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Introduction: (1) Human embryonic stem (ES) cells are
pluripotent but are difficult to be used for therapy because of
immunological, oncological and ethical barriers. (2) Pluripotent
cells exist in vivo, i.e., germ cells and epiblast cells but cannot
be isolated without sacrificing the developing embryo.
(3) Reprogramming to pluripotency is possible from adult cells
using ectopic expression of OKSM and other integrative and
non-integrative techniques. (4) Hurdles to overcome include
i.e., stability of the phenotype in relation to epigenetic memory.

Sources of data: We reviewed the literature related to re-
programming, pluripotency and fetal stem cells.

Areas of agreement: (1) Fetal stem cells present some ad-
vantageous characteristics compared with their neonatal and
postnatal counterparts, with regards to cell size, growth kinet-
ics, and differentiation potential, as well as in vivo tissue repair
capacity. (2) Amniotic fluid stem cells are more easily repro-
grammed to pluripotency than adult fibroblast. (3) The paren-
tal population is heterogeneous and present an intermediate
phenotype between ES and adult somatic stem cells, express-
ing markers of both.

Areas of controversy: (1) It is unclear whether induced plu-
ripotent stem (iPS) derived from amniotic fluid stem cells are
fully or partially reprogrammed. (2) Optimal protocols to ensure
highest efficiency and phenotype stability remains to be deter-
mined. (3) The “level” of reprogramming, fully vs. partial, of iPS
derived from amniotic fluid stem cells remain to be determined.

Growing points: Banking of fully reprogrammed cells may
be important both for (1) autologous and allogenic applications
in medicine, and (2) disease modeling.
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Introduction

Human embryonic stem (hES) cells are pluripotent and can be
used for disease modeling, for drug screening, and to develop
cell-based therapies to treat diseases and tissue injuries. However,
the ethical problems linked to the derivation of hES cells from
the inner cell mass of the embryos and the recent progress in
stem-cell biology have lead to the development of induced-
pluripotent stem cells. Reprogramming human cells by defined
factors allowed for the first time the generation of patient-spe-
cific pluripotent cell lines without somatic cell nuclear transfer
(SCNT), which was first used in 1958 to create pluripotent cells
from adult somatic cells.' In the latter, the nuclear material of
a somatic cell was transferred into an oocyte and pluripotency
was induced by chemical and electrical stimuli.? The system
was initially abandoned because of being considered inefficient,
but it has been recently improved by leaving the oocyte nucleus
in place, allowing derivation of triploid pluripotent stem cells.?
In 2006, Takahashi and Yamanaka showed that pluripotent
stem cells could be generated from mouse fibroblasts by ectopic
expression of the OKSM factors: i.e., Oct3/4, Sox2, C-Myc,
and KIf4.* These cells, designated as induced pluripotent stem
(iPS) cells, have similar, but not identical, morphology, growth
properties and genetic profile of mES cells. Pluripotency of
iPS cells is assessed by their capacity to form teratomas in vivo
following subcutaneous transplantation into immunocompro-
mised mice and to contribute to embryonic development fol-
lowing injection into blastocysts.* This was later followed by
the derivation of iPS cells using retroviral transduction of the
OKSM factors in human dermal fibroblasts demonstrating.’ At
the same time, James Thomson’s group also reported the gener-
ation of human iPSCs using a different combination of factors.®

They identified another set of 4 genes (OSNL factors), i.e.,
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Table 1. Number of ESC and somatic-derived iPSC clones compared in
published studies

Conclusion about the Clone
relationship between First author Year numbers
ESCs and iPSCs ESCiPSC
A.M. Newman 2010 23 68
It is difficult to distinguish
M.G. Guenther 2010 36 54
between them
C.Bock 201 20 12
M. Chin 2009 3 5
C.M. Marchetto 2009 2 2
J. Deng 2009 3 4
There are notable Z.Ghosh 2010 6 4
differences A. Doi 20M 3 9
Y. Ohi 201 3 9
K. Kim 201 6 12
R. Lister 2011 2 5

The table summarizes the conclusion reported by different studies
about the relationship between ESC and iPSC with the author’s name,
the year of the article publication and the number of the clones ana-
lyzed. Modified from reference 6.

OCT4, SOX2, NANOG and LIN28, capable of reprogram-
ming somatic cells to full pluripotency at a clonal level.” Thus,
many ways to generate integration-free iPSCs have subsequently
been tested: plasmids,® Sendai virus,” adenovirus,'® synthesized
RNAs," and proteins.'* However, the non-integrative methods
still have pitfalls, being mainly associated with poor efficiency
of iPS generation.

