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Abstract

Microanatomy of the vast majority of human organs at birth is characterized by marked differences as compared to
adult organs, regarding their architecture and the cell types detectable at histology. In preterm neonates, these
differences are even more evident, due to the lower level of organ maturation and to ongoing cell differentiation.
One of the most remarkable finding in preterm tissues is the presence of huge amounts of stem/progenitor cells in
multiple organs, including kidney, brain, heart, adrenals, and lungs. In other organs, such as liver, the completely
different burden of cell types in preterm infants is mainly related to the different function of the liver during
gestation, mainly focused on hematopoiesis, a function that is taken by bone marrow after birth. Our preliminary
studies showed that the antigens expressed by stem/progenitors differ significantly from one organ to the next.
Moreover, within each developing human tissue, reactivity for different stem cell markers also changes during
gestation, according with the multiple differentiation steps encountered by each progenitor during development. A
better knowledge of stem/progenitor cells of preterms will allow neconatologists to boost preterm organ
maturation, favoring the differentiation of the multiple cells types that characterize each organ in at term neonates.
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Background
In recent years, many different types of stem/progenitor
cells have been discovered in the human body, all char-
acterized by their ability to self-renew and differentiate
towards the different cell types that put the spotlight on
the complex architecture of each human organ.
(Schmelzer et al., 2019) At histology, under the micro-
scope, stem/progenitor cells do not show any peculiar
finding and their identification, when exclusively based
on morphology, is very difficult or impossible.

In order to identify the multiple stem/progenitor cells
detectable in human tissues, many immunohistochemical
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markers have been proposed during the years. Their use
allowed the characterization of undifferentiated self-
renewing stem cells, their initial differentiation into
precursors, and the different phases of their progressive
differentiation from progenitors towards the typical cell
types that characterize the mature human tissues.
(Zakrzewski et al., 2019) The strategy for the identification
of stem/progenitors in human tissues has been based on
the use of multiple antibodies. The expression of markers
such as OCT4, Sox2, NANOG, SSEA4, TRA 1-60, and
TRA 1-81 should be utilized as pluripotency markers of
embryonal stem cells (ESC). The differentiation potential
of pluripotent/stem cells toward the three-germ layer
should be analyzed by RT-PCR or by the expression of
key markers of lineage commitment such as alpha-feto-
protein (AFP) (endoderm), desmin (mesoderm), and
CRABP2 (ectoderm). The differentiation potential of stem
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cells should be also based on the use of antibodies against
cytokeratin 17 (endoderm), desmin (mesoderm), and
vimentin (ectoderm). (Kim et al.,, 2014)

Some transcription factors, including Oct4 and
Nanog, are typically expressed by embryonic stem
cells, being associated with maintenance of embryonic
stem cells in an undifferentiated status. In recent
years, very small embryonic-like pluripotent stem cells
have been reported in adult mouse tissues, all
characterized by the small size (3—6pum) and, as a
consequence, they are rarely identifiable at histology.
(Ratajczak et al., 2012) In immunohistochemistry,
these stem/pluripotent cells were characterized by the
expression of Oct-4, SSEA-1 and Sca-1. (Kim et al,
2014)

Aims

To our knowledge, there is a lack of practical guidance
for the identification of stem / progenitor cells in human
fetuses and newborns.

With this review we report the most recent data re-
garding the immunohistochemical markers suitable for
their identification and in situ detection of stem progeni-
tor cells in the vital human organs during gestation and
at birth, in order to allow perinatal pathologists to iden-
tify pluripotent cells in embryo, fetal and newborn
tissues.

Methods

We searched the relevant articles in the literature using
online databases (PubMed and Scopus) that regard
steam cells in fetus (amniotic, umbilical, breast, breast-
milk, thyroid, cardiac, pulmonary, cutaneous, pancreatic,
adrenal, intestinal, liver, brain, and endometrial stem
cells in fetus). The most important findings of all these
putative stem cells niches will be summarized. Heart,
lungs, kidneys, liver, gut, adrenal glands were included
in this study because they are vital organs; amniotic
membranes, umbilical cord breast and breast milk are
important for embryo, fetus and newborn development
and nutrition. Thyroid, skin, pancreas and endometrium
were added.

For each section, we report related figures. For each
tissue, section of the thickness of 3-4 ym were ob-
tained. The morphological study of samples was
mainly based on the histological study of hematoxylin
and eosin-stained sections. Tissue sections were ac-
curately scanned at high power (400-630 X) by two
pathologists (FD and GC), in order to detect the pres-
ence of possible stem cell niches in the developing
tissue. In each sample, the immuno-histochemical
markers were based on data derived from the litera-
ture (Fanni et al., 2015a).
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Results

Amniotic stem cells

The amnion membrane is developed from embryo-
derived cells, and amniotic cells exhibit multi-
differentiation potentials. Amniotic membranes contain
pluripotent, multipotent, precursor, and differentiated
cells (Miki et al., 2007). Amniotic membranes contain
epithelial stem/progenitor cells with unique CD pheno-
type expressing a number of intracellular embryonic
stem cells makers and mesenchymal stem cells with
unusual CD phenotype expressing a different set of
intracellular embryonic stem cells markers (Farhadihos-
seinabadi et al., 2018). The biological properties of these
cell populations have been only recently characterized,
due to some studies focused on the identification of am-
niotic stem cell subpopulations and their differentiation
potential.

