Histochemistry and Cell Biology (2021) 155:381-390
https://doi.org/10.1007/500418-020-01940-3

ORIGINAL PAPER q

Check for
updates

Human amniotic fluid stem cells are able to form embryoid body-like
aggregates which performs specific functions: morphological
evidences

Lucia Centurione’ - Maria Antonietta Centurione?? - lvana Antonucci®* - Silvia Sancilio’2® . Gianmarco Stati’ -
Liborio Stuppia*® - Roberta Di Pietro'2

Accepted: 31 October 2020 / Published online: 21 November 2020
© The Author(s) 2020

Abstract

Human second trimester Amniotic Fluid Stem Cells (hAFSCs) harbour the potential to differentiate into cells of each of
the three germ layers and to form Embryoid Body (EB)-like aggregates, without inducing teratoma formation and with no
ethical concerns. However, in spite of the number of reports on hAFSCs-EBs and their characterization, a thorough evalu-
ation in light and electron microscopy of morphological and morphometric features of hAFSCs-EBs development in vitro
has not been reported yet. Apart from a superficial layer of epithelial-like flat cells, displaying rare microvilli on the free
surface, hAFSCs-EBs enclose inner material, abundant in vesicles and secretory granules, showing early characteristics of
connective extracellular matrix dispersed among different types of inner cells. The observation of a number of microvesicles
mainly represented by microparticles and, to a lower extent, by exosomes indicates the presence of a complex cellular com-
munication system within this structure. According to morphological analysis, after 7 days of in vitro culture hAFSCs-EB
appears as a well-organized corpuscle, sufficiently young to be a carrier of stemness and at the same time, when appropri-
ately stimulated, able to differentiate. In fact, 7-day hAFSCs-EB represents itself an initial cellular transformation towards
a specialized structure both in recording and in providing different stimuli from the surrounding environment, organizing
structures and cells towards a differentiation fate.

Keywords Human second trimester amniotic fluid stem cells (hAFSCs) - Embryoid body - Microvesicles - Microscopy -
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Introduction

One of the most remarkable properties of Amniotic Fluid
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into structures that are able to mimic some of three-dimen-
sional (3D) properties of embryonic development. These
so-called embryoid bodies represent an experimental model
that has provided many important clues for unraveling early
embryonic development (Brickman and Serup 2017). The
formation of EBs represents the principal step in the differ-
entiation of pluripotent embryonic stem cells (ESCs) (Valli
et al. 2010). An EB is generally accepted as a characteristic
self-maintaining pluripotent stem cells aggregate where cells
typically “clump together”. Therefore, it is considered as
a model of early embryonic development and a feature of
pluripotency (Ten Berge et al. 2008; Attia et al. 2014).
This structure was originally obtained from ESCs, both
human and mammalian, and thus it was called “embryoid”
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body. Most recently, it has been obtained from numerous
types of non-embryonic stem cells or iPS, especially in
humans because of ethical issues (Amos et al. 2017; Li et al.
2017; Zhu et al. 2017) and through the use of different tech-
niques (Rungarunlert et al. 2009; Sarvi et al. 2015; Shevde
and Mael 2013).

hAFSCs are considered as intermediate cells between
ESCs and lineage-restricted adult progenitor cells and are
able to produce EB 3D structures through the hanging drop
culture method, in which cells of germ origin can be reverted
to pluripotency (Desbaillets et al. 2000; Koike et al. 2007;
Moschidou et al. 2013; Antonucci et al. 2014). These cell
aggregates grow together as colonies and do not develop
tumorigenic clusters, thereby ruling out the ethical problems
related to human ESCs. EBs formation represents a principal
step in the in vitro differentiation of hAFSCs that subse-
quently turn into three germ layers, ectoderm, mesoderm
and endoderm derivatives as already demonstrated in previ-
ous studies (De Coppi et al. 2007; Antonucci et al. 2012;
Di Baldassarre et al. 2018). For all these reasons, hAFSCs-
EBs open up great prospects for studying the early steps
of human embryonic development as well as for investigat-
ing new drugs and therapeutic strategies to correct tissue
damage dysfunction. Actually, they exhibit several aspects
of cell differentiation occurring during early mammalian
embryonic morphogenesis, undergoing in vitro a spontane-
ous process recalling gastrulation (Li and Marikawa 2016).
Some essential pathways for self-aggregation processes
have also been identified (Valli et al. 2010). Furthermore,
hAFSCs-EBs exhibit specific mesenchymal markers, such
as CD90, CD105, CD73 and CD166 (De Gemmis et al.
2006; De Coppi et al. 2007), express specific genes typical
of both ESCs and Primordial Germ Cells (PGCs) and are
positive for specific markers of pluripotency such as OCT4
and SOX2 (Chen et al. 2012; Antonucci et al. 2014). In spite
of the number of studies on in vitro cell aggregates derived
from ESCs or embryonic germ cells from mouse, primates
and humans, no details have been reported so far regarding
the development and morphological structure and organiza-
tion of hAFSCs-EBs. This could be due to the difficulty in
handling and processing this relatively small 3D body of a
few hundred micrometers to achieve detailed information
about its structure and content.

