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SUMMARY

Stem cell-based therapies hold the potential to alleviate the burden of many serious diseases, including those of the liver. Among the
different types of stem cells, humanplacenta-derived stem cells are potentially one of themost clinically applicable stem cells because
of their tissue-specific advantages. They are a readily available cell source that can be procured in a noninvasivemanner, and there are
few ethical concerns regarding their use. Recent studies have demonstrated that the amniotic epithelium contains stem cells that
possess four unique and advantageous properties; human amniotic epithelial cells (hAECs) have low immunogenicity, secrete several
immune regulatorymolecules, possess the potential to differentiate into all three germ layers, and contain abundant lysosomes allow-
ing them to secrete lysosomal enzymes. This perspective article provides an overview of the beneficial properties of hAECs and pro-
poses a rational strategy for translating placental stem cells toward clinical application for various liver diseases. STEM CELLS
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SIGNIFICANCE

This article provides an overviewof the beneficial properties of one type of human placental stem cell and proposes a rational strategy
for translating placental stem cells toward clinical application for various liver diseases.

INTRODUCTION

Recent advances in stem cell research have raised the hopes for
many patients who suffer from various diseases and injuries to dif-
ferent organs, including the liver. As there are many etiologies for
liver disease, it is a reasonable approach to identify a suitable stem
cell type to rationally treat each disease based on the disease
mechanism. This review focuses on a promising placental stem cell
type, thehumanamniotic epithelial stemcell, and its potential clin-
ical use for a variety of liver diseases.

PLACENTA TISSUE-SPECIFIC ADVANTAGES

Several issues prohibit the immediate clinical application of
many stem cell types. Human placentae are routinely discarded
after birth, which largely obviates ethical concerns and with
approximately 4 million birth in the United States per year, the
tissue is readily available. Placental stem cells carry many
source-specific advantages as compared with embryonic stem
cells, induced pluripotent stem cells, and mesenchymal stem
cells. Among these placental stem cells, amniotic epithelial cells
are abundant and possess both pluripotent stem cell andmesen-
chymal stem cell-like characteristics [1, 2]. Despite their plurip-
otent stem cell-like differentiation potential, human amniotic
epithelial cells (hAECs) are not considered tumorigenic because
they do not form teratomaswhen injected into immunodeficient

animals [1, 3]. In addition to these research studies, human am-
nion has been transplanted into volunteers’ forearms to test im-
munogenicity.Noseriousadverseevents, includingtumorformation,
were reported [4]. The nontumorigenicity of hAEC may be due to
the relatively stable genetic status of these cells. The global DNA
methylation and histone acetylation statuses of hAEC are interme-
diate between pluripotent stem cells and somatic cells, which
could explain the dichotomous property of hAEC that possess both
stem cell-like plasticity (differentiation capability) and genetic sta-
bility (nontumorigenic) [5].
Here, we summarize four unique properties of hAECs in addition

to theplacenta tissue-specific advantages,whichmake themadvan-
tageous for clinical use: (a) low immunogenicity, (b) immunomodu-
lation, (c) multipotency, and (d) richness in lysosomes (Fig. 1).

IMMUNE PRIVILEGE

hAECs express low major histocompatibility complex (MHC) class I
and lack MHC class II antigens on their surfaces [6, 7], resulting in a
low immunogenic profile upon transplantation [8]. Akle et al. report-
ed that an immunotype-mismatchedhumanamnioticmembranedid
not elicit the host immune systemwhen transplanted under a volun-
teers’ skin [4]. In contrast to these polymorphicMHC antigen expres-
sions, the hAEC expresses nonpolymorphic, nonclassic human
leukocyte antigen G (HLA-G), which is thought to protect the fetus
from rejection by maternal natural killer (NK) cells [9, 10]. HLA-G
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expression increases during the pregnancy and doubles in a term
amnion compared with a preterm amnion [11].
The expression of other immunoinhibitory molecules, including

