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Abstract

During pregnancy, the placenta is critical for the regulation of maternal homeostasis and fetal
growth and development. Exposures to environmental chemicals during pregnancy can be
detrimental to the health of the placenta and therefore adversely impact maternal and fetal health.
Though research on placental-derived developmental toxicity is expanding, testing is limited by
the resources required for traditional test methods based on whole animal experimentation.
Alternative strategies utilizing /n vitro methods are well suited to contribute to more efficient
screening of chemical toxicity and identification of biological mechanisms underlying toxicity
outcomes. This review aims to summarize methods that can be used to evaluate toxicity resulting
from exposures during the prenatal period, with a focus on newer /n vitro methods centered on
placental toxicity. The following key aspects are reviewed: (i) traditional test methods based on
animal developmental toxicity testing, (ii) /n vitro methods using monocultures and explant
models, as well as more recently developed methods, including co-cultures, placenta-on-a-chip,
and 3-dimensional (3D) cell models, (iii) endpoints that are commonly measured using /n vitro
designs, and (iv) the translation of /n vitro methods into chemical evaluations and risk assessment
applications. We conclude that findings from in vitro placental models can contribute to the
screening of potentially hazardous chemicals, elucidation of chemical mechanism of action,
incorporation into adverse outcome pathways, estimation of doses eliciting toxicity, derivation of
extrapolation factors, and characterization of overall risk of adverse outcomes, representing key
components of chemical regulation in the 215t century.
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INTRODUCTION

Exposures to environmental contaminants during pregnancy represent a growing concern
worldwide. This gaining interest is a result of increasing evidence showing that the
developing fetus is particularly vulnerable to prenatal exposure-induced toxicity (1-4).
Because embryonic tissues and organs are differentiating and growing during prenatal
periods, harmful effects can occur from prenatal exposures to certain chemicals at lower
concentrations than those required to elicit effects in adults (2, 3). Studies in humans have
identified potential relationships between prenatal developmental toxicity outcomes and
exposure to high priority contaminants, including flame retardants, metals, phthalates, and
perfluoroalkyl substances (PFAS), among others (5-9); and studies are continuing to follow-
up and expand upon these findings (10, 11). Though research surrounding prenatal
developmental toxicity is expanding, toxicity testing is limited by the resources required by
traditional animal test methods. Alternative methods are therefore needed to more efficiently
screen chemicals and also identify biological mechanisms underlying chemical-induced
prenatal developmental toxicity.

The study of developmental toxicity encompasses adverse effects caused by exposure
conditions during one of three periods: (i) prior to conception, (ii) during pregnancy, or (iii)
during childhood (12). This review focuses on the testing of adverse effects caused by
exposures during pregnancy (e.g., the prenatal) period. Studies evaluating prenatal toxicity
are designed to include maternal exposures during periods of major organogenesis,
providing information on potential changes on /7 utero survival, growth, and morphological
development, including teratogenesis, resulting from exposure (12). Specific focus is placed
on the placenta in the current review, because of its important role in prenatal exposure-
induced toxicity and its promise for integration into alternative methods.

The placenta represents a critical tissue to consider in the evaluation of prenatal exposure-
induced developmental toxicity. Broadly, the placenta is a structure that develops in the
uterus during pregnancy, and transports oxygen and nutrients to the growing fetus, transports
waste away from the fetal compartment, and secretes hormones that impact both mother and
fetus (13). While the placenta can serve as a barrier for the fetus, certain exogenous
substances (e.g., pharmaceuticals and environmental chemicals) can be transported across
the placenta and therefore impact fetal health and development (13). Changes in cell
signaling within the placenta can significantly impact fetal development. For example, fetal
growth has been shown to be critically dependent on placental nutrient transport systems
(14) and inflammatory cytokines (15, 16). Collectively, there is clear evidence supporting
the role of the placenta in embryonic and fetal development, which can be adversely
impacted by exposure to environmental toxicants.

This review summarizes toxicity testing methods that have been used to evaluate
developmental toxicity resulting from exposures during the prenatal developmental period,
with a focus on newer /n vitro methods and translation into chemical evaluations. This
review specifically addresses the following key aspects: (i) traditional methods based on
animal developmental toxicity testing, (ii) /n vitro methods to test placental toxicity,
including emerging /n vitro test methods, (iii) commonly measured endpoints used to
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evaluate chemical toxicity and mechanism of action through these in vitro models, and (iv)
the potential incorporation of these alternative placental models into chemical evaluations,
with specific examples of how /n vitro placental models may be integrated into human health
risk assessments. This review therefore provides an overview of the state-of-the-science on
in vitro placental models and suggests strategies that researchers and regulators can
implement to more efficiently conduct chemical toxicity evaluations.

2. HISTORICAL ANIMAL TEST METHODS FOR PRENATAL
DEVELOPMENTAL TOXICITY

2.1 Animal

Standard approaches to evaluating chemical safety have historically been based on animal
testing to inform potential toxicity in humans. In general, the use of standard animal testing
for chemical evaluations costs approximately $14 billion US dollars annually world-wide,
requiring the expenditure of over 100 million experimental animals (17). In relation to
developmental toxicity tests, a minimum of ~100 females are required per test to meet
current government testing guidelines (12). These extensive costs and animal life
requirements, coupled with animal welfare concerns, make it impossible to use animal
models to screen for potential developmental toxicity across the hundreds of thousands of
chemicals that are currently estimated to be present in the environment (18). A further
limitation of using whole animal testing is that animal physiology differs from humans, and
for reproductive tests there are notable differences in placental structure and function,
decidualization and implantation, and /in utero development of organs (19, 20). These
limitations will be further discussed in section 2.4. Despite these shortcomings, animal
testing still remains the default test method when evaluating the impact of chemical
exposures on prenatal developmental toxicity.

model descriptions

Animal models have historically been used to test developmental toxicity resulting from /n
utero exposures. Standard testing for prenatal developmental toxicity typically involves the
use of two species of pregnant laboratory animals, commonly female mice, rats, and rabbits
(21). Additional species including guinea pig, sheep and non-human primates can provide
pertinent data on processes involved in placentation (22); however, these species are not
widely utilized for developmental toxicity testing. For example, non-human primates
placentation recapitulates human placentation relatively well, but are not often included in
developmental toxicity testing due to ethical concerns and high costs (22).

