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Abstract: Perinatal stem cells have been regarded as an attractive and available cell source for medical
research and clinical trials in recent years. Multiple stem cell types have been identified in the human
placenta. Recent advances in knowledge on placental stem cells have revealed that human amniotic
epithelial stem cells (hAESCs) have obvious advantages and can be used as a novel potential cell
source for cellular therapy and clinical application. hAESCs are known to possess stem-cell-like
plasticity, immune-privilege, and paracrine properties. In addition, non-tumorigenicity and a lack of
ethical concerns are two major advantages compared with embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs). All of the characteristics mentioned above and other additional
advantages, including easy accessibility and a non-invasive application procedure, make hAESCs
a potential ideal cell type for use in both research and regenerative medicine in the near future.
This review article summarizes current knowledge on the characteristics, therapeutic potential,
clinical advances and future challenges of hAESCs in detail.

Keywords: human amniotic epithelial stem cells; cell therapy; plasticity; low immunogenicity;
paracrine effect; clinical application; perinatal stem cells

1. Introduction

Cell therapy is an efficient way to abate patients’ suffering and to ameliorate a wide range of
diseases and injuries to some degree. With a long history of research, cellular therapy is becoming one
of the most promising fields in regenerative medicine [1]. There are many potential cell sources for
regenerative medicine, such as embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs).
Inspired and encouraged by the discovery of ESCs [2,3], the methods of differentiating ESCs into the
three germ layers have been further developed [4-7], initiating a wide range of applications from bench
to bedside. Twenty-five years after the first discovery of embryonic stem cells, the generation of iPSCs
opened the door to a brand-new world of methods of direct differentiation and transplantation therapy,
reducing ethical risks. However, the risk of teratoma formation still exists in both ESC and iPSC
transplantation, and this is the major concern for further clinical application [8,9]. Of note, the issue of
graft rejection using these two kinds of cells should also be taken seriously [10,11]. Although methods
of isolation and differentiation of multiple kinds of somatic stem cells have been further established
to limit the tumorigenicity of stem cell therapy, ethical concerns and a lack of large-scale cell supply
limits their clinical application [12].

The placenta used to be discarded postpartum as medical waste, but it is now regarded as an
exploitable source of pluripotent stem cells, according to increasing evidence collected during the last
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dozen years. Various stem cell types have been isolated from the placenta, such as human amniotic
mesenchymal stromal cells (hAMSCs), human umbilical cord mesenchymal stromal cells (hUMSCs),
and human amniotic epithelial stem cells (hAESCs) [13,14]. As placenta-derived cells, these stem cells
have common advantages, such as an abundant supply, minimal ethical issues, and low DNA damage,
which make them an ideal cell source for cell transplantation and regenerative medicine in the clinic.

In this article, we focus on hAESCs, a kind of human placental stem cells derived from fetal
membranes. Firstly, we demonstrate the pluripotent epiblast origin of human amnion and hAESCs
and introduce existing protocols for isolating and culturing hAESCs. Specifically, we introduce a
novel serum-free system for hAESCs isolation and culture, aiming to adhere to clinical standard
and to promote the clinical translation of hAESCs. Then, we discuss the characteristics of hAESCs,
especially their stem-cell-like plasticity, safety (including non-tumorigenicity and low immunogenicity),
and paracrine effect. The unique characteristics of hAESCs, non-tumorigenicity and little ethical
concerns, are their major advantages compared with ESCs and iPSCs [15,16] and make them attractive
for clinical application. Finally, we summarize the clinical trials reported so far involving hAESCs and
discuss future challenges for amnion-membrane-derived stem cell research.

2. The Origin of the Human Amnion and Amniotic Epithelial Stem Cells

The placenta, as the first organ involved in fetal development, plays an essential role in gestation
and parturition. It connects the developing fetus to the maternal uterine wall via the umbilical
cord, allowing gas, fetal waste, nutrients, and other materials necessary for fetal development to be
exchanged between the mother and fetus [17]. Another fundamental role of the placenta is to establish
a suspended environment for the developing embryo against pressure and distortion from adjacent
tissues. Meanwhile, the placenta encases the amniotic fluid and fetus, providing immunoprotection
and a suitable site for growth and development. Furthermore, owing to its multilayer structure and
elasticity, the placenta has the capacity to secrete hormones that can support gestation and to alleviate
stress on the fetus during pregnancy [12,18,19].

The placenta is composed of three layers: the amnion, chorion, and decidua. The fetal part of the
placenta consists of the amnion and chorion, which are derived from the inner cell mass of blastocysts
and trophoblasts respectively. On the other hand, the decidua, a structure full of maternal cells with
an abundant extracellular matrix, forms the maternal placenta [20,21]. The fetal membranes facilitate
the exchange of gas, nutrients, and waste, serving as a barrier to protect fetus from the maternal
immune system and synthesizing certain hormones and enzymes that are critical during pregnancy
and parturition [19,21-23].

From the perspective of development, the origins of hAESCs and other components of the
placenta are fundamentally different. Human amnioblast, the precursor of hAESCs, is derived from
the pluripotent epiblast at around 8 days after fertilization, whereas other fetal parts of the placenta are
derived from the trophectoderm. This might reflect the uniqueness of hAESCs compared with other
types of perinatal pluripotent cells. According to a classic anatomic study by Bourne [24], the amnion is
a thin, avascular membrane that consists of five layers: the epithelium layer, the basement membrane
layer, the compact layer, the fibroblast layer, and the spongy layer. The epithelium layer is the innermost
single-cell layer that contacts the amniotic fluid directly. Although these layers seem to serve as a whole
during pregnancy, they are quite different from development aspects. After the partial implantation
of blastocysts into the endometrial stroma, the inner cell mass splits and forms the embryonic disc,
which is composed of the epiblast and hypoblast [25]. The epiblast, the source of all three germ
layers, differentiates into the developing embryo eventually [26]. Meanwhile, a cavity, called the
amniotic cavity, appears between the epiblast and cytotrophoblast. It is assumed that the primordial
cells, lining the amniotic cavity and termed amnioblasts, are the result of epiblast cell division.
The processes of cell division and amnioblast formation occur prior to gastrulation, the period of cell
fate determination, which means that the amnioblasts do not belong to any germ layers and theoretically
seem to be pluripotent. After the following development and cell differentiation, the amnioblasts
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eventually differentiate into amniotic epithelial stem cells (AESCs). Thus, it is reasonable to speculate
that the AESCs maintain pluripotency until term.