CD59 and Fas ligand (FasL), on the hAEC surface has also been
reported [12–14]. The CD59 molecule regulates complement-
mediated cell lysis by preventing C9 polymerization, a process re-
quired for the formation of the complement membrane attack
complex. Fas-Fas ligand binding is one of the fundamental immuno-
regulatory systems in many immune-privilege sites. At the feto-
maternal interface (placenta), Fas ligand-expressing cells induce
theapoptosisof infiltrating lymphocytesand limit leukocyte traffick-
ing between themother and the fetus. These anti-T-cell, anti-NK-cell,
and complement immune regulatory systems provide an advantage
tothehAECforallogeneicandevenxenogeneic transplantation.Kubo
et al. transplanted humanamnion to both the rat limbal area and un-
der the kidney capsule and found that the xenogeneic (human to rat)
immune responses were significantly mitigated [15]. In addition, all
HLA-G, CD59, and FasL are secreted from hAECs into amniotic fluid
[16, 17]. These soluble factors provide immune tolerance not only
to the transplanted hAECs but also to neighboring cells.

IMMUNOMODULATORY EFFECT

hAECs appear to use wider-ranging immunomodulation mecha-
nisms compared with other mesenchymal stem cell types.
They secrete soluble HLA-G, which binds to the CD158D and
CD8 receptors on NK and T cells and triggers apoptosis [18–22].
Mixed lymphocyte reaction (MLR) assays revealed that hAECs
inhibited 66%–93% of lymphocyte activation in a dose-dependent
manner [23]. In addition to these soluble forms of cell surface mol-
ecules, hAECs secrete other immunosuppressive factors, including
prostaglandin E2 (PGE2), insulin-like growth factor II, platelet-
derived growth factor, transforming growth factor-b2 (TGF-b2),

and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) [6, 17, 24–28]. hAECs also release anti-inflammatory cyto-
kines and proteins, including interleukin (IL)-1 receptor antago-
nist protein; tissue inhibitors of metalloproteinase1-1, -2, -3, -4;
and IL-10 [29, 30]. These hAEC-derived soluble factors suppress
proinflammatory cytokines, regulate macrophage recruitment,
and inhibit the chemotactic activity of neutrophils and macro-
phages [17, 31].
The immunomodulatory effects of hAECs have been demon-

strated in disease-specific settings. Human hepatic stellate cell-line
(LX-2) cells have been used as an in vitro model to demonstrate
the immunomodulatory (antifibrotic) effects of hAECs. Hodge
et al. demonstrated that the hAEC culture supernatant suppressed
TGF-b1-inducedaSMAgeneupregulation[32].Theyspeculatedthat
this antifibrotic effect was mediated by unidentified secreted fac-
tors,andtheytestedpossiblecandidates, includingthesoluble forms
of HLA-G1, PGE2, bone morphogenetic protein-7, IL-10, FasL, and
TRAIL. No single factor was sufficient to reproduce the antifibrotic
effect of the hAEC culture supernatant [32], which suggested that
it is more likely a synergetic effect of multiple factors or a yet-to-
be-identified antifibrotic factor. In rodent lung injurymodels, hAECs
alsodemonstrate immunemodulation. Tanet al. showed that trans-
planted hAECsmediated lung repair bymodulatingmacrophage re-
cruitment andpolarization [33]. Further studies revealed that hAECs
induced differentiation and proliferation of regulatory T cells that
switched macrophages from M1 to M2 phenotype [34]. Although
these reports are focused on lung repair, the findings indicate a sys-
temic mechanism of immunomodulation mediated by hAECs.

DIFFERENTIATION CAPABILITY

In vitro studies have shown thedifferentiation potential of hAECs.
Miki et al. induced differentiation to all three germ layers by using