Thus, to better investigate the hAFSCs-EBs and their
possible role in cell differentiation, the aim of this study
was to carry out a thorough morphological investigation
with light and electron microscopy of hAFSCs-EBs after
7 days of in vitro culture. According to literature, at this
time, cell aggregates are structurally organized, sufficiently
“young” to be carriers of stemness and able to differentiate,
when appropriately stimulated. Building on previous stud-
ies (Subra et al. 2007; van der Pol et al. 2014; Machtinger
et al. 2016), we carefully analysed the internal and external
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surface via electron microscopy, focusing on vesicular traf-
fic and morphological/morphometric features of different
types of vesicles.

Materials and methods

hAFSCs collection and culture and EBs formation
with hanging drop method

Briefly, to form EBs hAFSCs at the eighth passage were
harvested with 0.05% trypsin and cultured in suspension
in IMDM containing 15% FBS, 1 mM glutamine, 0.1 mM
B-mercaptoethanol, and 1% penicillin—streptomycin (all
purchased from Sigma Aldrich, Milan, Italy). 25-ul drops
(1000-10,000 cells) were plated on the lid of Petri dishes
(M-Medical, Milan, Italy), which were inverted onto a dish
filled with 8 ml 1X phosphate-buffered saline (PBS; M-Med-
ical) to maintain the humidity (hanging drop method). After
4 days of incubation, EBs were resuspended in the same
medium and continued to grow in suspension for 2 days.
After a total of 6 days in suspension, the EBs were plated
onto gelatin-coated (0.1%; Sigma Aldrich) tissue culture
plates for morphological analyses (Antonucci et al. 2014).
Written informed consent was obtained from women in
accordance with the Declaration of Helsinki. The study was
approved by the ethics committee of the “G. d’Annunzio”
University of Chieti—Pescara, ASL Lanciano—Chieti—Vasto,
Italy and all experiments were performed in accordance with
relevant guidelines and regulations.

Alkaline phosphatase (AP) staining

Cultured hAFSC-EBs were fixed with 4% paraformaldehyde
(Sigma Aldrich) for 10 min at room temperature. They were
then incubated at room temperature for 2 h with 5-Bromo-
4-chloro-3-indolyl phosphate/Nitro blue tetrazolium liquid
substrate system (BCIP/NBT; Sigma Aldrich) to detect
alkaline phosphatase activity. Samples were then washed in
distilled water to remove the substrate solution and to stop
the reaction.

Immunofluorescence

hAFSC-EBs were fixed for 15 min with a 3% paraformal-
dehyde solution (Sigma Aldrich) at room temperature in 1X
Dulbecco’s phosphate buffered saline (Sigma Aldrich), pH 7.6
supplemented with 2% saccharose (Sigma Aldrich). After cell
membrane permeabilization with 0.5% Triton X-100 (Sigma
Aldrich), EBs were incubated with 10% BSA (Sigma Aldrich)
in 1X PBS for 30 min at room temperature, followed by a
45 min incubation at room temperature with PE-conjugated
mouse anti-human OCT3/4 antibody (BD Pharmingen San
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Jose, CA, USA), diluted 1:500 in 1% BSA/PBS. For SOX2
(Euroclone, Milan, Italy), samples were first incubated for
60 min at room temperature with a mouse anti-human SOX2
antibody diluted 1:500 in 1% BSA/PBS. The antibodies con-
centration was chosen according to the manufacturer’s instruc-
tions. After rinsing three times with 1X PBS, SOX2-labelled
samples were incubated for 45 min at 37 °C with a goat anti-
mouse IgG-FITC (Jackson Immuno Research, West Grove
PA, USA) diluted 1:100 in 1% BSA/PBS. Internal control for
SOX2 was carried out by omitting only the primary antibody
and did not disclose any FITC staining. Internal control for
OCT 3/4 was carried out by means of isotype-matched mouse
IgG PE-conjugated (Sigma-Aldrich) and did not disclose any
PE staining (data not shown). After labelling, nuclei were
counterstained with DAPI-mounting medium (Vector Labo-
ratories, Inc., Burlingame, CA, USA).

EB collection for light and transmission electron
microscopy

A novel method is here reported to obtain the entire EB for
a detailed study at structural and ultrastructural level, both
as a whole and in section. Thus, we bypassed the embedding
method used in our previous work (Antonucci et al. 2014)
hard to carry out and so limited in outcoming observations.
The first step of sample preparation is essential and is repre-
sented by the gentle recovery of whole small cell aggregates
(EBs) from the culture plate, 7 days aged, without damaging
their fragile structure. At first, each EB was individually
fixed on drop for about 5 min. This passage has a double
utility: on one hand, fixation undoubtedly guarantees the
preservation of all the structures for better observations, on
the other hand it is useful to harden the small cell aggre-
gate, which will remain whole and intact, resisting to the
light mechanical stress given by the pipetting at the time of
detachment. After taking them gently, up to 10 EBs were
collected in an Eppendorf and pelleted by centrifugation at
129 g x 8 min. From now on, pellets were never suspended
and processed as described below.