During developmental toxicity testing animals are exposed to the chemical of interest
throughout the period of major organogenesis, typically starting at gestation day (gd) 6 to
the day prior to parturition (typically gd 20 in rats and 29 in rabbits) (21). Maternal status is
evaluated during pregnancy and gross pathology is examined at the study termination, just
prior to maternal term. At the same time, fetuses are harvested from the pregnant uterus and
examined (21).

Several guidelines have been developed to promote consistent test methods across prenatal
developmental toxicity studies. Guidelines include the U.S. Environmental Protection
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Agency (US EPA) Office of Pesticide Programs (OPP) 83-3 Pesticide Assessment
Guidelines (23), the more recent US EPA Office of Pollution Prevention and Toxics
(OPPTS) 870.3700 Health Effects Test Guidelines (24), and the Organization for Economic
Co-operation and Development (OECD) Guideline 414 for prenatal developmental toxicity
testing (25).

model endpoints

During animal-based prenatal developmental toxicity studies, potential changes are
evaluated both in pregnant females and developing fetuses. Maternal outcomes are evaluated
during the pregnancy period up until study termination, just prior to maternal term, and
include the following: body weights, clinical observations, and organ weights (e.g., uterine,
liver) (12, 21). Fetal outcomes include the following: fetal weight; fetal growth retardation;
external, visceral, and skeletal variations and abnormalities; and intrauterine death. The
number of implantations and resorptions are also recorded (12, 21). These toxicological
outcomes can then be used when deriving reference doses (RfDs) and reference
concentrations (RiCs) and influence the eventual government regulation of chemical
exposures (21).

Animal models have been used to evaluate developmental toxicity resulting from exposures
during pregnancy across hundreds of chemicals, to date. An important database that can be
used to query for and identify previously reported prenatal developmental toxicity endpoints
is the US EPA’s Toxicity Reference Database (ToxRefDB). ToxRefDB represents a large-
scale publicly available database that captures over 30 years and $2 billion of standard
animal testing results, including prenatal study results (26, 27). Pertinent to this review, the
current version of ToxRefDB (vl) contains prenatal developmental toxicity results in
multiple species (mostly rats and rabbits) across 672 chemicals, representing a robust
resource that can be leveraged to better understand chemical-disease relationships. It is
worth noting that this database is currently being updated to include expanded dose-response
information and better delineation between reported outcomes that were “negative” vs. “not
tested”, among other updates (28). Future studies could therefore leverage this robust
resource in conjunction with /in vitro methods to inform predictive modeling approaches for
prenatal developmental toxicity associated with chemicals that are lacking /n vivo data.

model strengths for the assessment of placental toxicity

As mentioned in the above text, certain animal models have unique benefits making them
suitable for prenatal developmental toxicity assessments. For example, the advantages of
mice and rodent models are their small size and short generation times allowing for quicker
assessment of /n vivo developmental toxicity compared to other models like non-human
primates. Some animal species including guinea pig, sheep, and non-human primates have
placentation processes that parallel those in humans (22). More in depth descriptions of the
benefits of in vivo models for evaluating placental toxicity can be found in a 2016 review by
Grigsby (22)
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2.4 Animal model limitations for the assessment of placental toxicity

3.

Although animal models have contributed to the current understanding of prenatal exposure-
induced effects on placental and developmental toxicity outcomes, there are limitations
when using these models. As previously mentioned, the time, cost, and animal lives required
for whole animal testing is substantial and significantly inhibits the utility of these models to
evaluate potential toxicity across large chemical domains. Furthermore, as described here
and throughout this review, there are important differences between animal and human
physiology, including those relevant to organismal development, placental structure and
function, and placental traits at the molecular-level (19, 20, 29).

Of specific relevance to the placenta, rodent models notably have placentas that are
hemochorial, in which maternal blood directly contacts the outermost membrane of the
developing embryo, similar to humans (29). This similarity allows rodent toxicity responses
to overlap with those observed in humans for certain applications. However, important
differences exist between placenta formation in rodents vs. human. After pregnancy occurs
and the placenta begins forming, the human placenta invades into the inner third of the
myometrium; while invasion of the rodent placenta is restricted to the decidua (29). Because
human placentas maintain a more intimate contact with the maternal circulation, chemicals
can more easily transport from maternal circulation to the placenta. This structure can cause
human placentas to have increased sensitivity to toxicant effects in comparison to rodent
models (29). Unlike humans, rodents also develop a secondary, choriovitelline placenta,
essentially an inverted yolk sac, which can provide additional protection against the
placental passage of toxicants in rodent models. Important histological differences also exist
between human and rodent placentas. For instance, the villous space at the maternal-fetal
interface is far more open in humans than rodents, in which the villous space presents as a
labyrinth of interconnected cavities. Additionally, mouse placentas also feature a zone of
trophoblast giant cells bordering the maternal decidua basalis, unlike human placenta.
Therefore, the use of rodent models to evaluate prenatal exposure-induced toxicity can often
underestimate chemical potency (29).

Further differences exist between placentas in humans vs. animal models at the molecular-
level. For example, there are certain genetic and epigenetic traits that are specific to human
placentas. These traits include certain haplotypes (e.g., Killer-cell immunoglobulin-like
receptor B (K/R B) haplotype), the expression of certain genes (e.g., sialic acid binding Ig
like lectin 6 (S/GLECS)), and the expression of certain miRNAs (e.g., hsa-mir-941) (29).
Features at the protein-level can also be specific to the human placenta. For example, a
human-specific protein isoform, the splice variant of immortalization-upregulated protein-2
(IMUP-2), has been identified as a critical responder to hypoxic conditions in placental cells
and associated with preeclampsia in humans (30). These species-dependent differences
support the utility of /n vitro methods that are based on human placental models in chemical
safety evaluations to protect human health outcomes.