Figure 1. Four unique therapeutic proper-
ties of human amniotic epithelial cells. Amni-
otic epithelium is the innermost layer of the
placenta facing the amniotic cavity. Some
amniotic epithelial cells express human em-
bryonic stem cell surface markers, such as
stage-specific embryonic antigen (SSEA)-3,
SSEA-4, tumor rejection antigen 1 (TRA1)-
60, and TRA1-81 (depicted in green). Human
amniotic epithelial cells possesses four
unique properties: immune privilege, dif-
ferentiation ability, an immunomodulatory
effect, and a lysosome-rich character. These
properties can be harnessed to treat
various liver diseases, such as lysosomal
storage disorders, congenital metabolic
disorders, and liver fibrosis. Abbreviations:
FasL, Fas ligand; HLA-G2, human leukocyte
antigen G2; IGF II, insulin-like growth factor
II; IL-6, interleukin-6; PGE2, prostaglandin
E2; TRAIL, tumor necrosis factor-related
apoptosis-inducing ligand.
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exogenous growth factor stimulationprotocols [1].Under eachdif-
ferentiation condition, unfractionated primary hAECs acquired the
lineage-specific marker genes and protein expression associated
with the ectoderm (neural lineage), endoderm (pancreatic and he-
patic lineages), ormesoderm (cardiac lineage). Some of the neural
lineage marker genes were expressed before the induction of dif-
ferentiation. Ilancheran et al. also demonstrated hAEC differentia-
tion into neural, hepatic, pancreatic, cardiac, and mesenchymal
lineages [3]. They also observed that primary hAECs stain positive
for the antineuralmarker antibodies: nestin,microtubule-associated
protein-2 (MAP2), and glial fibrillary acidic protein. Although a
quantitative analysis of the neural marker-positive cells in pri-
mary hAECs has not been performed, immunofluorescent images
indicate that most primary hAECs express these neural markers.
On theother hand, flowcytometric analyses indicate that primary
hAECs contain stem cell marker-positive cells with ratios ranging
from 5% to 50% (stage-specific embryonic antigen [SSEA]-3 and
tumor rejection antigen 1 (TRA1)-60, 5%; TRA1-81, 10%; and
SSEA-4, 50%). These data indicate that most primary hAECs are
committed or precommitted to the ectodermal lineage, with
some of the cells retaining stem cell characteristics at different
developmental stages. Three possibilities may explain the origin
of endoderm and mesoderm lineage-committed cells: (a) A small
population of stem cell marker-positive cells differentiate toward
the two lineages, (b) the ectoderm lineage-committed cells trans-
differentiate into other lineages, or (c) a small number of other
lineage-committed cells also exist in the primary hAECs.
Regardlessof the lineagecommitmentofprimaryhAECs, theplas-

ticity of the hAECs has attractedmany researchers trying to identify
an appropriate stem cell type for clinical translation. In several stud-
ies, researchers have induced hAEC differentiation into specific cell
types, including hepatocytes. Takashima et al. detected albumin
(ALB) anda-1 antitrypsin (A1AT)mRNAexpression in primary hAECs
and successfully induced a-fetoprotein and transthyretin with
oncostatin M or hepatocyte growth factor supplementation [35].
However, late-phase hepatic differentiationmarkers, including orni-
thine transcarbamylase (OTC) and glucose 6-phosphatase (G6Pase),
were not induced under these culture conditions [35]. Marongiu
et al. cultured hAECs on porcine liver-derived extracellular matrices
and successfully induced expression of ALB, A1AT, cytochrome
P450s, and asialoglycoprotein receptor 1 [36]. The report also dem-
onstrated in vivo hepatic differentiation of unfractionated primary
hAECs intomature hepatocytes upon transplantation into immuno-
deficient (severe combined immunodeficiency/beige) mouse livers.
Six months after transplantation, hAEC engraftment was confirmed
by thedetectionofhumanDNA.The terminalhepaticdifferentiation
of hAECs was determined by quantitative real-time polymerase
chain reaction for nine cytochrome P450s, five metabolic enzymes,
two plasma proteins, five hepatocyte-specific transcription factors,
and three transporter genes expressions. Late-phase hepatic differ-
entiationmarkers, includingOTCandG6Pase,were expressed in the
engrafted hAECs at a level similar to that of human adult hepato-
cytes.Thesedata indicatethathAECscandifferentiate intofully func-
tional hepatocytes under appropriate conditions, such as those
present in the mouse liver environment.

LYSOSOME-RICH CHARACTERISTICS

In addition to their unique immunological and developmental
properties, hAECs are lysosome-rich, with relatively high levels
of lysosomal enzyme activity. Recent findings suggest this high

lysosome activity is related to the active autophagy process that
occurs during placentation [37]. In 1991, Scaggiante et al. reported
thathAECs released substantial amountsof some lysosomalhydro-
lases, including sphingomyelinase, N-acetyl-b-glucosaminidase,
a-fucosidase, b-glucuronidase, a-mannosidase, and arylsulfatase
[38]. These observations point to the potential usefulness of hAECs
for the treatment of patients with lysosomal storage diseases.