Sample preparation for light microscopy

EBs at 7 days of culture were fixed in pellet in 3% para-
formaldehyde solution in 1X PBS for 15 min at room tem-
perature, embedded in paraffin (Bio-Optica, Milano, Italy)
and sectioned (2.5-3 pM) for Haematoxylin—Eosin and Mal-
lory’s trichrome staining (Bio-Optica).

Sample preparation for transmission electron
microscopy (TEM)

Pellets were fixed with 2.5% glutaraldehyde (Electron
Microscopy Science, Hatfield, PA 19,440, USA) in 0.1 M

cacodylate buffer (Electron Microscopy Science), pH 7.3
for 40 min at 4 °C and post-fixed with 1% osmium tetroxide
(Electron Microscopy Science) for 40 min at 4 °C. After
being dehydrated in progressively higher concentrations of
alcohol, samples were embedded in Spurr resin (Electron
Microscopy Science) according to the method previously
used in our laboratories (Centurione et al. 2010). Semithin
sections (0.7-1 pM) were stained with 1% toluidine blue
(Electron Microscopy Science) and analysed with a ZEISS
Axioskop light microscope (Carl Zeiss, Gottingen, Ger-
many) equipped with a Coolsnap digital camera (Photomet-
rics, Tucson, AZ, USA). Ultrathin sections (70 nm) were
cut with a Reichert ultramicrotome (Reichert, Inc., Teramo,
Italy), mounted on 200 mesh copper grids (Electron Micros-
copy Science), counterstained with UranyLess and Lead
Citrate (Electron Microscopy Science) and photographed
by means of a ZEISS-109 electron microscope equipped
with a Gatan 830Z00W44 camera and Digital Micrograph
application used for acquiring, visualizing, analysing, and
processing digital image data (Gatan GmbH, Ingolstadterstr.
12, D-80807 Miinchen, Germany).

Light microscopy observation and morphometric
analysis

The observation of samples processed for Immunofluores-
cence, Alkaline Phosphate, Haematoxylin—Eosin and Mal-
lory’s trichrome staining solution was carried out with a
Zeiss Axioskop 40 light microscope (Carl Zeiss) equipped
with a Coolsnap Videocamera (Photometrics). MetaMorph
6.1 Software System (Universal Imaging Corp, Molecular
Device Corp, CA, USA) was employed to acquire digital
images and perform morphometric analysis, as already
described (Antonucci et al. 2014). Morphometric comput-
erized analysis of about 100 EBs mean diameters and the
specific vesicle areas and diameters (10 photographic fields
at 20,000 X on 5 sections) were performed manually drawing
the area regions and the diameter segments, after calibrating
the MetaMorph 6.1r6 program (Universal Imaging Corp) for
the magnification used (5 X; 20000 X). MetaMorph numeric
data were logged to Microsoft Excel to calculate mean val-
ues and standard deviation (SD).

Results

Isolated pluripotent hAFSCs cultured in vitro showed
typical morphological patterns of both fibroblast-like and
epithelial-like cells (Fig. 1a), as we already described (Cen-
turione et al. 2010; Pipino et al. 2015). hAFSC-derived
EBs cultured in vitro for 7 days appeared as spherical and
compact agglomerates, macroscopically evident, with the
mean diameter of 372.4 pm (Fig. 1b). These microscopic
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and morphometric evaluations were performed using an
inverted phase contrast microscope, through which the 3D
organization of the corpuscle was confirmed, although it
appeared rather flattened and without sharp edges on the
surface (Fig. 1c). Interestingly, the EB size was achieved
already after 3 days of culture (data not shown).

As expected, hAFSC-derived EBs were positive to well-
known stemness markers, such as Alkaline Phosphatase
(Fig. 2a), OCT3/4 (Fig. 2b) and SOX2 (Fig. 2c).

To investigate in detail the structure and the possible
content of this cellular aggregate, we first proceeded with
sectioning and evaluating paraffin-embedded EBs. Haema-
toxylin—Eosin stained sections showed a roundish cellular
aggregate (Fig. 3a), surrounded by flattened epithelial-like
cells on the surface and containing inside an amorphous
rarefied material mixed with elongated fibroblast-like cells,
round cells, apoptotic cells and cellular debris (Fig. 3b). The
amorphous material showed a slightly blue colour with the
Mallory’s trichrome staining, thus revealing the presence of
connective-like matrix in early deposition (Fig. 3c).