The similarity of the phenotype of iPS derived from human
somatic cells compared with hES cells is a challenge. It is well
accepted that the iPS are not identical to ES cells. With increasing
evidence showing that iPS cells are distinct from hES cells, albeit
both being pluripotent, as defined by their capacity to differenti-
ate into lineages of the three germ layers (Table 1).° For example,
differences have been described at the level of gene expression,
DNA methylation, and stability of the pluripotent phenotype
over time, as well as the epigenetic memory. These may be
attributed to somatic mutations,”® copy number variations' and
immunogenicity,” which could be altered in iPS cells. Moreover,
the factor combinations, gene delivery methods, and culture con-
ditions might also contribute to the differences obtained between
the different iPS cell populations generated. Finally, some varia-
tions may be attributed to stochastic events during reprogram-
ming, which cannot be controlled.® Thus, increasing efforts now
focus on finding the “best candidate parental population” to
generate iPS cells for in vitro studies and future clinical appli-
cations. The sequencing of the majority of the protein-coding
exons of 22 human iPS lines and the nine parental fibroblast
revealed that some of the reprogramming-associated mutations
were likely to pre-exist in the starting fibroblast cultures, while
the others occurred during reprogramming and subsequent cul-
turing.’® The comparison of copy number variations (CNVs) of
different passages of human iPS cells with their fibroblast cell
population and with ES cells showed that the reprogramming
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process is associated with high mutation rates characterized by an
increased levels of CN'Vs and genetic mosaics in particular dur-
ing early-passage of human iPS lines." Immunologically, it has
been observed that mouse embryonic fibroblasts (MEFs), repro-
grammed into iPSCs by either retroviral approach (ViPS) cells or
a novel episomal approach (EiPS cells) generated an immunore-
sponse when transplanted in B6 mice."” In contrast to B6-derived
ESCs, teratomas formed by B6 (ViPS) cells transplantation were
mostly immune-rejected by B6 recipients, and the majority of
teratomas formed by B6-derived iPS cells were immunogenic,
with T cell infiltration and apparent tissue damage observed in a
small fraction of teratomas.”

In this context, fetal stem cells (FSCs) have emerged as an
‘intermediate phenotype” between embryonic and adult stem
cells.!® FSCs are neither fully pluripotent nor multipotent; when
compared with their adult counterparts, FSCs appear to be more
primitive, with higher growth kinetics, smaller cell size, active
telomerase and greater plasticity; while lacking tumorogenic-
ity.!®"” These features may represent an advantage for regenera-
tive medicine because they might be easier to reprogram.'®

Moreover, one of the major limitations related to iPS cell gen-
eration has been the use of retroviruses or lentiviruses, which
could cause mutagenesis leading to a risk for teratogenesis and
other adverse effects like those seen in some attempts at gene
therapy.”” Therefore, it has been reported that to ameliorate the
efficiency of iPS generated from somatic cells, some groups have
tried to modulate key component of the cell cycle like repres-
sion of the Ink4a/Arf locus or downregulation of the p53-p21
pathway; nevertheless, p53 suppression can lead to increased lev-
els of DNA damage and genomic instability."* FSCs represent an
alternative source for cell reprogramming and regenerative medi-
cine since they are easily achievable, they show high proliferation
rate, negligible immunogenity and demonstrate no evidence for
teratoma formation and no ethical concerns.?® Here, we review
the generation of iPS cells from fetal tissues and their future
applications.

Fetal Stem Cells (FSCs): A Potential Source
for Cellular Reprogramming

In recent few years, fetal stem cells (FSCs) have emerged as an
alternative cell type in regenerative medicine. Stem cells can
be isolated from fetal tissues such as blood, liver, bone mar-
row (BM), pancreas, spleen and kidney? and from the sup-
portive extra-embryonic structures such as placenta, cord blood
and Wharton jelly from the umbilical cord, and amniotic fluid
(Fig. 1).22 FSCs can be obtained from termination of pregnancy
(BM or liver) or during an on going pregnancy (fetal blood during
the first trimester), although the latter is an invasive and techni-
cally challenging procedure.’® In contrast, mid-trimester amni-
otic fluid and first trimester placenta samples can be obtained
during amniocentesis and chorionic villus sampling during pre-
natal screening.

Fetal stem cells populations are heterogeneous with respect to
phenotypic feature, properties and cell markers expression, which
depend on their tissue of origin and gestational age. They include
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Figure 1. Schematic drawing of fetal stem cells localization derived from the extra embryonic tissues such as human placenta consisting in amnion,
chorion (fetal parts) and deciduas (maternal part), amniotic fluid and umbilical cord blood.

stromal/mesenchymal stem cells (MSCs), hematopoietic stem
cells (HSCs), and pro-pluripotent cells, (Table 2). Herein we list
the different properties of FSCs, their role on iPS§ cells generation
and their possible application in regenerative medicine (Table 3).

