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Abstract: The complex process of placental implantation and development affects trophoblast progen-
itors and uterine cells through the regulation of transcription factors, cytokines, adhesion receptors
and their ligands. Differentiation of trophoblast precursors in the trophectoderm of early ontogenesis,
caused by the transcription factors, such as CDX2, TEAD4, Eomes and GATA3, leads to the forma-
tion of cytotrophoblast and syncytiotrophoblast populations. The molecular mechanisms involved
in placental formation inside the human body along with the specification and differentiation of
trophoblast cell lines are, mostly due to the lack of suitable cell models, not sufficiently elucidated.
This review is an evaluation of current technologies, which are used to study the behavior of human
trophoblasts and other placental cells, as well as their ability to represent physiological conditions
both in vivo and in vitro. An in vitro 3D model with a characteristic phenotype is of great benefit for
the study of placental physiology. At the same time, it provides great support for future modeling of
placental disease.
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1. Introduction

Pathology in the process of deficient placentation is associated with the development of
serious disorders during pregnancy. Failure to form a deep placental bed, placental-uterine
interface and fetal growth restriction may result in a potential miscarriage.

The defective process in the trophoblast cytotrophoblast and differentiation invasion
are associated with preeclampsia. The etiology of a large number of diseases inside the
female reproductive tract is not fully understood due to the fact that it is relatively difficult
to monitor them in ex vivo conditions. The chapters present the gradual development
of placenta from trophoblast invasion and early hypoxic states to detailed differentiation
of individual trophoblast cell subtypes, the transcription factors involved in these pro-
cesses and immune processes. In the second part of the article, an in vitro model of the
placenta and its cell populations are chronologically described. The review is beneficial to
its readers, as it provides detailed description of the multifactor-controlled placentation
process and its subsequent steps. Current knowledge in this field is evolving, and the
topic has already been addressed by several authors [1-3]. Established in vitro models of
trophoblastic invasion were reviewed by authors Abbas et al. The authors also focused on
comparing traditional and dynamic models through microfluidic tests [2]. Currently, the
technologies of controlled hydrogel matrices in organoid culture are available. Different
types of organoids intended for tissue recapitulation in the female reproductive system
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were derived, including the ovaries, cervix, fallopian tubes and endometrium using a
Matrigel matrix [3].

The implantation process and the gradual placenta development affect trophoblast
progenitors and uterine cells through the regulation of transcription factors (TFs), cytokines,
adhesion receptors and their ligands [4]. Many researchers utilize cancer cell lines, primary
cells, tissue explants and three-dimensional (3D) organoid technology in order to study
human implantation via an available in vitro model. New information has been gained
based on a study of human trophoblast differentiated cells, which are involved in early
implantation and placental formation and are monitored both in vivo and in vitro. The
acquired knowledge will then be applied in the optimization of 3D culture forms and in the
use of stem cells in hydrogel matrices, such as Matrigel. The most characteristic cell types
suitable for organoids are human pluripotent embryonic stem cells (ESCs), human-induced
pluripotent stem cells (PSCs) and organ-restricted adult stem cells (ASCs) [5,6] (Table 1).
This innovative 3D culture technology provides a benefit in recognizing stem cell properties
and is therefore suitable for in vitro modeling of organs and pathological processes “in a
bowl” [5,7]. Significant progress has been made in designing various protocols for human
organoids, such as the brain [8,9], lungs [10], liver [11], kidneys [12,13], prostate [14],
retina [15] and gastrointestinal tissues [16,17]. In contrast to the precise culture conditions
of the above-mentioned organoids, organoids simulating the human placenta have begun
to attract more attention. It is very difficult to study such unique environment of the
fetus in humans [18]. The in vitro model of the placenta will benefit from understanding
the etiology of female reproductive tract disorders. However, it is difficult to study the
aforementioned disorders, and thus, they are not well known.

Table 1. Abbreviations often used in the text.

Abbreviation/Glossary Acronym
Adult stem cells ASCs
Cell column trophoblasts CCTs
Cytotrophoblast CTBs
Decidual natural killer dNK
Distal cell column cytotrophoblast dCTBs
Embryonic stem cells ESCs
Endovascular cytotrophoblasts eCTBs
Extravillous trophoblasts EVTs
Human embryonic stem hESCs
Inner cell mass ICM
Interstitial cytotrophoblasts iEVTs
Mesenchymal stem cells MSCs
Placental villous stromal cells PVSCs
Pluripotent stem cells PSCs
Primary villi PV
Primitive syncytium PS
Proliferative proximal cell column trophoblasts pCCTs
Syncytiotrophoblasts STBs
Syncytiotrophoblast microvesicles STBMs
Trophectoderm TE
Trophoblast progenitor cells TPCs
Trophoblast stem cells TSCs
Villous cytotrophoblasts vCTBs

2. Human Placenta Development

The placenta is a transitional organ with several functions, which mainly exchange
nutrients and gases between the mother and the fetus. It further acts as a specific endocrine
organ that generally supports fetal development. The placenta produces a number of
hormones, such as estrogen, progesterone and human chorionic gonadotropin (hCG).
Many physiological parameters change during a woman’s pregnancy. The pituitary gland
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is enlarged during pregnancy in order to produce oxytocin. Oxytocin level increases
during pregnancy. Serum prolactin levels increase significantly in the first trimester and are
affected by increasing serum estradiol concentrations [19]. Extraembryonic tissues from the
placenta develop dynamically during pregnancy [3,20]. In order to sustain the pregnancy,
it is necessary to form spiral arteries in the decidua and thus assure an optimal supply of
nutrition and oxygen [21].

2.1. Trophoblast Invasion

Trophectoderm (TE), the outer layer of the human blastocyst, is a source of trophoblast
progenitor cells. Trophoblast invasion of the uterus is the first step to implantation of
the human blastocyst. The process is also necessary for transforming the uterine spiral
arteries [22]. Trophoblast stem cells (TSCs) and trophoblast progenitor cells (TPCs) differ-
entiate into more specialized trophoblast populations at an early stage of development.
TSCs are further classified into two types of cells—mononuclear cytotrophoblasts (CTBs)
and multinucleated primitive syncytium (PS) [20,23]. CTBs have the ability to proliferate,
differentiate and fuse on multinuclear syncytiotrophoblasts (STBs), thereby promoting
syncytial growth during ontogenesis [24]. Early development and accurate differentiation
of CTBs toward the different subtypes of extravillous trophoblast (EVTs) is a prerequisite
for further physiological pregnancies. Invasive EVTs are made up of different types of
specialized cells that have the potential to differentiate and proliferate [25,26]. CTBs form
a multinucleated STBs through cell fusion. Therefore, cytotrophoblasts form the basis
of the STBs and reside on the basement membrane that separates them from the villous
stroma [27]. The proliferative activity of these trophoblast subtypes varies considerably.
While STBs have a very limited proliferation, CTBs have a high proportion of proliferating
cells [28] (Figure 1).
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Figure 1. Trophoblast stem cells differentiate into more specialized trophoblast populations at
an early stage of development. TSCs are further divided into mononuclear cytotrophoblasts and
multinucleated primitive syncytium. Cytotrophoblasts have the ability to proliferate, differentiate
and fuse with the syncytiotrophoblast, thereby promoting syncytial growth during ontogenesis. Cells
of the cytotrophoblast divide and migrate externally. Through cell fusion, the cytotrophoblast forms
a multinucleated syncytiotrophoblast. Thus, cytotrophoblasts are the basis of the syncytiotrophoblast
and reside on the basement membrane that separates them from the villous stroma. Extravillous
trophoblastic cells line the mother’s blood vessels and intersect with maternal cells in the decidua, as
well as several types of maternal immune cells, including T cells, decidual natural killer cells (dNK)
and stromal cells that provide structural support for the decidua.
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2.2. Early Hypoxic Placental Environment

It is very interesting to point out that the hypoxic environment exists in the early
placental period. Current oxygen levels play an important role in managing the differentia-
tion process, which leads to the invasion of cytotrophoblast into the uterus. In the early
stages of placental development, the environment is relatively hypoxic and affects more
cytotrophoblast proliferation than invasive differentiation along the invasive pathway [29].
Cells respond to change in hypoxic conditions through transcription factors by hypoxia-
inducible factors (HIF). HIF transcription factors affect placentation and vascularization by
activating the vascular endothelial growth factor (VEGF) gene expression. The HIF gene
family includes three alpha subunits, HIF1A, HIF2A and HIF3A, and three beta subunits,
HIF1B, HIF2B and HIF3B. The HIF1A, HIF2A subunits are affected by oxygen, and the beta
subunit of HIF1B is constitutively expressed. Following hypoxia, the HIF alpha subunits
accumulate in the nucleus and dimerize with HIF1B, allowing them to bind to the DNA and
initiate transcription of their target genes. The above-described process leads to targeted
gene activation and response to hypoxia, including pathways in which the cellular need for
02 is reduced, thus representing adaptation and the resulting reoxygenation. HIFs affect
the implantation and placentation processes in particular, as well as increasing vascular per-
meability and angiogenesis [30]. CTBs interfere with the uterine wall and plug the maternal
vessels, helping to maintain a state of physiological hypoxia [31]. Maternal spiral arteries
that supply the placental site are blocked by CTB plugs [4]. In early placental development,
the intrauterine oxygen tension of maternal decidua is 3%, and the oxygen tension of the
myometrium is about 10%. This standing oxygen gradient most likely supports and directs
the invasion of EVT into the decidua and myometrium, where it remodels the spiral arteries
of the uterus [32]. The placenta develops improved mechanisms to protect against oxidative
damage [4]. Between 10 to 12 weeks’” worth of human pregnancy blood starts to flow to
the intervillous space. While high oxygen gradient promotes EVT invasion, low oxygen
causes hypoxia-inducible factor 1a (HIF-1a)-dependent EVTs proliferation leading to the
rapid growth of the placenta in the early stages of pregnancy [33]. The oxygen gradient
values in the early period of placentation are also interesting for the in vitro placental and
trophoblast model.