Human fetal mesenchymal stem cells can be isolated
from the amniotic membrane (AM-hMSCs) by enzym-
atic digestion. Two main subpopulations were isolated:
CD44+ / CD73+ / CD105+ and CD44+ / CD73+ /
CD105-. The analysis of the expression of pluripotency-
associated markers showed positive expression of SOX2,
SOX3, PAX6, OCT3/4, and NANOG in the CD105+
and CD105- cell subpopulations (Leyva-Leyva et al,
2013). Another study carried out on amnion-derived
cells by flow cytometry revealed the expression in am-
nion epithelial cells of CD133, CD 271, and TRA-1-60,
whereas mesenchymal cells expressed CD44, CD73,
CD90, and CD105. In the same study, immunohisto-
chemistry showed that both cell types express Oct3/4,
Sox2, KIf4, and SSEA4 (Leyva-Leyva et al., 2013).

AM-hMSCs, extracted from the amniotic membrane
show the following phenotype: CD105+, CD73+, CD29+,
CD44+, CD166+. This phenotype is consistent with the
phenotype reported in bone marrow derived from
mesenchymal cells (Alviano et al, 2007). In the same
study, AM-hMSCs, were shown to undergo in vitro
chondrogenic, myogenic, adipogenic and osteogenic
differentiation.

Recent studies lay stress on the ability of human
amniotic stem/progenitors to differentiate towards
multiple cell types, representing a useful tool in many
fields of the regenerative medicine. In particular, am-
niotic mesenchymal stem cells may differentiate into
fibroblasts that might be utilized for the regeneration
of the anterior cruciate ligament of the human knee.
(Differentiation of Human Amniotic Mesenchymal
Stem Cells Into Human Anterior Cruciate Ligament
Fibroblast Cells by In Vitro Coculture - PubMed,
2020) Moreover, amnion-derived mesenchymal stem
cells have been shown to promote osteogenic and an-
giogenic differentiation of human adipose-derived
stem cells. (Zhang et al,, 2017)
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Given the high ability of AM-hMSCs to differentiate
towards multiple cells type, isolation of pluripotent stem
cells has been proposed, in recent years, as an alternative
source for tissue regeneration, able to give rise to a new
area in regenerative medicine and for either autologous
or allogenic transplantation (Srivastava et al., 2018).

Stem cells extracted from the amniotic fluid, during
years, have been utilized in studies aimed to improve tis-
sue regeneration in multiple setting, including kidney re-
generation (Perin et al., 2007), myocardial infarction
(Bollini et al,, 2011), necrotizing enterocolitis (Zani et al.,
2014), lung regeneration (Carraro et al, 2008) and
neoangiogenesis (Lloyd-Griffith et al., 2015). Recently,
extracellular vesicles derived from amniotic fluid stem
cells, have been shown to mediate pro-angiogenic and
immune-modulatory effects in the treatment of Alport
syndrome (Antounians et al., 2019).

Stem cells from the amnion have been classified in dif-
ferent progenitor cells populations by an international
workshop (Parolini et al., 2008). These amniotic stem
cell populations include human amniotic epithelial cells
(h-AECs), human amniotic mesenchymal stromal cells
(h-AMSCs), human chorionic mesenchymal stromal
cells (h-CMSCs) and human chorionic trophoblastic
cells (h-CTCs) (Miki et al., 2005) (Alviano et al., 2007)
(Soncini et al., 2007).

According with their different origin, amnion stem
cells express embryonic specific markers (SSEA3, SSEA5,
TRA-1-60, TRA-1-81) and mesenchymal markers
(CD105, CD90, CD73, CD44, CD29, CDI13, CDI10,
CD166, CD117) (De Coppi & Atala, 2019).

Moreover, two populations of stem/progenitor cells
have been identified in the amniotic fluid: the amniotic
fluid: the amniotic fluid mesenchymal stem cells (AFMS
Cs) and the amniotic fluid stem (AFS) cells. All these
stem cell populations have specific advantages and dis-
advantages for therapeutic purpose and represent an at-
tractive resource for the treatment of the multiple
congenital and acquired diseases (De Coppi & Atala,
2019) (Table 1).