IN VITRO TEST METHODS FOR PLACENTAL TOXICITY

There are several different in vitro approaches currently available to evaluate exposure-
induced toxicity in the human placenta. These /n vitro methods include placental trophoblast
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2-dimensional (2D) monocultures and placental explant models. More recently developed
test methods include placental cell co-cultures, placenta-on-a-chip, and 3-dimensional (3D)
placental cell models. This section reviews these /n vitro models, providing a brief summary
of methods that are currently available to evaluate the effects of toxicants on the human
placenta /n vitro.

3.1 Placental trophoblast monoculture models

The human placenta is comprised of various cell types including trophoblasts, stromal, and
epithelial cells, all of which can be grown and tested through /n vitro models. A wide range
of methods exists for /n vitrotesting to determine the effects of chemical exposures on the
placenta, with previously published reviews describing individual placental cell lines and
their characteristics in detail (31, 32). For example, King and colleagues described all
immortalized trophoblast cell lines published before 2000 (31), while Sullivan and
colleagues characterized hormone secretion in-depth for a few primary lines as well as a
number of the more heavily studied immortalized cells lines (32). The current review
focuses on commonly used /7 vitro methods that incorporate trophoblastic cells as they are
unique to the placenta and are vital to fetal processes, including implantation, uterine artery
remodeling, and other biological and structural necessities for placental function and fetal
health (33).

Placental cells that are commonly used for /n vitro testing consist of cell lines derived from
malignant tissues, primary cell lines that have been transformed, and primary cells from
donors. For example, a human choriocarcinoma tumor isolated in 1968 lead to the
generation of several immortalized cell lines that are now commonly used for placental
toxicity testing including BeWo, JEG, JAR, and ACIM-32 cells (34). The BeWo cell line
was originally established from primary isolated human choriocarcinoma tumor using
decidual explants, and these cells represent the first trophoblasts to be maintained in
continuous culture (35). Isolated BeWo cells in culture retain the capability to syncytialize
(i.e., form syncytiotrophoblasts from the fusion of two or more cytotrophoblasts), and
secrete hormones including estradiol, estrone, progesterone, human placental lactogen
(hPL), and human chorionic gonadotropin (hCG) (34). JEG cells represent six cell lines,
including the common JEG-3 cell line, that were also established using decidual explants
and include cells that are similarly capable of secreting hormones (36). JEG-3 cells have
also been used to evaluate placental cell responses to environmental chemicals (37-40).
However, in contrast to BeWo cells, JEG and JAR cell lines do not syncytialize in culture
(34). The ACIM-32 cell line, while created from the same original choriocarcinoma as
BeWo, JEG, and JAR cells, are more removed, as ACIM lines were established by the
integration of JEG and primary trophoblast cells (41).

Additional placental cell lines have been developed from primary cell lines transformed by
recombinant viral vector transduction. For example, first trimester extravillous explants
infected with simian virus 40 large T antigen (SV40) or the human papilloma virus (HPV)
gave rise to the HTR-8/ SVneo (42, 43) and Tev-1 (44) cell lines, respectively. The HTR-8/
SVneo and TEV-1 cell lines were established to recapitulate invasive extravillous
trophoblasts (44). The HTR-8/ SVneo cell line, however, is heterogeneous in terms of cell
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population and include cells expressing villous cytotrophoblast, syncytiotrophoblast, as well
as extravillous trophoblast markers (45). Other frequently employed lines include the
Swan-71 cell line, derived through the immortalization of cytotrophoblasts (CTB) using
purified first trimester trophoblasts and human telomerase reverse transcriptase (46).
Another commonly used cell line, the TCL-1 line, was derived from choriodecidua
transfected with SV40 (47).

Primary trophoblast cells are isolated directly from digestion of placenta tissue and are a
commonly employed to assess chemical effects on both early and late term placenta. Early
term placentas are acquired from elective termination of early stage pregnancies (48), and
late term placentas are collected after full term delivery (49). The primary cells isolated from
early and late term placenta offer relevant information on signaling in the placenta without
the cellular changes that can sometimes result from immortalization. Example changes
which have been identified in immortalized vs. primary cells include potential changes in
CpG island-associated DNA methylation levels (50), up-regulation of cell cycle-associated
Sanctions, and down-regulation of drug metabolizing enzymes (51), to name a few.
However, a major drawback of using these primary placental cells is that they are unable to
survive continued serial passages and fresh, isolated cells must be re-acquired on a regular
basis.

3.2 Placental explant models

In addition to monoculture methods, ex vivo culture models of placental explants can be
employed to investigate /in vitro effects of chemicals on the placenta. Explant models
represent cells/tissues that are originally obtained from living organisms, which then can be
cultured using /n vitro methods to evaluate tissue-level effects. Human placental explants are
prepared using donated fresh placenta tissue by first removing the surrounding peripheral
tissues, including the basal plate and associated boundary tissue (i.e., decidua basalis). The
resulting villous placenta tissues are then cut, washed, and trimmed into individual 5-10
mm? pieces which are placed in cell culture media. These explants can then be maintained
under standard cell culture conditions for up to 11 days, during which the /n vitro effects of
any toxicant of interest can be examined (52).

Explants are prepared from whole, native placenta, allowing these models to parallel more of
the features present in the placenta in comparison to traditional trophoblast monocultures.
For example, explants contain multiple cell types beyond trophoblasts that are present in the
placenta and can influence toxicant response, including fetal endothelial cells, fibroblasts,
and Hoffbauer cells (placental macrophages) (53). Further, explants maintain the native
structure and extracellular matrix of the human placenta that are difficult to recapitulate
using existing /n vitro methods.

Explant models are also uniquely fitted to evaluate the potential impact of inter-individual
differences such as maternal ethnicity, fetal gender, or disease state. For instance, isolated
explants from preeclamptic placentas have been used to study the efficacy and potential
toxicity of pravastatin, which is currently in clinical trial as a novel treatment for
preeclampsia (54-56). Moreover, explants can be isolated from first or second trimester or
term placentas to investigate how gestational age impacts sensitivity to a toxicant. For
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example, Sieppi et al. (57) demonstrated that the xenoestrogens bisphenol A (BPA) and p-
nonylphenol down-regulate the fetoprotective efflux transporter breast cancer resistance
protein (BCRP) in term explants but not first trimester explants. BCRP is a key protein in
placental signaling that affects the pharmacokinetics of several xenobiotics (58, 59), and
paired with the aforementioned finding, these data highlight that exposure-induced placental
toxicity in humans may vary depending on pregnancy stage. Taken together, placental
explants provide a useful model of the human placenta in terms of cell types and
macrostructure and provide the opportunity to study a range of covariates in toxicological
studies.