2.3. Cytotrophoblast Differentiation

In the early period, vacuoles appear on the PS. Upon fusion, vacuoles form a network
of lacunar spaces that eventually breach the maternal uterine capillaries and create discon-
tinuous maternal blood sinusoids. The next stage is the development and morphogenesis
of placental villi. At the time of PS expansion, a series of proliferative CTBs outgrow
the expanding syncytial mass and form primary villi (PV). The PV grows toward the
underlying maternal decidua. The process rapidly expands by the continuous proliferation
and cell fusion of the developing villous cytotrophoblasts (vCTBs) [20,29,33]. Stem cells
in the vCTBs differentiate into proliferative proximal cell column trophoblasts (pCCTs),
which bind to the villi of the maternal decidua and are proliferatively active [34]. After
anchoring the villi, pCCTs further develop into distal cell column trophoblasts (dCCTs).
These dCCTs cells have a function in the process of anchoring the developing embryos in
the uterine wall [35]. dCCTs in EVTs migrate deeply into the decidua basalis and the first
third of the underlying myometrium and into maternal spiral arteries where they adopt
a vascular phenotype, and EVT cells remodel the maternal spiral [2,36,37]. The process
of placentation is characterized by a deep invasion of trophoblasts, which is necessary to
ensure increased blood flow during a longer intrauterine period [36]. Differentiation of
EVT subtype progenitors residing on the basement membrane of CCTs leads to interstitial
cytotrophoblasts (iCTB) and endovascular cytotrophoblasts (eCTB) relocated to maternal
helical arteries. iCTBs in the decidual stroma colonize blood vessels from the outside and
communicate with uterine cells of various types, such as decimal stromal cell macrophages
and uterine natural killer (NK) cells [29,34].
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The eCTB differentiated subset of EVTs form spiral uterine arteries with vascular
transformation. Cells further interact with stromal cells, glands, arteries, macrophages
and decidual (dNK) [2,25]. The decidualization process and its pre-decidual change are
observed in the secretory phase of the human menstrual cycle. As iCTV progresses, the
cells migrate to the lumen of the spiral arterioles and replace the endothelial lining of the
uterus. iCTV are found in the smooth muscle walls of these vessels. During pregnancy,
in which placental cells remodel the uterine arterioles, the decidual and inner thirds of
the myometrial parts of these vessels are included [38]. Subsequently, the diameter of the
arterioles expands, thereby increasing the blood flow needed to support the rapid growth
of the fetus later in the pregnancy. It can be assumed that unsuccessful endovascular
invasion may, in some cases, lead to miscarriage, whereas insufficient vascular perfusion
to the appropriate depth is associated with preeclampsia and a subset of pregnancies
in which fetal growth is restricted [31]. The placenta is an evolutionarily diverse organ.
Placentation in mammals is highly variable, especially in the extent of invasion into the
uterus by trophoblast cells [39]. In humans, the ratio of placenta to neonatal weight is 6:1,
which indicates the great importance of placental function. The animal model of a mouse
can be used to study the basic properties of the placenta. The mouse is an ideal model for
studying the placenta with similar properties to the temporary organ because, like simian
primates and humans, mice have a hemochoric type of placenta. This type of placenta
is characterized by direct contact between the trophoblast and maternal blood without
separation of the endothelium or epithelium [2,36,40] (Figure 2).
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Figure 2. Maternal spiral arteries deliver nutrients to the placenta. Structure of a placental anchoring
villus and its different trophoblast subtypes. Precursors that reside in the villous cytotrophoblast
(vCTB) layer either differentiate into multinuclear syncytiotrophoblasts (STBs) when surrounded
by maternal blood or give rise to proliferative proximal cell column trophoblasts (pCCTs) upon
attachment of villi to the maternal decidua. Following the differentiation into distal cell column
trophoblasts (dCCTs), extravillous trophoblasts (EVTs) develop, breaking through the overlying
STB layer. Differentiation of EVT subtype progenitors residing on the basement membrane of CCTs
leads to interstitial cytotrophoblasts (iCTB) and endovascular cytotrophoblasts (eCTB) relocated to
maternal helical arteries. iCTBs in the decidual stroma colonize blood vessels from the outside and
communicate with uterine cells of various types, such as decimal stromal cell macrophages and
uterine natural killer (NK) cells.

2.4. Transcription Factors, Cytokines in Early Placentation

Pregnancy is characterized by elevated levels of specific cytokines at the fetal-maternal
interface. The complicated differentiation process of the trophoblast precursors in the TE of
early ontogenesis is modulated by TFs, which act as transcriptional promoters, leading to
the formation of the fetal part of the placenta. TFs, such as caudal-type homeobox 2 (CDX2),
transcriptional enhancer factor 3 (TEAD4), Eomesodermin/T-box brain protein 2 (Eomes),



Biomedicines 2022, 10, 904

6 of 20

GATA binding protein 3 (GATA3) and Transcription factor AP-2gamma (TFAP2C), are the
most important factors in the process of TE specification in mice. The molecular mechanism
of TE specification in humans is less exact. There is a similar molecular mechanism to the
expression of some key TFs, including CDX2, TFAP-2C, transcription factor AP-2alpha
(TFAP2A), chorion specific transcription factor (GCMa) and GATA3, which are found in
the blastocyst-stage human TE progenitors [41]. The placenta-specific TFs are involved in
further trophoblast development through the transcription of placenta-specific genes. At
present, not all key TFs involved in the trophoblast self-renewal and differentiation have
been sufficiently clarified. CDX2 plays a crucial role in the development of fetus and its
perinatal tissues. Early preimplantation failure and thus embryonic lethality have been
found to cause early CDX2 blockade. CDX2 is one of the most common feature genes that
confer individual identity to specific segments through the possession of a “homeobox”
DNA binding motif encoding 60 amino acids that acts as a transcriptional regulator of
“downstream” genes [42]. CDX2 is important for TE development in preimplantation
mouse embryos and human TSC-like stem cells. CDX2 expression is manifested in TSC
at an early stage of placentation. CDX2 TF is less present in CTB progenitors. Selective
expression of CDX2 in human CTB progenitors was observed in the first trimester [6,43].
The role of CDX2 and cadherins in the regulation of epithelial-mesenchymal transition
(EMT) is currently hypothesized [44]. Trophoblast cells that result from vCTB differen-
tiation proliferate the column trophoblasts with CDX2 negative and Neurogenic locus
notch homolog protein 1 (NOTCH1) positive phenotypes. High expression of CDX2 &,
NOTCH]1 + CTBs is present here [43]. Authors hypothesize that early TE progenitors leave
the pluripotency state of undifferentiated cells relatively rapidly and adopt a phenotype
comprising GATA2+, GATA3+, TFAP2A+ and TFAP2C+. A set of four genes as the trophec-
toderm four “TEtra” has been identified [41]. The GATA family of zinc-finger TFs regulates
the critical steps in cell differentiation during vertebrate development [45]. GATA2 and
GATAB3 fulfill several properties of this claim and act conservatively in mammals, regu-
lating the activation of trophoblast genes during placental development. Both GATA2
and GATA3 mRNAs are highly expressed in the human TE. GATA family members are
selectively expressed within trophoblast progenitors during early mouse development and
directly regulate the key genes. GATA2 and GATAS3, as well as EVT, were confirmed to be
highly expressed in cCTBs.

At the beginning of pregnancy, there is a TEAP4-binding Yes-associated protein (YAP)
coactivator, which plays a key role in the proliferation and expression of TSC villous
trophoblastic epithelium progenitors. Thus, the Hippo signaling pathway could be very
active in placental development. Other authors also point out that TEADA4 is critical for
the self-renewal of human and mouse TSCs [46]. Therefore, YAP may not only trigger
trophoblast proliferation by promoting the expression of cell cycle and stemness-associated
genes, but also by inhibiting differentiation. In particular, the downregulation of gene
characteristic of STBs and cell fusion regulators may be crucial to the expansion of YAP-
dependent vCTB in early pregnancy. The effects of YAP on STB formation could be indirect.
Therefore, YAP-TEAD4-EZH?2 complexes may be required to inhibit the transcription of a
subset of genes, STB-specific regulators, with the resulting effect of suppressing cell fusion.
YAP-TEAD4 complexes bind to stemness and cell cycle genes, increase their expression
and thereby promote vCTB/TSC expansion. Concurrently, YAP-TEAD4 complexes also
inhibit cell fusion and STB marker expression by forming gene-repressive complexes in
their promoter regions [47]. TFAP-2A is also involved in the process of EVT invasion and is
identified by its expression in EVT. The TFAP-2A acts as a sequence-specific DNA-binding
transcription factor, recognizing and binding to the specific DNA sequence and recruiting
the transcription machinery. It is also characteristic of the invasive trophoblast cell lines.
TFAP-2 alpha is involved in the cell-specific hormonal expression of syncytializing human
trophoblasts. However, its role in invasive trophoblast differentiation remains largely
unexplored [48]. Authors used immunofluorescence to examine first-trimester placental
tissues and primary CTB pools. It was found that Neurogenic locus notch homolog
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protein 2 (Notch2) expression increased during EVT differentiation, which is characterized
by the induction of marker genes, such as human leukocyte antigen G (HLA-G), Integrin
alpha 1 (ITGA1) and ITGA5 [49] (Figure 3).

TE ICM

Figure 3. Pregnancy is characterized by elevated levels of specific cytokines at the fetal-maternal
interface. Blastocysts contain pluripotent ESC stem cells that are derived from the inner cell mass
(ICM). Complicated differentiation process of the trophoblast precursors in the trophectoderm (TE)
of early ontogenesis is modulated by transcription factors, which act as transcriptional promoters,
leading to the formation of the fetal part of the placenta. Placenta-specific transcription factors are
involved in further trophoblast development via transcription of placenta-specific genes. At the
beginning of pregnancy, there is a transcriptional enhancer factor 3 (TEAP4) binding Yes-associated
protein (YAP) coactivator, which plays a key role in the proliferation and expression of trophoblast
stem cells (TSCs) villous trophoblastic epithelium progenitors. Caudal-type homeobox 2 (CDX2)
plays a crucial role in the development of fetus and its perinatal tissues. In the overexpression of the
octamer-binding transcription factor 4 (Oct4) antagonist, transcription factor CDX2 is able to induce a
trophoblast, its morphology and upregulation of trophoblast markers. Eomesodermin (Eomes), a
factor behind CDX2, is overexpressed and conditions differentiation toward TE/TSC, making both
CDX2 and Eomes strong candidates for key TE regulators. Decreased expression of OCT4 in ESCs
results in the loss of pluripotency and the formation of a monolayer by trophoblast-like cells. CDX2
and Eomes have a key effect on the regulation of differentiation into the trophoblast line. Tead4 acts
on CDX2 during preimplantation, leading to the initiation of TE formation.

Extracellular signaling mechanisms regulate the individual and subsequent stages
of trophoblast development. Molecules that are involved in the invasive processes of
EVT are cell adhesion molecules (CAMs), such as integrins, cadherins and fibronectin,
metalloproteinases (MMPs) and Tissue metalloprotease inhibitors (TIMPs) [50]. EVTs differ-
entiation results in decreased E-cadherin expression in cell columns [35]. Cell adhesion is
mediated through specific surface receptors known as integrins. The receptors, which may
be heterodimeric «f3-type transmembrane glycoproteins, have a specific bond according to
the type of &/ 3 combination. CTBs express integrins to adhere to the extracellular matrix
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(ECM) components and modulate their integrin repertoire when they invade maternal
tissues [51,52]. Proliferative CTBs form column CTBs, which help anchor the placenta to
the uterus. In the distal parts of such anchoring villi, the CTBs differentiate into a migratory
phenotype known as EVT. During CTB differentiation toward EVT differentiation, the
Integrin alpha-6/beta-4 (ITGA6:1ITGB4) is changed to the villous integrin alpha-5/beta-1
(ITGA5:ITGB1) in cell columns and «1f1 in the uterine wall. The differentiated EVTs
are characterized by the absence of epidermal growth factor receptor (EGFR) expression.
On the other hand, there was an increase in the positivity of HLA-G expression on their
surface [35]. Integrin expression is reflected in altered cell adhesion properties. Previously,
the expression of tumor protein (TP63) in the human placenta has been described and
shown to be expressed only in proliferative CIBs and completely eliminated from both
STBs and EVTs [35,53]. The o isoform of the N-terminally truncated p63 (ANp63«x) has
been shown to be involved in maintaining the stem cell state in stratified epithelia.