Umbilical cord stem cells

The human umbilical cord tissue surrounding the um-
bilical vein and the two umbilical arteries, generally
known as the Warthon jelly, is a rich source of two main
subtypes of stem cells: i) the cord blood stem cells (Cil
et al, 2017) and ii) the cord tissue stem cells. (Harris,
2013) Both types of stem cells are characterized by their
easy accessibility, also by a special flexibility, that enables
them to easily adapt to a patient’s body during trans-
plant. (Kiernan et al., 2017) Thanks to these features, the
therapeutic potential of cord stem cells is generally con-
sidered to be particularly vast. (Sun et al, 2017) The
subendothelial layers of the umbilical vein have isolated
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mesenchymal stem cells. Their phenotype is character-
ized by immunoreactivity for alpha- smooth muscle
actin (alpha-SMA), vascular cell adhesion molecule
(VCAM) and by the deposition of fibronectin and colla-
gen (Romanov et al, 2003). The expression of alpha-
SMA and cell adhesion molecules including VCAM,
suggests that these umbilical cord-derived stem cells
should be considered mesenchymal progenitors with
multilineage differentiation potential (Jaiswal et al,
2000). A study based on flow cytometric analyses has
better defined the phenotype of human umbilical mesen-
chymal stem cells, that are characterized by reactivity for
CD44, CD73, CD105 and CD90, whereas CD45, CD34,
CD19, HLA-DR, and CDI11b are not expressed (Wu
et al,, 2017).

A recent review on umbilical cord stem cells clearly
identified the human umbilical cord as an attractive
source for autologous and allogenic stem cells, which
are ethically noncontroversial and readily aviable (Ala-
tyyat et al, 2020). In the same review, multiple popula-
tion of stem cells are identified in the umbilical cord,
including endothelial progenitor cells (CD34+, CD133+,
VEGFR+) (Lee et al, 2014), hematopoietic stem cells,
epithelial stem cells, mesenchymal stem cells and in-
duced pluripotent stem cells (Alatyyat et al., 2020)
(Table 1).

Breast stem cells

The breast is a peculiar organ in that it fully matures
during pregnancy and lactation, when the mammary
gland undergoes complete remodeling of its epithelial
and stromal components, finalized to support the secre-
tion of milk and its delivery to the breastfeeding infant.
(Twigger et al., 2013a) Mammary stem cells are respon-
sible for the changes that occur in the breast during this
period, which can be repeated several times during the
life of a woman. The normal epithelium of the breast is
organized in a cellular hierarchy, characterized by an es-
trogen receptor negative (ER-) stem cell that originates
both ER+ and ER- progenitors, which differentiate into
the luminal and the myoepithelial/basal epithelium. The
immunophenotype of mammary stem cells is given by
the expression of CD44, in the absence of any reactivity
for CD24 (Cabuk et al, 2016) and of aldehyde dehydro-
genase I (ALDH1), a detoxifying enzyme that promotes
the oxidation of intracellular aldehydes. Recently, the
mammary gland has been shown to contain different
types of stem/progenitor cells. In the postnatal unper-
turbed mammary glands, both luminal and myoepithelial
lineages contain long-lived unipotent stem cells that dis-
play renewing capacities, being able to clonally expand
during morphogenesis, eventually undergoing massive
expansion during pregnancy. (Van Keymeulen et al,
2011) A recent study carried out in mice, through clonal
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Table 1 most useful markers for the immunohistochemical identification of organ progenitors

Subtypes of stem cells Tissue Stem cell markers
Amniotic stem cells markers Mesenchymal (CD)1 05+; CD44+; CD73+; CD90+; CD29+; CD166+; CD13+; CD10+ (22); CD117+
22

Epithelial CD105-; NANOG+; CD133+; CD 271+ TRA-1-60+

Mesenchymal and epihelial CD44+; CD73+; SOX2+; SOX3+; PAX6+; OCT3/4+; KLF4+; SSEA4+

Embryonal SSEA3+ (22); SSEAS+ (22); TRA-1-60+ (8) (22); TRA-1-81+ (22)
Umbilical cord stem cells Mesenchimal a-SMA+ (27); VCAM+ (27); CD44+ (29); CD73+ (29); CD105+ (29); CD90 (29); CD45-
markers (29); CD34- (29); CD19- (29); HLA-DR- (29); CD11b - (29)

Endothelial CD34+ (31); CD133+ (31); VEGFR+ (31)

Breast stem cells markers and

breast milk stem cells markers

Thyroid stem cells markers

Renal stem cells markers

Cardiac stem cells markers

Pulmonary stem cells markers

Cutaneous stem cells markers

Pancreatic stem cells markers

Adrenal stem cells markers

Intestinal stem cells markers

Liver stem cells markers

Brain stem cells markers

Endometrial stem cells

Breast stem cells

Breast milk stem cells

Human

Mouse and rat

Epithelial precursors
Mesenchyme
Melanocytes

Hair follicles

Paneth cells
Biliary progenitor

Multipotent undifferentiated
hepatic stem/progenitors

Hepatoblasts

Committed hepatic
progenitors

Primary neuroepithelium
Radial glia

Brain stem cells

CD44+ (33); CD24- (33); ALDH1- (33)

Oct4+ (38); NANOG+ (38); CD49f+ (38); nestin+ (39) (41); ESRRB+ (40); CK5+ (40);
CK14+ (40); a-lactalbumin+ (40); CD44+ (41) (42); CD29+ (41); Sca-1+ (41); vimen-
tin+ (41); smooth muscle actin+ (41); Ki67+ (42)

