artificial organs to treat various disorders. If stem cells

are identified in these amnion-derived cells, their usage

in regenerative medicine will be more effective.

Much clearer characterization of amniotic membrane

and the cells derived from it will enable a wide range of

new applications in which amniotic membrane /amnion-

derived cells can play a key role in reconstruction of

damaged tissue. Hyper-dry-amnion and cell sheets will

also be attractive materials in the field of tissue engineer-

ing.
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