Human Fetal Mesenchymal Stem Cells (MSCs)

Mesenchymal stromal/stem cells (MSCs) were isolated initially
from adult BM. They are plastic adherent and show a fibroblast-
like morphology, express SH2, SH3, CD29 (also expressed by
ES), CD44, CD71, CD90, CD106, CD120a, CD124 but not
markers of the hematopoietic lineage CD14, CD34, and CD45%
and not OCT4, or markers of pluripotency. MSC can differenti-
ate into osteogenic (bone), chondrogenic (cartilage), and adip-
ogenic (BM stroma) lineages. Some studies demonstrated that
MSC can also differentiate to other cell types of mesodermal ori-
gin (skeletal muscle, smooth muscle, cardiac muscle, endothelial
cells) but there is little evidence of their capacity to undergo ter-
minal functional differentiation in vivo.?* MSCs have also been
found earlier in gestation, circulating in human first-trimester
fetal blood, and present in first-trimester liver and bone marrow.”
All three fetal sources of first trimester MSC have similar growth
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kinetics,*® whereas a different growth potential of human fetal
MSC compared with adult MSC has been showed by microar-
ray data.”’ Contrary to adult BM MSCs, first-trimester fetal cells
have more primitive characteristics, although they are unable to
form embryoid bodies in vitro,” they retain a stable phenotype in
culture, are more expandable to therapeutic scales for either pre-
or postnatal ex vivo gene or cell therapy? and for their plasticity
which may go beyond the mesodermal lineages.?®* The poten-
tial therapeutic advantages of fetal MSC over adult MSC are
not restricted to differentiation potential and growth kinetics.”
Indeed, some studies have been showed that fetal MSC from fetal
liver when transplanted into the fetus of immunodeficient SCID
mice, showed a 10-fold engraftment advantage over those from
adult bone marrow.*® Moreover, in preimmune fetal sheep, fetal
MSC engrafted in multiple tissues showed multilineage differen-
tiation like their adult counterparts, but unlike adult bone mar-
row MSC, they appeared to contribute hematopoiesis.?!

Human Fetal Hematopoietic Stem Cells (HSCs)

HSCs are multipotent stem cells involved in the maintenance
of hematopoiesis by generation of all hematopoietic lineages
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Table 2. Characteristics of stem cells from embryonic fetal and extra embryonic fetal tissues

Embryonic fetal tissues

Blood Liver mBac:':oew
Cell phenotype E MSC/H* MSC/H*  MSC/H*
Feeder/Matrigel +
Potency P P/M P/M P/M
Oct-4 +++
Sox2 +++ n.d n.d n.d
Nanog +4+4- ++ ++ ++
cMyc +++ n.d n.d n.d
KIf-4 +++ nd nd nd
Alkaline phosphatase +++ n.d n.d ++
cKit (CD117) +++ + + +
Rex-1 AFrp St 1 A
SSEA-4 +++ ++ ++ ++
SSEA-3 +++ +(ICC)  +(ICC) + (ICC)
Tra-1-81 +++ +(CC)  +(ICC) + (ICC)
Tra-1-61 +++ +(ICC)  +(ICC) + (ICC)
MHC class | MHC class Il (HLA-  + (low) +(low)  + (low) + (low)
DR)
Teratoma formation in immune - nd. nd. nd.

def. mice

Extraembryonic fetal tissues

Amnion
Cord Amniotic fluid derived Amnion Chorion
blood epithelial derived MSC derived MSC
cells
MSC/H*  MSC/AFS/VSE EP MSC MSC
P/M P/M P/M P/M P/M
+ + + +
e + nd nd
+ + nd +
nd + + nd nd
n.d + n.d n.d n.d
i - n.d
i + +(FACS) ik dk -
+ + (FACS) = +
+ + (FACS) + - +
+ + (FACS) + (low) - +
nd + (FACS) + - +
nd + (FACS) +- +
+ + (low) + (low) +
& i -- -
no no no nd n.d

E, embryonic; MSC, mesenchymal; H, hematopoietic; EP, epithelial; VSEL, very small embryonic like; P, pluripotent; M, multipotent; U, unipotent; n.d.,

not determined. Modified from reference 16.

throughout fetal and adult life.?? They are characterized by the
expression of CD34 and CD45 antigens, and the absence of
markers such as CD38 and human leucocyte antigen (HLA)/
DRE.*® The specific localization of HSCs in the BM “niche”
allows HSC self-renewal and differentiation throughout the adult
life. Before reaching the BM, during development, newly formed
HSCs migrate to the fetal liver, which is the main hematopoietic
organ before birth.* The migration of HSCs during the fetal life
is accompanied with a modification in the percentage of the cells
in each regions of hematopoiesis: first-trimester fetal blood con-
tains more CD34+ cells than term gestation blood,* in which
CD34+ cells constitute 4% of cells in blood, 16.5% in BM, 6%
in liver, 5% in spleen and 1.1% the thymus.” Moreover, during
the third trimester the frequency of CD34+ cells in the blood
gradually decreases probably because the marrow is the primary
3¢ Fetal HSCs show a greater proliferative
capacity, lower immunological reactivity and lower risk of graft-
vs. -host disease (GVHD) respect to HSCs from adult BM;¥
for their repopulating capacity following intra-bone injection of
3839 these cells can be

site of hematopoiesis.