CELL THERAPY APPROACHES AND TARGET DISEASES

Humanhepatocytetransplantationshavedemonstratedtherapeutic
efficacy in many congenital metabolic diseases and in decompen-
sated liver cirrhosis. This cell replacementapproachaims tocompen-
sate for the missing or impaired hepatic enzyme functions. The
properties of hAECs make them an attractive alternative cell source
forhepatocyte transplantation.Therapeutic applications for liverdis-
eases can be categorized in three strategic approaches. One ap-
proach takes advantage of the rich-lysosome contents of the
hAECs to treat patientswith lysosomestoragedisorders as anovel
type of enzyme replacement therapy. Second, the differentiation
potential of hAECs to generate functional hepatic cells can be
used to compensate formultiple causes ofmetabolic dysfunction.
Finally, the immunomodulatory property of hAECs can be applied
to treat various liver injuries, such as inflammation and fibrosis.
Numerous preclinical studies have already demonstrated the

promising therapeutic value of these unique properties of hAECs.
Here,wecategorizeandsummarize someof these landmark studies.

Lysosomal Storage Disorders

A consequence of a single enzymedeficiency, lysosomal storage disor-
ders (LSDs) result in the accumulation of cellularmaterials within lyso-
somes. There aremore than 50 known LSDs, but the current standard
of treatment is mainly supportive care and symptomatic treatment.
Bone marrow transplantation has produced some success in treating
certain types of LSDs. Primary hAECs contain 17 lysosomal enzymes,
and the activities of 7 of these enzymes are higher than in hematopoi-
etic cells. In several clinical trials in the1980s, surgeons subcutaneously
implantedamnioticmembraneorhAECsintoLSDpatients[39–42].The
clinical outcomes were varied, probably because of patient selection
(age, clinical advancement, and target disease). Consistentwith recent
findings from clinical bone marrow transplantation, amniotic mem-
brane or hAEC transplantations showed some efficacy in treating
mucopolysaccharidoses and Niemann-Pick disease [39, 41, 43]. Re-
cently, the therapeutic efficacy of hAEC transplantation has been val-
idated in murine disease models [44, 45]. These findings suggest that
hAEC transplantation for LSDs should be revisitedwith the latest tech-
nologies and evidence-based patient selection.

Congenital Liver Metabolic Disorders

The hepatic differentiation potential of hAECs suggests useful-
ness in cell therapies for congenital liver metabolic disorders
(CLMD). Approximately 1 in 1,500 children is born with a meta-
bolic disorder, and many of these critical inborn errors of meta-
bolic or synthetic processes principally involve the liver. Current
therapy for CLMDs consists of life-long dietary restriction with
or without supplementation of amino acids. Liver organ trans-
plantation can improve outcomes; however, the invasiveness
of this procedure limits its use until the disease becomes life-
threatening. An alternative to organ transplantation, hepatocyte
transplantation (HTx), is considered a reasonable approach to
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treating these diseases. HTx is a less invasive procedure with
lower associated morbidity, fewer complications, and signifi-
cantly reduced recovery time and costs. More than 50 cases of
clinical HTx have been reported and have demonstrated thera-
peutic efficacy [46, 47]. The rationale for this cell replacement ap-
proach is that the diseasedhepatocytes are, inmost cases, lacking
only one enzymatic activity and are otherwise functional. Many
CLMDs consist of various phenotypes, and the clinical data indi-
cate that patients with low levels of functioning enzymes (mild
phenotype) survive and can live a regular life.
This finding suggests that partial cell replacement could com-

pensate for the genetically lacking enzyme function. For example,
an infusion of normal hepatocytes equivalent to 5% of the pa-
renchymal mass achieved a medium-term reduction in serum
bilirubin in a patient with Crigler-Najjar syndrome [48]. An
OTC-deficient child who received 1.9 3 109 hepatocytes had a
subsequent normalization of plasma ammonia and glutamine lev-
els on a normal diet without phenylbutyrate/phenylacetate ther-
apy [49]. These cases clearly demonstrate that CLMD can be
effectively treated via partial cell replacement therapy.
Because the goal of this approach is to compensate for a single