3. The Establishment of Serum-Free Culture System for Human Amniotic Epithelial Stem Cells

The isolation and culture protocols of hAESCs from term placenta have been developed over along
period of time, starting with the pioneering work by C.A. Akleetal. [27]. Based on Akle’s work, Miki etal.
modified the protocol, establishing a three-step digestion method for the isolation of hAESCs and
cultured hAESCs in standard culture media supplemented with 10% fetal bovine serum, L-glutamine,
nonessential amino acids, 2-mercaptoethanol, sodium pyruvate, and antibiotic-antimycotic. In the
presence of epidermal growth factor (EGF), cultured hAESCs display a typical cobblestone-shaped
epithelial phenotype [16]. Of note, nearly 200 million hAESCs can be harvested from one human term
amniotic membrane, allowing sufficient cell supply for clinical use [16]. More importantly, for clinical
purposes, it is fundamental to adopt the current good manufacturing practices (cGMP) to meet clinical
demand, as mentioned by Gramignoli in 2016 [28]. A detailed and normative protocol is described in
the paper, followed by quality assessment criteria to guarantee that cell products can be used for both
clinical and basic research.

As mentioned by previous studies, hAESCs are generally cultured with fetal bovine serum to
ensure rapid growth and proliferation. However, serious concern has been raised about the utilization
of animal serum in clinical applications. To establish a more effective protocol for hAESC culture in
accordance with current guidelines for clinical use, our lab developed a serum-free system for hAESC
isolation and culture [29]. In brief, hAESCs are cultured with complete culture medium containing
F12/DMEM, 10% KSR (KnockOut Serum Replacement), 2 mmol/L L-glutamine, 1% nonessential
amino acids, 55 pmol/L 2-mer-captoethanol, 1 mmol/L sodium pyruvate, 1% antibiotic—antimycotic,
and 10 ng/mL EGEF. Notably, the hAESCs cultured with the serum-free system show a steep growth
curve after passage 1 and a higher level of proliferation ability around passages 2 and 3 compared
with traditional serum culture. Besides, the pluripotency and low immunogenicity are maintained in
the serum-free condition tested by the expression of NANOG, OCT4, and low levels of HLA-DR and
HLA-DQ. Additionally, Yang and colleagues showed that hAESCs sustain potential immunoregulatory
ability in serum-free culture media and determined that CD90-positive hAESCs, a special population
in the primary cells, are the major contributor to TNF-« inhibition and IL-10 promotion compared
with other hAESCs. Moreover, a safety evaluation of the serum-free system at the preclinical level has
been implemented. Results showed that little toxic response is induced by hAESC injection, and no
hemolysis and allergic symptoms are observed in animal models. In addition, tumorigenicity is another
critical criterion for clinical application, and results indicated that no tumor occurrence is detected in
the immunodeficient mice (NOD/SCID) after hypodermic injection of hAESCs, presumably due to the
lack of telomerase hTERT in hAESCs.

In conclusion, hAESCs show better growth behavior and regular morphology in the serum-free
system even after undergoing cryopreservation. Besides, hAESCs still maintain their properties such
as pluripotency, weak immunogenicity, and modest immunoregulatory in the serum-free condition.
Meanwhile, hAESCs show a negative result for tumorigenicity, meeting the critical requirement of
the safety evaluation for the clinical use of hAESCs. All these results indicated that the developed
integrated system could prevent serum-derived contamination by excluding animal source constitutions,
which aims to facilitate further clinical translation of hAESCs.

Besides human AESCs, there are mounting studies on AESCs derived from other species such as
rat and sheep, which could potentially provide a route to investigate the characteristics of AESCs at
different gestational stages and the difference between different species. Table 1 summarizes some
key points of methods for isolating AESCs from different species. The results of these studies indicate
that, though derived from different species, AESCs still possess basic properties similar to human
AESCs such as pluripotency and low immunogenicity. Hence, such methods can be of real significance
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in evaluating the therapeutic effect of AESCs in allotransplantation, which contributes to avoid the
rejection associated with mismatch.

Table 1. Isolation of amniotic epithelial stem cells (AESCs) from different species.

. Digestion Cellular
Species Stage Enzyme '%ime Yield Reference
Rat Embryonic day 15 (E15) 0.125% Trypsin 15 min N.M. [30]
Ovine 90 days of pregnancy Trypsin 20 min 2-10 x 10° [31]
Horse N.M. Collagenase type I + 0.25% Trypsin 3h +2min 10 x 10° [32]
Chicken 6-day-old chicken embryos 0.05% Trypsin 1 min + 5 min N.M. [33]
Feline 40-45 days of pregnancy 0.05% Trypsin 40 min N.M. [34]
Sheep N.M. 0.25% Trypsin 30 min N.M. [35]

N.M., not mentioned.

4. The Plasticity of Human Amniotic Epithelial Stem Cells as Clinical Tool Cells

In contrast to other parts of the placenta, human amniotic epithelial stem cells are derived from
the pluripotent epiblast at around 8 days after fertilization, which happens prior to gastrulation;
thus, it is reasonable to hypothesize that a certain proportion of hAESCs may retain the plasticity of
pregastrulation embryo cells. Indeed, the latest research revealed that the pluripotent factors NANOG,
OCT4, and SOX2 are not fully silenced in hAESCs, as their promoters are only partially methylated,
displaying a similar epigenetic profile compared with hiPSCs, and their downregulation is regulated
at the post-transcriptional levels by specific miRNAs [36]. Meanwhile, Miki et al. reported that most
hAESCs express some ESC-associated pluripotent markers, such as OCT-4, NANOG, SSEA-3, SSEA-4,
TRA-1-60, and TRA-1-80, in the early stage [16]. Although these stem cell markers are lost over time,
some AE cells may retain these stem cell markers at term.

hAESCs represent a heterogeneous cell population according to profiling of different stem
cell markers [26]. For example, the most stringent stem cell marker transcription factor, NANOG,
is expressed on only 1-3% of hAESCs, while about 50% of hAESCs remain SSEA-4-positive at term [16].
Co-expression of stem cell surface markers SSEA-4, TRA1-60, and TRA1-81 is found on only about 4%
of AE cells [37]. Some studies have confirmed that stem cell marker positive hAESCs are scattered
randomly over the whole amnion membrane and appear to be surrounded by marker-negative cells,
rather than existing in a cluster manner [26,38,39]. Moreover, another recent study demonstrated that
hAESCs from different areas of amnion membrane (AM) have differences in pluripotency marker
expression and proliferative ability [40]. These data demonstrate that the whole amniotic epithelium
is covered with hAESCs at different development stages with diverse gene expression profiles and
various degrees of stemness [37]. However, it is reported that most primary hAESCs, even those
that are stem cell marker negative, can be induced towards specific differentiation in vitro [41].
With heterogeneity, though, hAESCs have the potential to differentiate into all three germ layers under
proper conditions [15,16].

In previous studies, the formation of some small cell clusters or spheroids, which are similar to the
embryoid bodies derived from ES cells, were found after an adjacent monolayer of hAESCs is cultured
in vitro for several weeks. Intriguingly, stem cell markers could be detected for a long term in the
spheroid structures, and cells in the core of the cluster are more likely to be pluripotent-marker-positive,
suggesting that the spheroid structures could better support and retain the stemness of hAESCs
in vitro [26].