3.3 Other emerging in vitro placental models

Organ-on-a-chip and other 3D culture methods such as organoids and paper stacks represent
emerging /n vitro alternatives that aim to recapitulate /7 vivo systems using existing cell
lines. Some emerging alternative models, including organ-on-a-chip, use microfluidics-
based approaches to create simulated blood flow. Other models such as organoids and 3D
paper stacks are used to evaluate cells that grow in co-cultures with multiple cell types,
paralleling the multiple types of cells present in an /in vivo system.

3.3.1. Placenta-on-a-chip—Organ-on-a-chip technologies consist of differentiated
stem cells or immortalized cell lines that are cultured on a flexible polymer scaffold
designed to more accurately recapitulate conditions /7 vivo through the use of microfluidics,
which simulate blood flow. Placenta-on-a-chip models have been designed to include
trophoblasts cell lines which line a membrane that separates two microfluidics
compartments that represent (1) the apical/maternal, and (2) the basolateral/fetal
compartments (60, 61). This design provides a robust model to examine bi-directional
nutrient and drug translocation and has been applied in the study of placental permeability to
TiO, nanoparticles and glyburide (62, 63). In some cases, the lower compartment membrane
is lined with endothelial cells to mimic the tissues which exogenous substances travel
through in the placenta, through both syncytiotrophoblasts and fetal endothelial cells (61).
These methods are more expensive and time-consuming in comparison to traditional tissue
culture methods and require the use of specific instrumentation in their engineering and
implementation.

3.3.2. 3D Spheroid and Organoid Cultures—3D culture models consist of single
cell type or multiple cell types grown and tested in static conditions, rather than conditions
that reply on microfluidics. Often single culture models are termed spheroids while co-
culture model are referred to as organoids, though this terminology is notably in flux. While
these models may not fully recapitulate the conditions of a mammalian circulatory system,
there is considerable utility in using these models to study a variety of specific endpoints in a
more cost-effective manner than placenta-on-a-chip methodologies. Organoid/spheroid
cultures, in which cells are injected into a matrix to grow in 3D rather than monolayer, have
been incorporated in placental toxicity research (64—66). Organoids have also been
employed to study implantation and fetal-placental crosstalk (67, 68). There are, however,
some disadvantages to using placental organoids in toxicological studies. For example,
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within /n vivo systems, cells on the outside of the placental villi syncytialize (i.e., form
syncytiotrophoblasts) while cells on the inside of the placental spheroid syncytialize (68).

3.3.3. 3D Paper Stacks—Another emerging 3D culture technique incorporates 3D
paper stacks (69). These paper stacks allow for the 3D organization of either monocultures
or co-cultures with a gradient through paper stacks that engineer diffusion-dominated
environments similar to those found in spheroids or solid tumors (70, 71). To our
knowledge, there are no published examples integrating trophoblast cells into 3D paper
stacks, to date, though this technology is easily translatable to placental cell endpoints. For
example, 3D paper stacks have been designed to measure cell invasion (71) and effectiveness
of chemotherapeutics (72); though this technology is easily amenable to address a wide
range of applications. For example, paper-based 3D cultures, in which cells are seeded in
monolayer and invade through stacks of matrigel toward a stimulus, provide a cost-effective
platform to assess cellular invasion and isolate invasive populations for analysis (73-75).
This 3D technique could be particularly useful in assessing how toxicants impact
cytotrophoblast to extravillous trophoblast differentiation and invasion. Unlike many
placenta-on-a-chip platforms, these 3D paper stacks are easily assembled from equipment
typically found in a lab equipped to maintain 2D cultures (69) making them more affordable
and accessible than many organ-on-a-chip technologies. Together, these emerging /n vitro
methods are rapidly evolving and represent promising avenues to evaluate placental biology
and responses to toxicant exposures.

3.4 Limitations of in vitro approaches

4.

In vitro placental models have both advantages and limitations. Specific limitations include
those mentioned in the above examples, including variable cellular differentiation
capabilities, potential differences in biology inherent in primary vs. immortalized cell lines,
and difficulties surrounding cell survival through serial passages in primary cells. More
generally, /n vitro placental models are limited in their ability to fully address impacts of
chemical metabolism (76). It is also difficult to consider effects in other maternal tissues that
may influence the placenta through an indirect mechanism (76). Together, it is important to
consider these potential limitations when interpreting findings from /n vitro models and
placing data in the context of risk assessment.

IN VITRO MODEL ENDPOINTS USED TO TEST PLACENTAL TOXICITY

A variety of toxicological endpoints can be evaluated using /n vitro test methods and used to
assess chemical-induced toxicity. Some common endpoints found in the literature are
discussed here and include cell death and proliferation, cell invasion, DNA damage, gene
transcription, immunomodulation, nutrient uptake and transport, oxidative stress, protein
expression and secretion, and epigenetic reprogramming (Figure 1). The evaluation of these
endpoints is important in the context of environmental chemicals and can be used to enhance
the understanding of toxicity within the placenta with relevance to prenatal exposure
conditions. As this field of research continues to grow, the understanding of relationships
between these more mechanistically-driven /n vitro measures and apical endpoints observed
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in vivowill increase and further drive the accuracy of incorporating /7 vitro findings into
overall chemical safety assessments.

