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Introduction

Very early during mammalian development the embryo differen-
tiates into 2 main cell lineages, the inner cell mass (ICM) which
will mainly contribute to embryonic tissues, and the trophoblast
which will form extra-embryonic tissues. The trophoblast rep-
resents an evolutionary innovation, contributing to the formation
of the “connection” between the mother and the fetus, namely the
placenta, with no further need of great accumulation of nutrients
and mRNA in the egg yolk. Several differences exist in placental
organization among different mammalian species, making it dif-
ficult to automatically transpose toxicological results from com-
mon in vivo models, such as rodents, to humans. In humans the
placental barriers are composed by the endothelium of the fetal
capillaries, and two layers of trophoblast cells, the syncytiotro-
phoblast, composed of syncytia forming a continuous lining of
the villous tree, and the cytotrophoblast, composed of single cells
forming a discontinuous layer in the mature placenta (Figure 1).

Considering the ethical limitations for fetal toxicity studies
resulting from maternal exposure to different environmental tox-
icants in humans, the development of complex in vitro models,
which considers the placental barrier as well as the developing fe-
tal tissues, appears of great importance. Ex vivo models have been
proposed as an alternative for translocation studies, however they
exploit the use of term placentas, which after delivery remain via-
ble for a very limited time. In addition, lack of reproducibility and
standardizations represent main limitations of this model.!

In this mini-review, we aim to present and critically analyse
the different in vitro models that have been proposed as an al-
ternative to in vivo and ex vivo studies to elucidate the ability of
different xenobiotics to interfere with fetal development by direct
(transplacental crossing and accumulation in embryonic tissues)
or indirect action (e.g., inflammation, perturbation of placental
function).

The Trophoblast Cell Lines

Several trophoblast cell lines have been developed for in vitro
studies of trophoblast physiology and in the following para-
graphs we will give a brief overview on the cells have been used
to develop in vitro models of the placental barrier.

Choriocarcinoma cells
Several trophoblast cell lines have been developed and used to
reproduce in vitro the trophoblast layer of the placenta. Many of
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these cell lines have been obtained from a highly metastatic ma-
lignant tumor of the trophoblast, the choriocarcinoma, and have
been extensively characterized. The BeWo cell line is one of the
most widely used for translocation studies, as its ability to form a
barrier with low permeability has been reported.** In particular,
a clone of the BeWo cells, BeWo b30, shows a good ability to
form syncytia upon stimulation with forskolin, an activator of
adenylyl cyclase, better resembling the syncytiotrophoblast layer
of the placenta. BeWo cells have been used to study transport
and metabolism of drugs, including opioid peptides,>® the tran-
placental crossing of engineered nanoparticles® and of bacteria.’
Other choriocarcinoma cell lines widely used to study placental
permeability to xenobiotics are the Jeg-3 and Jar. Very recently,
these three cell lines have been exploited in a comparative study
on functional parameters. The reported data indicated a great
variability in glucose transport, human chorionic gonadotro-
pin (hCG) release and nanoparticle internalization and transfer,
which could not simply be ascribed to differences in cell prolifer-
ation or metabolism.* As an attempt to better resemble features of
trophoblast cells, the ACH-3P trophoblast cell line has been es-
tablished by fusion of primary human first trimester trophoblasts
(gestation week 12) with the AC1-1 human choriocarcinoma cell
line.® Comparative analysis with the above mentioned choriocar-
cinoma cell lines shows that ACH-3P cells display a transfer ratio
similar to what reported in ex vivo placenta perfusion studies,
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Figure 1. Schematic representation of part of the human
placenta and magpnification of a placental villus depicting its
cellular organization
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Figure 2. Dashed line highlights a colony of TSCs cultured for
three days in basal medium (without heparin and FGF4) in which
syncytialized structures are evident (yellow arrow) together with
cluster of cells in the process of forming syncytia (blue arrow).

suggesting that this cells might represent a good alternative for
transport studies in vitro; however, ACH-3P cells poorly respond
to forskolin treatment and do not form syncytia, lacking the pos-
sibility to give rise to the syncytiotrophoblast layer of the placen-
ta, which is one of the main component of the placental barrier.
All the above mentioned limitations point toward the need of al-
ternative methods based on the use of non-cancer cells.