The most convincing evidence to support the pluripotency of amniotic epithelium (AE)-derived
stem cells is the generation of chimeric animals. Tamagawa et al. injected AE-derived cells into an
early-developing mouse blastocyst and generated an aggregation chimera, in which the AE-derived
cells were distributed among all three germ layers [42]. In all, the pluripotency of hAESCs has been
confirmed using both in vivo and in vitro models.
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4.1. Differentiation into the Ectoderm

Amniotic tissues and hAESCs have been utilized to treat neurodegenerative diseases since the
1990s owing to their pluripotency and secretion of neurotrophic factors, which are the two expected
mechanisms of cell transplantation. It has been revealed that more than 50% of hAESCs are positive
neural cell markers, with 20-30% of cells having positive glial cell markers [16,43,44]. Sakuragawa et
al. systematically summarized the neural cell markers expressed by hAESCs, such as MAP2 and GFAP,
and suggested that all-trans retinoic acid (RA) and fibroblast growth factor-4 (FGF-4) could induce the
expression of some specific neural-specific genes [43]. Furthermore, it has been reported that noggin,
bFGE and RA could promote the transformation of hAESCs into neural cells, but serum could reduce
the ratio [45].

In addition to the investigation of neural markers in vitro, implantation of hAESCs has been carried
out on the animal models. The capability of AESCs to differentiate into neuron-like cells was confirmed
after transplantation of neural stem cell marker positive rat AESCs into the hippocampus of gerbils for
5 weeks [46]. Another study demonstrated that amnion-derived stem cells injected into the developing
fetal rat brain in utero could migrate throughout the majority of brain, displaying some neuronal
morphologies on embryonic day 21.5 [47]. In addition, under pathological settings (brain edema,
Parkinson’s disease, traumatic brain and spinal cord injury, etc.), implanted hAESCs have also been
confirmed to be able to differentiate into MAP2-positive neuron-like cells [48-51].

In addition to the potential of differentiation, it is worth noting that hAESCs are able to synthesize
and secrete some neurotrophic factors. A body of evidence indicates that hAESCs are capable
of secreting acetylcholine (Ach) [52], catecholamine (CA) [53], dopamine (DA) [54], brain-derived
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) [55], activin, and noggin [56]. Moreover, it has
been indicated that hAESCs could produce certain neurotrophic factors that have a neuroprotective
effect on rat retinal ganglion cells and neural stem cells when co-cultured with them [57,58]. Later,
Meng et al. [59] and Sankar et al. [60] provided evidence that hAESCs are able to promote the survival
of neurons and remodel the microenvironment for neural repair.

Owing to these factors secreted by hAESCs, which are essential to the fundamental functioning
of the brain, more and more studies have focused on the treatment of Parkinson’s disease (PD) with
hAESCs. PD is a neurodegenerative disease, which is characterized by the progressive loss of midbrain
substantia nigra dopaminergic neurons and affects both peripheral and central nervous systems [61].
Consequently, there is accumulating evidence regarding the curative effect of hRAESC transplantation
into PD animal models [62-64]. Yang et al. [64] stated that hAESCs survive for 10 weeks and a portion
of them differentiate into tyrosine hydroxylase (TH)-positive neurons, with significant alleviation of
PD symptoms and reduction of the loss of neurons in the substantia nigra.

4.2. Differentiation into the Mesoderm

Due to the insufficient regeneration of adult cardiomyocytes, it is important to find a suitable cell
source for cellular therapy for severe heart diseases such as progressive heart failure. hRAESCs may
also be capable of differentiating into cardiomyocytes. Miki et al. [16] indicated that hAESCs express
cardiac-specific genes and transcription factors such as MLC-2, GATA-4, and Nkx 2.5 over 14 days in
culture medium supplemented with 1 mM ascorbic acid. Amnion-derived cells were transplanted
into the left ventricular myocardium of post-infarcted rats, and the results showed that the injected
cells expressed some cardiac markers and appeared to partially differentiate into vascular smooth
muscle cells and cardiomyocytes [65]. Furthermore, Ilancheran et al. proved that some cardiomyocytic
markers—GATA-4, ANP, MYL7, CACNA1 C, KCND3, and TTNT—could be detected after hAESCs
were cultured in an induced medium, and an ultrastructural analysis of the cultured cells showed
similar results to mature cardiomyocytes [15]. Ilancheran also mentioned that hAESCs can be induced
into other mesodermal cell lineages, such as adipocytes and osteocytes, under proper conditions.
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4.3. Differentiation into the Endoderm

Studies of hAESC differentiation into endoderm cells have generally focused on hepatic and
pancreatic cell lineages. The insufficient supply limits cell replacement therapies being used in clinical
applications. As for the generation of functional pancreatic cells, the differentiated hAESCs have
been proven to express specific markers that are necessary for the development and function of
pancreatic islets, and they have been shown to secrete classical endocrine hormones such as insulin
and glucagon [66-69]. In vivo studies have confirmed that hAESC-induced pancreatic cells have
normal function after being transplanted into diabetic model mice. Intriguingly, these mice showed
normal blood glucose levels and body weights one month after implantation. These data indicate that
hAESCs are capable of differentiating into functional insulin-producing cells, and they normalize the
physiological index of diabetic mice, eventually prolonging their life span. Notably, one recent study
reported that hAESCs form insulin-producing 3D spheroids with a high cytoplasm complexity and
intense protein secretion after 20 days of pancreatic induction in serum-free media [70], broadening the
application of hAESCs as micro-organs with the assistance of biomaterials.

In the field of hepatocyte regeneration, in spite of the pioneering work utilizing ES cells and
bone marrow cells [71,72], their applications are still limited due to the incidence of teratomas and
inconvenient accessibility. There is increasing evidence showing that hAESCs could successfully
differentiate into functional hepatocytes and are safer and more feasible for use clinically. In a previous
study, Miki et al. proved that steroid hormones are able to induce hepatic differentiation of hAESCs
and that dexamethasone is the most efficient agent for increasing the expression of hepatic-specific
markers [73]. Recently, Quan-Wen Liu et al. successfully generated hepatocyte-like cells (HLC) from
hAESCs using a three-step, 14-day protocol, and the liver function and survival rate of CCls-induced
acute liver failure (ALF) mice was significantly improved after HLC transplantation [74]. Meanwhile,
it has been stated that hAESCs tend to engraft in the host liver and differentiate into hepatocyte-like
cells after transplantation [75,76], and the expression level of hepatocyte-specific genes is comparable
to those in the fetal liver [77].

In addition, research has shown that hAESCs could differentiate into cholangiocytes [78] and
lung epithelial cells [41], indicating that the transplantation of hAESCs might alleviate and provide
potential therapeutic options for cholestatic ductal hyperplasia and lung fibrosis, respectively.

Taken together, hAESCs express various lineage-related markers, which represent their potential
to differentiate to several cell lineages as progenitor cells. The differentiation potential of hAESCs into
cell types derived from all three germ layers has been widely reported, and we briefly summarize these
studies in Table 2.