CD44+, POUSF1+; nestin+; Oct- 4 +; GATA-4+; HNF4a+
VEGF-A+ (mouse); NANOG+ (rat); ABCG2+ (rat); GATA4+ (rat)
CD133+; CD24; CD44+; thymosin beta-4+ MUC-1+; CD10+ WT1+

Sca-1+; CD31+; CD38+; GATA-4+; MEF 2C+; TEF-1+; WT1+; Wnt1+; CD44+; ISL1+
(70); c-kit- (64); CD34- (64); CD45- (64)

TTF1+ (73)

SOX2+

WT1+

CD20+; CD133+

CK15+; nestin+

PDX1+, Ptf1-alpha+; SOX9 +

NCAM+; CD117+; NSE+; PDGFr-alpha+; Synaptophysin+; Hepatocyte growth fac-
tor+; alpha-feto-protein+; Pbx1+; SF1+

LgrS+; Wnt+; BMP+; Notch+; EGF+; p-TEN+; p-AKT+; Fgfr3+ CD44 +
CD24+

CK194; CK7+

NCAmM+; CD133+; SOX9+; SOX17+; FOXA2+; Ck 8/18+

albumin+; CYPA4+; CYPA7+

albumin+; glucose-6-phosphate+, CK19+; a-fetoprotein+

Nestin+
Nestin+; vimentin+ WT1+
SOX2 (103)

CD44+; CD90+; CD105+; OCT4+; c-KIT (CD117)+; CD34+; bcl2+; CD146+; PDGF-
Rbeta+; ISL1

cell-fate mapping studies, evidenced the existence in the
adult mammary gland of bi-potent mammary stem cells,
able to differentiate along the two primary lineages of
the mammary gland epithelium, the inner luminal and
the outer myoepithelial cell layer. These data support a
model in which both stem and progenitor cells drive
morphogenesis during puberty, whereas bi-potent

mammary stem cells coordinate ductal homeostasis and
remodeling of the mouse mammary gland. (Rios et al,
2014) The existence of multipotent mammary stem cells
and at least of two distinct luminal progenitor types has
been recently confirmed in the human breast. The exist-
ence of a complex stem cell compartment within the
mammary gland, defining a functional stem cell
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hierarchy in human breast, has been hypothesized in re-
cent years. (Fu et al, 2014) There is accumulating evi-
dence for the existence of a heterogeneous mammary
stem cell compartment, comprising fetal stem cells,
slowly cycling cells, long-term and short-term repopulat-
ing cells. Moreover, diverse luminal progenitor subtypes
have been identified in the human mammary gland
(Visvader & Stingl, 2014;).

Breast milk stem cells

Human milk contains numerous maternal breast-derived
stem cells that can differentiate towards cells of all the
three germ layers. The fate of human breast milk stem
cells is unknown, but recent data in experimental ani-
mals suggest that a part of them is not lost in the breast-
feeding child. Maternal stem cells ingested by newborn
mice have been shown to adhere to the gastric wall and
penetrate into the stomach wall, eventually reaching the
liver and other organs of the lactating newborn. (Twig-
ger et al, 2013b) Mouse breast milk stem cells where
characterized, at immunohistochemistry, by reactivity for
the stem cell markers Oct4, NANOG and CD49f. In an-
other study on stem cells in the human milk, nestin was
identified as the best marker for their identification, sug-
gesting that human breastmilk should be considered as a
readily available and non-invasive source of stem/pro-
genitor cells. (Cregan et al., 2007) These experimental
data suggest that breast milk stem cells may integrate
into multiple organs of the newborn and differentiate
into multiple functional cell types all around the neo-
natal body, actively participating to the postnatal devel-
opment and persisting throughout life. Stem cells in
human breast milk have been recently shown to have
pluripotent features, being able to differentiate into
many cell types, including neural cells. (Twigger et al,
2013a) A recent study on the gene expression profile of
breast milk stem cells showed that, in these cells, genes
involved in stem cell regulation and milk production
were closely associated, being responsible for the expres-
sion of stem cell markers such as ESRRB and CK5,
myoepithelial markers such as CK14, and lactocyte
markers, including a-lactalbumin. (Twigger et al., 2015)
Mesenchymal stem cells isolated from the human milk
express of CD44, CD29, Sca-1, nestin, vimentin and
smooth muscle actin, while do not express CD33, CD34,
CD45 and CD73. (Eirew et al.,, 2008) Recent data from
our Lab, showed the expression of CD44 and Ki67 in
stem cells of the human breast milk (Pichiri et al., 2016)
(Table 1).

Thyroid stem cells

Three types of fetal thyroid cells exist in fetuses or
young children: thyroid stem cells (TSCs) and two pro-
genitor cells including thyreoblasts and prothyrocytes.
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(Takano, 2014) In thyroid tumors, including papillary
thyroid carcinoma, CD44 resulted the best marker for
the identification of thyroid stem cells, that also
expressed POUSF1. (Ahn et al., 2014) In another immu-
nohistochemical study, carried out in anaplastic thyroid
carcinoma, nestin appeared the most specific marker for
stemness. (Liu & Brown, 2010) A major role in thyroid
development has been recently assigned to endothelial
precursors. In developing mouse thyroid, epithelial pro-
duction of VEGEF-A has been shown to be necessary for
endothelial cell precursors’ recruitment and expansion.
In the adult human thyroid gland, the stem cell marker
Oct- 4 and the early endodermal markers GATA-4 and
HNF4alpha have been shown to represent the typical
markers of thyroid stem cells. (Thomas et al., 2006) In a
rat thyroid cell line, 3 stemness genes, NANOG, ABCG2
and GATA4, were expressed (Shimasue et al, 2015)
(Table 1).