4.1 Cell death and proliferation

The balance of cell proliferation, differentiation, and apoptosis is critical to the formation
and maintenance of the placenta. The placenta must increase in size throughout pregnancy to
meet the metabolic demand of the developing fetus, highlighting the need for constant
cytotrophoblast cell division (33). Changes in cell death and proliferation caused by
environmental chemicals are important to investigate in placental cell models, and can
provide critical information towards the identification of toxicant-induced effects. For
instance, the xenoestrogens BPA and p-nitrophenol have been shown to increase caspase 3
cleavage in placenta explants, indicating an increase in apoptosis associated with exposure
(77, 78). This suggests trophoblasts are highly susceptible to these environmental
contaminants early in development. As an example of exposure-induced changes in
proliferation, the insecticide, chlorpyrifos, has been shown to decrease cell proliferation in
placental explants and BeWo cells, identified through decreased immunohistochemistry
staining of the mitotic protein marker, Ki67 (79). Explant models have been used to examine
certain macroscopic hallmarks of trophoblast death, such as compromised villous integrity,
syncytial sloughing, and fibrinoid necrosis (52). Decreased cell proliferation in the placenta
could lead to or exacerbate placental diseases such as preeclampsia (76). Changes in cellular
viability and proliferation can therefore induce changes in placental health and adversely
impact fetal development.

4.2 Cell invasion

Invasion is a process that is carefully balanced; over-invasion and under-invasion of
trophoblasts in the placenta are associated with placenta accrete and preeclampsia,
respectively (80). Cellular invasion can be assessed using either immortalized cell lines or
first trimester placental explants. Explants are cultured on an extracellular matrix scaffold,
such as matrigel or collagen I, on a transwell insert, and invading cells can be counted in the
receiving compartment (52). Similar methods can be used to evaluate invading cells using
cell lines cultured on transwell inserts. The process of invasion involves molecular events
similar to epithelial-mesenchymal transition, a process that is sensitive to interference by
toxicants, and typically associated with cancer cell metastasis (81). Invasion can be
indirectly analyzed using common markers of epithelial-mesenchymal transition such as e-
cadherin and fibronectin (82).

4.3 DNA Damage

DNA damage represents a common molecular event probed for when evaluating effects of
chemical exposures using /in vitro models. When unrepaired, DNA damage can lead to
mutations and genome instability, representing hallmark events underlying carcinogenesis
(83). DNA damage can we evaluated for using several methodologies, including the comet,
gamma H2A histone family member X (vH2AX), micronucleus, and terminal
deoxynucleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) assays, to name a
few. DNA damage has been evaluated in placental /n vitro models through the use of several
genotoxicity-relevant assays, including use of the comet assay to evaluate genotoxicity
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associated with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and a polychlorinated dibenzo-
p-dioxin/polychlorinated dibenzo-P-furan (PCDD/PCDF) mixture in JEG-3 cells (37).

4.4 Gene transcription

Changes in gene transcription (i.e., expression) also represent a commonly investigated
endpoint in /n vitro studies. If a chemical exposure changes the expression of an important
gene and/or gene set, this can cause the modification of expression for the encoded
protein(s), potentially resulting in functional consequences, including altered cell function
and overall cell health. Gene-specific methods based on real-time quantitative PCR (QPCR)
remain common to investigate changes in gene transcription. For example, this method has
been used to show that acetaminophen reduces BCRP mRNA expression in BeWo treated
cells (84), while opiate maintenance therapy drugs increased BCRP expression in both
BeWo and JEG3 cells (85). BCRP plays a key role in maintaining the barrier function of the
placenta; therefore, decreasing BCRP expression may hinder the placenta’s ability to protect
the developing fetus from potentially harmful chemicals circulating in maternal blood.

Genome-wide platforms can also be applied through high-throughput technologies such as
cDNA microarrays and RNA sequencing. These techniques have already been incorporated
into epidemiological investigations, for instance, in the evaluation of a human cohort
exposed to varying levels of cadmium and selenium. This study found exposure-induced
disruptions in placental gene expression associated with intra uterine growth restriction and
newborns small for gestational age (86). An interesting research gap that warrants further
investigation is understanding the extent to which /n vitro-derived gene expression changes
in the placenta compare to those observed in humans resulting from environmental
exposures. Addressing this gap would better define the potential utility of using /n vitro
placental models to identify transcriptomic alterations involved in human placental toxicity.

Immunomodulation

Changes in immune cell signaling can be evaluated using monoculture systems, containing
cells that may signal for immune responses to toxicological insults. Placental explants are
also uniquely suited to examine immunomodulation, as these systems contain immune cells.
For example, placenta explant models have been used to examine the immunomodulatory
effects of toxicants by also co-treating cells with bacteria to assess the ability of the placenta
to fight infections. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been evaluated in this
context, wherein placenta extracts were co-treated with TCDD and Escherichia coli (87).
This study found that TCDD increased the expression and secretion of important cytokines
involved in immune cell activation, including cytochrome ¢ oxidase subunit Il (COX2) and
tumor necrosis factor alpha (TNFa), and reduced the production of the anti-inflammatory
cytokine, interleukin 10 (IL10) compared to treatment with Escherichia coli alone (87).
These findings demonstrate that environmental contaminants have the potential to influence
immune cell activation in response to infectious stimuli within the placenta, which can
impact overall immune cell balance and function of the placenta.
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4.6 Nutrient uptake and transport

Changes in nutrient uptake and transport within the placenta can heavily influence the health
of the developing fetus (88). The transfer of nutrients and waste between the maternal and
fetal circulation occurs by active transport through syncytiotrophoblasts, which are fused,
multinucleated cells that fortify the chorionic villi, control nutrient and waste transport
between the maternal and fetal circulation, and synthesize and secrete various hormones in
the placenta (89, 90). The transfer of nutrients and waste between the maternal and fetal
circulation is regulated in syncytiotrophoblasts by active transport through a system of
uptake and efflux transporters (91).

Toxicant-induced changes in transporter expression or function are potentially harmful to
fetal development and are therefore important to evaluate in placenta /n vitro models.
Nutrient uptake in placental explants have been measured using radiolabeled substrates such
as glucose, amino acids, and fatty acids (92-94). An example study demonstrated that
ethanol and its metabolite, acetaldehyde, decreased the uptake of 14C-
methylaminoisobutyric acid and 3H-taurine, respectively, in BeWo cells and first trimester
explants (93). Reducing placental amino acid transport can negatively impact fetal
development, and this study demonstrates a potential mechanism for fetal alcohol syndrome,
a common developmental disorder that results from maternal alcohol consumption during
pregnancy (95). /n vitro techniques measuring molecular transport are therefore useful in
understanding toxicant-induced changes in direct measures of placental function.