However, the expression percentage of surface and molecular pluripotency markers remains
variable due to the passage numbers and measuring methods. The fresh isolated hAESCs have a
low proliferation efficiency and stop growing after 4-5 passages due to DNA damage or shortened
telomeres, which impair their clinical application in regenerative medicine [79]. To meet clinical needs,
Kaixuan Zhou et al. established immortalized human amniotic epithelial stem cells iIHAESCs) via
introducing viral oncogenes E6/E7 and human telomerase reverse transcriptase (hTERT). They found
the immortalized HAESC cells with an extended life span retained characteristics of the original cells,
including pluripotent markers and differentiation capabilities [79]. Recently, they showed that the
immortalized HAESC cells have relatively higher resistance to oxidative damage compared with
immortalized human amniotic mesenchymal cells (iHAMs) because of higher level of basal antioxidant
factors (SOD2, Nrf2, HO-1), suggesting AESCs provide protection against oxidative stimulation under
oxidative stress [80]. These results offer more choices for their cell therapy and regenerative medicine,
reflecting the plasticity of AESCs as a potential clinical tool cell source.
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Lineage Cell Type Species First Author Procedure Reference
Neural progenitor cell Human Sakuragawa N.M. (constitutive expression of some neural cell markers) [43]
Dopamine-producing cell Human Kakishita 100 uM L-tyrosine + 100 uM BH4 + 100uM MPT for 24 h, then transplanted into rat model of PD [62]
Ectoderm Neural cell Human Miki 5 x 107> M all-trans retinoic acid + 10 ng/mL FGF-4 [16]
Oligodendrocyte Human Ishii N.M. (constitutive expression of some oligodendrocyte cell markers) [44]
Neural cell Human Niknejad 1 uM ascorbic acid + 10 ng/mL bFGF + 100 ng/mL noggin for 21 days [45]
Neuronal Rat Okawa N.M. (constitutive expression of some neural cell markers) [46]
1% insulin/transferrin/selenium (ITS), 2 mM ascorbic
. . . acid, 1% FCS (Sigma-Aldrich), 10 ng/mL bFGF (Sigma-Aldrich),
Dopaminergic neuron Human Niknejad and 100 ng/mL noggin for 7 days, %hen noggin is rem(%\//ed and cells §re treated with 25 ng/mL FGF8 (821
and 100 ng/mL Shh for maturation
Progenitor of cortical H Lydia insulin/transferrin/selenium (ITS) supplemented with bFGF, EGF, SB431542, and noggin for 8 days,
uman P . [83]
neuron Garcia-Castro followed by serum-free N2 medium for 6 days
Adipogenic Human Ilancheran 200 uM indomethacin + 0.5 mM isobutyl-methylxanthine + 1 tM dexamethasone + 10 uM insulin [15]
Mesoderm Chondrogenic Human llancheran 0.01 uM 1,25-dihydroxyvitamin D3 + 50 uM ascorbic acid + 10 mM b-glycerophosphate [15]
Cardiomyogenic Human Miki 1 mM ascorbic acid 2-phosphate for 14 days [16]
Cardiomyogenic Rat Fujimoto N.M. (constitutive expression of some cardiac and vascular genes, in situ differentiation into vascular [65]
endothelial and smooth muscle cells after implantation) )
Osteoblast Human Si DMEM supplemented with 10% FBS, ascorbic acid, 3-glycerophosphate, and dexamethasone. [84]
Osteoblast Human Luan Mechanical stretch stimulation and RNA interference [85]
Hepatic Human Miki 10-7 M dexamethasone + 0.1 uM insulin, then 1 mM phenobarbital for 3 days [16,73]
Hepatic Human Sakuragawa N.M. (constitutive expression of some genetic markers of liver lineage) [86]
Hepatic Human Takashima N.M. (constitutive expression of a part of hepatocyte-related genes) [87]
Hepatic Human Manuelpillai N.M. (transplant primary hAECs into mice and repair hepatic fibrosis) [75]
Activin A for 5 days, followed by 5 days with bone morphogenetic protein 4 and fibroblast growth
Hepatic Human Lin factor-2, then 5 days with hepatocyte growth factor, finally 3 days with oncostatin M and sodium [76]
taurocholate hydrate
10 ng/mL EGF and 10 ng/mL bFGF for 2 days, followed by 10 ng/mL EGF, 10 ng/mL bFGE, 20 ng/mL
Endoderm Hepatic Human Liu HGE, 1 uM dexamethasone, and 1% ITS Premix for 5 days; finally, 10 ng/mL EGF, 20 ng/mL [74]

oncostatin M, 20 ng/mL HGEF, 1 uM dexamethasone, and 1% ITS Premix for 7 days
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Lineage Cell Type Species First Author Procedure Reference
Hepatic Human Furuya use a 3D multicellular co-culture system [88]
Pé?;&i:;??;ﬁzl Human and rat Serra N.M. (differentiate in vivo) [89]
Insulin-producing cell Human Miki 10 mM nicotinamide for 14 days [16]
Insulin-producing cell Human Wei N2 supplement + 10 mM nicotinamide for 2—4 weeks [66]
Insulin-producing cell Human Hou N2 supplement + 10 mM nicotinamide for 2—4 weeks [67]
Insulin-producing cell Human Szukiewicz 10 mM nicotinamide [68]
. . 100 ng/mL activin A for 4 days in SFM, followed by 100 ng/mL activin A and 10 mM nicotinamide
Insulin-producing cell Human Okere & for 4 days, }t,hen 10 mM nicot'man}iide an%l/Z uM RA for 10 days (70l
Stage 1: B27 supplement, activin A, and CHIR99021 for 1 day, followed by B27 with activin A for 2
Insulin-producing cell Human Luo days. Stage 2: B27 with dorsomorphin, retinoic acid, and SB431542 for 7 days. Stage 3: B27 contains [90]
forskolin, dexamethasone, Alk5 inhibitor II, and nicotinamide for 10 days.
( islet-like cell Human Zou serum-free DMEM containing N2 supplement and nicotinamide for 2 weeks [91]
Pancreatic progenitors Human Balaji ectopic expression of PDX1 [92]
Pneumocyte Human Moodley N.M. (transplant primary hAECs into mice and differentiate in situ) [41]

N.M., not mentioned.
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5. The Safety Evaluation of Human Amniotic Epithelial Stem Cells

As mentioned above, the plasticity confers the possibility of clinical applications to hAESCs
by producing several functional cell types. In clinical trials, however, safety is the bottom line
for everything. Based on the premise, the safety evaluation of hAESCs has attracted increasing
attention. In this part, we focus on the characteristics of both toxicity and tumorigenicity as well as
weak immunogenicity.

5.1. Toxicity and Tumorigenicity

Besides the consideration of animal serum-derived contamination, our previous work also
confirmed that neither acute nor long-term toxicity response is triggered by hAESC injection in
xenogeneic transplantation [29]. Specifically, little change in T cell population and corelated cytokines
is observed after high-dose (108 cells/kg) hAESC injection into mice, indicating that hAESCs do not
disturb the immune system. Moreover, Yang et al. also demonstrated hAESCs have no adverse effect
on body weight, viscera weight, blood parameters, and coagulation indexes. Hence, no toxicity caused
by hAESCs was observed in our systematic safety evaluation.