Renal stem cells

The existence of renal stem/progenitor cells, marked by
regenerative potential toward glomerular and tubular
lineages has been reported in recent years by numerous
authors in the mature adult kidney. (Angelotti et al,
2012) These adult stem/progenitors have been defined
at immunohistochemical level by the co-expression of
CD133 and CD24. The preterm kidney is characterized
by a huge amount of metanephric mesenchymal stem/
progenitors cells, which are aggregated in the subcapsu-
lar strip that, in H&E-stained sections, appears as a blue
zone, due to the high nuclear/cytoplasmic ratio of renal
stem cells (Fig. 1la). (Faa et al, 2013) The stem cell
niches in the fetal and in the preterm kidney were
formed by multiple cells types, including the ureteric
bud tip cells and the surrounding induced cap mesen-
chymal cells. (Gerosa et al., 2016) Further studies identi-
fied multiple stem cell niches in the preterm kidney
localized in different renal compartments including the
capsule, the hilum, the sub-capsular nephrogenic zone,
Bowman’s capsule, the cortical and medullary intersti-
tium. (Fanni et al., 2015a) At immunohistochemistry,
renal stem cells were reactive for CD44, (Fanni et al,
2013) thymosin beta-4, (Nemolato et al,, 2014) MUC-1,
(Fanni et al, 2011a) (Fanni et al., 2012) CD10 (Faa et al.,
2012a) and WT1. (Ambu et al, 2015) (Fanni et al,
2011b) (Faa et al,, 2012b) (Sanna et al., 2015) The pre-
term kidney appears to be a source of stem cells, that
might be utilized in the next future. Physiological regen-
erative renal medicine is focused on prolonging nephro-
genesis in all preterm neonates in order to escape
oligonephronia and reduce the susceptibility to develop
kidney disease later in life (Faa et al., 2015) (Fanos et al,,
2015) (Table 1).
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Fig. 1 a Intracapsular (arrows) and subcapsular (arrowheads) renal mesenchymal stem cells. Fig. 1b - Cardiac progenitors in the subepicardial
(arrows) and intraepicardial (arrowheads) zones. Fig. 1c - Undifferentiated mesenchymal pulmonary precursors (arrows) embedded in a loose
myxoid stroma. Fig. 1d — Mesenchymal precursors (arrows) in a myxoid stroma surronding developing esocrine ducts (arrowheads). Fig. e —
Mesenchymal stem cells (arrows) embedded in the adrenal capsule. Fig. 1f — Mesenchymal precursors (arrows) scattered at the periphery of

immature portal tracts. PV= portal vein branch. Fig. 1g — Neuronal precursors (arrows) in the immature brain cortex.

Cardiac stem cells

The ability to identify and focus on stem/progenitors in
the human heart has been introduced in recent years by
many researchers, with the potential to promote en-
dogenous myocardial regeneration and prevent congest-
ive heart disease (Hughes, 2002). In the human
newborn, cardiac stem/progenitors may be easily identi-
fied in the sub-pericardial zone (Fig. 1b). Stem cell
antigen-1 (Sca-1) has been first identified as a marker
useful for identifying cardiac stem/progenitor cells in the
adult human heart, Sca-1+ cells being able to replenish
the cardiomyocyte population and generate coronary
vessels. (Matsuura et al., 2004) Sca-1+ cells were identi-
fied as small interstitial cells and the phenotype of car-
diac precursors has been better clarified. Cardiac Sca-1+
cells typically co-express platelet-endothelial adhesion
molecules, including CD31 and its receptor CD38 and
may express cardiogenetic transcription factors including
GATA-4, MEF 2C, TEF-1. Cardiac progenitors do not
express typical hematopoietic stem cell markers, includ-
ing CD45, CD34, C-kit/CD117, GATA-2, Lmo2, and
TAL1/Slc. Moreover, cardiac Sca-1+ cells do not express
Nkx2.5, nor cardiac genes or endothelial progenitor cell