severe combined immunodeficiency mice,
used as an alternative cell source respect to adult BM HSCs.

iPS from HSCs. Generation of human iPSCs from blood
HSCs offers some advantages, such as the more convenient and
less invasive procedure to obtain peripheral blood (PB) than der-
mal fibroblasts, where several weeks are required to establish a
primary cell culture from skin biopsy. A recent study reported the
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generation of iPSCs from human immature mononuclear cells
(MNCs) expressing the hematopoietic markers CD34 or CD133
isolated from umbilical cord blood (CB), adult peripheral blood
(PB) and BM* using a set of EBNA1/OriP plasmids® using
inclusion of the EBNALI gene and the OriP DNA sequence from
the Epstein-Barr virus (EBV) enables a plasmid, after one-time
DNA transfection, to replicate extra-chromosomally in many
types of primate cells as a circular episome. In particular, they
adopted two sets of plasmids to transduce the cells. In the first
EBNA1/OriP plasmid (called pEB-C5), 5 reprogramming fac-
tors (OCT4, SOX2, KLF4, c-MYC and LIN28) are expressed
as a single poly-cistronic unit; in the second set of EBNA1/OriP
plasmids, SV40 Large T antigen (Tg), NANOG or a small hair-
pin RNA targeting p53 (p53shRNA) is individually expressed.*’
They observed a highly efficient reprogramming of blood MNC:s.
Within 14 d of one-time transfection by one plasmid, up to 1000
iPSC-like colonies per 2 million transfected CB MNCs were gen-
erated. Although the efficiency of deriving iPSCs from adult PB
MNCs was approximately 50-fold lower, could be enhanced by
inclusion of a second EBNA1/OriP plasmid for transient expres-
sion of additional genes such as SV40 T antigen. The time of
obtaining iPSC colonies from adult PB MNCs was reduced to
half (-14 d) as compared with adult fibroblastic cells (28-30 d).
More than 9 human iPSC lines derived from PB or CB cells are
extensively characterized, including those from PB MNCs of
an adult patient with sickle cell disease. They lack V(D)] DNA
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Table 3. Some therapeutic applications of fetal stem cells isolated from fetal and extra embryonic tissues

Origin and cell type  Treated recipient Regenerated tissue

Human fetal tissue

) Oim mice bone
blood and kidney
human fetus
Human liver diagnosed with bone
sever Ol
Human pancreas sheep pancreas
Human extraembry-
. human bone marrow
onic cord blood
Mouse Lung
L . R Hear
Human amniotic fluid at eart
Rat Smooth muscle
Human placenta Mouse Brain

Modified from reference 16.

rearrangements and vector DNA after expansion for 10-12 pas-
sages. This method of generating human iPSCs from blood
MNC:s will accelerate their use in both research and future clini-
cal applications.*’

Fetal HSCs can also be derived at birth from the umbilical
cord blood (UCB). Around 1% of the cells isolated from UCB
express the CD34 surface marker, the pivotal marker of hHSCs
and negative expression for CD38. The frequency of CD34+ cells
in cord blood is higher than that of adult BM or peripheral blood
following cytokine mobilization?® and compared with BM cells,
CD34+/CD38- UCB cells proliferate more rapidly and gener-
ate larger numbers of progeny cells;*' longer telomere lengths of
UCB cells have been proposed as a possible explanation for the
greater proliferative capacity of UCB.* Besides, it was demon-
strated that cord blood HSCs express neuronal proteins and can
differentiate into neuronal-like cells or glial cells.* Altogether,
these properties designate UCB has an alternative source of HSCs
for transplantation. Despite this, obtaining an adequate cell dose
from a single UCB unit is difficult, also because the homing and
engraftment capacity of HSCs seems to be dependent from cyto-
kines release, molecular and cellular factors.®