4.7 Oxidative stress

Oxidative stress is important to evaluate in the content of placental toxicity, as changes in
hypoxia, reoxygenation, and subsequent oxidative stress have been implicated in adverse
pregnhancy outcomes including preeclampsia (96). /n vitro placenta assays can measure
exposure-induced stress by focusing on oxidative stress signals, including the expression of
proteins involved in oxidative stress signaling (e.g., nuclear factor, erythroid 2 like 2 (Nrf2)
and its target heme oxygenase-1 (HO)) as well as changes in the levels of reactive oxygen
species (e.g., hydrogen peroxide) (97-99). An example study using placental explants found
that cadmium’s effect on the production of 6-keto-prostaglandin F1, a prostacyclin
breakdown product, was diminished when explants were co-treated with the antioxidant,
glutathione (100). These data demonstrated the role of oxidative stress in cadmium-induced
toxicity (100). Similar studies could be used to further elucidate mechanisms of exposure-
induced toxicity involving oxidative stress using /n vitro models.

4.8 Protein expression and secretion

Changes in protein expression and protein excretion in response to toxicant exposure are
additional endpoints of interest used in many /n vitro studies. For example, protein
expression changes have been evaluated /n vitro to identify acetaminophen and opiate
maintenance therapy drugs as modifiers of BCRP protein expression in BeWo and JEG-3
cells (84, 85). Similar to the aforementioned changes in placental BCRP mRNA levels,
changes in BCRP protein levels can reduce the ability of the placenta to serve as a protective
barrier between mother and fetus (101, 102). Changes in hormone secretion are also
important to evaluate in the placenta. During pregnancy, the placenta acts as an endocrine
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organ involved in the regulation of maternal and fetal hormone homeostasis (33). Specific
hormones produced by the placenta include estrogen, progesterone, hPL, and hCG (33).
Alterations in hormone secretion have been evaluated using placental /n7 vitro models. For
example, a study evaluating the molecular effects of BP A found that exposure reduced
protein secretion of hCG in BeWo cells using immunoenzymometric assays (103).
Alterations of this hormone were hypothesized to potentially increase apoptotic activity in
early trimester trophoblasts with potential adverse effects on placental development. These
examples showcase the utility of evaluating /n vitro protein changes within placental cell
models to better understand chemical-induced toxicity.

4.9 Epigenetic modifications

5.

The field of epigenetics consists of molecular mechanisms that regulate gene expression
profiles in a manner that does not involve changes to the underlying DNA sequence (104)
and represents a field that has grown significantly in recent decades (105). Because
epigenetic modifications have the potential to persist through cell division and become
heritable, these changes are vital towards understanding the full extent of a toxicant’s lasting
effects on fetal development (106). Epigenetic mechanisms, including but limited to histone
modification, DNA methylation, and microRNA (miRNA) expression (104), have yet to be
fully elucidated in relation to placental-derived toxicity.

An example study evaluating chemical-induced changes in epigenetic profiles used three cell
lines representing various tissue in the placenta and time points during pregnancy to evaluate
the effects of BPA exposure (107). Several miRNAs were identified at significantly altered
expression levels in response to BPA treatment leading to slower proliferation and higher
sensitivity to DNA damage (107). In addition, JEG-3 cells exposed to cadmium have shown
alterations in miRNA levels that regulate the transforming growth factor (TGF)-p pathway
(38, 39). The epigenetic effects of iAs in JEG-3 cells have also recently been investigated
(40). This research found that iAs exposure altered the expression levels of genes involved in
glucocorticoid receptor (GR) signaling, with expression identified as associated with DNA
methylation patterns, supporting an epigenetic mechanism underlying these pathway
alterations (40). Generally, there are a limited number of studies examining toxicant effects
on epigenetic mechanisms in the placenta, representing a critical research gap that can be
addressed, in part, using /n vitro models.

INCORPORATING IN VITRO PLACENTAL MODELS INTO CHEMICAL

EVALUATIONS AND RISK ASSESSMENT

Placental models and their related endpoints show promise for incorporation into chemical
evaluations and risk assessment. Specific steps in the human health risk assessment process
include hazard identification, dose-response assessment, exposure assessment, and risk
characterization (108). Here we propose that /n vitro placental models can be incorporated
into each of these steps (Figure 2), specifically through the following strategies: (i) screening
of potentially hazardous chemicals (hazard identification step); (ii) elucidation of chemical
mechanism of action and incorporation into adverse outcome pathways (AOPs) (hazard
identification step); (iii) estimation of doses eliciting toxicity (dose-response and exposure
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assessment steps); and (iv) characterization of the overall risk, including data-driven
extrapolation factors to decrease overall uncertainty (risk characterization step). The
implementation of these strategies has the potential to reduce reliance upon animal testing
and increase confidence and efficiency in chemical toxicity assessments.

5.1 Use of in vitro models to identify hazardous chemicals

The potential for a chemical to induce developmental and placental toxicity can be identified
through /n vitro screening of large numbers of chemicals. The screening for potentially
hazardous chemicals through /n vitro techniques is advantageous as it represents a cost- and
time-efficient strategy that can be used to prioritize which chemicals in the environment
should be prioritized for further testing. This efficiency is particularly useful when one
considers the vast numbers of chemicals that humans are routinely exposed to that lack
toxicity data (18, 109). Data from /n vitro models can be used collectively with other data
streams in a weight-of-evidence approach to inform the identification of hazardous
chemicals.