Electron microscopy highlighted in detail the peculiari-
ties of cell membrane exposed surface and cytoplasmic
content as well as of the amorphous substance located
inside the EB. At first, semithin sections showed the full
round shape of EB and confirmed the surface arrange-
ment of flattened cells, mainly in a single layer, display-
ing euchromatic nuclei and prominent nucleoli (Fig. 4a,
b). The inner amorphous content was rich in small gaps,
merging sometimes into a larger single cavity, and secre-
tory granules of different appearance, some of which
observed both outside the cells and in the cytoplasm
(Fig. 4c, d). Dispersed in the inner material were also
present round shaped cells, rich in cytoplasmic secre-
tory granules, surrounded by a thinly fibrillar connectival
matrix and some apoptotic cells with their electron dense
micronuclei (Fig. 4e). Some inner cells displayed the pres-
ence of cytoplasmic extensions (Fig. 4f). Ultrastructural
analysis of EB superficial cells revealed an abundant cyto-
plasm rich in organelles such as mitochondria, ribosomes,
endoplasmic reticulum and granules/vesicles of different
size and content, all unmistakable signs of intense meta-
bolic activity; they showed also cell junctions in primi-
tive organization (Fig. 5a—c). On the outer cell membrane
rare microvilli surrounded by different types (in content
electron density, shape and size) of extracellular vesicles
(EVs) were visible (Fig. 5 d—g). Inside the EB, dispersed
matrix confirmed its fibrillar structure (Fig. 5h). Further-
more, we analysed the size of superficial EB extracellular
vesicles (Fig. 6a, b), to verify the presence of micropar-
ticles and/or exosomes by differentiating them according
to range dimensions (Fig. 6¢). Interestingly, according to
morphometric measures we found that the vast majority of
the vesicles analyzed (73%) were microparticles, whereas
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Fig.1 Embryoid Bodies (EBs) formation. a Cultured hAFSCs
observed under phase contrast microscopy. Cells with different mor-
phological features are evident: fibroblast-like (arrow) and epithe-
lial-like (arrowhead) cells (scale bar: 14 pm). Magnification: 20X. b
7-day-cultured EB through the hanging drop method in overturned
uncoated Petri dish for sampling. Each small and light brown EB
corpuscle is contained in a drop (arrowheads). ¢ 7-day-cultured EB
observed under phase contrast microscopy. The 3D agglomerate
appears flattened and with an irregular surface; many cells are evident
around it (arrow) (scale bar: 206 pm). Magnification: 5 X

the remaining 27% of the vesicles could be classified as
exosomes. The numeric evaluation of all vesicles shape
from roundish to oval, that is the ratio between the largest
diameter and the minor diameter, revealed a predominance
of round shapes compared to oval ones (about 70%).
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Fig.2 Entire EB specific markers of stemness and pluripotency. a
Alkaline Phosphatase histochemical detection (scale bar 32 pm).
Magnification: 20 X, inset: 40X. b SOX2 red immunofluorescence
(scale bar: 32 pm). Magnification: 20X. ¢ OCT3/4 green immuno-
fluorescence (scale bar: 32 pm). Magnification 20 X. b, ¢ Nuclei were
counterstained with 6-diamino-2-phenylindole (DAPI) (blue fluores-
cence)

PR SRS

b3 %

Fig.3 Sections of paraffin-embedded EBs for Light Microscopy. a
Haematoxylin—Eosin stained EB whole section (scale bar: 44 pm).
Magnification: 10 X. b Enlarged detail of the same EB: we can
observe on the surface flattened cells (arrowheads) and inside dif-
ferent types of cells such as elongated fibroblast-like cells (arrows),
more roundish and widened cells (circles), apoptotic cells and micro-
nuclei (stars). Extracellular matrix (triangles), at times rarefied, shows
the presence of fibrillar material (scale bar: 11 pm). Magnification:
40 x. ¢ Mallory’s Trichrome nicely reveals the blue-stained connec-
tive extracellular matrix (triangles) and the early organization of con-
nective fibres (arrows) (scale bar: 11 pm). Magnification: 40 X
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Fig.4 Spurr resin-embedded EB, semithin sections for Light Micros-
copy. a EB fully-rounded structure (scale bar: 46 pm). Magnification:
10 X. b On the outer surface EB is covered with a monolayer of flat-
tened epithelial-like cells (arrowheads) (scale bar: 12 pm). Magnifica-
tion: 40xc Euchromatinic nuclei and prominent nucleoli in superfi-
cial cells (arrowheads) (scale bar: 4.6 pm). Magnification: 100 x. d

Discussion

Human Embryoid Body is a structure that initially has been
studied and in vitro obtained from ESCs, whose certain
pluripotent potential was also demonstrated by EBs devel-
oping towards the expected three germ layers (Lai et al.
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Deeper rounded cells (circles) surrounded by fibrillar substance, con-
taining secretory granules (star) (scale bar: 4.6 pm). Magnification:
100 x. e Apoptotic cells and micronuclei (hash marks) dispersed in
an amorphous granular (stars) material (triangles) (scale bar: 4.6 pm).
Magnification: 100 X. f Fibroblast-like cell (arrow) surrounded by
fibrillar material (asterisk) (scale bar: 4.6 pm). Magnification: 100 x