Besides the previously mentioned study, other studies reported
the generation of iPS from human CD34+ UCB cells using dif-
ferent transduction systems. A brief report described the iPS pro-
duction from fresh CB and CB cryopreserved for 5-8 y. Oct4,
KLF-4, SOX2, and ¢-Myc reprogramming lentiviral vector was
employed to transduce CD34 + cells. iPS cell colonies stained pos-
itive for OCT4, NANOG, TRA-1-60, SSEA-4, alkaline phos-
phatase and they were also characterized by quantitative RT-PCR
for the expression of endogenous OCT4, SOX2 and NANOG.
The expression of ectodermal, mesodermal, and endodermal pro-
teins was confirmed by Embryoid bodies (EBs) and teratoma for-
mation. Therefore, generation of iPS from frozen CB produced
cells expressing TRA-1-60, SSEA-4, NANOG, and OCT4, and
able to form teratomas with expression of endoderm, mesoderm,
and ectoderm markers; at last, the efficiency of iPS cell from
thawed CB ranged from 0.027-0.05% per CD34+ cell, similar to
cultured CD34 + cells from freshly isolated or shorter-term frozen
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Method of cell delivey

Intrauterine transplantion
Systematic administration

Systematic administration
Intramyocardial injection

Cell ingected into site of

Intarcrania injection

Disease treated References

Intrauterine

- Guillot et al.”®
transplantation

Osteogenesis imperfect (Ol)

Intrauterine

. Ol Le Blanc et al.””
transplantation

Type Il diabetes Ersek et al.®®

Malignant and non-malig-

. Broxmeyer?’
nant blood disorders y

Carraro et al.®!

Yeh et al.?

Lung injury
Myocardial infarction

Wound healing of injured
bladder

Parkinson disease

H 83
Fifrarsy De Coppi et al.

Kong et al.®*

CB.* In another interesting study it was shown that the fre-
quency of formation of iPS-like colonies from CD34+ cells could
be increased when p53 expression is repressed. Since it has been
reported that the absence of the p53 gene results in spontaneous
reversion of germ cell stem cells in culture to a pluripotent state,'®
the authors investigated if the repression of p53 expression has
the potential to mediate induction of pluripotency in cord blood
cells. A shTP53 RNA construct expressing a short-hairpin RNA
(shRNA) sequence that can reduce the amount of endogenous
p53 transcripts was introduced in addition to SOX2, OCT3/4,
KLF4, and C-MYC factors. With this system they obtained a
number of bona fide iPS cell clones from 2 x 10% virus-infected
cells.®?

Placental Stem Cells

The placenta is the organ involved in maintaining fetal tolerance
and allows nutrient uptake and gas exchange with the mother,
but it is now clear that progenitors and stem cells are also pres-
ent.” Placenta consists in amnion, chorion (fetal sides) and decid-
uas (the maternal side), each of these parts is characterized by
the presence of different stem cells populations. From amniotic
membrane it is possible to isolate both amniotic epithelial cells
(AECs) and amniotic mesenchymal cells (AMSC). AECs are
plastic adherent and grow under MSC conditions; evidence sug-
gests that they express pluripotency markers and have the ability,
in vitro, to form xenogeneic chimera with mouse ES cells.* The
cells have subsequently been differentiated into cell types from
all three germ layers.”* Amniotic mesenchymal (AMSC) and
chorionic (CSC) cells have been widely characterized” and can
be isolated throughout gestation from first trimester to delivery.
AMSC and CSC display a fibroblastoid phenotype upon adher-
ence to plastic like BM MSCs, can form typical colonies, show a
differentiation potential toward mesodermal lineages and express
the range of markers used to characterize MSCs. Furthermore
these cells express markers such as SSEA-4, TRA-1-61, and
TRA-1-80. Nevertheless, there are some differences between
AMSCs and CSCs regarding their differentiation potential;
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indeed, AMSCs seem to be more directed to the adipogenic lin-
eage whereas CMSCs more to chrondo-, osteo-, myo- and neu-
rogenic.”® On the other hand, chorionic villi (CVS) cells express
the pluripotency markers Oct4, ALP, Nanog and Sox2*' and not
only have differentiation potential toward adipogenic, chondro-
genic and osteogenic cells*>* but, in vitro, they can also give rise
to cells with hepatocytes-like phenotype with the ability to store
glycogen.”*> Finally, in our recent study” we has compared the
phenotype of first trimester and term fetal placental chorionic
stem cells (e-CSC and I-CSC respectively) and has shown that
compared with [-CSC, e-CSC are smaller cells with faster growth
kinetics, and higher levels of pluripotency marker expression. We
also found that e-CSC uniquely expressed OCT4A variant 1 and
had potential to differentiate into lineages of the three germ lay-
ers in vitro. In addition e-CSC and 1-CSC express markers asso-
ciated with primordial germ cells (PGC) and thus may share a
developmental origin with these cells. Finally, they showed that
e-CSC demonstrate higher tissue repair in vivo.

iPS from placental stem cells. Human amnion-derived cells
(hADC:s) are a heterogeneous group of multipotent progenitor
cells that can be readily derived from placental tissue after deliv-
ery. It was recently demonstrated the capability of hADC:s to give
rise to iPS using lentivirus expressing OCT4, SOX2 and NANOG
as transduction system. Staining of hADC—iPS colonies revealed
the positive expression of AP, OCT4, SOX2, NANOG, SSEA-
3, SSEA-4, TRA-1-60, and TRA-1-81 expression; moreover,
hADc-iPS were able to form EBs expressing markers of the three
embryonic germ layers. Teratoma-like masses containing meso-
derm, ectoderm and endoderm proteins were observed 6—8 weeks
after the injection of hADc-iPS into immunodeficient mice.”® In
conclusion, hADCs could be an ideal source to efficiently repro-
gram into individual-specific iPS cells.