markers such as Flk-1 and Flt-1. (Oh et al,, 2003) The
typical phenotype of cardiac progenitors (Sca-1+,
CD31+, CD38+, CD34-, CD45-) allows their differenti-
ation from multipotent muscle cells, that are character-
ized by coexpression of Sca-1 and CD34, a sialylated
transmembrane glycoprotein. (Torrente et al., 2001) A
novel cardiogenic precursor marked by expression of the
transcription factor Wilms tumor-1 (Wtl) and located
within the epicardium has been recently identified. W#I*
pro-epicardial cells arise from progenitors that express
Nkx2-5 and Isll, suggesting that they share a develop-
mental origin with multipotent Nkx2-5" and Is/I* stem/
progenitor cells. These data identify Wti1" epicardial cells
as previously unrecognized cardiomyocyte progenitors,
and suggest the use of this marker for their identification
in the mature heart. (Zhou et al., 2008) A population of
cardiac precursor cells has been identified from postna-
tal mouse hearts using isl-1 transcription factor as a cell
marker. (Laugwitz et al.,, 2005) These cells are c-kit— and
SCA-1-negative but are capable of differentiation into
cardiomyocytes with electrical and contractile properties.
Finally, another population of cardiac precursor cell has
been studied in the developing and adult heart, able of
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proliferating and differentiating into cardiac and
hematopoietic lineages in vitro. These cells were identi-
fied on the basis of expressing Abcg2, an ATP-binding
cassette transporter, rather than by detection of surface
markers. (Martin et al., 2004) On the basis of these data,
the hypothesis is emerging on the existence of multiple
pools of stem/progenitor cells in the adult heart, that
might dramatically change the traditional view of the
adult heart as a post-mitotic organ without any regen-
erative capacity. (Carvalho, 2010) The fetal and neonatal
human heart is a precious model for the study of cardiac
stem cells, due to the high number of progenitors de-
tectable in any neonatal heart and to the presence of
stem cell niches in the sub-pericardial zone. In a recent
study from our group, carried out in neonatal hearts,
CD44, ISL1, WT1 and Wntl were indicated as the most
useful markers for the immunohistochemical identifica-
tion of cardiac progenitors (Faa et al., 2016) (Table 1).

Pulmonary stem cells

The human lung is classified, from the regenerative
point of view, as a conditionally renewing tissue, due to
its very low turnover in basal conditions contrasting with
its high regenerative abilities in case of lung injury.
(Bertoncello & McQualter, 2013) The developing human
lung represents a fascinating model for the study of lung
progenitor cells, due to the high number of stem cells
identifiable even in routine H&E-stained histological
specimens (Fig. 1c). In a recent study from our group,
stem/progenitors were identified in the neonatal lung in
two main locations: in the interstitial septa and in close
proximity of the pleura, where they were aggregated in
stem cell niches. (Fanni et al., 2016a) In the same study,
at immunohistochemistry TTF1 was reported as the
highest nuclear marker of tip cells of the branching
tubules, and of the sub-pleural stem cell niches,
whereas SOX2 reactivity was restricted to the epithe-
lial precursors of the proximal tubular structures. The
developing pulmonary mesenchyme surrounding the
branching immature bronchioles, marked by
WT1. These data taken together suggest the presence
of multiple stem/progenitors in the newborn lung,
that appears as a source of pulmonary stem cells that
might be utilized for the regenerative therapy of mul-
tiple diseases, including bronchopulmonary dysplasia
(Monz et al,, 2016) (Table 1).

was

Cutaneous stem cells

Cells with stem-cell markers and features have recently
been identified in melanoma tissues and cell lines. Mel-
anoma stem-like cells possess self-renewal capacity, high
tumorigenicity, and ability to differentiate into various
cell lineages, including melanocytes. Two main subpopu-
lations of melanoma-initiating cells have been
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distinguished by immunohistochemistry: CD20(+) and
CD133(+). Whether these are distinct or overlapping
populations is currently under investigation. Ongoing
studies are dissecting and characterizing the hierarchy of
these subpopulations within a malignant lesion. Under-
standing these and the dynamics of clonal dominance
will aid in the development of novel therapeutic strat-
egies. (Zabierowski & Herlyn, 2008) In the newborn
skin, the developing hear follicles have been proposed as
the putative location of cutaneous stem/progenitor cell
niches. Recently, skin-derived stem cells have been bet-
ter defined as a heterogeneous population of stem cells
that show multipotency and can differentiate into neu-
rons, glia, fibroblasts, muscle cells, adipocytes, osteoblats,
chondroblasts, and pancreatic endocrine cells. Moreover,
multipotent stem cells located in the hair follicles have
been shown to derive from embryonic migratory neural
crest or mesoderm cells. (Ge et al.,, 2016) Both cytokera-
tin (CK) 15 and nestin have been reported as follicular
stem cell markers (Mahalingam et al.,, 2010) (Table 1).