Tumorigenicity, another major concern for stem cells, limits a large proportion of translation from
bench to bedside. Given that mesenchymal stem cells were reported to promote tumor growth [93],
another critical part of safety evaluation is to identify whether hAESCs have an effect on the tumor
generation and promotion. In previous studies, the non-tumorigenicity of AESCs has been confirmed
in many species, including in humans [27,75,76]. Based on these results, we further injected hAESCs
into immunodeficient mice subcutaneously with both low (2 x 10° cells) and high (4 x 10° cells)
doses, and results showed that no tumor occurrence is observed after 4 weeks post-injection [29].
Mechanistically, the expression of telomerase hTERT in hAESCs is not detected, explaining why
hAESCs do not generate tumors. Notably, several studies demonstrated that hAESCs could inhibit
tumor cell growth and induce apoptosis of cancer cells, including HelLa cells and breast and ovarian
cancer cells [94-96]. However, Yang et al. reported that co-injection of hAESCs and Raji tumor cells
into immunodeficient mice shows a similar survival duration when compared with the mice receiving
only Raji cells, which indicated hAESCs have little effect on tumor growth [29]. Therefore, whether
hAESCs possess a potential anticancer property, and the molecular mechanism of this process, remains
to be further determined.

5.2. Low Immunogenicity

According to the hypothesis of Medawar (1953) about the mechanism of unresponsiveness that
exists between the fetus and maternal immune system [97], the placenta can be regarded as a physical
barrier that isolates the fetus from maternal immunity. Indeed, one of the roles of the placenta is to
protect the fetus from being attacked by the maternal immune system during pregnancy. However,
the placenta does not work as a mere physical barrier without any connection between fetal tissue and
the maternal system. The chorion villi were found to be immersed in the maternal blood, and fetal
cells were detected in the maternal circle long after pregnancy completion [98,99], indicating that
despite direct contact between fetus cells and the mother, immune-unresponsiveness is the result of
the characteristics of certain fetal cell types [100].

The immune privilege of amnion and amnion-derived cells has been confirmed by direct
implantation into volunteers and animals without acute rejection in vivo. Monolayer amniotic
membrane and hAESCs have been implanted into an immunotype-mismatched human subcutaneous
pocket [27], rat limbal area, intracorneal space, kidney capsule [101], guinea pig cochlea [102],
monkey spinal cord [60], and mice anterior chamber [103]. All of these studies showed that
amniotic tissue and hAESCs are able to survive in the host for a long time without displaying
any infiltration or rejection of host immune cells, suggesting that amnion-derived cells, including
hAESCs, have low immunogenicity.
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Mechanistically, due to the low immunogenicity of hAESCs reported, it is hypothesized that
hAESCs have a unique expression profile of HLA antigens, which are a series of polymorphic antigens
expressed on the cell surface and coded by a complicated gene system in humans. It was initially
reported that hAESCs did not express HLA-I (HLA-A, -B, and -C and {32 microglobulin) and HLA-II
molecules [27]. However, with advanced techniques, it was later confirmed that hAESCs do express
lower levels of HLA-I antigens than those found on other placental cells and somatic cells [104,105].
Further identifying the HLA antigen profile of hAESCs, a body of evidence indicated that all three
classical HLA-I molecules (-A, -B, and -C) can be identified on the hAESCs [106,107], even after
cryopreservation [108] or passages 4-5 (P4-P5) [109]. Recently, Strom et al. summarized the expression
profile of HLA molecules on hAESCs, including the expression of both classical HLA-I (-A, -B, and -C)
and the relatively lower-expression of non-classical HLA-I molecules (-E, -F, and -G) [110]. In addition,
no HLA-II molecules (-DR, -DQ, and -DP) were detected on hAESCs. Among these HLA antigens,
classical HLA-I and all HLA-II are regarded as transplantation-related antigens because of their high
polymorphism, which contributes to immune recognition and rejection during allograft. On the
other hand, non-classical HLA-I molecules have the capacity to inhibit the immune reaction under
both autoimmune and transplantation conditions, owing to their different polymorphism, expression,
structure, and function compared with classical HLA-I and HLA-II antigens [111,112]. Consequently,
this special expression profile of HLA molecules has been suggested as the mechanism of the low
immunogenicity and seems to explain why hAESCs do not trigger a severe immune reaction after
allogeneic or even xenogeneic transplantation.

Interestingly, among those non-classical HLA-I antigens, HLA-G, which was first discovered in the
placenta tissue [113], has received much more attention since Hammer s report claiming that it may play
a role in suppressing the maternal immune response [106]. Indeed, hAESCs express HLA-G, and its
expression significantly increases after amniotic cell treatment with IFN-y (interferon-gamma) [114].
Furthermore, a study reported that term hAESCs express HLA-G at twice the level of preterm cells [115].
For hAESCs, HLA-G molecules are expressed in both membrane-bound forms (HLA-G1 to -G4) and
soluble forms (HLA-G5 and HLA-G6) [101], which may explain why HLA-G molecules can be
detected in amniotic fluid [106]. It has been reported that HLA-G is able to inhibit the proliferation of
lymphocytes in a mixed lymphocyte reaction [116]. In graft-versus-host disease (GVHD), Le Maux et al.
found that the high expression of soluble HLA-G is related to a certain regulatory T (Treg) cell content
in the host blood, which is usually regarded as being associated with a good prognosis in allogeneic
transplantation [117]. It has been hypothesized that soluble HLA-G may create an immune-tolerogenic
environment that improves allograft survival after transplantation. Furthermore, it has been shown
that only two receptors on natural killer (NK) cells are involved in HLA-G recognition, which might
induce sufficient but not excessive inhibition of the immune response to maintain the process of
pregnancy [118].

In summary, studies have revealed the absence of HLA-II antigens and co-stimulatory factors on
hAESCs, yet there is still controversy over whether hAESCs express HLA-I molecules. The expression
of HLA-G on hAESCs was considered to play a vital role in suppressing the maternal immune
response. More details about the special expression of non-classical HLA-I antigens on hAESCs and
the relationship between classical HLA-I and the immune response should be investigated further.