Amniotic Fluid Stem Cells (AFSC)

Human amniotic fluid (hAF) contains lines of broadly multipo-
tent cells (hAFS cells) that can give rise to adipogenic, osteogenic,
myogenic, endothelial, neurogenic and hepatic lineages, inclusive
of all embryonic germ layers. hAFS cells grow easily in culture
maintaining a stable phenotype and genotype. Approximately
1% of AF cells express the surface antigen c-Kit (CD117); these
cells express a number of surface markers characteristic of mes-
enchymal and/or neural stem cells, but not embryonic stem (ES)
cells, including CD44 (hyaluronan receptor), CD73 and CD105
(endoglin);"7 90% of hAFSC express the pluripotency marker
OCT4, NANOG and SSEA-4," but they did not express other
surface markers characteristic of embryonic stem cells as SSEA-3
and Tra-1-81.” As mentioned above, hAFSC had multipotent
properties and exhibited the intrinsic capacity to differentiate
into cell types indicative of the three germ layers. Since these
cells did not form teratomas upon transplantation into mice, they
could be considered for therapeutic applications.

Two different strategies to use AFSC in transplantation stud-
ies exist. One approach is based on the application of undif-
ferentiated AFSC in the animal model; upon transplantation,
hAFSC receive specific-tissue signals and are able to migrate to
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a specific microenvironment, proliferate and produce different
progeny adapted to the tissue context. AFSC could contribute to
the replacement of the specific cell types loss after organ or tissue
damage.”” The second approach regards the in vitro differentia-
tion of the AFSC before transplantation. As reported in several
studies, AFSC can be cultured in vitro for several passages and
can be differentiated toward adipogenic, osteogenic, myogenic,
and endothelial lineages.”

Several studies indicated that AFSC could be largely expanded
and have the capacity to attach and proliferate on biodegradable
scaffolds. The expansion of AFSC can be achieved simultane-
ously with gestation and support the desired cells in time for
surgical implantation in utero or after birth; this methods was

used to the generation of cartilage grafts®®®

60,61

and tendon grafts
for diaphragmatic hernia repair,®>®" with ovine mesenchymal
AF-derived cells. AFSC osteogenically differentiated are able to
give rise to tissue-engineered bone grafts after subcutaneous trans-
plantation into immune-deficient mice.”” Moreover, AFSC can be
use also in congenital malformations of the heart to regenerate
the functionality of the heart valves.”? hAFSC were selected for
the expression of CD133 surface marker in order to obtain the
two cell types found in heart valves, namely myofibroblast like
cells (CD133-) and endothelial cells (CD133+). The valve showed
opening and closing capability after seeding of these cells on the
heart valve scaffolds. Some applications of fetal stem cells isolated
from human amniotic fluid in tissue engineering and cell replace-
ment therapies are listed in the Table 3.

iPS from AFSC. The panel of genes expression characteris-
tic of hAFSC designs these cells as “precursor” stem cells and,
because the “precursor” state could be reprogrammed rapidly (6
days after infection) and efficiently,” hAFSCs seem to be a good
candidate for cell reprogramming. Moreover, the simplicity of the
collection of human amniotic fluid (hAF) specimens makes these
cells an in vitro attractive model.

The reason for whichamniocytes could be easier to reprogram to
the iPS cell state than to somatic cell types is related to the similar-
ity of their transcriptional and epigenetic states to early embryonic
cell types.®** Thanks to their early embryonic origin, amniocytes
may have accumulated less genetic damage or somatic mutation
than older cell types. Moreover, amniocytes are autologous to the
foetus and semi-allogeneic to each parent, thereby expanding the
potential utility of AFiPS cells to other family members.* The
main aim of the researchers in the field of iPSCs generation is to
identify not only the “best” cell type but also the right protocol that
guarantees the maximum efficiency, viability and safe of iP$ colo-
nies. Recently, the capacity of hAFSCs to generate iPSCs has been
reported in several studies using defined protocols. For instance,
to solve the problem of reprogramming efficiencies (-0.001%),
several small molecular drugs, such as histone methyltransferase
inhibitors,” an L-channel calcium agonist,*®” Wnt inhibitors,”
zinc finger nucleases,®® rapamycin,® lithium” and vitamin C,”!
have been used to increase the efficiency of reprogramming dur-
ing the generation of iPS cells. CD34+ subpopulation cells iso-
lated from hAFCs could generate iPS cell lines after infection with
lentiviral constructs encoding only OCT4. The results showed
high levels of AP in these cells and, immunofluorescence staining
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Table 4. Reprogramming of fetal cells and cells from extraembryonic tissues

Title First Author

Human mid-trimester amniotic fluid stem cells cultured
under embryonic stem cell conditions with valproic acid
acquire pluripotent characteristics.