2015). hAFSCs possess intermediate characteristics between
embryonic and adult stem cells, are able to form EBs and
show a pluripotent potential. Furthermore, unlike ESCs,
they do not imply ethical issues, are non-teratogenic and
non-immunoreactive (Moschidou et al. 2013; Gholizadeh-
Ghaleh Aziz et al. 2019). Here we report for the first time
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Fig.5 Spurr resin-embedded EB, ultrathin sections for Transmission
Electron Microscopy. a Superficial cell with euchromatic nucleus (tri-
angle) and cytoplasm rich in granules (stars) of different aspect. Cell
junctions in primitive organization are observed (arrow) (scale bar:
2 pum). Magnification: 3000 X. b Detail at higher magnification (scale
bar: 1 pm). Magnification: 7000 X. ¢ Cytoplasm rich in organelles:
mitochondria (hash mark), ribosomes (double S), rough and smooth
endoplasmic reticulum (arrowhead). Large lipid granule surrounded
by membrane (asterisk) (scale bar: 0.2 pm) Magnification: 20,000 X.

d Cell surface membrane shows gemmation of different types of
vesicles (scale bar: 1 pm). Magnification: 7000 X. e Detail at higher
magnification (scale bar: 0.2 pm). Magnification: 20,000 X. f Evident
surface microvilli (scale bar: 1 pm). Magnification: 7000 X. g Numer-
ous vesicles of different size and shape (scale bar: 0.2 pm). Magnifi-
cation: 20,000 X. h Inner fibrillar matrix content (better visible in the
inset magnified 20,000 X) (scale bar: 2 pm). Magnification: 3000 X. i
Dispersed in the inner material is appreciable a vesicle containing a
granular substance (scale bar: 100 pm). Magnification: 50,000 X
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Fig.6 Ultrastructural, morphological and morphometric evalua-
tion of superficial extracellular vesicles. a Numerous vesicles with
different size and content are visible on the EB surface (scale bar:
0.2 pm). Magnification: 20,000 X. b Detail at higher magnification.
The coloured circles mark the measured areas and the coloured seg-
ments represent the measured largest and minor diameters of each
vesicle. Magnification: 40,000 X. ¢ The table shows the percentage
of exosomes and microparticles ranked according to their size. d
Graph of the numeric evaluation of vesicles shape, from roundish to
oval; here is shown a sample of about one hundred microvesicles ana-
lysed (X-axis); the ratio between the largest diameter D and the minor
diameter d (Y axis) ranges from 1 to 2.13

a thorough morphological in situ analysis of human EBs at
7 days, a useful age to observe a structure already partially
organized, but sufficiently young to be still able to differen-
tiate. Our detailed morphological and morphometric study
revealed that 7-day hAFSC-EBs indeed represent themselves
an initial cellular transformation step towards differentia-
tion. Recently, morphological studies of the structures, and,
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therefore, the understanding of the function, have recently
aroused great interest in researchers. In fact, they can closely
correlate cell shape and, therefore, cytoskeletal organiza-
tion, with the resulting biochemical stimuli leading to the
fate of the stem cell during differentiation (von Erlach et al.
2018; Pourquié 2018). Moreover, it was stated that the dif-
ferent cellular shapes are found to be carriers of spatial
information to guide fundamental processes for multicellular
organization and cell functions during development (Haupt
and Minc 2018). EB, in fact, was found to be an in vitro
3D cell aggregate that, once formed, explains the greater
differentiation capacity of cells and their features related
to pluripotency, also documented by a group of transcrip-
tion factors and markers of stemness and pluripotency like
Alkaline Phosphatase, SOX2 and OCT4 (Moschidou et al.
2012). Its spherical shape also displays a minimum surface/
volume ratio, i.e., it contains a reduced exposed surface and
a greater volume, which increases more than the surface
(Haupt and Minc 2018) to contain and protect inner mate-
rial, but, at the same time, to interact with stimuli coming
from outside and ready to be outsourced. The superficial
epithelial-like EB cells, in fact, remain exposed to external
surface with a free border with microvilli to absorb sub-
stances or to exchange secretory products and stimuli. On
the other side they tend to stay in contact with each other
through primitive junctions and with deeper cells and/or
with the inner amorphous content rich in fibrillar extracel-
lular matrix and secretions continuously produced (also by
roundish and granular inner cells) and exchanged inside. The
secretions produced remain at the disposal of the cells them-
selves, which are repeatedly stimulated even from the inside,
to grow and/or differentiate, with an autocrine or paracrine
mechanism. Furthermore, the observed presence in all the
cells of many cytoplasmic organelles is a sign of the strong
metabolic activity of the cells themselves. Accordingly, the
presence of granules of various nature and size found in the
cytoplasm and dispersed in the amorphous content gives
reason for the intense secretory activity attributable to cells
that metabolically respond to stimuli and produce effects
on neighbouring cells. Today, in fact, for in vitro studies,
researchers are interested in studying the effects of the stem
cells culture "conditioned" medium, where all the secretions
are collected and where their great potential is concentrated
(Alves da Silva et al. 2015; Haneef et al. 2014; Balbi et al.
2017; Vizoso et al. 2017).