6. The Paracrine Effect of Human Amniotic Epithelial Stem Cells

The immunoregulatory characteristics of hAESCs and human amnion tissue, which are mainly
attributable to their paracrine effect, have been reported for a long time. These include antibacterial,
proinflammatory, and anti-inflammatory properties, which play pivotal roles in different situations.
The properties of anti-inflammation and proinflammation, which seem contradictory to each other,
have already been put forward for the behavior of mesenchymal stromal cells in a process called
“licensing”, which means these cells are able to play different roles depending on the inflammatory
milieu [119].
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6.1. Antibacterial and Proinflammatory Properties

During pregnancy, the placenta and amniotic fluid provide an ideal environment and serve as
a cushion for fetal growth. However, preterm birth can be a serious accident with multiple causes.
Among these causes, intra-amnion infection is the major cause of spontaneous neonatal preterm
birth (PTB) and preterm premature rupture of the fetal membranes (PPROM) [120], which impairs
pulmonary and neurodevelopmental function [121]. According to the natural mechanism of maternal
defense against infection, it is reasonable to hypothesize that amnion tissue and hAESCs may
obtain certain antibacterial and proinflammatory capabilities during pregnancy. The antimicrobial
function of amniotic fluid was first reported in 1970 with the discovery of pathogenic inhibitors,
including lysozyme, transferrin, immunoglobulin, and (3-globulin, in the liquid environment [122,123].
Furthermore, as the first line of defense against intra-amnion infection, amniotic epithelial cells have
been confirmed to express 33-defensin, which is specifically upregulated with the stimulation of
lipopolysaccharide (LPS) [124]. Fas, on the other hand, which is a member of the nerve growth factor
receptor-tumor necrosis factor receptor family, serves as an apoptosis-signaling molecule that exists in
both membrane-bound and soluble forms [125]. The Fas antigens expressed on the cell surface are able
to trigger apoptosis of the target cells bound with Fas ligand or anti-Fas antibody. However, soluble Fas,
an alternatively spliced product of the Fas gene, protects the target cells from Fas-mediated apoptosis
by neutralizing binding between membrane-bound Fas and the Fas ligand [126]. It has been proven
that the concentration of soluble Fas in the amniotic fluid is high [127]. In addition, Fas has been shown
to be expressed predominantly in epithelial cells throughout the whole amnion, so it is reasonable to
hypothesize that hAESCs are one of the major sources of soluble Fas existing in the amniotic fluid [128].
Due to its anti-apoptosis function, it is believed that the soluble Fas in amniotic fluid plays a pivotal
role in maintaining the activity of leukomonocytes and inhibiting apoptosis to provide protection from
infection [129]. Interestingly, it has been verified that hAESCs express distinct functional Toll-like
receptors 5 (TLR5), TLR6/2, and TLR4, which are crucial regulators of the innate immune system [120].
As a result of the activation and recognition of pathogen-associated molecular patterns (PAMPs) by
TLRs (TLR5, TLR6/2), hAESCs are able to secrete several proinflammatory cytokines such as IL-6 and
IL-8 to balance homeostasis for fetal growth. The hAESC barrier is able to recognize and respond to
pathogens through the function of TLRs, which makes sense in vivo.

6.2. Anti-Inflammation

Although the antibacterial and proinflammatory characteristics are essential to protect the fetus
from infection during pregnancy, the major function of hAESCs, which is the most commonly utilized
in preclinical and clinical trials, is anti-inflammation. It was reported that hAESCs and amnion tissue
have amazing anti-inflammation characteristics with a long history of application. In brief, hRAESCs and
amnion-derived cells may suppress lymphocyte responsiveness without inducing mixed lymphocyte
reaction via the secretion of TGF-f and prostaglandin E2 (PGE2) [129,130]. Moreover, hAESCs exert
multiple immunosuppressive activities via inhibiting the cytotoxicity of NK cells and monocytes
and promoting the induction and maturation of Treg cells [131,132]. Recently, researchers found that
hAESCs can improve the phagocytic ability of neutrophils while reducing their oxidative burst capacity,
thereby protecting the fetus from both microbial infections and oxidative stress and the consequent
inflammation [133].

It is rather complicated to illustrate the deep mechanisms by which hAESCs suppress an excessive
immune response. It was reported that hAESCs are capable of preventing macrophage and T cell
infiltration into the lesion area and maintaining the proper portions of different T cell subtypes
by modulating the cytokine concentration inside the microenvironment in certain autoimmune
disorder models [134,135]. Actually, previous research has focused on the anti-inflammation effects
of conditioned medium and cytokines from hAESCs. Li et al. found that the supernatant of hAESC
culture medium could significantly suppress the proliferation and activity of neutrophils and T and B
lymphocytes [136]. Meanwhile, it can also induce the apoptosis of lymphocytes and the polarization of
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macrophages from M1 to M2. The latter is considered to be a pivotal subtype in inhibiting inflammation
and encouraging tissue repair. Three types of cytokines related to anti-inflammation have been
proven to be produced by hAESCs and amniotic tissue: (1) apoptosis inducers such as tumor necrosis
factor-oc (TNF-ot), Fas ligand (FasL), and tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL); (2) macrophage migration inhibitors such as transforming growth factor-f (TGF-$3) and
macrophage migration-inhibitory factor (MIF); and (3) other antiangiogenic and anti-inflammatory
proteins including interleukin-1 receptor antagonist (IL-1ra), interleukin-10 (IL-10), tissue inhibitors
of metalloproteinase (TIMPs), collagen XVIII, and thrombopondin-1 [134-138]. Data indicate that
these cytokines are critical in the hAESC- and amniotic-tissue-mediated anti-inflammation process.
However, Wolbank et al. proved that direct cell-to-cell contact is also an essential prerequisite for
hAESC-mediated immunosuppression within the trans-well system, which seems contrary to the
function of the cytokines [108]. Under physiological and pathological conditions, the microenvironment
may be rather intricate, involving both cytokine secretion and direct cell-to-cell contact, in order to
maintain proper immune status for fetal development. Apart from cytokines, some complementary
inhibitory membrane proteins that have been detected on hAESCs may be another mechanism of
immunosuppression. Rooney et al. reported that hAESCs express all three types of complementary
inhibitory membrane proteins, including CD59 antigen, decay-accelerating factor (DAF), and membrane
attack complex inhibitory protein (MIP) [139]. The functions of these three proteins have been
identified in previous studies that indicated their profound importance in protecting cells from
complement-mediated lysis [140-142]. Consequently, the significance of these three proteins expressed
on hAESCs is self-evident, and these proteins might contribute to the anti-inflammation role of hAESCs
in the allotransplantation and wound healing process.

Above all, hAESCs might play totally different roles according to the microenvironment.
During pregnancy, without a high level of inflammatory signals, hAESCs may adopt a proinflammatory
phenotype that could serve as a part of the innate immune response to protect the fetus from the
pathogen invasion via secreting certain factors. However, in a highly inflammatory environment,
the anti-inflammation property would be considered to play the predominant role of hAESCs
though the secretion of soluble factors. When hAESCs are used as grafts in regenerative medicine,
the anti-inflammation property could contribute to the survival of donor cells and the healing of
wounds. Consequently, the seemingly contradictory properties of hAESCs are dependent on different
situations and could be utilized accordingly.