Valproic Acid Confers Functional Pluripotency to Human
Amniotic Fluid Stem Cells in a Transgene-free Approach.

Generation of human B-thalassemia induced pluripotent

stem cells from amniotic fluid cells using a single excisable Fan Y’
lentiviral stem cell cassette.
Amniotic Fluid Cells Are More Efficiently Reprogrammed to
. Galende E7
Pluripotency Than Adult Cells.
Generation of Human Induced Pluripotent Stem Cells
from Umbilical Cord Matrix and Amniotic Membrane Cai J”7
Mesenchymal Cells.
Pluripotency can be rapidly and efficiently induced in Lice

human amniotic fluid-derived cells.

Moschidou D 2013

Moschidou D'® 2012

Year Reprogramming efficiency

“VPA treatment significant induces up-regulation of OCT4 (75
+ 12.5%), SOX2 (20.8 + 4.4%), KLF4 (21 + 388 3.2%) and C-MYC
(32100 + 320%) compare to non-treated cells.”

“V/PA led to an upregulation levels of: OCT4 (from 10.2 + 0.6 to

79.6 + 18.30%), NANOG (from 12.2 £ 1.2 to 85.3 * 5.3%), SOX2

(from 55 + 8.2 to 164 + 22.3%), KLF4 (from 360 + 19.5 to 705.4
+ 16.2%) and ¢-MYC (from 26,950 + 750 to 34,200 + 350%).”

“The efficiency for generation of iPS was approximately 0.33%
2012 in human B-thalassemia AF cells and approximately 0.02% in
human 3 thalassemia skin fibroblast cells.”

“AF skin cells formed iPS colonies approximately twice as fast

2010 as cultured adult skin.”
“up to 0.4% of reprogramming efficiency in iPSCs from mesen-
2009  chymal cells of umbilical cord matrix; up to 0.1% efficiency in
iPSCs from placental amniotic membrane.”
“frequencies for induction of pluripotency in hRAFDCs were
2009 between 0.059% and 1.525%; all selected iPS colonies hAFDC-

derived were OCT4 positive and 90.5% were NANOG positive”

The table summarizes the major studies on reprogramming fetal cells and cells from extraembryonic tissues using different methods.

revealed increasing in the expression levels of NANOG, OCT4,
SOX2, and REX1. The expression of these stem cells markers was
-5 to 120-fold higher in human iPS cells than in hAFCs after
gRT-PCR analysis. Moreover, the in vivo study demonstrated that
the injection of iPS cells into the hind leg of mice gave rise to tera-
tomas contained cellular type representatives of all 3 germ layers.
In an other recent article iPS cells were derived by transduction
of hAFSCs with a retroviral cocktail consisting of OCT4, SOX2,
KLF4 and ¢-MYC.> AFiPSCs were characterized by analysis of
alkaline phosphatase (AP) activity, expression of several markers
of the undifferentiated state, including NANOG, OCT4, SOX2,
SSEA-4, TRA-1-60, TRA-1-81; therefore, AFiPSCs exhibited a
normal karyotype several passages after their generation and their
genetic relatedness to primary AFCs cells was confirmed by DNA
fingerprinting analysis. AFiPSCs were able to form derivatives
of the three embryonic germ layers but also of the extra embry-
onic trophoblast lineage activating of BMP signaling cascades
and blocking of TGFB/Activin/Nodal signalling. Although the
generation of a nonviral iPSCs particularly from hAFSCs still
remains a challenge, it" has been shown for the first time that
functional AFiPS which express OCT4, SOX2, KLF4, C-MYC
and hESC-specific surface antigens, can be generated without
ectopic reprogramming factors by culture on Matrigel in hESC
medium supplemented with the histone deacetylase inhibitor
(HDAC:) valproic acid (VPA). Besides the expression of some
MSC markers, such as CD73, CD44, CD105, fibronectin and
laminin, the authors demonstrated in this paper that c-Kit+
human first-trimester AFSCs showed 82% transcriptome iden-
tity with hESCs and contained a subset of cells expressing the
hESC-specific markers OCT4, NANOG, SSEA4, SOX2, KLF4,
and C-MYC with 60% of the cells coexpressing SSEA-3, TRA-1-
60, TRA-1-81 and ALP at clonal level. Moreover, AFSCs are able
of forming embryoid bodies (EBs) in vitro and teratomas in vivo
and capacity to differentiate into lineages of the three germ layers,