2.5. The Role of the TGF B Superfamily in Placentation

The transforming growth factor-beta (TGF-f3) contains a family of dimeric polypep-
tides that affect the differentiation and proliferation of several cell types. TGE-f3 acts as a
proangiogenic factor. Angiogenesis is strictly regulated between pro-and anti-angiogenic
factors. The change in the ratio of acting factors can lead to pathological processes. TGF-
belongs to the regulatory cytokine superfamily, which has pleiotropic functions in many
cell types and is involved in many physiological and pathological processes in the verte-
brates [54]. Smads are intracellular nuclear effectors of TGF-f family members. TGF-f3
has a biological effect through binding to cell surface receptors. The Smad family can
be divided into three distinct subfamilies: type I receptor-regulated (R-Smads), type II
receptor common-partner Smads (Co-Smads) and type III receptor inhibitory (I-Smads).
Smad complexes can bind to DNA through other DNA binding proteins and regulate the
transcription of target genes [55]. TGF-f3 regulates a variety of developmental and phys-
iological processes, including placental development. TGF-f3 plays an important role in
the precise regulation of trophoblast proliferation, differentiation and deciduous invasion.
With an adequate balance in the functions of all its members, the cytokine improves the
course of placentation, and an imbalance can cause aberrant placentation and more related
pregnancy complications. At present, the complete function of members of the TGF-f3
superfamily in the regulation of placentation has not been elucidated. Authors admit the
possibility of their dysregulated expression in case of placental disorders and pregnancy
complications. TGF-f3 signals and their individual subunits. Reports on the role of TGF-f3
in human TB invasion are contradictory. TGF-3 may promote trophoblast invasion into
decidua by increasing the expression of matrix metalloproteinase-2 (MMP2) and MMP9.
TGF-f3, on the other hand, may inhibit trophoblast invasion into the decidua by decreasing
MMP2 and MMP9 expression, decreasing fibronectin deposition, primarily by increasing
tissue TIMP1 and cyclooxygenase-2 (COX-2) expression [50]. Authors observed increased
expression and activity of COX-2 in the trophoblast cells of women compared to healthy
pregnant women with preeclampsia. It has been shown that COX-2 and prostaglandin E2
(PGE2), which is mediated by COX-2 in conjunction with TGF-f31, can inhibit the invasion
of human trophoblast cells. It is not clear whether TGF-f1 induces COX-2 in human tro-
phoblast cells or whether COX-2 mediates the suppressive effects of TGF-1 on trophoblast
invasion. COX-2 expression is usually low but can affect many factors, such as cytokines,
hormones and growth factors. COX-2 is basically expressed in small amounts, including
in the placenta and brain [56,57]. Authors describe the treatment of acetylsalicylic acid in
patients at high risk of preeclampsia. Acetylsalicylic acid is known to inhibit COX-2, which
is responsible for prostaglandin synthesis [58].

2.6. Immunomodulation in Early Placentation

Pregnancy is physiologically controlled by the immune system to ensure the devel-
opment of semialogenic fetus. If these processes are not properly adapted, miscarriage or
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preeclampsia are likely to occur [59]. The initial step of spiral arterial remodeling is likely
to be regulated by immune cells that are localized in vessels before EVT involvement [57].
Maternal decidua in normal pregnancy contains several types of immune cells, such as
macrophages, NK cells and regulatory T cells (Treg). The majority of these cells are decidual
NK cells, and a minority are macrophages and dendritic cells [60]. Factors released from
the placenta affect the balance of maternal cytokines. Syncytiotrophoblast microvesicles
(STBMs), which are secreted into the maternal circulation, affect monocytes and B cells
and induce the release of tumor necrosis factor-alpha (TNF-«) and interleukins IL-1«,
IL-1p3, IL-6, IL-8. In the last trimester, human peripheral blood mononuclear cells (PBMC)
produce, in response to STBMs, more TNF-« and IL-6 in pregnant women than PBMC
in non-pregnant women. It is hypothesized that maternal immune cells are primed by
pregnancy, presumably through their interaction with STBMs [59]. Decimal NK cells indi-
rectly regulate trophoblast invasion in vitro and in vivo by producing IL-8 and interferon-
inducible protein-10 chemokines (CXCL10). dNK cells are potent secretors of a number
of angiogenic factors with the ability to induce vascular growth in the decidua. Thus, the
regulation of trophoblast invasion by dNK cells makes it possible to indirectly regulate
vascular remodeling [61].

3. In Vitro Placental Models
3.1. Primoculture Trophoblasts Monolayer Cells

The placenta’s in vitro model allows the modeling of various cellular and metabolic
processes inside the human body. However, the ability to detect early processes in placen-
tation and the mechanisms by which human TE function is specific, is currently poorly
understood. Several authors cultured trophoblast cells in the past. Traditionally, cell
cultures have been performed using two-dimensional (2D) systems where cells grow in
a monolayer. Researchers isolated trophoblast cells from the scattered placental tissue
that was not contaminated with blood elements, macrophages and mesenchymal cells
using Percoll gradients [39]. The populations of mononuclear cells of placental tissue were
obtained in the samples, which showed structural properties, as well as some biochemical
properties of trophoblasts. Cells harvested from the middle gradient band appeared round,
with the majority having a diameter of about 1020 pm [39]. Scientists still use the isola-
tion of primary cells from placental tissue. From the terminal placental tissue following
the enzymatic digestion, Percoll centrifugation makes it possible to isolate CTBs, which,
following in vitro culturing, form multinucleated structures characterized by upregulated
markers of STB identity, such as hCG [62]. The growth of placental cells from the explants
is provided as another possibility. Explant cultures have grown from smaller pieces of
placental tissue, several millimeters in size. Individual tissue sections were immersed in
the culture medium and the cells proliferated from the explanted tissue. The growth of
placental cells via explants is facilitated in hypoxic conditions, where cultivation in closed
flasks promotes rapid growth. Under the above-mentioned conditions, cytotrophoblast
proliferation increases. Throughout this procedure, it was possible to prepare cultures of
trophoblastic cells that replicate, sometimes in restricted mode, for two to three cycles,
excluding chorionic gonadotropins. The best results were achieved when the original
placental explants were obtained from the CTBs of the first-trimester placental column, in
contrast to the wounds where the villi pieces are located [63].

3.2. Human Cancer Cell Lines

Human cell lines are used in experiments for extended periods. The human chorio-
carcinoma cell line JAGs are known cell lines that have endocrine production, secreting
gonadotropin, human chorionic somatomammotropin, progesterone, estrogen and estra-
diol. The JEG-3 line is partially similar in functionality to the placental tissue for trophoblast
invasion in vitro [64]. Human choriocarcinoma cell lines, BeWo cells, began to be used in
the 1980s as an in vitro model for the placenta. The b30 subclone BeWo cells can grow on a
membrane system to form confluent cell layers. These layers allow testing of metabolism
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in the placenta [65]. HTR-8/SVneo was developed in the first trimester using an EVTs
infected with simian virus T antigen (5V40). HTR-8/SVneo cell lines are widely used to
study trophoblast functions, including cell fusion, migration and invasion. The purity
of each cell line is therefore crucial so that it can be used as a model of recapitulating
trophoblast cells [66]. The JEG-3 human choriocarcinoma cell line is grown in the form of a
single cell suspension cultured without serum. In addition, JEG-3 and JAR, cancer cell lines
with an abnormal number of chromosomes have, in some cases, distinctly different tran-
scriptomic profile compared to EVT [2]. In an in vitro invasion assay, authors demonstrated
the significant invasive capacity of the JEG-3 cell line, which was compared to the JAR
cell line. It was further found that the expression of heparanase mRNA protein in human
choriocarcinoma cells JEG-3 and JAR was clearly higher than in normal chorion [67]. The
JEG-3 cell line expresses endogenous HLA-G, which is useful as a positive control for the
EVT layer [68-70]. JEG-3, BeWo, JAR, HTR-8/Svneo and Swan-71 cell lines are the most
commonly used for experimental testing of trophoblast migration [2].

3.3. Trophoblast Stem Cells of the Blastocyst

Human stem cells can currently be isolated by several methods. Mammalian blas-
tocyst consists of two types of cell layers, the outer TE surrounded by pluripotent cells,
forming the inner cell mass (ICM). Blastocysts give rise to three stem cell entities—the
pluripotent ESCs, which are derived from ICM developed from the epiblast, and two types
of extraembryonic stem cells, primitive eXtraembryonic ENdoderm-derived (XEN) cells
and TSCs derived from extraembryonic ectoderm. Human embryonic stem (hESCs) cells
are usually derived from the ICM of blastocysts. The derivation of hESCs is therefore
considered ethically controversial, and the embryo is destroyed after isolation. Multipotent
polar TE cells later develop into the embryonic part of the placenta. Stem cells of all three
lines, ESCs, XEN and TSCs, self-renew and retain their fate-specific development potential
in vitro [71]. TSCs were derived from TE blastocysts or extraembryonic ectoderm following
the implantation [72]. Several authors describe successful cultivation of the TSC line, which
was derived from human embryonic blastomeres and chorionic mesenchymal cells and
cultured with 10% fetal bovine serum and fibroblast growth factor 2 (FGF2) [23,73,74].
Recently described TSCs from the blastocyst are bipotential. These cells are capable of
differentiating into vCTBs and STBs and are suitable for the formation of 3D epithelial
organoids, closely resembling the structure and physiology of the original organ (Figure 4).