Pancreatic stem cells

Pancreas originates from two buds emerging from the
primitive foregut around the 3-4th week of gestation
in humans. Around the 7th week, fusion of the two
buds occurs, followed by the insertion of endocrine
progenitors in the ductal epithelium context. This
complex evolutionary frame well justifies the com-
plexity of the pancreas structure during development,
characterized by the contemporary presence of mul-
tiple stem/precursor cells in the fetal and the neo-
natal human pancreas (Fig. 1d). (Zhou et al., 2007)
The pancreatic and duodenal homeobox 1 (PDX1) is
expressed by pancreatic stem/precursors, being essen-
tial for the early specification of embryonic pancreas.
(Bernardo et al, 2009) The expression of PDX1 is
paralleled by the expression of the pancreas-specific
transcription factor l-alpha (Ptfl-alpha), that is con-
sidered a key factor in the signaling network that
characterizes the early development of the human
pancreas. (Wandzioch & Zaret, 2009) The pancreatic
specification of human pluripotent stem cells is
regulated by WNT and TGF-beta family members.
(Nostro et al, 2011) SOX9 is expressed by pancreatic
progenitors, being required for maintenance of the
pancreatic progenitor cell pool. (Seymour et al., 2007)
In a recent study from our group, the stem cell niche
of the fetal and neonatal human pancreas was found
at the periphery of the developing pancreas, in the
subcapsular zone. Pancreatic stem/progenitors of the
fetal and newborn pancreas showed a large oval nu-
cleus and were enveloped by a loose myxoid stroma,
in close proximity to the pancreatic capsule (Locci
et al., 2016) (Table 1).
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Adrenal stem cells

In recent years, the necessity to obtain adrenal stem
cells for the therapy of adrenal insufficiency has rejuve-
nated the research on adrenal stem cells. (Ruiz-Babot
et al, 2015) A recent article focused on adrenal stem
cell niches in the human adrenal glands identified the
stem cell niches in the adrenal cortex. In the newborn,
the stem cell niches appear as nests of undifferentiated
small cells, occasionally centered by a thick capillary
(Fig. 1e). At immunohistochemistry, adrenal stem/pro-
genitors of the newborn adrenal glands were reactive
for NCAM, CD117, NSE, PDGFr-alpha, Synaptophysin,
Hepatocyte growth factor and alpha-feto-protein.
(et al,, 2016) The outermost layer of the fetal and neo-
natal adrenal cortex, the zona glomerulosa, has been
detected as the principal site of small clusters of undif-
ferentiated adrenal stem/progenitor cells, that persist in
this location throughout life. (Nishimoto et al, 2010)
The presence of this adrenal stem/progenitors are
probably at the basis of the continued proliferative cap-
acity of the adult adrenal gland to maintain adrenal vol-
ume and function throughout life. (Walczak &
Hammer, 2015) The discovery of developmental links
between the fetal and the adult adrenal gland, and that
the initial population of fetal adrenocortical cells con-
tributes to the lineage of adult adrenal cells, (Zubair
et al., 2008) makes the study of stem cells in the human
newborn even more intriguing than in the past. Pbx1
and steroidogenic factor 1 (SF1) are considered two
markers of adrenal stem/progenitor cells, and their ex-
pression is indispensable for adrenal gland differenti-
ation and development (Schnabel et al., 2003) (Table 1).

Intestinal stem cells

Multiple markers have been utilized to identify stem/
progenitor cells in the developing gut. The intestinal
stem cells, also known as crypt base columnar cells
(CBCCs), due to their location at the bottom of the
intestinal crypts, are immunostained with antibodies
for leucine-rich-repeat-containing G-protein-coupled
receptor-5 (Lgr5). (Rodriguez-Colman et al, 2017)
Signals of Wnt, BMP, Notch and EGF in the stem
cell niche have a role in modulating the intestinal
stem cell fate. (Qi & Chen, 2015) A Major role in the
organization of the stem cell niche in the human gut
is played by Paneth cells, that may be marked with
anti-CD24 antibody. (Sato et al, 2011) Another
marker expressed by human intestinal stem cells is
WNT, Wnt signaling representing primarily the prin-
cipal organizer of epithelial stem cell identity and
proliferation. (Koch, 2017) Recently, casein kinase 1-
epsilon and 1-delta have been shown to be necessary
for the maintenance of the regenerative capacity of
WNT-positive intestinal precursor cells. (Morgenstern
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et al.,, 2017) Notch signaling pathway has a major role
in the homeostasis of the intestinal stem cell niche.
(Sukhotnik et al., 2017) Other markers expressed by
intestinal stem/progenitor cells are p-TEN, p-AKT,
Fgfr3 and CD44 (Ambu et al.,, 2016) (Table 1).

Liver stem cells

The preterm liver represents a completely different
organ as compared to the adult liver, due to the huge
number of hemopoietic cells that characterize the liver
in the intrauterine life. (Fanni et al., 2018) Another pecu-
liar feature of the developing liver is represented by the
immaturity of portal spaces which, during fetal life,
probably represent the preferential site of the liver stem
cell niches (Fig. 1f). (Fanni et al., 2016b) Stem/progenitor
cells represent about 2% of fetal liver cells (Semeraro
et al., 2013). Multiple types of liver stem cells have been
identified. At the periphery of portal tracts, biliary pro-
genitor cells originate to a double cylinder of small cells
with oval nuclei, defined the ductal plate. These cells are
characterized by the expression of CK19 and CK7, the
two cytokeratins that characterize the biliary lineage.
The multipotent undifferentiated hepatic stem/progeni-
tors have been localized in the portal tracts. Their im-
munohistochemical profile is characterized by reactivity
for NCAm, CD133, SOX9, SOX17, FOXA2, CK 8 and
18. The hepatoblasts are large cells with abundant cyto-
plasm, bordering the portal tracts. Their phenotypic pro-
file overlaps with that of multipotent stem/progenitors,
from which they differ for the strong expression of albu-
min and for expression of P450-A4 and A7. (Fanni et al,,
2015a) (Fanni et al, 2015b) (Fanni et al, 2016¢)
Committed hepatic progenitors show albumin and
glucose-6-phosphate expression, lacking CK19 and
alpha-fetoprotein (Table 1).