Non-cancer trophoblast cells

A possible alternative to cancer cells is the use of primary tro-
phoblast cells purified from first trimester placentas obtained af-
ter elective terminations of pregnancy or from term placentas.
One big limitation is, however, that these cells are hardly ob-
tained in great numbers and proliferate very little in culture. In
an attempt to overcome such limitation, primary trophoblast cells
have been purified from first trimester human villi (HTR-8) and
have been transfected with the gene encoding simian virus 40
large T antigen in order to extend their lifespans (HTR-8/SVneo).
The comparison between transformed and parental cells showed
no major morphological differences, no signs of tumor forma-
tion after subcutaneous injection in nude mice, and expression
of cytokeratin marker, confirming the epithelial identity of the
cells. Differently from the parental cells, which senesced after 12
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passages, the HTR-8/SVneo cells could be maintained in culture
over 32 passages, allowing their prolonged use for in vitro stud-
ies.” However, HTR-8/SVneo have been never used for transloca-
tion studies, possibly due to their extravillous trophoblast origin
and reduced propensity to form syncytia. In this respect, tropho-
blast stem cells (TSCs) represent a valid alternative. TSCs can be
fairly easily obtained from mouse blastocysts'® and more recently
their derivation from human villous trophoblast cells has been
reported.!" Mouse TSCs have been used for in vitro molecular
and functional studies on trophoblast lineage differentiation, and
it has been demonstrated that they can give rise to all different
type of trophoblast cells of the mouse placenta, including the
syncytiotrophoblast.'>!'* Syncytiotrophoblast differentiation does
not need the addition of drugs and can be simply obtained by
removal of heparin and FGF4 from the culture medium (Figure
2). Due to their reproducibility, easy derivation and versatile dif-
ferentiation ability, these cells appear as promising in vitro tools
to study placental barrier function.

In Vitro Models of the Placental Barrier

Several models have been proposed for studying in vitro the trans-
location potential of xenobiotics across the placental barrier, from
complex multi-layered microfluidic systems,' to spheroids'® and
transwell models.!” Although, on one hand, complexity is desir-
able to more faithfully reproduce the organ, on the other hand
standardization and easy manipulation seem of great importance.
In this respect, the transwell model appears promising. In this
model system, trophoblast cells, mainly the BeWo clone30b, are
cultured on polycarbonate porous membrane cell culture inserts,
where they are able to form polarized monolayers.® Recently,
nine selected model compounds have been tested for their ability
to be transported from the apical to the basolateral compartment
of this simulated placental barrier and the comparison with data
obtained from ex vivo studies indicate a good correlation of the
transfer indices.'® In an attempt to include the other cell types
involved in the formation of the placental barrier, Aengenheis-
ter and colleagues introduced in the model endothelial cells."
Human placental venous endothelial cells can be cultured on the
side of the transwell insert opposite to the one where trophoblast
cells are later plated (Figure 3), making the simulated barrier
better resembling the in vivo condition. This model has been test-
ed for the translocation of placental crossing drugs, such as anti-
pyrine, and of hydrophilic substances (Na-F and FITC-dextran)
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Figure 3. Schematic representation of the bEST in vitro model. A porous transwell culture insert, on which syncytiotrophoblast and
endothelial cells (to simulate the placental barrier) are seeded, separates two compartments: an apical compartment, in which the tested
compound is added, and a basolateral chamber, in which a differentiating embryoid body (EB, to resemble the embryo) is cultured.
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and polystyrene nanoparticles of different sizes. Results indicate
a good ability of the simulated barrier to shield translocation of
the tested compounds, excepting the antipyrine.

In order to simulate in vitro not just the placental barrier, but
the more complex feto-placental unit, we are currently devel-
oping a model which includes, beside the placental cell lines,
a simulated embryo. To this end, we have exploited the ability
of embryonic stem (ES) cells to form embryoid bodies (EBs) in
3D cultures. EBs recapitulate in vitro embryonic development,
differentiating into derivatives of the three germ layers.?**' Such
a differentiation ability has been exploited in the embryonic stem
cell test (EST), a test validated by the ECVAM (European Com-
mittee for the Validation of Alternative Methods) for the evalu-
ation of the embryotoxic potential of a wide group of chemical
compounds.?> We have demonstrated that the EST can be used
to investigate the embryotoxic potential of engineered nanopar-
ticles.”® However, the lack of a simulated placental barrier limits
the application of the test as cannot discriminate the ability of
xenobiotic to reach the fetus and to cause either direct or indi-
rect toxicity. In our new model, the “barrier EST” (bEST) sche-
matically represented in Figure 3, we have included the EBs (to
represent the embryo) in the transwell model (representing the
placental barrier). As an additional improvement, we have used
TSCs grown in differentiating conditions to form the syncytiotro-
phoblast layer on the transwell insert membrane. Our preliminary
results show an efficient ability of the simulated barrier to reduce

the embryotoxic effect of some NPs, evaluated as reduced inter-
ference with the differentiation program of the EBs.

Conclusion and Open Questions

According to the European Legislation, animal studies should be
highly limited. Beside ethical questions, it is also of importance
to carefully assess how an animal model can represent human
physiology. For specific tissues and organs, e.g. the placenta,
structural interspecies differences exist, limiting the translation
of results obtained in one species to another. In vitro models
might represent a valid alternative. With respect to transport stud-
ies across the placental barrier, the ethical limits can be overcome
by the use of such in vitro models. Over the last two decades
much work has been done in this direction. The recent develop-
ment of human TSCs and the availability of human ES cell lines
allow to set up our proposed in vitro model using exclusively
human derived cells. Although different techniques can be used
to assess the formation and integrity of the barrier, and the phys-
iological expression of molecules involved in the regulation of
transcellular transport, as for example transmission electron mi-
croscopy analysis, transepithelial resistance measurements and
gene expression analysis, no direct comparison with the in vivo
studies is possible, leaving opened the question on how much the
in vitro data can be transposed to humans. One possible solution
could come from an in depth analysis of epidemiological data. A
focus on this would be desirable.
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