Notably, recent studies have focused on amnion epithelial stem cell derived exosomes as a
new paracrine mechanism and found that exosomes derived from hAESCs play a vital role in the
pathogenesis of human parturition and preclinical treatment. Samantha Sheller et al. described the
classic shape, size, and markers (CD9, 63, 81, HSC 70, Nanog) of the hAESC exosome and found that
increased colocalization of H3, HSP70, and active p38 (P-p38) MAPK in AESC exosomes reflect the
physiologic status of the cell in response to oxidative stress [143]. Then, they further found primary
AESC exosomes packaging high-mobility group box 1 (HMGB1) and cell-free fetal telomere fragments
(cffTF) translocated form nuclei to cytoplasm under oxidative stress (OS) conditions, which may actas a
fetal signal at term [144]. Recently, Emily E. Hadley et al. demonstrated that hAESC-released exosomes
under control and oxidative stress conditions were taken up by myometrial, decidual, and placental
cells. The exosomes from both conditions significantly increased inflammatory mediators (IL-6, IL-8,
and PGE2) and activated NF-kB in maternal cells, indicating that hAESC exosomes are a novel paracrine
mechanism of fetal-maternal communication [145]. In terms of preclinical treatment with hAESC
exosomes, researchers presented strong evidence on wound healing and fibrosis. Bin Zhao et al.
found hAESC-exosome-derived miRNAs promoted the proliferation and migration of fibroblasts and
further accelerated wound healing [146,147]. Moreover, a recent study demonstrated that hAESC
exosomes accelerated diabetic wound healing by promoting angiogenesis and fibroblast function via
activation of the PI3K-AKT-mTOR pathway [148]. Moreover, Jean L. Tan et al. found that hAESC
exosomes reduced liver fibrosis and bleomycin-induced lung injury and enhanced endogenous lung
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repair by polarizing and increasing macrophage phagocytosis, reducing neutrophil myeloperoxidases,
and suppressing T cell proliferation directly [149,150].

7. The Therapeutic Potential and Clinical Advances of Human Amniotic Epithelial Stem Cells

Based on their plasticity and immunomodulatory properties, hAESCs have been
considered for treatment of a broad variety of conditions, including lung fibrosis [40,115,
131,149,151-154], spinal cord injuries [60], Parkinson’s disease [64], Alzheimer’s disease [155],
diabetes [69], wound healing [147,148,156], liver fibrosis [75,157-159], autoimmune uveitis [135],
Hashimoto’s thyroiditis and systemic lupus erythematosus [134], and intrauterine adhesions [160-162].
Among these preclinical trials involving hAESCs, autoimmune diseases make up a large proportion,
presumably because of the tremendous effect of immunomodulation. Indeed, some previous studies
by our lab have indicated that hAESCs have obvious curative effect on experimental animal models of
autoimmune diseases. In autoimmune uveitis models, hAESCs inhibit the infiltration of macrophages
and modulate the balance of T-cell subtypes, leading to the improvement of both local and systemic
cytokine environments. To be specific, treatment with hAESCs suppresses the level of IL-17, IFN-y,
and monocyte chemoattractant protein (MCP)-1; meanwhile, the expression of IL-10 is upregulated
locally and systemically [135]. Additionally, Tan et al. demonstrated the therapeutic efficacy of hAESCs
both in localized and systemic autoimmune disease models. Similarly, hAESCs modulate the balance of
TH17 and Treg cells in experimental autoimmune thyroiditis (EAT) and systemic lupus erythematosus
(SLE) mice. In addition, hAESCs improved cytokine environment by inhibiting IL-17 A and IFN-y and
enhancing TGF-f3 [134]. In a word, hAESCs represent a great potential therapeutic strategy against
immune diseases in light of their immunoregulatory ability.

Recently, Canciello et al. found that progesterone could prevent the epithelial-mesenchymal
transition of amniotic epithelial stem cells and enhance their immunomodulatory properties [163].
Moreover, Hou et al. demonstrated that Vitamin C promotes the proliferation, migration, self-renewal,
and paracrine functions and improves the therapeutic potential of hAESCs in premature ovarian
insufficiency disease [164]. These promising results indicate that the therapeutic efficacy of hAESCs
can be significantly improved by in vitro factor treatment. As described above, these preclinical studies
successfully demonstrated the great therapeutic potential of hAESCs as a candidate cell type for
regenerative medicine.

In terms of clinical applications, in 1910, Davis was the first to advocate the use of the amniotic
membrane as a therapeutic material in skin transplantation [165]. Later, the amniotic membrane was used
to treat skin wounds and ulcers, reconstruct the vagina, and prevent tissue adhesion [166-170]. Since the
1960s, the amniotic membrane has gradually been utilized clinically in the field of ophthalmology as an
alternative to corneal graft [171,172], where the basement membrane serves as a biological scaffold for
epithelial cell migration and the amniotic membrane plays an important role in anti-inflammation.
Recently, some clinical trials (ACTRN12618001631291 and ACTRN12618001632280) have been designed
to compare the therapeutic effect of amnion with traditional drugs or materials in burn and skin
regeneration. Moreover, another trial (ACTRN12619001050145) submitted last year seeks to determine
whether the amniotic cells are capable of curing burn wounds by contrasting cellular with acellular
amnion. Aside from the fresh amnion tissue, amnion derivates such as amniotic membrane powder have
been proposed for wound healing, aiming to develop a rapid and convenient treatment (NCT03754218).
Although these clinical trials are just the beginning, the outcome and effect are highly anticipated as an
alternative curative method in the future.

Human amniotic membranes and isolated hAESCs have been transplanted into both volunteers [27]
and patients with lysosomal storage disease (LSD) since the 1980s, and there have been no reported
adverse effects, including tumor formation [173-177]. Tylki-Szymanska et al. reported that after the
implantation of the amniotic epithelium in six patients with LSD, three cases showed a diminishment
of corneal clouding, and one case displayed a slight increase in plasma beta-galactosidase activity [178].
Scaggiante et al. [175,179] and Bembi et al. [176] injected hAESCs into patients with Niemann-Pick
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disease (NPD) and found that sphingomyelinase activity significantly increased the symptoms of
hepatosplenomegaly and alleviated nutritional malabsorption. No cases of graft-versus-host disease
were reported during the follow-up period.

As of September 2020, there were 17 clinical trials listed in the clinical trial database (ClinicalTrials.gov and
anzctrorg.au) involving the use of “amniotic epithelial cells” as a biological intervention (Table 3).
INCT00344708 describes three cases of persistent corneal epithelial defect (PED) before withdrawal (for potential
subjects that did not meet eligibility criteria). In the 6.3-month follow-up period, three patients were observed
to show an improvement in clinical behaviors, which was maintained until PED finally vanished, and no
vision-loss events occurred [180].

A research group from Monash University, Australia, carried out the first phase I clinical trial
to treat bronchopulmonary dysplasia (BPD) with hAESCs (ACTRN12614000174684) and reported
initially in 2018 [181] that among six premature infants with bronchopulmonary dysplasia who were
given hAESCs intravenously, no adverse effects were observed during a 2-year follow-up period,
except for one patient who suffered from transient cardiopulmonary instability during administration.
The study suggested that allogeneic hAESCs administration is safe, tolerable, and could improve infants’
respiratory function. A wider-range multicenter dose escalation clinical trial (ACTRN12618000920291)
has already been established by this group to confirm the safety and efficacy of intravenous hAESC
injection to treat bronchopulmonary dysplasia in 24 subjects.