Brain stem cells

The complexity of the human cerebral cortex is marked
by the multiple progenitors involved in its development,
each of them being characterized by the expression of
multiple immunohistochemical markers. In the neonatal
brain, stem/progenitors are located in the periventricular
zone (Fig. 1 g). The most useful markers for the identifi-
cation of cerebral stem cells have been recently summa-
rized in a study from our group. (Vinci et al., 2016a)
Nestin is one of the earliest markers expressed in the
primary neuroepithelium, both in the ventricular and in
the periventricular zone. (Murdoch & Roskams, 2008)
Nestin also marks the cytoplasmic extensions of the ra-
dial glia that are directed towards the pial zone, probably
representing a guide for migrating neuronal precursors.
(Vinci et al,, 2016b) SOX2 is one of the earliest markers
expressed by brain stem cells during brain development,
and it is considered a key factor in the induction of
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neurogenesis. (Zhang, 2014) In the fetal developing
human cortex, SOX2 is expressed in the ventricular
neuroepithelium and in migrating neurons, whereas its
expression is down-regulated or absent in the post-
mitotic neurons of the subpial zone. (Vinci et al., 2016b)
Vimentin is expressed by multiple cell types in the
developing cerebral cortex, including the radial glia.
(Nakagawa et al, 2004) Another marker of radial glia
cells is WT1, a transcription factor highly expressed in
the human brain, as well as in multiple organs, during
development (Ambu et al., 2015) (Table 1).

Endometrial stem cells

Stem cells have been observed to be abundant in the hu-
man endometrium. Endometrial stem cells are charac-
terized by the following phenotype: CD44+, CD90+,
CD105+, OCT4+. Endometrial stem progenitors have
been reported to also express ¢-KIT (CD117), CD34 and
bel2. (Cho et al., 2004) A subset of endometrial mesen-
chymal stem cells are characterized by the co-expression
of two perivascular cell markers, CD146 and platelet-
derived growth factor-receptor beta (PDGF-Rbeta). (Co-
expression of two perivascular cell markers isolates
mesenchymal stem-like cells from human endometrium,
2020) A recent study based on flow cytometry, focused
on the characterization of the markers of endometrial
stem cells, indicated ¢, CD31, CD34, CD44, CD49d,
CD54, CD73, CD90, CD104b, CD105, CD106, CD117
and CD166 as the typical markers of endometrial human
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stem cells. (Somasundaram, 2017) A recent study from
our group identified ISL1 as a very useful tool for identi-
fying endometrial stem cells in the developing human
uterus. (Cau et al., 2019) Endometrial stem cells are
pluripotent cells. When stimulated with specific signal-
ing molecules, they may differentiate into multiple cell
types, including neuronal cells. (Bardanzellu et al.,, 2018)
According with these data, endometrial stem/progenitor
cells might represent a unique source for regenerative
cell therapy, in particular for neurodegenerative diseases
(Mobarakeh et al., 2012) (Table 1).

Conclusions

The data here reported, clearly show that the fetal and
preterm tissues represent a source of stem/progenitor
cells. Their identification may be difficult, or impossible,
when it is only based on morphology, due to the absence
of differentiation, a typical feature of stemness. Immuno-
histochemistry allows the identification of stem cells in
all organs, with some peculiarities in each organ and tis-
sue (Table 1). Data from the literature, and for the per-
sonal experience of authors in this field, suggest that
stem/progenitor cells express different markers in the
different tissues. As a consequence, no general rule for
their detection exists. In this review, the most important
data regarding the useful markers for their identification
in the fetal and preterm organs are reported. From a
practical point of view, these data might be of some util-
ity for pathologists involved in fetal and perinatal

Interstitial septa an
sub-pleural tissue

Portal tracts

. .= Periventricular zone

Fig. 2 Schematic representation of the different localization of stem/progenitor cell niches in human organs during development.
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pathology. The study of stem cells in different organs
might increase their ability in the interpretation of the
physiopathology of preterm and at term newborns. An-
other reason makes the identification of stem/progenitor
cells in fetal and perinatal tissues of some interest. Their
abundance in multiple organs and tissues in the peri-
natal period might represent an incredible source of hu-
man cells with high regenerative potentials. This
regenerative potential might be utilized for the regenera-
tive medicine, the new field of human medicine with so
many fascinating perspectives (Fig. 2). Further studies
are needed in order to analyze the quantitative and
qualitative changes of stem progenitor cells at different
gestational ages in different organs, so as to shed light
on the timeline of proliferation and differentiation of
stem/progenitor cells in the prenatal/perinatal period.
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