3.4. Induced Stem Cell Engineering Cell Fate

In mammals, cell fate segregation takes place shortly after fertilization, when the outer
morula cells specialize in the future trophoblasts. Embryonal cell fate is controlled by
several stimuli, including cell polarity and position, cell-cell signaling and differential
expression of TFs. Unlike the in vivo environment, the in vitro conditions are different.
Embryonic cell does not spontaneously differentiate into extraembryonic cell types. In
an in vitro environment, it is possible to target the fate of cells with specific TFs. Induced
PSCs can be generated from somatic cells or adult fibroblasts after forced expression of
pluripotent TFs. Similarly, direct reprogramming to multipotent trophoblastic stem cells
can be induced. It has been shown that hTSCs can be generated by somatic cells by two
methods of reprograming—either adult fibroblasts with the TFs SOX2, Octamer-binding
transcription factor 4 (Oct4), Kriippel-like factor 4 (KLF4) or the transformation of PSCs.
Human-induced PSCs, which have been generated by reprograming somatic cells, are
capable of differentiating into a wide range of body tissue types [72]. It has been shown that
a reduced Oct4 expression induces trophoblastic morphology. In the overexpression of the
Oct4 antagonist, TF CDX2 is able to induce a trophoblast, its morphology and upregulation
of trophoblast markers. Eomes, a factor behind CDX2, is overexpressed and affected by
differentiation toward TE/TSC, making both CDX2 and Eomes strong candidates for key
TE regulators. Decreased expression of Oct4 in ESCs resulted in the loss of pluripotency and
the formation of a monolayer by trophoblast-like cells. CDX2 and Eomes have a key effect
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on the regulation of differentiation into the trophoblast line. TEAD4 acts on CDX2 during
preimplantation, leading to the initiation of TE formation [71] (Table 2). Furthermore, TFs
were identified as inevitable for the successful induction of TSCs, GATA3, Eomes and the
transcription factor TFAP2C. Eomes and TFAP2C bind to the TEAD4, GATA3 and E74-like
ETS transcription factor 5 (ELF5) genes and positively regulate the expression of ELF5, a
protective gene in trophoblastic line differentiation in the early blastocyst. The triple casts
of ELF5, Eomes and TFAP2C were enriched for TSC proliferation and potency of TSCs.
GATA3 binds to expression and upregulates CDX2, which also increases self-expression
as ELF5 and Eomes. GATA3 also induces Eomes expression independently of CDX2 [75].
When it comes to comparing the molecular differences in humans and rodents, known
molecular differences include the timing of the CDX2 expression, a key TE TF that is
detected in humans only after blastocyst formation. GATAS3 expression is more pronounced
in human TE, presumably to compensate for the late CDX2 expression. Differences in
expression patterns also exist between human and mouse blastocysts. For example, Oct4
is ubiquitously expressed in all human blastocyst cells on days 5-7, while in mice, it is
restricted to the ICM [76]. TSCs are characterized by the morphological, transcriptional and
functional characteristics of the human cytotrophoblast in vitro. TSC self-renewal could be
maintained on a layer of inactive mouse embryonic fibroblast feeder cells that are provided
with factors related to the NODAL pathway and supplemented with FGF4, heparin and
fetal bovine serum. The induction of human trophoblast progenitors is an important factor.
TSCs could be maintained under these conditions for several passages [77]. A technique
has recently been described for inducing human-induced trophoblast progenitor (iTP) cells
by directly reprogramming fibroblasts with murine trophoblast line-specific transcription
factors consisting of CDX2, Eomes and ELF5. Human iTP cells were given epithelial
morphology and could be maintained in vitro for more than 2 months [44]. The authors
proposed the recommended criteria for the TSC phenotype of GATA3, KRT7 and TFAPC2
markers that lack the expression of HLA class I, ELF5 promoter hypomethylation and
C19MC expression. In addition, DNA methylation deficient progenitor cells can efficiently
differentiate into trophoblast-type cells [2,62,78].

Table 2. Specific markers identified in the early stage of implantation and different trophoblast cell subtypes.

Cell Type Phenotype References
Morula cells (Mrl) G ATil6f,5]’3i/[OPIIESSOX17 [6]
Inner Cell Mass cells (ICM) Nanog, Oct4, SOX2 [71]
Trophectoderm cells (TE) FGF4 [46]
Cytotrophoblasts (CTBs) Tpbpa, CDX2, GATA3, TFAP2C, TEAD4, E-cadherin, CK7 [23,41]
Villous Cytotropboblasts (vCTBs) GATA3, CDX2, TP63, TEAD4, K167, ITGB1, E-cadherin [18,23,34]
Syncytiotrophoblast (STBs) GATA3, TFAP2A, TFAP2C, hCG, EGFR, hCG [18,23]
Extravillous Trophoblasts (EVTs) NOTCHI1, CEA adhesion molecule 1, EGFR [34]
Cell Column Trophoblasts (CCTs) NOTCH1, CK7, E-cadherin, VE-cadherin [1,34]
Distal Cell Column Trophoblasts (dCCTs) NOTCH1, NOTCH2, HLA-G [34,49]
Endovascular Cytotrophoblasts (eCTBs) CK7, VE-cadherin, PECAM [1]
Intersticial Cytotrophoblasts (iCTBs) ITGA1, MMP 12, CK7, HLA-G, ITGBA1B1 [1,34]

Abbreviations list. Caudal-type homeobox 2 (CDX2), Cytokeratin 7 (CK7), GATA binding protein (GATA), Integrin
beta 1 (ITGB1), human chorionic gonadotropin (hCG), TEA-domain transcription factor 4 (TEAD4), tumor protein
p63 (TP63), matrix metalloproteinase (MMP), E74-like ETS transcription factor 5 (ELF5), Eomesodermin/T-box
brain protein 2 (Eomes), SRY-related high-mobility-group box (Sox), octamer-binding transcription factor 4 (Oct4),
transcription factor AP-2gamma (TFAP2C), transcription factor AP-2alpha (TFAP2A), epidermal growth factor
receptor (EGFR), neurogenic locus notch homolog protein (NOTCH).
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Inner cell Polar TE

mass

Primitive

endoderm

Embryonic stem Extra-erﬁbryonic Trophoblast stem
cells (ESCs) endoderm stem  cells (TSCs)
cells (XEN)

Figure 4. Schematic development of a blastocyst. Mammalian blastocyst consists of two types of
cell layers, the outer trophectoderm surrounded by pluripotent cells, forming the inner cell mass
(ICM). Blastocysts give rise to three stem cell entities—the pluripotent embryonic stem cells (ESCs),
which are derived from ICM developed from the epiblast, and two types of extraembryonic stem
cells, primitive eXtraembryonic ENdoderm-derived (XEN) cells and trophoblast stem cells (TSCs)
derived from extraembryonic ectoderm. Solid lines—description of blastocyst cell layers. Dotted
lines—three types of blastocyst-derived stem cells.

3.5. Trophoblast Organoids and Spheroids as Placental Model
3.5.1. Placental Tissue Culture

More sophisticated in vitro cultivation methods are currently available. In 3D cul-
tures, cells can proliferate and differentiate into a networked environment of biological or
synthetic materials that simulate natural ECM. Human TSCs were successfully derived
from the blastocyst in the first trimester VCT. Authors analyzed primary transcriptomes of
human trophoblast cells in order to deduce how CTBs are maintained in their undifferenti-
ated form in an in vivo condition. Culture conditions and derived human TSCs from CTBs
and blastocysts were optimized. Line markers, such as alpha 6 integrin subunit (ITGA6)
and TP63, were confirmed on cytotrophoblasts, including ITGA5, HLA-G extravillous
trophoblasts, placental lactogen (CSH1) and chorionic gonadotropin (CGB) syncytiotro-
phoblasts. A 3D model of human TS cells from the blastocyst using a suitable Matrigel
was created, and growth of EVT cells from the placental explants was induced. TS cells
were cultured for a long time, and the cells expressed the markers KRT7, TP63, GATA3,
TEAD4. The markers CGB and SDC1 were highly expressed on syncytiotrophoblasts.



Biomedicines 2022, 10, 904

13 of 20

On the contrary, HLA-G and vimentin were weakly expressed [62]. Placental organoids
mimicking the human trophoblast include cells of extraembryonic origin. Primary culture
can be used to create isolated organoids. It was shown that a suspension of trophoblast-
enriched cells was obtained in the first trimester by enzymatic cleavage of villi from the
placental tissue. Placental villous stromal cells (PVSCs) were isolated by digestion of
the tissue remaining, following the initial trypsin and collagenase digestion. The forma-
tion of small organoid clusters that formed after 7-10 days was observed. Trophoblast
organoids were passaged and placed on differentiation plates. Then, they were maintained
in the trophoblast organoid differentiation medium [18]. TSCs with the ability to differ-
entiate into STBs and EVTs are ideal for generating organoids. An in vitro generation of
human cytotrophoblastic organoid cultures (CTB-ORGs) from a purified first trimester
capable of self-renewal and expansion under defined culture has been shown. Purified
first-trimester CTBs were applied to human trophoblast organoids from placental tissues
and subsequently integrated into a Matrigel matrix containing a mixture of growth factors
and signaling inhibitors [23,78]. Matrigel is widely used to induce the growth of EVT
cells from the perinatal tissue [23,79]. Trophoblast culture medium (TOM) composed of
EGEF, FGF2, CHIR99021 (WNT activator), A83-01 (TGFf3/SMAD inhibitor) and R-spondin-1
was used to culture EVT cells [80]. Early placental proliferative 3D structures expressed
markers of the human CTB strain in the epithelial cell layers and spontaneously underwent
cell fusion toward the center [23]. Self-renewing trophoblast organoids grow as complex
structures that accurately recapitulate the structure of the placental villi in vivo, where
vCTBs expresses the markers EpCAM (epithelial cell adhesion molecule) and cadherin-1
(CDH1) [23]. Organoids have been shown to express CDX2, TP63, TFAP2C, TFAP2A,
TEAD4 and GATAS3 in the outer layers of CTB-ORG [23,81]. Lee’s authors report a pheno-
type characteristic of human cytotrophoblastic organoid cultures (CTB-ORG) and primary
first-trimester trophoblasts, HLA class I profile, ELF5 methylation and microRNA (miRNA)
expression from the miRNA cluster chromosome 19 (C19MC) [78]. Integrin P1 proliferative
markers are characteristic of human TP niches in the first trimester of the placenta [27].
The differentiation process of early extraembryonic tissues is important in monitoring
the processes of placentation in vitro. Human PSCs are used in the study of trophoblast
differentiation [82]. In vitro techniques mimic in vivo ones, where TSC also differentiates
into EVT, a process crucial for proper placentation. The advantage of the 3D model is the
arrangement into complex structures generating both STBs and EVT. The formation of the
simulated natural structure of the placental villi can be closely monitored histologically. The
lacunae present in the syncytial regions are similar to those found in vivo [23,80]. Authors’
data now provide functional evidence that naive hPSCs indeed have enhanced potential to
access trophoblast fates during both spontaneous differentiation assays and upon treatment
with recently devised conditions for hTSC isolation [62,83]. Other authors describe a sheep
placenta model in a series of studies analyzing the dynamic interrelationships between the
trophoblast and the uterine epithelium. Trophoblastic epithelium consists mostly of typical
trophoblast cells and minimal binucleate trophoblast cells derived from them. Binucleate
cells synthesize and accumulate placental lactogen [84,85].