Notably, hAESCs are rapidly being proposed for use in clinical trials related to the global
coronavirus disease 2019 (COVID-19) pandemic onset. Researchers from Monash Health have
scheduled a Phase 1 trial (ACTRN12620000676910 p) to assess the efficacy of using hAESCs to treat
COVID-19 related respiratory failure and multiorgan complications. They proposed a treatment with
8 million hAESCs per kilogram delivered intravenously according to its registration on Australian
New Zealand Clinical Trails Registry (ANZCTR). We anticipate that the clinical trial may be beneficial
for the improvement of patients’” conditions.

There are also many more clinical trials utilizing the amniotic membrane, amniotic fluid,
amnion-derived cellular cytokine solution (ACCS), and amniotic membrane extract eye drop
(AMEED) [182] as biological interventions for therapeutics. However, compared with mesenchymal
stem cells (MSCs), which have served as therapeutic cells in hundreds of clinical trials, including some
phase III trials, the potential of hAESCs in clinical application has not been fully demonstrated.
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Table 3. Clinical trials utilizing amnion membrane and hAESCs as biological intervention.

15 of 26

Drug Category Registration Number Disease Phases Age Country
Ophthalmology NCT02168790 Ocular Surface Disorders Early 1 18-80 years Germany
NCTO01341223 Ocular Surface Reconstruction N/A 18-50 years China
Amnion Membrane NCT03754218 Burn Early 1 18-65 years  United States
Skin ACTRN12619001050145 Burn N/A 20-50 years Pakistan
ACTRN12618001632280 Skin Regeneration N/A 2045 years Pakistan
ACTRN12618001631291 Burn N/A 10-40 years Pakistan
Ophthalmology NCT00344708 Corneal Epithelial Dystrophy N/A 18-88 years ~ United States
NCT02961712 HTLV-1 Associated Myelopathy 1 18-75 years China
Neurology NCT03107975 Spastic Cerebral Palsy 1 1-5 years China
NCT04414813 Parkinson’s Disease Early 1 30-70 years China
ACTRN12618000076279 Ischemic Stroke 1 18-85 years Australia
ES&?E%%EE?&S NCT02912104 Pgﬁg t(jrveagiz rﬁf;i“éf;ﬁf?;y 1 20-39 years China
Gynecology NCT03223454 Asherman’s Syndrome 1 20-40 years China
NCT03207412 Premature Ovarian Failure N/A 18-40 years China
NCT03381807 Intrauterine Adhesion Early 1 20-45 years China
NCT02959333 Bronchial Fistula 1 18-75 years China
Pneumology ACTRN12614000174684 Bronchopulmonary Dysplasia 1 36 weeks Australia
ACTRN12618000920291 Broé‘)fgzg‘gfynl‘fr‘::e -‘yrr]iy};i’:ﬁsm’ 1 14-18days  Australia
ACTRN12620000676910 p  COVID-19-Related Respiratory Failure 1/2 18-85 years Australia
Orthopedics NCT03031509 Nonunion Fracture 1 18-80 years China
NCT03764228 Acute Graft-Versus-Host Disease N/A 18-70 years China
Others ACTRN12616000437460 Cirrhosis, Liver Fibrosis 1 18-70 years Australia
ACTRN12618001883202 Crohn’s Disease, Perianal Fistulas N/A 18-80 years Australia

N/A, not applicable.
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8. Conclusions and Future Challenges

The placenta is a temporary organ that forms during pregnancy and plays a pivotal role in
exchanging gas, nutrients, and waste between the fetus and maternal blood, establishing a suspended
and immune-privileged environment for fetal growth and secreting certain hormones that are essential
for gestation. Considering the fetal portion in the placenta, it is reasonable to investigate the
characteristics of these fetal cells for their potential application value in stem cell therapy and
regenerative medicine. HAESCs, derived from the pluripotent epiblast, have advantages over other
pluripotent cells in terms of therapeutic benefits. As summarized above, studies have confirmed the
plasticity, immunoregulation, and low immunogenicity of hAESCs in detail. In addition, placentas are
readily available as medical waste after delivery, do not require any additional invasive procedure
for collection, and do not pose ethical issues that plague other stem cell sources. More importantly,
clinical research has indicated that the implantation of hAESCs or amniotic tissue in patients does
not trigger an immune rejection, which might indicate their potential use as a solution to the
graft-rejection-issue common in ESCs and iPSCs. Of note, preclinical experiments on animals have
proven that hAESCs would not form tumors upon transplantation into either immunocompetent or
immunodeficient mice, guaranteeing their safety for use in further clinical applications. Furthermore,
as neonatal cells, hAESCs acquire little age- or environmental-associated DNA damage, indicating that
they are genetically stable compared with human ESCs [183]. Since 150-200 million hAESCs can
be obtained from a term placenta [184], there is no need to increase cell quantity by in vitro culture
for single clinical application. On the other hand, with the fast development of the serum-free
culture system, isolation and culturing methods for hAESCs have become normalized and convenient,
making large-scale clinical use possible. Taken together, these properties make hAESCs attractive for
cellular therapy.

However, some issues still need to be addressed. For one, a more exact mechanism of the immunomodulation
process needs to be confirmed when hAESCs are transplanted in vivo. Although several cytokines and surface
proteins have been proved to be expressed by hAESCs, further investigation is needed to determine how they
work and the exact pathway. In addition, for those cells differentiated from hAESCs, more function tests need to
be carried out to illuminate whether the cells are applicable for cell replacement, since the majority of studies
have focused on the level of related marker detection rather than the cell function in vivo. For further clinical
application, more research should be directed towards identifying the most suitable isolation markers
for hAESC characterization to develop uniform standards. As described in recent study, the gestational
age, region of cell isolation on placenta, isolation protocols, cross-contamination, passage number,
epithelial-to-mesenchymal transition (EMT), and measuring methods are potential differences in the
characterization of hAESCs and hAMSCs [185]. Alongside the rapid development of biomaterials
aiming to support and protect cells being used for therapy, the combination of hAESCs and biomaterials
is a promising tissue engineering method with special requirements.

In summary, as a promising cell source, hAESCs could potentially be used in clinical cell therapy.
Although some details still need to be demonstrated, the unique advantages of hAESCs make them
worthy of more attention and in-depth studies.
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Abbreviations

AESCs Amniotic epithelial stem cells

hAESCs human amniotic epithelial stem cells

ESCs Embryonic stem cells

AM Amnion membrane

iPSCs induced pluripotent stem cells

hAMSCs human amniotic mesenchymal stromal cells

hUMSCs human umbilical cord mesenchymal stromal cells

EGF Epidermal growth factor

RA Retinoic acid

HLA Human leukocyte antigen

LSD Lysosomal storage disease

MSCs Mesenchymal stem cells

HMGB1 High-mobility group box 1

cffTF cell-free fetal telomere fragments

oS Oxidative stress

EMT Epithelial to mesenchymal transition
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