Microparticles and exosomes are the most widely stud-
ied and best-known extracellular vesicles types present in
body fluids. They are released in the microenvironment to
play a wide range of regulatory functions such as coagu-
lation, inflammation, cellular homeostasis and survival,
intercellular communication, transport and some types
of differentiation. Many efforts are necessary to study
their nature, content and functions, including size and
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morphology (Nieuwland and Sturk 2010; van der Pol
et al. 2010-2014; Raposo and Willem 2013; Vestad et al.
2017; Angelini et al. 2016). Via TEM observation and
morphometric analysis, following the range of dimensions
reported in literature, we were able to identify and quan-
tify the presence of both types of extracellular vesicles,
expressed as a percentage. Moreover, the numerical calcu-
lation of the ratio between the larger and smaller diameter
of the EVs enabled us to identify the precise shape of
these very small structures, smaller than one micrometer.
Based on our observations, we can assume that, as time
passes, a sort of spontaneous evolution and development
of hAFSCs-EBs occurs. In fact, we observed that EB is
firstly a mere cellular aggregate (at 3 days of culture, data
not shown) that at 7 days of culture forms an organized
corpuscle coated with a monolayer of flattened and adher-
ent cells delimiting an organic and secretory content, in
which different types of roundish and fibroblast-like cells
are dispersed, some of which surrounded by a thinly fibril-
lar substance, to become at 14 days of culture a multi-
layered wall structure with a large hollow inside, where
secretions greatly increase in amount, being localized even
in cellular spaces as we previously demonstrated (Anto-
nucci et al. 2014).

In conclusion and in agreement with previous stud-
ies, we suggest that in vitro hAFSCs-EB represents the
best structure for cell-to-cell and outside and inside world
interaction to obtain cell differentiation for the formation
of human three germ layers and for regenerative medi-
cine purposes. In fact, cells remain exposed to their own
secretions and interactions, accepting and releasing mes-
sages in a microenvironment, protected by an external thin
coating, specialised for exchanging. In the inner portion,
the corpuscle is always evolving, ensuring sufficient space
to collect and preserve secretions as well as differentiat-
ing cells, allowing the pursuance of events and heading
their carrying out. Interestingly, a similar corpuscle was
recently obtained with a stem-cell-based protocol from
human ESCs and named “the organizer” of the develop-
mental processes (Pourquié 2018). However, hAFSCs-EBs
could represent a useful laboratory model both to induce
stimuli for differentiation in different types of stem cells
and to study with no ethical implications the numerous
related processes that could resemble early stages of
human development.

Author contributions LC, MAC and RDP designed, analysed, super-
vised all experiments and wrote and revised the manuscript. IA and LS
collected hAFSCs and provided EB cultures. LC, SS, GS, IA: contrib-
uted to experimental design, performed and analysed all experiments.

Funding Open access funding provided by Universita degli Studi G.
D’Annunzio Chieti Pescara within the CRUI-CARE Agreement. This

work was supported by MIUR (Italian Ministry of University and
Research) funds granted to Lucia Centurione in 2017.

Compliance with ethical standards
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alves da Silva ML, Costa-Pinto AR, Martins A, Correlo VM, Sol P,
Bhattacharya M, Faria S, Reis RL, Neves NM (2015) Conditioned
medium as a strategy for human stem cells chondrogenic differen-
tiation. J Tissue Eng Regen Med 9:714-723

Amos PJ, Fung S, Case A, Kifelew J, Osnis L, Smith CL, Green K,
Naydenov A, Aloi M, Hubbard JJ, Ramakrishnan A, Garden GA,
Jayadev S (2017) Modulation of hematopoietic lineage specifica-
tion impacts TREM2 expression in microglia-like Cells derived
from human stem cells. ASN Neuro 9:1759091417716610

Angelini A, Miscia S, Centurione MA, Di Pietro R, Centurione L
(2016) Predictive value of microparticle-associated tissue factor
activity for permeability glycoprotein-mediated multidrug resist-
ance in cancer. Oncol Lett 12:3273-3277

Antonucci I, Pantalone A, Tete S, Salini V, Borlongan CV, Hess D,
Stuppia L (2012) Amniotic fluid stem cells: a promising thera-
peutic resource for cell- based regenerative therapy. Curr Pharm
Des 18:1846-1863

Antonucci I, Di Pietro R, Alfonsi M, Centurione MA, Centurione L,
Sancilio S, Pelagatti F, D’Amico MA, Di Baldassarre A, Piat-
telli A, Tete S, Palka G, Borlongan CV, Stuppia L (2014) Human
second trimester amniotic fluid cells are able to create embry-
oid body-like structures in vitro and to show typical expression
profiles of embryonic and primordial germ cells. Cell Transplant
23:1501-1515

Attia WA, Abd El Aziz OM, Spitkovsky D, Gaspar JA, Droge P, Suhr
F, Sabour D, Winkler J, Meganathan K, Jagtap S, Khalil M,
Hescheler J, Brockmeier K, Sachinidis A, Pfannkuche K (2014)
Evidence for self-maintaining pluripotent murine stem cells in
embryoid bodies. Stem cell Rev and Rep 10:1-15