hepatic enzyme function, the therapeutic cell does not need to be
a fully functional hepatocyte. Rather, it only needs to possess the
missing enzyme function. Currently, a shortage of donor hepato-
cytes prohibits the extensive clinical application of HTx, making
hAEC-derivedhepaticcellsanattractivealternativesource forclinical
HTx. One of the most astonishing preclinical studies was conducted
in a mouse model of maple syrup urine disease [50, 51]. While all
control (untreated) animals died before 28 days of age, 9 of
11 animals (82%) that underwent transplantation with primary
hAECs survived more than 100 days, demonstrated normal
weight gain and activity, and showed no gross symptoms of
the disease. Although engrafted and differentiated hAECs in
the recipient liver were not directly identified by histologic as-
sessment, approximately 5% of the DNA in the recipient mouse
livers was of human origin. This preclinical study indicates that
the hAEC transplantation does not necessarily require in vitro
cell expansion or differentiation before transplantation, sup-
porting the possibility of protocols requiringminimal cellmanip-
ulation for future clinical translation [52].

Liver Fibrosis

Most liver diseases are caused by a variety of liver cell injuries
and, regardless of the cause, progress from inflammation (hep-
atitis) to fibrosis. The pathogenic mechanisms of inflammation
and fibrosis can both be addressed by the immunomodulatory
(anti-inflammation and antifibrotic) properties of hAECs. As
described in the section titled "Immunomodulatory Effect,"
an MLR assay demonstrated that hAECs directly attenuate
the lymphocyte response and hAEC-conditioned medium is
able to suppress hepatic stellate cell activation [32].

Several animal models of liver cirrhosis, using chemically or surgi-
cally induced liver fibrosis, have demonstrated the therapeutic ef-
ficacy of hAECs. Parolini’s group applied the human amnion
membrane as a patch on the liver surface of bile duct ligationmodel
rats [53, 54]. Despite the xenogeneic conditions (human-rat), the hu-
man amnion membrane patch modulated the severity and progres-
sion of fibrosis. Manuelpillai et al. demonstrated that systemic hAEC
transplantation improved carbon tetrachloride-induced mouse liver
fibrosis [55, 56]. The xenogeneic (human-mouse) cell transplantation
inducedasignificantreductionofactivatedhepaticstellatecells in the
host liver. The monocyte chemoattractant protein-1 level was also
decreased, and M2 macrophage-associated genes, including YM-1,
IL-10, andCD206,wereupregulated in thehAEC-transplantedmouse
liver.Theseobservations indicatethat thehAEC-mediatedantifibrotic
actionmightbea synergetic effect of both soluble factors and cell-to-
cell interactions.

CONCLUSION

hAECs possess four unique properties: immune privilege, differ-
entiation ability, an immunomodulatory effect, and a lysosome-
rich character. These properties make this cell type a strong
candidate for serving as an alternative cell source in patients
who require hepatocyte transplantation. Before the clinical
use of hAECs, the appropriate cell dose and timing of transplan-
tation must be defined with stringent evaluation. As of today,
there are no registered clinical trials with the aim of treating
liver disease using hAECs. However, more than 30 ongoingmes-
enchymal stem cell clinical trials are being conducted in the set-
ting of liver diseases. All of these trials are designed to identify
an immunomodulatory effect of the mesenchymal stem cells in
liver cirrhosis (73.5%) or organ/islet transplantation (26.5%).
One clinical trial is using transplanted hAECs to treat patients
with persistent corneal epithelial defect (NCT00344708). Al-
though the expected therapeuticmechanismof hAEC transplan-
tation is not related to liver disease, this clinical trial endorses
the safety of the use of hAEC for future clinical trials in the set-
ting of liver diseases. On the basis of the trend of these clinical
trials, once a therapeutic mechanism and logically suitable tar-
get diseases are clarified, the clinical application of hAECs for
liver diseases is a feasible approach.
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