3.5.2. Organoids Mimic EVT

Trophoblast migration through the maternal decidua and remodeling spiral arteries
affects the extracellular environment. Matrix-integrin binding induces a signal transduction
cascade. Such process plays a key role in controlling the cellular behavior and expression of
MMP2 and MMP9, which facilitate collagen skeletal degradation. The degradation of ECM
EVTs can be reproduced in vitro, where the cells degrade the Matrigel layer on which they
are cultured. Authors used an EVT-like cell line HTR8/SVneo, which in combination with
Matrigel induces differentiation to the EVT phenotype [86]. The phenotype with EVT differ-
entiation potential includes the following markers: cytokeratin 7 (KRT7), CD9 trophoblast
stem cell lines EVT proteases MMP2, MMP9, ECM degradation inhibitors TGFB1, adhesion
molecules TGFB2, ITG extracellular EGA and extracellular ITHk, cadherin CDH5 [86].
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3.5.3. Spheroids of Placenta-Derived Mesenchymal Stem Cells

Placenta-derived mesenchymal stem cells (MSCs) are used for regenerative medicine
thanks to their multilineage potential and regenerative properties. MSCs can be isolated
from extraembryonic tissues, umbilical cord, placental tissue, amniotic and chorionic mem-
branes, where they are involved in maintaining stem cell and tissue niches [87-91]. PMSCs
have a characteristic viability and proliferation [92]. MSCs preparation as spheroids is a
method used for optimizing the improvement in the efficacy of MSC-based therapeutics.
Culturing MSCs in the form of three-dimensional spheroids is a simple and reproducible
method and has several advantages over the 2D monolayer culture [93]. Human amniotic
mesenchymal stem cells (hAMSCs) were cultured in a serum-free DMEM medium. Mes-
enchymal phenotype of CD90+, CD73+, CD13+, CD45—and HLA-DR—was confirmed in
the tested cells [94]. The tested hAMSC spheroids had increased expression of angiogenic
and growth factors HGF, PDGF, VEGEF, FGF1, EGEF, as well as immunosuppressive factors
IL6, TGF-p3, COX2. It has been detected that culturing MSCs in the form of spheroids was
suitable for maintaining multipotency and paracrine production of hAMSCs [94]. MSCs
have a therapeutic effect either due to their requirement for replacement cells or their
immunomodulatory and paracrine activities, which promote tissue regeneration. MSCs
appear to be the most effective treatment option for patients suffering from musculoskeletal
diseases [95,96] (Table 3).

3.5.4. Characteristics Phenotype of Trophoblast Organoids

Specific trophoblast markers make it possible to recognize the degree of cell devel-
opment and cell differentiation. Phenotyping of organoid markers of trophoblasts is very
important to determine their defined phenotype. The authors Turco et al. recommend the
characterization of the following markers: HLA-ABC, HLA-G, ITGA2 [18]. Transcription
factor GATAS3 affects the embryonic development of various tissues and acts in inflam-
matory and humoral immune responses. KRT7 stimulates DNA synthesis in cells. KRT7
is expressed by EVT, specifically STBs and vCTBs, which express HLA class I. HLA-G
positivity is characteristic of EVT cells, thus it is an accepted specific marker detected for
EVT identification [68]. Trophoblast cells from animal placenta express cytokeratins II
(KRTII). Trophoblast cells are distinguishable from syncytia cells, which had a very low
expression on KRTII [85]. Interestingly, the inhibitors of placental differentiation have been
described. A study investigated the effect of transforming growth factor 31 (TGF{31) on
cytotrophoblast differentiation. It has been proven that TGFf31 acts as a major inhibitor
of trophoblast differentiation and concomitant peptide hormone secretion [97]. Invasive
trophoblasts have a capability to provide chemotactic signals to uterine leukocytes and
affect decidual angiogenesis and apoptosis by secreting hCG [29]. CDX2 is essential for
trophoblastic development, vasculogenesis in the mesoderm of the yolk sac, allantoic
growth and chorioallantoic fusion [98]. CDX2 is expressed in a mouse model for 3.5 days
post-coitum in the trophectoderm region. Along with CDX1 and CDX4, CDX2 is one of
three caudal-related genes in the human genome. Genes are also present in most verte-
brates’ genomes. CDX2 is thought to play an important role in the pathways controlling
the embryonic axial elongation and anterior-posterior patterning [98]. TP63 is a member
of the p53 family of transcription factors, and TP63 is involved in skin development and
regulation of ASCs. TP63 encodes a transcript isoform that plays a role in ovarian germ cell
survival [99]. It has been found that human stem cells induce trophoblasts by induction
of BMP 4, leading to the formation of cells with the p63+/KRT7+ phenotype, which is a
stem CTB. It has also been observed that p63 expression in CTB cultures had an inhibitory
effect on the secretion of hCG [35]. The presence of transcription factors involved in the
regulation of trophoblast development has been noted. TFAP2A, TFAP2C and GATA3 in
CTB organoids were also expressed in STB and CTB placentas in the first trimester. The
observed mRNAs were also detectable in CTB-ORG [23,48,49].
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Table 3. Advantages and disadvantages of different cell culture techniques and cell placenta populations listed in chronological order.

Type

Cell Type

Advantages

Disadvantages

Primo Culture Monolayer Trophoblasts

Trophoblast cells

Simple isolation

Differences in cell morphology in vivo and
in vitro data

High viability during cultivation

Lost characteristics during culture periods

Large number of cells by subculturing

Time-limited cell growth data

Human Cancer Cell Lines

Choriocarcinoma cell lines

Unlimited cell growth

Large numbers of cells by subculturing

JAGs

HLA-G expression

JEG-3

Trophoblast invasion in vitro

BeWo

Testing of metabolism

HTR-8/Svneo

Cell fusion, migration and invasion

Chromosomal aberrations
Abnormal number of chromosomes

Trophoblast Stem Cells of Mouse Blastocyst

XEN

ESCs

TSCs

Self-renewing and retaining their fate-specific
development potential in vitro
vCTBs and STBs differentiating

Embryo is destroyed after isolation

Induced iPSCs

Induced human trophoblast stem cells (iTPs)

Differentiating into a wide range of body
tissue types
Suitable for the study of disease mechanisms

Efficiency of reprogramming is generally low

Spheroids of Placenta Cells

Placenta-derived MSCs
Amnion MSCs
Chorion MSCs

Wharton-Jelly-derived MSCs

Easy-to-use protocol
Co-culture ability
High reproducibility

Simplified architecture

Placental Organoids

Human CTB-ORGs
Human TSCs

Organoid mimic tissue architecture relatively
easy to grow
Suitable for the study of the human placenta
An organoid ideal for development and
function mimics EVT

Heterogeneity of organoids, problem with the
uniformity of cell population
Lack vasculature

Abbreviations list. Extra embryonic endoderm-derived (XEN), Human embryonic stem (ESCs), Trophoblast stem cells (TSCs), Induced pluripotent stem cells (iPSCs), Mesenchymal stem
cells (MSCs), Villous cytotrophoblasts (vCTBs), Syncytiotrophoblasts (STBs), Human cytotrophoblastic organoid cultures (CTB-ORGs), Extravillous trophoblasts (EVT).
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4. Conclusions

Organoids are currently a very promising culture technology with more advantageous
properties compared to traditional cancer cell lines and primary cultures [100]. An organoid
system allows researchers to intensively study the processes that control embryonic devel-
opment, tissue specification and tissue homeostasis, as well as the onset and manifestation
of disease. As organoids are formed from ESC, iPSC and fetal tissues, they faithfully
preserve the properties of their original developmental stage. As a result, detailed images
of embryonic development in the dish can be obtained. Cell differentiation is systematically
invoked. Organoids provide an important insight into the development of stem cells and
their niches. At the same time, they allow us to monitor their differentiation into mature
functional lines. Organoid cultures can be obtained from human ESCs or adult progenitor
cells [5]. The main advantages of the mentioned organoids are as follows—they can be
maintained in culture for a long period of time with a continuous passage, and they can
also be stored by cryopreservation [80].

Author Contributions: Conceptualization, supervision, funding acquisition, J.Z.; project administra-
tion, M.T.; software, visualization, A.F.-B., E.D.; formal analysis and investigation, writing—original
draft preparation, D.B.,, M.T., D.C., R.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Cultural Educational Grant Agency of the Ministry of
Education, Science, Research and Sport of the Slovak Republic, grant number KEGA 023TUKE-4 /2020,
CPT ZOPA ITMS:2014+:313011W410, ITMS2014+ 313011D103 OPENMED ITMS:2014+:313011V455,
VEGA:1/0599/22, VEGA: 1/0387/22.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ji, L; Brki¢, J; Liu, M.; Fu, G.; Peng, C. Placental trophoblast cell differentiation: Physiological regulation and pathological
relevance to preeclampsia. Mol. Asp. Med. 2013, 34, 981-1023. [CrossRef] [PubMed]

2. Abbas, Y.; Turco, M.Y.; Burton, G.J.; Moffett, A. Investigation of human trophoblast invasion in vitro. Hum. Reprod. Update
2020, 26, 501-513. [CrossRef] [PubMed]

3. Wheeler, M.L.; Oyen, M.L. Bioengineering Approaches for Placental Research. Ann. Biomed. Eng. 2021, 49, 1805-1818. [CrossRef]
[PubMed]

4. Aplin, J.D.; Straszewski-Chavez, S.L.; Kalionis, B.; Dunk, C.; Morrish, D. Trophoblast differentiation: Progenitor cells, fusion and
migration—A workshop report. Placenta 2006, 27, 141-143. [CrossRef] [PubMed]

5. Clevers, H. Modeling development and disease with organoids. Cell 2016, 165, 1586-1597. [CrossRef]

6. Kojima, Y.; Yamashiro, C.; Murase, Y.; Yabuta, Y.; Okamoto, I.; Iwatani, C.; Saitou, M. GATA transcription factors, SOX17 and
TFAP2C, drive the human germ-cell specification program. Life Sci. Alliance 2021, 4, 5. [CrossRef]

7. Fujii, M.; Matano, M.; Toshimitsu, K.; Takano, A.; Mikami, Y. Human intestinal organoids maintain self-renewal capacity and
cellular diversity in niche-inspired culture condition. Cell Stem Cell 2018, 23, 787-793. [CrossRef]

8.  Marti-Figueroa, C.R.; Ashton, R.S. The case for applying tissue engineering methodologies to instruct human organoid morpho-
genesis. Acta Biomater. 2017, 54, 35—44. [CrossRef]

9.  Lancaster, M.A.; Renner, M.; Martin, C.A.; Wenzel, D.; Bicknell, L.S. Cerebral organoids model human brain development and
microcephaly. Nature 2013, 501, 373-379. [CrossRef]

10. Dye, B.R.; Hill, D.R.; Ferguson, M.A_; Tsai, Y.H.; Nagy, M.S. In vitro generation of human pluripotent stem cell derived lung
organoids. eLife 2015, 4, 05098. [CrossRef]