In vitro screening techniques for placental-derived toxicity can consist of a variety of
methods described in part by the above sections. For example, in vitro placental studies have
been used to screen for exposure-induced changes in hormone production and secretion (77,
110), inflammation signaling (111), and enzyme activity related to cell death pathways
(112). To detail a specific example, BeWo cells have been used in combination with
membrane vesicles to screen environmental chemicals for interaction with BCRP, a
fetoprotective transporter that regulates the efflux of chemicals from the placenta to maternal
circulation (113). This study identified the mycotoxin, zearalenone, as an inhibitor of
chemical trans-placental transfer through its interaction with BCRP. This chemical has since
then been confirmed as a prenatal developmental toxicant through this mechanism in vivo
using Berp™/~ mice (102). These examples clearly support the utility of Jin vitro placental
models in the screening of hazardous chemicals that may impact placental biology and
associated effects on prenatal developmental outcomes.

5.2 Use of in vitro models to inform mechanism of action and adverse outcome pathways
(AOPSs)

The use of in vitro placental models significantly increases the feasibility of analyzing
molecular mechanisms underlying placental toxicity and potentially associated prenatal
development toxicity outcomes. Some strategies to evaluate mechanisms of toxicity were
previously detailed in section 4. These strategies include the investigation of cell death and
proliferation, cytotrophoblast invasion, gene expression, DNA damage, immunomodulation,
protein expression and secretion, nutrient uptake and transport, oxidative stress, and
epigenetic reprogramming. Findings from /n vitro models not only inform /in vivo
mechanisms of disease for tested chemicals, but can also be used to train and test in silico
models to computationally predict mechanisms of disease for chemicals lacking data (114,
115). Integrating such mechanistic information from various models serves as an important
step in the risk assessment of environmental chemicals.
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The mechanism by which a chemical causes a disease outcome heavily influences how a
chemical is ultimately regulated. For example, environmental chemicals that are known to
cause disease outcomes through mechanisms based on mutagenicity are typically regulated
based on exposure limits derived using linear low-dose extrapolation methods, wherein the
chemical under evaluation is assumed to be adverse at any dose above zero (116, 117).
Conversely, environmental chemicals that are known to cause disease outcomes through
non-mutagenic mechanisms can be regulated based on exposure limits that are quantitatively
derived using nonlinear approaches, wherein the chemical is considered to be ‘safe” up until
a certain exposure threshold (116, 117). Thus, chemicals that cause similar disease
outcomes, yet act through different mechanisms of action, can be regulated by the setting of
different chemical safety criteria.

A specific example of how mechanistic data from /n vitro models are currently being
incorporated into chemical safety assessments is through the increased integration of in vitro
transcriptomic signatures that are predictive of in vivo mechanisms of action. For example,
the toxicogenomics-DNA damage-inducing (TGx-DDI) signature has been established as a
set of 64 biomarker genes that can be used to accurately distinguish DDI from non-DDI
exposures using /n vitro test methods (118). There is, therefore, room for the use /n vitro
models in this step relevant to risk assessment.

A growing avenue for incorporating mechanism of action into chemical evaluations is
through the adverse outcome pathway (AOP) concept. AOPs represent a sequence of events
that initiate as chemical interactions in cells and progress in a step-wise manner to
population-level adverse responses (119). Introduced nearly a decade ago, the AOP concept
has gained considerable attention in recent years as a topic of interest in scientific meetings,
journal publications, and regulatory guidance documents (120). Findings from in vitro
placental models could be used to inform important AOPs relevant to prenatal
developmental toxicity outcomes, which could then influence the risk assessment of
environmental chemicals. Specific examples of how AOPs could be used to influence the
regulation of developmental toxicants is through the following: (i) evaluation of potential
species-specific differences, (ii) overall biological plausibility of disease mechanisms, and
(iii) predictions of disease outcomes that could result from chemical-induced molecular
events, among others. Findings from /n vitro placental models clearly have a place in the
elucidation of chemical mechanism of action and incorporation into AOPs, representing key
components of modern-day chemical regulation.

5.3 Use of in vitro models to inform doses eliciting in vivo toxicity

Characterizing the relationships between dose at which an organism/target is exposed and
the resulting toxicity response(s) is vital towards understanding which exposure levels
within the environment may affect developmental and placental toxicity endpoints. Data
produced through /n vitro modeling are easily amenable to dose-response evaluations. For
example, an /n vitro study found that inorganic arsenic induced dose-response changes
relevant to the Nrf2 pathway in JAR cells by evaluating cell stress (i.e. production of
hydrogen peroxide) and changes in the expression of Nrf2-related proteins (99). The finding
that Nrf2 signaling alterations were dose-dependent reinforced the biological plausibility of
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oxidative stress-related mechanisms underlying inorganic arsenic-induced toxicity within the
placenta.

Effects at low concentrations are also important to identify, as these changes may impact
human health through exposure conditions that are environmentally relevant. For example,
an /n vitro study evaluated BeWo cells treated with BPA at concentrations ranging between
0.01-100 uM, and concentrations as low as 10 nM were found to inhibit BeWo cell transwell
invasion and reduce the expression of genes involved in cell invasion (121). As mentioned
above, these effects occurring at low concentrations are important, as placental cell invasion
can adversely impact placental health, which can then impact pregnancy outcomes and
potentially associated fetal development.

Once exposure concentrations that elicit bioactivity are identified through /in vitro
experimentation and dose-response modeling approaches, these concentrations can be used
to estimate the equivalent doses required to elicit toxicity within animals and/or humans
through /n vitro-to-in vivo (IVIVE) extrapolation. IVIVE methods require the following: (i)
an /n vitromodel to provide an estimate of the test chemical concentration that elicits
activity, and (ii) a toxicokinetic model to relate this /n vitro-based concentration to an /n7 vivo
dose that is estimated to produce an equivalent concentration in blood or other target tissues
(122). Most of the IVIVE efforts based on high-throughput toxicokinetic modeling are
currently focused on converting /n7 vitro bioactivity concentrations to concentrations in
circulating blood (123, 124). Further expansion of IVIVE and toxicokinetic modeling efforts
are currently needed to better estimate tissue deposition, clearance, and toxicokinetic
variability within the placenta. These /in silico efforts can ultimately be used to effectively
integrate /n vitro-derived placental bioactivity measures into the prediction of /n vivo doses
eliciting placental and associated prenatal developmental toxicity endpoints.