Balbi C, Piccoli M, Barile L, Papait A, Armirotti A, Principi E, Rever-
beri D, Pascucci L, Becherini P, Varesio L, Mogni M, Coviello
D, Bandiera T, Pozzobon M, Cancedda R, Bollini S (2017) First
characterization of human amniotic fluid stem cell extracellular
vesicles as a powerful paracrine tool endowed with regenerative
potential. Stem Cells Transl Med 6:1340-1355

Brickman JM, Serup P (2017) Properties of embryoid bodies. Wiley
Interdiscip Rev Dev Biol 6(2):¢259

Centurione L, Giampietro F, Sancilio S, Piccirilli M, Artese L, Tiboni
GM, Di Pietro R (2010) Morphometric and ultrastructural analysis

@ Springer


http://creativecommons.org/licenses/by/4.0/

390

Histochemistry and Cell Biology (2021) 155:381-390

of human granulosa cells after gonadotrophin-releasing hormone
agonist or antagonist. Reprod Biomed Online 20:625-633

Chen T, Du J, Lu G (2012) Cell growth arrest and apoptosis induced
by Oct4 or Nanog knockdown in mouse embryonic stem cells: a
possible role of Trp53. Mol Biol Rep 39:1855-1861

De Coppi P, Bartsch G Jr, Siddiqui MM, Xu T, Santos CC, Perin L,
Mostoslavsky G, Serre AC, Snyder EY, Yoo JJ, Furth ME, Soker
S, Atala A (2007) Isolation of amniotic stem cell lines with poten-
tial for therapy. Nat Biotechnol 25:100-106

De Gemmis P, Lapucci C, Bertelli M, Tognetto A, Fanin E, Vet-
tor R, Pagano C, Pandolfo M, Fabbri A (2006) A real-time
PCR approach to evaluate adipogenic potential of amniotic
fluid-derived human mesenchymal stem cells. Stem Cells Dev
15:719-728

Desbaillets I, Ziegler U, Groscurth P, Gassmann M (2000) Embryoid
bodies: an in vitro model of mouse embryogenesis. Exp Physiol
85:645-651

Di Baldassarre A, D’Amico MA, Izzicupo P, Gaggi G, Guarnieri S,
Mariggio MA, Antonucci I, Corneo B, Sirabella D, Stuppia L,
Ghinassi B (2018) Cardiomyocytes derived from human cardi-
opoietic amniotic fluids. Sci Rep 8:12028

Gholizadeh-Ghaleh Aziz S, Fardyazar Z, Pashaei-Asl F, Rahmati-Yam-
chi M, Khodadadi K, Pashaiasl M (2019) Human amniotic fluid
stem cells (hAFSCs) expressing p21 and cyclin D1 genes retain
excellent viability after freezing with (dimethyl sulfoxide) DMSO.
Bosn J Basic Med Sci 19:43-51

Haneef K, Naeem N, Khan I, Igbal H, Kabir N, Jamall S, Zahid M,
Salim A (2014) Conditioned medium enhances the fusion capabil-
ity of rat bone marrow mesenchymal stem cells and cardiomyo-
cytes. Mol Biol Rep 41:3099-3112

Haupt A, Minc N (2018) How cells sense their own shape—mecha-
nisms to probe cell geometry and their implications in cellular
organization and function. J Cell Sci 131:jcs214015

Koike M, Sakaki S, Amano Y, Kurosawa H (2007) Characterization
of embryoid bodies of mouse embryonic stem cells formed under
various culture conditions and estimation of differentiation status
of such bodie. J Biosci Bioeng 104:294-299

Lai D, Wang Y, Sun J, Chen Y, Li T, Wu Y, Guo L, Wei C (2015)
Derivation and characterization of human embryonic stem cells
on human amnion epithelial cells. Sci Rep 5:10014

Li AS, Marikawa Y (2016) Adverse effect of valproic acid on an
in vitro gastrulation model entails activation of retinoic acid sign-
aling. Reprod Toxicol 66:68-83

Li Y, Hai Y, Chen J, Liu T (2017) Differentiating chondrocytes from
peripheral blood- derived human induced pluripotent stem cells.
J Vis Exp. https://doi.org/10.3791/55722

Machtinger R, Laurent LC, Baccarelli AA (2016) Extracellular vesi-
cles: roles in gamete maturation, fertilization and embryo implan-
tation. Hum Reprod Update 22:182-193

Moschidou D, Mukherjee S, Blundell MP, Drews K, Jones GN, Abdul-
razzak H, Nowakowska B, Phoolchund A, Lay K, Ramasamy TS,
Cananzi M, Nettersheim D, Sullivan M, Frost J, Moore G, Ver-
meesch JR, Fisk NM, Thrasher AJ, Atala A, Adjaye J, Schorle H,
De Coppi P, Guillot PV (2012) Valproic acid confers functional
pluripotency to human amniotic fluid stem cells in a transgene-
free approach. Mol Ther 20:1953-1967