11. Takebe, T.; Sekine, K.; Enomura, M.; Koike, H.; Kimura, M.; Ogaeri, T. Vascularized and functional human liver from an
iPSC-derived organ bud transplant. Nature 2013, 499, 481-484. [CrossRef] [PubMed]

12. Sato, T.; Stange, D.E.; Ferrante, M.; Vries, R.G.; Van Es, ] H. Longterm expansion of epithelial organoids from human colon,
adenoma, adenocarcinoma, and Barrett’s epithelium. Gastroenterology 2011, 141, 1762-1772. [CrossRef] [PubMed]

13. Xia, Y,; Nivet, E.; Sancho-Martinez, I.; Gallegos, T.; Suzuki, K.; Okamura, D. Directed differentiation of human pluripotent cells to

ureteric bud kidney progenitor-like cells. Nat. Cell Biol. 2013, 15, 1507-1515. [CrossRef] [PubMed]


http://doi.org/10.1016/j.mam.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23276825
http://doi.org/10.1093/humupd/dmaa017
http://www.ncbi.nlm.nih.gov/pubmed/32441309
http://doi.org/10.1007/s10439-020-02714-7
http://www.ncbi.nlm.nih.gov/pubmed/33420547
http://doi.org/10.1016/j.placenta.2006.01.011
http://www.ncbi.nlm.nih.gov/pubmed/16542721
http://doi.org/10.1016/j.cell.2016.05.082
http://doi.org/10.26508/lsa.202000974
http://doi.org/10.1016/j.stem.2018.11.016
http://doi.org/10.1016/j.actbio.2017.03.023
http://doi.org/10.1038/nature12517
http://doi.org/10.7554/eLife.05098
http://doi.org/10.1038/nature12271
http://www.ncbi.nlm.nih.gov/pubmed/23823721
http://doi.org/10.1053/j.gastro.2011.07.050
http://www.ncbi.nlm.nih.gov/pubmed/21889923
http://doi.org/10.1038/ncb2872
http://www.ncbi.nlm.nih.gov/pubmed/24240476

Biomedicines 2022, 10, 904 17 of 20

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Chua, C.W.,; Shibata, M.; Lei, M.; Toivanen, R.; Barlow, L.J.; Bergren, S.K. Single luminal epithelial progenitors can generate
prostate organoids in culture. Nat. Cell Biol. 2014, 16, 951-961. [CrossRef]

Eiraku, M.; Takata, N.; Ishibashi, H.; Kawada, M.; Sakakura, E.; Okuda, S. Self-organizing optic-cup morphogenesis in three-
dimensional culture. Nature 2011, 472, 51-56. [CrossRef]

Spence, ].R.; Mayhew, C.N.; Rankin, S.A.; Kuhar, M.E; Vallance, ].E.; Tolle, K. Directed differentiation of human pluripotent stem
cells into intestinal tissue in vitro. Nature 2011, 470, 105-109. [CrossRef]

McCracken, K.W.; Caté, E.M.; Crawford, C.M.; Sinagoga, K.L.; Schumacher, M.; Rockich, B.E. Modelling human development
and disease in pluripotent stem-cell-derived gastric organoids. Nature 2014, 516, 400-404. [CrossRef]

Turco, M.Y.; Moffett, A. Development of the human placenta. Development 2019, 146, 163428. [CrossRef]

Soma-Pillay, P.; Nelson-Piercy, C.; Tolppanen, H.; Mebazaa, A. Physiological changes in pregnancy: Review articles. Cardiovasc. .
Afr. 2016, 27, 89-94. [CrossRef]

Knofler, M.; Haider, S.; Saleh, L.; Pollheimer, J.; Gamage, T.K.; James, ]. Human placenta and trophoblast development: Key
molecular mechanisms and model systems. Cell. Mol. Life Sci. 2019, 76, 3479-3496. [CrossRef]

Castellucci, M.; Kosanke, G.; Verdenelli, F.; Huppertz, B.; Kaufmann, P. Villous sprouting: Fundamental mechanisms of human
placental development. Hum. Reprod. Update 2000, 6, 485-494. [CrossRef] [PubMed]

Carter, A.M.; Enders, A.C.; Pijnenborg, R. The role of invasive trophoblast in implantation and placentation of primates. Philos.
Trans. R. Soc. B Biol. Sci. 2015, 370, 20140070. [CrossRef] [PubMed]

Haider, S.; Meinhardt, G.; Saleh, L.; Kunihs, V.; Gamperl, M.; Kaind]l, U. Self-renewing trophoblast organoids recapitulate the
developmental program of the early human placenta. Stem Cell Rep. 2018, 11, 537-551. [CrossRef] [PubMed]

Longtine, M.S.; Chen, B.; Odibo, A.O.; Zhong, Y. Villous trophoblast apoptosis is elevated and restricted to cytotrophoblasts in
pregnancies complicated by preeclampsia, IUGR, or preeclampsia with IUGR. Placenta 2012, 33, 352-359. [CrossRef]

Brki¢, J.; Dunk, C.; O’Brien, ].; Fu, G.; Nadeem, L.; Wang, Y.L. MicroRNA-218-5p promotes endovascular trophoblast differentiation
and spiral artery remodeling. Mol. Ther. 2018, 26, 2189-2205. [CrossRef] [PubMed]

Lyall, F. Mechanisms regulating cytotrophoblast invasion in normal pregnancy and pre-eclampsia. Aust. N. Z. ]. Obstet. Gynaecol.
2006, 46, 266-273. [CrossRef]

Lee, C.Q.; Turco, M.Y,; Gardner, L.; Simons, B.D.; Hemberger, M.; Moffett, A. Integrin a2 marks a niche of trophoblast progenitor
cells in first trimester human placenta. Development 2018, 145, 16.

Toki, T.; Horiuchi, A.; Ichikawa, N.; Mori, A.; Nikaido, T.; Fujii, S. Inverse relationship between apoptosis and Bcl-2 expression in
syncytiotrophoblast and fibrin-type fibrinoid in early gestation. Mol. Hum. Reprod. 1999, 5, 246-251. [CrossRef]

Knofler, M.; Pollheimer, J. IFPA Award in Placentology lecture: Molecular regulation of human trophoblast invasion. Placenta
2012, 33, 55-62. [CrossRef]

Forristal, C.E.; Wright, K.L.; Hanley, N.A.; Oreffo, R.O. Hypoxia inducible factors regulate pluripotency and proliferation in
human embryonic stem cells cultured at reduced oxygen tensions. Reproduction 2010, 139, 85. [CrossRef]

Red-Horse, K.; Zhou, Y.; Genbacev, O.; Prakobphol, A.; Foulk, R.; McMaster, M.; Fisher, S.J. Trophoblast differentiation during
embryo implantation and formation of the maternal-fetal interface. J. Clin. Investig. 2004, 114, 744-754. [CrossRef] [PubMed]
Salomon, C.; Yee, S.W.; Mitchell, M.D.; Rice, G.E. The possible role of extravillous trophoblast-derived exosomes on the uterine
spiral arterial remodeling under both normal and pathological conditions. BioMed Res. Int. 2014, 2014, 693157. [CrossRef]
[PubMed]

Knofler, M. Critical growth factors and signalling pathways controlling human trophoblast invasion. Int. ]. Dev. Biol.
2010, 54, 269-280. [CrossRef] [PubMed]

Pollheimer, J.; Vondra, S.; Baltayeva, J.; Beristain, A.G.; Knofler, M. Regulation of placental extravillous trophoblasts by the
maternal uterine environment. Front. Immunol. 2018, 9, 2597. [CrossRef] [PubMed]

Li, Y.; Moretto-Zita, M.; Leon-Garcia, S.; Parast, M.M. p63 inhibits extravillous trophoblast migration and maintains cells in a
cytotrophoblast stem cell-like state. Am. |. Pathol. 2014, 184, 3332-3343. [CrossRef] [PubMed]

Moffett, A.; Loke, C. Immunology of placentation in eutherian mammals. Nat. Rev. Immunol. 2006, 6, 584-594. [CrossRef]
[PubMed]

Pijnenborg, R.; Vercruysse, L.; Carter, A.M. Deep trophoblast invasion and spiral artery remodelling in the placental bed of the
chimpanzee. Placenta 2011, 32, 400-408. [CrossRef]

Hidaka, A.; Nakamoto, O. Retraction: Etiopathology of preeclampsia—Recent progress from the perspective of a poor/ischemic
placenta. Hypertens. Res. Pregnancy 2014, 2, 98-107. [CrossRef]

Kliman, H.J. Uteroplacental blood flow. The story of decidualization, menstruation, and trophoblast invasion. Am. J. Pathol.
2000, 157, 1759-1768. [CrossRef]

Schmidt, A.; Morales-Prieto, D.M.; Pastuschek, J.; Frohlich, K.; Markert, U.R. Only humans have human placentas: Molecular
differences between mice and humans. J. Reprod. Immunol. 2015, 108, 65-71. [CrossRef]

Krendl, C.; Shaposhnikov, D.; Rishko, V.; Ori, C.; Ziegenhain, C.; Sass, S. GATA2/3-TFAP2A /C transcription factor network
couples human pluripotent stem cell differentiation to trophectoderm with repression of pluripotency. Proc. Natl. Acad. Sci. USA
2017, 114, 9579-9588. [CrossRef] [PubMed]

Beck, F. The role of Cdx genes in the mammalian gut. Gut 2004, 53, 1394-1396. [CrossRef] [PubMed]


http://doi.org/10.1038/ncb3047
http://doi.org/10.1038/nature09941
http://doi.org/10.1038/nature09691
http://doi.org/10.1038/nature13863
http://doi.org/10.1242/dev.163428
http://doi.org/10.5830/CVJA-2016-021
http://doi.org/10.1007/s00018-019-03104-6
http://doi.org/10.1093/humupd/6.5.485
http://www.ncbi.nlm.nih.gov/pubmed/11045879
http://doi.org/10.1098/rstb.2014.0070
http://www.ncbi.nlm.nih.gov/pubmed/25602074
http://doi.org/10.1016/j.stemcr.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/30078556
http://doi.org/10.1016/j.placenta.2012.01.017
http://doi.org/10.1016/j.ymthe.2018.07.009
http://www.ncbi.nlm.nih.gov/pubmed/30061037
http://doi.org/10.1111/j.1479-828X.2006.00589.x
http://doi.org/10.1093/molehr/5.3.246
http://doi.org/10.1016/j.placenta.2011.09.019
http://doi.org/10.1530/REP-09-0300
http://doi.org/10.1172/JCI200422991
http://www.ncbi.nlm.nih.gov/pubmed/15372095
http://doi.org/10.1155/2014/693157
http://www.ncbi.nlm.nih.gov/pubmed/25302305
http://doi.org/10.1387/ijdb.082769mk
http://www.ncbi.nlm.nih.gov/pubmed/19876833
http://doi.org/10.3389/fimmu.2018.02597
http://www.ncbi.nlm.nih.gov/pubmed/30483261
http://doi.org/10.1016/j.ajpath.2014.08.006
http://www.ncbi.nlm.nih.gov/pubmed/25307348
http://doi.org/10.1038/nri1897
http://www.ncbi.nlm.nih.gov/pubmed/16868549
http://doi.org/10.1016/j.placenta.2011.02.009
http://doi.org/10.14390/jsshp.2.98
http://doi.org/10.1016/S0002-9440(10)64813-4
http://doi.org/10.1016/j.jri.2015.03.001
http://doi.org/10.1073/pnas.1708341114
http://www.ncbi.nlm.nih.gov/pubmed/29078328
http://doi.org/10.1136/gut.2003.038240
http://www.ncbi.nlm.nih.gov/pubmed/15361482

Biomedicines 2022, 10, 904 18 of 20

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Soumen, P; Home, P.; Bhattacharya, B.; Ray, S. GATA factors: Master regulators of gene expression in trophoblast progenitors.
Placenta 2017, 60, 61-66.