www.landesbioscience.com

such as definitive endoderm, hepatocytes, bone, fat, cartilage,
neurons and oligodendrocytes. Interestingly, the genetic stability,
expression of key pluripotency factors, high cell-division kinetics,
telomerase activity is maintained also after passages in culture.®
Regarding the potential implication in regenerative medicine of
AFSC_VPA, their results showed that upon differentiation, the
levels of C-MYC expression are downregulated, indicating that
differentiated AFSC_VPA may not be oncogenic and they could
be used potentially in cell-based therapies.'® In another fascinating
work the same authors isolated hAFSC from 15-18 weeks of ges-
tation (mid-trimester) showing that mid-trimester hAFSC express
the MSC markers CD105, CD90, CD73, CD44 and CD29 along
with a subset of cells expressing OCT4A, C-MYC and SSEA-4.7
Compare to their previously findings on first-trimester AFSC,'
mid-trimester hAFSC in MSC media showed low/null levels of
NANOG, SOX2, KLF4, SSEA-3, TRA-1-60 or TRA-1-81.7
Nevertheless, the culture in ES conditions and VPA supplemen-
tation for 5 days induced major upregulation of OCT4, SOX2,
C-MYC and KLF4, with cells expressing NANOG, SSEA-3,
SSEA-4, TRA-1-60 and TRA-1-81, gaining EBs and teratoma
formation competency, showing that a chemical approach can
also be used on this cell type.”?

Together, these data show that AFSC can be used to generate
patient-specific iPS cells for use in regenerative medicine, phar-
maceutical screening, and in disease modelling. In particular, the
VPA treatment put attention on the existence of a reprogramming
system in which the use of retroviral vectors can be avoided in
order to guarantee the safety for a future clinical application of

AFSC-derived cells.
Conclusions

The previously reported studies indicates that hAFSCs are eas-
ily reprogrammed by primary infection with a latency of 5-6
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d, compared with about 10 d to induce iPS cell colonies from
keratinocytes and 2 weeks or more from mouse embryonic fibro-
blasts (MEFs). hAFSCs offer several potential advantages for the
generation of iPS cells compared with other somatic cell types,™
such as adult human fibroblasts, MEFs, blood cells, adipose
stem cells and keratinocytes. Moreover, the source of cells used
to generate iPSCs may have an important impact on safety; for
example, skin keratinocytes, although utilized by several groups
for obtaining disease- and patient-specific iPSC lines, may have
potential disadvantages. First, they have a considerably higher
probability of harbouring silent genetic aberrations. Second,
the establishment of keratinocyte or fibroblast cultures from
patient skin biopsy specimens is a relatively lengthy procedure
that could allow the accumulation and enrichment of cellular
subpopulations harbouring mutations that may either hinder
subsequent reprogramming or encourage clonal dominance.”
hAFSC provide a safe source of cells that permit the generation
of iPS cells with a significantly higher and efficiency, by more
than 10-fold, relative to human dermal fibroblasts (HDFs); the
efficiencies reported for adult human fibroblasts, MEFs, blood
cells, adipose stem cells and keratinocytes are: 0.01, 0.001,
0.001, 0.2 and 0.002%, respectively.** Further, the pluripotent
potential of hAFSCs due to the similarity of their transcrip-
tional and epigenetic state to early embryonic cell types,** the

non-invasive procedure of isolation from amniotic fluid and the
simplicity of cell culturing make them an advantaged and safety
source of iPSCs compare with the iPS from fetal MSCs, HSCs
and placental stem cells, previously discussed. Thanks to their
early embryonic origin, amniocytes may have accumulated less
genetic damage or somatic mutation than the older FSCs. Not
only iPSCs generation from hAFSCs do not require feeder cells
but it is also possible using nonviral reprogramming methods, as
recently described.”® In conclusion, fetal tissues are a highly effi-
cient target for iPS cells derivation; Table 4 contains the major
studies on reprogramming fetal cells and cells from extraem-
bryonic tissues. Among different sources, the AF has the advan-
tage to be taken during gestation with minimal risks both for
the fetuses and the mother. Beside therapeutic use, isolation of
hAFSCs from fetal with chromosomal anomalies such as Down
Syndrome, Trisomy 18 or Trisomy 13, the consequently genera-
tion of AFiPSCs and their, in vitro differentiation, could be an
interesting model to predict the outcome of these pathologies;
not only, AFiPSCs could be used to identify novel pharmaco-
logical targets and to develop new therapeutic strategies due to
improve the quality of life of affected newborns.
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