Moschidou D, Mukherjee S, Blundell MP, Jones GN, Atala AJ,
Thrasher AJ, Fisk NM, De Coppi P, Guillot PV (2013) Human
mid-trimester amniotic fluid stem cells cultured under embryonic
stem cell conditions with valproic acid acquire pluripotent char-
acteristics. Stem Cells Dev 22:444-458

Nieuwland R, Sturk A (2010) Why do cells release vesicles? Thromb
Res 125(Suppl 1):S49-S51

@ Springer

Pipino C, Pierdomenico L, Di Tomo P, Di Giuseppe F, Cianci E,
D’Alimonte I, Morabito C, Centurione L, Antonucci I, Mariggio
MA, Di Pietro R, Ciccarelli R, Marchisio M, Romano M, Ange-
lucci S, Pandolfi A (2015) Molecular and phenotypic characteriza-
tion of human amniotic fluid-derived cells: a morphological and
proteomic approach. Stem Cells Dev 24:1415-1428

Pourquié O (2018) Human embryonic stem cells get organized. Nature
558:1-2

Raposo G, Willem S (2013) Extracellular vesicles: Exosomes,
microvesicles, and friends. J Cell Biol 200:373-383

Rungarunlert S, Techakumphu M, Pirity MK, Dinnyes A (2009)
Embryoid body formation from embryonic and induced pluri-
potent stem cells: benefits of bioreactors. World J Stem Cells
1:11-21

Sarvi F, Jain K, Arbatan T, Verma PJ, Hourigan K, Thompson MC,
Shen W, Chan PP (2015) Cardiogenesis of embryonic stem cells
with liquid marble micro-bioreactor. Adv Healthc Mater 4:77-86

Shevde NK, Mael AA (2013) Techniques in embryoid body for-
mation from human pluripotent stem cells. Methods Mol Biol
946:535-546

Subra C, Laulagnier K, Perret B, Record M (2007) Exosome lipidom-
ics unravels lipid sorting at the level of multivesicular bodies.
Biochimie 89:205-212

Ten Berge D, Koole W, Fuerer C, Fish M, Eroglu E, Nusse R (2008)
Whnt signaling mediates self-organization and axis formation in
embryoid bodies. Cell Stem Cell 3:508-518

Valli A, Rosner M, Fuchs C, Siegel N, Bishop CE, Dolznig H, Midel
U, Feichtinger W, Atala A, Hengstschldger M (2010) Embryoid
body formation of human amniotic fluid stem cells depends on
mTOR. Oncogene 29:966-977

van der Pol E, Hoekstra AG, Sturk A, Otto C, van Leeuwen TG, Nieu-
wland R (2010) Optical and non-optical methods for detection
and characterization of microparticles and exosomes. J] Thromb
Haemost 8:2596-2607

van der Pol E, Coumans FA, Grootemaat AE, Gardiner C, Sargent IL,
Harrison P, Sturk A, van Leeuwen TG, Nieuwland R (2014) Par-
ticle size distribution of exosomes and microvesicles determined
by transmission electron microscopy, flow cytometry, nanoparticle
tracking analysis, and resistive pulse sensing. Thromb Haemost
12:1182-1192

Vestad B, Llorente A, Neurauter A, Phuyal S, Kierulf B, Kierulf P,
Skotland T, Sandvig K, Haug KBF, @vstebg R (2017) Size and
concentration analyses of extracellular vesicles by nanoparticle
tracking analysis: a variation study. J Extracell Vesicles 6:1344087

Vizoso FJ, Eiro N, Cid S, Schneider J, Perez-Fernandez R (2017) Mes-
enchymal stem cell secretome: toward cell-free therapeutic strate-
gies in regenerative medicine. Int J Mol Sci 18:1852

von Erlach TC, Bertazzo S, Wozniak MA, Horejs CM, Maynard SA,
Attwood S, Robinson BK, Autefage H, Kallepitis C, Del Rio HA,
Chen CS, Goldoni S, Stevens MM (2018) Cell-geometry-depend-
ent changes in plasma membrane order direct stem cell signalling
and fate. Nat Mater 17:237-242

Zhu H, Scharnhorst KS, Stieg AZ, Gimzewski JK, Minami I, Nakatsuji
N, Nakano H, Nakano A (2017) Two dimensional electrophysi-
ological characterization of human pluripotent stem cell-derived
cardiomyocyte system. Sci Rep 7:43210

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.3791/55722

	Human amniotic fluid stem cells are able to form embryoid body-like aggregates which performs specific functions: morphological evidences
	Abstract
	Introduction
	Materials and methods
	hAFSCs collection and culture and EBs formation with hanging drop method
	Alkaline phosphatase (AP) staining
	Immunofluorescence
	EB collection for light and transmission electron microscopy
	Sample preparation for light microscopy
	Sample preparation for transmission electron microscopy (TEM)
	Light microscopy observation and morphometric analysis

	Results
	Discussion
	References