Chen, Y,; Wang, K.; Gong, Y.G.; Khoo, S.K.; Leach, R. Roles of CDX2 and EOMES in human induced trophoblast progenitor cells.
Biochem. Biophys. Res. Commun. 2013, 431, 197-202. [CrossRef] [PubMed]

Morrisey, E.E.; Ip, H.S.; Tang, Z.; Lu, M.M. GATA-5: A transcriptional activator expressed in a novel temporally and spa-
tim, GATA-5: A transcriptional activator expressed in a novel temporally and spatially-restricted pattern during embryonic
development. Dev. Biol. 1997, 183, 21-36. [CrossRef]

Saha, B.; Ganguly, A.; Home, P.; Bhattacharya, B.; Ray, S.; Ghosh, A. TEAD4 ensures postimplantation development by promoting
trophoblast self-renewal: An implication in early human pregnancy loss. Proc. Natl. Acad. Sci. USA 2020, 117, 17864-17875.
[CrossRef]

Meinhardt, G.; Haider, S.; Kunihs, V.; Saleh, L.; Pollheimer, J.; Fiala, C. Pivotal role of the transcriptional co-activator YAP in
trophoblast stemness of the developing human placenta. Proc. Natl. Acad. Sci. USA 2020, 117, 13562-13570. [CrossRef]
Biadasiewicz, K.; Sonderegger, S.; Haslinger, P; Haider, S.; Saleh, L.; Fiala, C. Transcription factor AP-2x promotes EGF-dependent
invasion of human trophoblast. Endocrinology 2011, 152, 1458-1469. [CrossRef]

Plessl, K.; Haider, S.; Fiala, C.; Pollheimer, J.; Knofler, M. Expression pattern and function of Notch?2 in different subtypes of first
trimester cytotrophoblast. Placenta 2015, 36, 365-371. [CrossRef]

Adu-Gyamfi, E.A.; Ding, Y.B.; Wang, Y.X. Regulation of placentation by the transforming growth factor beta superfamily. Biol.
Reprod. 2020, 102, 18-26. [CrossRef]

Van den Brile, F,; Berndt, S.; Simon, N.; Coulon, C.; Le Goarant, J.; Munaut, C. Trophoblast invasion and placentation: Molecular
mechanisms and regulation. Immunol. Gametes Embryo Implant. 2005, 88, 163-180.

Zhou, Y.; Damsky, C.H.; Fisher, S.J. Preeclampsia is associated with failure of human cytotrophoblasts to mimic a vascular
adhesion phenotype. One cause of defective endovascular invasion in this syndrome? J. Clin. Investig. 1997, 99, 2152-2164.
[CrossRef] [PubMed]

Wagers, A.].; Allsopp, R.C.; Weissman, I.L. Changes in integrin expression are associated with altered homing properties of
Lin—/loThyl. 1loSca-1+ c-kit+ hematopoietic stem cells following mobilization by cyclophosphamide/granulocyte colony-
stimulating factor. Exp. Hematol. 2002, 30, 176-185. [CrossRef]

Lysiak, J.].; Hunt, J.; Pringle, G.A.; Lala, PX. Localization of transforming growth factor 3 and its natural inhibitor decorin in the
human placenta and decidua throughout gestation. Placenta 1995, 16, 221-231. [CrossRef]

Itoh, S.; Itoh, E.; Goumans, M.].; ten Dijke, P. Signaling of transforming growth factor-$ family members through Smad proteins.
Eur. ]. Biochem. 2000, 267, 6954—-6967. [CrossRef]

Yi, Y,; Cheng, J.C; Klausen, C.; Leung, P.C. TGF-$1 inhibits human trophoblast cell invasion by upregulating cyclooxygenase-2.
Placenta 2018, 68, 44-51. [CrossRef]

Chuva de Sousa Lopes, S.M.; Alexdottir, M.S.; Valdimarsdottir, G. The TGFf} family in human placental development at the
fetal-maternal interface. Biomolecules 2020, 10, 453. [CrossRef]

Bujold, E.; Morency, A.M.; Roberge, S.; Lacasse, Y.; Forest, ].C.; Giguere, Y. Acetylsalicylic acid for the prevention of preeclampsia
and intra-uterine growth restriction in women with abnormal uterine artery Doppler: A systematic review and meta-analysis.
J. Obstet. Gynaecol. Can. 2009, 31, 818-826. [CrossRef]

Southcombe, ]J.; Tannetta, D.; Redman, C.; Sargent, I. The immunomodulatory role of syncytiotrophoblast microvesicles. PLoS
ONE 2011, 6, €20245. [CrossRef]

Mor, G.; Cardenas, I. The immune system in pregnancy: A unique complexity. Am. ]. Reprod. Immunol. 2010, 63, 425-433.
[CrossRef]

Hanna, J.; Goldman-Wohl, D.; Hamani, Y.; Avraham, I.; Greenfield, C. Decidual NK cells regulate key developmental processes at
the human fetal-maternal interface. Nat. Med. 2006, 12, 1065-1074. [CrossRef] [PubMed]

Okae, H.; Toh, H.; Sato, T.; Hiura, H.; Takahashi, S.; Shirane, K. Derivation of human trophoblast stem cells. Cell Stem Cell
2018, 22, 50-63. [CrossRef] [PubMed]

Ringler, G.E.; Strauss, J.E, IIL. In vitro systems for the study of human placental endocrine function. Endocr. Rev. 1990, 11, 105-123.
[CrossRef] [PubMed]

Bangma, J.; Szilagyi, ].; Blake, B.E.; Plazas, C.; Kepper, S.; Fenton, S.E. An assessment of serum-dependent impacts on intracellular
accumulation and genomic response of per-and polyfluoroalkyl substances in a placental trophoblast model. Environ. Toxicol.
2020, 35, 1395-1405. [CrossRef] [PubMed]

Heaton, S.J.; Eady, ].].; Parker, M.L.; Gotts, K.L.; Dainty, ].R. The use of BeWo cells as an in vitro model for placental iron transport.
Am. J. Physiol.-Cell Physiol. 2008, 295, 1445-1453. [CrossRef] [PubMed]

Abou-Kheir, W.; Barrak, J.; Hadadeh, O.; Daoud, G. HTR-8/SVneo cell line contains a mixed population of cells. Placenta
2017, 50, 1-7. [CrossRef]

Jingting, C.; Yangde, Z.; Yi, Z.; Huining, L.; Rong, Y. Heparanase expression correlates with metastatic capability in human
choriocarcinoma. Gynecol. Oncol. 2007, 107, 22-29. [CrossRef]

Apps, R.; Murphy, S.P; Fernando, R.; Gardner, L.; Ahad, T.; Moffett, A. Human leucocyte antigen (HLA) expression of primary
trophoblast cells and placental cell lines, determined using single antigen beads to characterize allotype specificities of anti-HLA
antibodies. Immunology 2009, 127, 26-39. [CrossRef]


http://doi.org/10.1016/j.bbrc.2012.12.135
http://www.ncbi.nlm.nih.gov/pubmed/23313847
http://doi.org/10.1006/dbio.1996.8485
http://doi.org/10.1073/pnas.2002449117
http://doi.org/10.1073/pnas.2002630117
http://doi.org/10.1210/en.2010-0936
http://doi.org/10.1016/j.placenta.2015.01.009
http://doi.org/10.1093/biolre/ioz186
http://doi.org/10.1172/JCI119388
http://www.ncbi.nlm.nih.gov/pubmed/9151787
http://doi.org/10.1016/S0301-472X(01)00777-9
http://doi.org/10.1016/0143-4004(95)90110-8
http://doi.org/10.1046/j.1432-1327.2000.01828.x
http://doi.org/10.1016/j.placenta.2018.06.313
http://doi.org/10.3390/biom10030453
http://doi.org/10.1016/S1701-2163(16)34300-6
http://doi.org/10.1371/journal.pone.0020245
http://doi.org/10.1111/j.1600-0897.2010.00836.x
http://doi.org/10.1038/nm1452
http://www.ncbi.nlm.nih.gov/pubmed/16892062
http://doi.org/10.1016/j.stem.2017.11.004
http://www.ncbi.nlm.nih.gov/pubmed/29249463
http://doi.org/10.1210/edrv-11-1-105
http://www.ncbi.nlm.nih.gov/pubmed/2180684
http://doi.org/10.1002/tox.23004
http://www.ncbi.nlm.nih.gov/pubmed/32790152
http://doi.org/10.1152/ajpcell.00286.2008
http://www.ncbi.nlm.nih.gov/pubmed/18815225
http://doi.org/10.1016/j.placenta.2016.12.007
http://doi.org/10.1016/j.ygyno.2007.05.042
http://doi.org/10.1111/j.1365-2567.2008.03019.x

Biomedicines 2022, 10, 904 19 of 20

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Apps, R.; Sharkey, A.; Gardner, L.; Male, V.; Trotter, M.; Miller, N.; Moffett, A. Genome-wide expression profile of first trimester
villous and extravillous human trophoblast cells. Placenta 2011, 32, 33-43. [CrossRef]

Manaster, I.; Goldman-Wohl, D.; Greenfield, C.; Nachmani, D.; Tsukerman, P.; Hamani, Y. MiRN A-mediated control of HLA-G
expression and function. PLoS ONE 2012, 7, e33395.