Incorporating in vitro testing into risk characterization

Risk characterization is the final step involved in the human health risk assessment process
and involves the integration of exposure and toxicological effects into quantitative and
qualitative estimates of risk for the population(s) that the final regulation is designed to
protect (116). This risk characterization step synthesizes an overall conclusion about health
outcome risk related to exposures that is complete, informative, and useful for decision
makers (116). Due to the depth of information needed to conduct a comprehensive risk
assessment, /n7 vitro data are useful towards contributing to these data requirements, with
specific examples previously discussed.

An additional example supporting the use of /n vitro data is in the derivation of data-driven
extrapolation factors. Extrapolation factors are used to quantitatively derive final chemical
safety criteria while taking into account potential variations in response (125). Specifically,
extrapolation factors account for differences between model species used to derive toxicity
information and the average human (i.e., interspecies variation, when applicable) and for
variation in the human population (i.e., intraspecies variation). There is a current drive to
move away from the use of established default values for inter- and intraspecies
extrapolation, and move towards the use of empirically derived values based on experimental
data that decrease the uncertainty in risk assessment. To elaborate, the default approach to
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“adjust” for uncertainty in the setting of chemical safety criteria is largely based on dividing
exposure concentrations by whole number estimates that are selected by default standards
regardless of the type of chemical being evaluated. According to recent guidelines, /n vitro
assays can play a role in defining data-driven extrapolation factors, particularly when
toxicokinetics/toxicodynamics are considered to account for target tissue dose and
competing absorption, distribution, metabolism, excretion (ADME) processes (125). This
movement towards data-driven extrapolation factors further supports the potential utility of
in vitro placental models in risk assessment applications.

When incorporating findings from /n vitro models into risk assessment, it is important to
consider potential applicability domains. The term “applicability domain’ is most commonly
used in toxicology when referring to a theoretical region of physicochemical space for which
quantitative structure-activity relationship (QSAR) models can reliably make toxicity
predictions (114, 126). The use of this term is currently evolving to include expanded
computational toxicology applications, including the use of /n vitro data to predict /in vivo
toxicity based on multifactorial model inputs, in addition to classical physicochemical/
structural properties. For /n vitro placental models, we posit that certain classes of chemicals
and/or /n vitro endpoints can be used to more accurately predict human disease outcomes in
comparison to other chemicals/endpoints. Indeed, we have found that /in7 vitro bioactivity can
be used to inform /n vivo toxicity responses with a higher degree of accuracy for chemicals
that fall within certain ranges of physicochemical properties (127). There was also increased
in vitro-to-in vivo response concordance for certain pathways that were highly expressed and
active in target tissues (127). As this field continues to develop, researchers and
policymakers will be able to better identify instances when /in vitrotesting is appropriate and
how findings should be interpreted in combination with /n silico techniques to better protect
human health.

6. CONCLUSION

In conclusion, this review provides an overview of /in vitro placental models and associated
endpoints that can be used to evaluate chemical-induced toxicity. The placenta is critical in
embryonic and fetal development and can be adversely impacted by exposure to
environmental contaminants. /n7 vitro placental models that are commonly used to test the
effects of toxicant exposure include trophablast cells and explant models from humans,
among others. Findings from these models can inform placental toxicity in humans as well
as associated prenatal developmental toxicity outcomes associated with prenatal exposures.

Strategies that can be used to translate findings from /in vitro placental models into chemical
evaluations include those relevant to the steps in the human health risk assessment process.
These strategies include the use of in vitro placental models to: (i) screen for hazardous
chemicals, (ii) elucidate chemical mechanism of action, (iii) identify molecular events in
AOPs, (iv) estimate doses eliciting toxicity through dose-response and IVIVE modeling, and
(v) contribute to the overall risk characterization of adverse outcomes associated with
exposure-induced placental toxicity. There is a current need to better define applicability
domains for the use of /in vitro placental models in predicting toxicity in humans through
farther research. Studies in this area are currently expanding and will likely contribute to a
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growing confidence in using /n vitro data combined with /n silico approaches to better
understand relationships between prenatal exposure to chemicals, placental toxicity, and
developmental outcomes.
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Highlights

. The placenta is a critical tissue to evaluate for prenatal development toxicity
testing

. In vitro placental models can screen hazardous chemicals

. Mechanism of action can be informed by /n vitro placental models

. Doses eliciting prenatal toxicity can be estimated with /n vitro/in silico
methods

. In vitro approaches can be used in the modernization of chemical risk
assessment
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Figure 1. Selected endpoints that can be measured using in vitro test methods to evaluate
chemical-induced toxicity in the placenta.

Some common endpoints evaluated using /77 vitro models are illustrated here. These
endpoints can be assessed using /n vitro placenta cell lines, placental cell co-cultures,
placenta-on-a-chip, and 3-dimensional (3D) placental cell models, among others. Formal
descriptions of the models and endpoints presented here are provided in Sections 3 and 4 of
this review, respectively. Subheadings of model endpoints here correspond to those in
Section 4 wherein experimental approaches and applications of each are detailed.
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Steps In Risk In Vitro Placental
Assessment Model Integration

* Screen chemicals for potential toxicity in placental cells/tissue

* Inform weight of evidence (WoE) for biological plausibility in
humans through mechanism of action / adverse outcome
pathway (AOP) integration

* Calculate concentrations required to elicit change in toxicity endpoint

* Inform threshold vs. linear response relationships to extrapolate
to concentrations below the lower range of available observed data

* In vitro-to-in vivo (IVIVE) extrapolation to equivalent dose in humans

* Inform the internal or absorbed dose of an agent required to
elicit placental toxicity

* Extrapolate concentrations eliciting in vitro bioactivity to external
exposure doses that may impact human health

* Derive data-driven extrapolation factors to account for inter- and
intraspecies response variation

* Characterize overall risk of placental toxicity-induced adverse

Risk

Characterization outcomes by collecting and interpreting the following from each of the
above steps: key findings, assumptions, limitations (including
applicability domains), and uncertainties

Figure 2. An overview of strategies that can be used to integrate in vitro placental models into the
human health risk assessment process.

These strategies are aimed at the overall goal of reducing reliance upon animal testing and
increasing confidence and efficiency in chemical safety evaluations.
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