Kubaczka, C.; Kaiser, F.; Schorle, H. Breaking the first lineage barrier-many roads to trophoblast stem cell fate. Placenta
2017, 60, 52-56. [CrossRef]

Castel, G.; Meistermann, D.; Bretin, B.; Firmin, J.; Blin, J.; Loubersac, S. Induction of Human Trophoblast Stem Cells from Somatic
Cells and Pluripotent Stem Cells. Cell Rep. 2020, 33, 108419. [CrossRef] [PubMed]

Genbacev, O.D.; Prakobphol, A.; Foulk, R.A.; Krtolica, A.R;; Ilic, D. Trophoblast L-selectin-mediated adhesion at the maternal-fetal
interface. Science 2003, 299, 405-408. [CrossRef] [PubMed]

Zdravkovic, T.; Nazor, K.L.; Larocque, N.; Gormley, M.; Donne, M.; Giritharan, G.; Fisher, S.J. Human stem cells from single
blastomeres reveal pathways of embryonic or trophoblast fate specification. Development 2015, 142, 4010-4025. [CrossRef]
[PubMed]

Yang, Y.; Parker, G.C.; Puscheck, E.E.; Rappolee, D.A. Direct reprogramming to multipotent trophoblast stem cells, and is
pluripotency needed for regenerative medicine either? Stem Cell Investig. 2016, 3, 24. [CrossRef] [PubMed]

Deglincerti, A.; Croft, G.F,; Pietila, L.N.; Zernicka-Goetz, M.; Siggia, E.D.; Brivanlou, A.H. Self-organization of the in vitro attached
human embryo. Nature 2016, 533, 251-254. [CrossRef] [PubMed]

Roberts, R.M.; Fisher, S.J. Trophoblast stem cells. Biol. Reprod. 2011, 84, 412—421. [CrossRef]

Lee, C.Q.; Gardner, L.; Turco, M.; Zhao, N.; Murray, M.].; Coleman, N. What is trophoblast? A combination of criteria define
human first-trimester trophoblast. Stem Cell Rep. 2016, 6, 257-272. [CrossRef]

Miller, RK.; Genbacev, O.; Turner, M.A.; Aplin, ].D.; Caniggia, I. Human placental explants in culture: Approaches and
assessments. Placenta 2005, 26, 439-448. [CrossRef]

Turco, M.Y.; Gardner, L.; Kay, R.G.; Hamilton, R.S.; Prater, M.; Hollinshead, M.S. Trophoblast organoids as a model for maternal—-
fetal interactions during human placentation. Nature 2018, 564, 263-267. [CrossRef]

Kretzschmar, K.; Clevers, H. Organoids: Modeling development and the stem cell niche in a dish. Dev. Cell 2016, 38, 590-600.
[CrossRef] [PubMed]

Horii, M.; Touma, O.; Bui, T.; Parast, M.M. Modeling human trophoblast, the placental epithelium at the maternal fetal interface.
Reproduction 2020, 160, R1-R11. [CrossRef] [PubMed]

Dong, C.; Beltcheva, M.; Gontarz, P.; Zhang, B.; Popli, P; Fischer, L.A.; Theunissen, T.W. Derivation of trophoblast stem cells from
naive human pluripotent stem cells. eLife 2020, 9, 52504. [CrossRef] [PubMed]

Wooding, EB.P. The synepitheliochorial placenta of ruminants: Binucleate cell fusions and hormone production. Placenta
1992, 13, 101-113. [CrossRef]

Kadyrov, M.; Garnier, Y.; Gantert, M.; Kramer, B.W.; Kaufmann, P,; Huppertz, B. Cytokeratin antibodies as differential markers of
trophoblast and fetomaternal syncytial plaques in the sheep placentome. Placenta 2007, 28, 1107-1109. [CrossRef] [PubMed]
Highet, A.R.; Zhang, V.J. Use of Matrigel in culture affects cell phenotype and gene expression in the first trimester trophoblast
cell line HTR8/SVneo. Placenta 2012, 33, 586-588. [CrossRef] [PubMed]

Barcia, R.N.; Santos, ].M.; Teixeira, M.; Filipe, M.; Pereira, A.R.S.; Ministro, A. Umbilical cord tissue—-derived mesenchymal
stromal cells maintain immunomodulatory and angiogenic potencies after cryopreservation and subsequent thawing. Cytotherapy
2017, 19, 360-370. [CrossRef]

Parolini, O.; Alviano, F.; Bagnara, G.P; Bilic, G.; Biihring, H.].; Evangelista, M. Concise review: Isolation and characterization
of cells from human term placenta: Outcome of the first international Workshop on Placenta Derived Stem Cells. Stem Cells
2008, 26, 300-311. [CrossRef]

Bacenkova, D.; Rosocha, J.; Tothova, T.; Rosocha, L.; éarissk}'r, M. Isolation and basic characterization of human term amnion and
chorion mesenchymal stromal cells. Cytotherapy 2011, 13, 1047-1056. [CrossRef]

Batenkovd, D.; Trebuiiova, M.; Zachar, L.; Hudédk, R.; Izarikova, G.; Surinova, K.; Ziveak, J. Analysis of same selected im-
munomodulatory properties of chorionic mesenchymal stem cells. Appl. Sci. 2020, 10, 9040. [CrossRef]

Janockova, J.; Slovinska, L.; Harvanova, D.; Spakova, T.; Rosocha, J. New therapeutic approaches of mesenchymal stem cells-
derived exosomes. J. Biomed. Sci. 2021, 28, 39. [CrossRef] [PubMed]

Lankford, L.; Chen, YJ.; Saenz, Z.; Kumar, P.; Long, C.; Farmer, D.; Wang, A. Manufacture and preparation of human placenta-
derived mesenchymal stromal cells for local tissue delivery. Cytotherapy 2017, 19, 680-688. [CrossRef] [PubMed]

Rettinger, C.L.; Fourcaudot, A.B.; Hong, S.J.; Mustoe, T.A.; Hale, R.G.; Leung, K.P. In vitro characterization of scaffold-free
three-dimensional mesenchymal stem cell aggregates. Cell Tissue Res. 2014, 358, 395-405. [CrossRef] [PubMed]

Miceli, V.; Pampalone, M.; Vella, S.; Carreca, A.P.; Amico, G.; Conaldi, P.G. Comparison of immunosuppressive and angio-
genic properties of human amnion-derived mesenchymal stem cells between 2D and 3D culture systems. Stem Cells Int.
2019, 2019, 7486279. [CrossRef] [PubMed]

Vikartovska, Z.; Humenik, F; Maloveska, M.; Farbakova, J.; Hornakova, L.; Murgoci, A.N.; Cizkova, D. Adult Stem Cells Based
Therapies in Veterinary Medicine. Arch. Vet. Sci. Med. 2020, 3, 40-50. [CrossRef]

Treburiova, M.; Gromos$ova, S.; Baéenkova, D.; Rosocha, J.; Ziveak, J. Biocompatibility of the human mesenchymal stem cells with
bovine bone tissue at the cellular level in vitro. Léka# A Tech. Clin. Technol. 2018, 48, 59-65.


http://doi.org/10.1016/j.placenta.2010.10.010
http://doi.org/10.1016/j.placenta.2016.12.025
http://doi.org/10.1016/j.celrep.2020.108419
http://www.ncbi.nlm.nih.gov/pubmed/33238118
http://doi.org/10.1126/science.1079546
http://www.ncbi.nlm.nih.gov/pubmed/12532021
http://doi.org/10.1242/dev.122846
http://www.ncbi.nlm.nih.gov/pubmed/26483210
http://doi.org/10.21037/sci.2016.06.05
http://www.ncbi.nlm.nih.gov/pubmed/27487747
http://doi.org/10.1038/nature17948
http://www.ncbi.nlm.nih.gov/pubmed/27144363
http://doi.org/10.1095/biolreprod.110.088724
http://doi.org/10.1016/j.stemcr.2016.01.006
http://doi.org/10.1016/j.placenta.2004.10.002
http://doi.org/10.1038/s41586-018-0753-3
http://doi.org/10.1016/j.devcel.2016.08.014
http://www.ncbi.nlm.nih.gov/pubmed/27676432
http://doi.org/10.1530/REP-19-0428
http://www.ncbi.nlm.nih.gov/pubmed/32485667
http://doi.org/10.7554/eLife.52504
http://www.ncbi.nlm.nih.gov/pubmed/32048992
http://doi.org/10.1016/0143-4004(92)90025-O
http://doi.org/10.1016/j.placenta.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17602738
http://doi.org/10.1016/j.placenta.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22541610
http://doi.org/10.1016/j.jcyt.2016.11.008
http://doi.org/10.1634/stemcells.2007-0594
http://doi.org/10.3109/14653249.2011.592522
http://doi.org/10.3390/app10249040
http://doi.org/10.1186/s12929-021-00736-4
http://www.ncbi.nlm.nih.gov/pubmed/34030679
http://doi.org/10.1016/j.jcyt.2017.03.003
http://www.ncbi.nlm.nih.gov/pubmed/28438482
http://doi.org/10.1007/s00441-014-1939-0
http://www.ncbi.nlm.nih.gov/pubmed/25012521
http://doi.org/10.1155/2019/7486279
http://www.ncbi.nlm.nih.gov/pubmed/30911299
http://doi.org/10.26502/avsm.014

Biomedicines 2022, 10, 904 20 of 20

97.  Morrish, D.W,; Bhardwaj, D.; Paras, M.T. Transforming growth factor 31 inhibits placental differentiation and human chorionic
gonadotropin and human placental lactogen secretion. Endocrinology 1991, 129, 22-26. [CrossRef]

98. Chawengsaksophak, K.; de Graaff, W.; Rossant, J.; Deschamps, J.; Beck, F. Cdx2 is essential for axial elongation in mouse
development. Proc. Natl. Acad. Sci. USA 2004, 101, 7641-7645. [CrossRef]

99. Crum, C.P; McKeon, ED. p63 in epithelial survival, germ cell surveillance, and neoplasia. Annu. Rev. Pathol. Mech. Dis.
2010, 5, 349-371. [CrossRef]

100. Alzamil, L.; Nikolakopoulou, K.; Turco, M.Y. Organoid systems to study the human female reproductive tract and pregnancy. Cell
Death Differ. 2021, 28, 35-51. [CrossRef]


http://doi.org/10.1210/endo-129-1-22
http://doi.org/10.1073/pnas.0401654101
http://doi.org/10.1146/annurev-pathol-121808-102117
http://doi.org/10.1038/s41418-020-0565-5

	Introduction 
	Human Placenta Development 
	Trophoblast Invasion 
	Early Hypoxic Placental Environment 
	Cytotrophoblast Differentiation 
	Transcription Factors, Cytokines in Early Placentation 
	The Role of the TGF Superfamily in Placentation 
	Immunomodulation in Early Placentation 

	In Vitro Placental Models 
	Primoculture Trophoblasts Monolayer Cells 
	Human Cancer Cell Lines 
	Trophoblast Stem Cells of the Blastocyst 
	Induced Stem Cell Engineering Cell Fate 
	Trophoblast Organoids and Spheroids as Placental Model 
	Placental Tissue Culture 
	Organoids Mimic EVT 
	Spheroids of Placenta-Derived Mesenchymal Stem Cells 
	Characteristics Phenotype of Trophoblast Organoids 


	Conclusions 
	References

