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The human placenta brings the maternal and fetal circulatory systems into contact while keeping them independent, due

to its intricate structure and adaptation in pregnancy. The placental barrier, composed essentially of trophoblasts,

connective tissue and endothelium, separates the fetal and maternal compartments and is a key structure for this organ’s

function. Maternal—fetal exchange takes place in the areas where the barrier is an extremely thin membrane (only 3.5 μm

thick).

Many of the human placental barrier functions are little understood and more representative models are still needed to

better recapitulate the complex architecture and dynamics of the human fetal—placental barrier and provide a more in-

depth understanding of the organ’s function.
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1. Introduction

The human placenta brings the maternal and fetal circulatory systems into contact while keeping them independent, due

to its intricate structure and adaptation in pregnancy. The placental barrier, composed essentially of trophoblasts,

connective tissue and endothelium, separates the fetal and maternal compartments and is a key structure for this organ’s

function . Maternal—fetal exchange takes place in the areas where the barrier is an extremely thin membrane (only

3.5 μm thick) . The rate and amount of human placental transfer are determinants for fetal development, and for that

reason, the placenta has been the subject of several studies from different fields. The correct development of the

placental structure and function should be maintained for a healthy pregnancy. Importantly, the placenta is permeable to

ensure the passage of vital substances (such as nutrients and oxygen); however, it can also be permeable to other

exogenous substances and potentially harmful chemicals, such as phthalates, phenols (e.g., bisphenol A (BPA)),

polychlorinated biphenyls (PCBs) and heavy metals .

It is, therefore, crucial to understand placental physiology in humans through the development of reliable models suitable

for testing placental function under a multitude of different conditions.

An additional issue with the reliance on animal placental models relates to their ethical and financial implications. Due to

stricter animal welfare legislation in the EU, USA and other countries worldwide , there is a significant drive to replace,

reduce and refine (3Rs) the use of animals for scientific purposes. Thus, it is imperative that robust and sensitive

alternative placental models are developed, validated and implemented.

In addition to animal models, there are currently other approaches to model the placenta, including ex vivo, in vitro and in

silico methods that have provided useful insights into the mechanisms of the fetal—placental barrier.

2. In Vivo Placental Models

With the exception of primates, animal models have been proven to be less than ideal for the study of human placental

physiology, as many aspects, such as the high level of invasiveness of trophoblasts, are unique to humans . Primate

pregnancy has been used as an animal fetal—placental model, as it closely relates to humans in terms of length of

gestation, changes in the contractile milieu, mechanisms of steroidogenesis and process of placentation, to name a few

.

Despite the serious considerations regarding animal models mentioned in the previous section, during the past decade

(2010–2020), 8830 manuscripts were published using animal models (ranging from mice and rats to ewes and monkeys)

to study placental physiology; 914 were related to preeclampsia, 281 to toxins and 56 to EDCs. Moreover, 211 studies

were focused on umbilical cord physiology (source: PubMed.gov ; filters: placenta, 2010–2020, “other animals” with
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specified search terms). Validation and development of alternative 3D in vitro models or the use of organotypic cultures of

human placenta will have a measurable impact as a sound alternative for assessing the effects of any molecule on

placental physiology and subsequently contributing towards the 3Rs.

Adoption of alternative models, such as organ-on-a-chip (OOC), human perfused placentas and placental explants, will

inevitably drive a quantifiable reduction in and, potentially, replacement of the use of animals as part of the 3Rs.

Comparative studies between human placental explants or OOC models and in vivo studies will enable minimal use of

animals per experiment, providing there is reproducibility of readouts. It should be noted that when placental function is

assessed in mice or rats, apart from the mothers, all offspring are culled, leading to an exponential rise in animal usage,

as in Susiarjo et al. ’s study cited above . Besides mouse and rat models, placental studies have also used primates

. However, research using nonhuman primates raises serious ethical issues, as reflected by the EU ban (Directive

2010/63)  which states: “the use of nonhuman primates should be permitted only in those biomedical areas essential

for the benefit of human beings, for which no alternative replacement methods are yet available”. Thus, in Europe as well

as in most countries that are adopting legislation to reduce the use of animals for scientific purposes, the nonhuman

primate model is no longer an option for studying placental function or structure.

It is expected that OOC models will be used in priority settings during drug development and chemical safety assessment,

as they will allow the detection and study of pharmacological and toxicological effects before animal testing is necessary.

With the implementation of robust and representative alternative methods, chemicals can be evaluated in more detail than

with traditional in vitro systems and reduce the number of ineffective/toxic chemicals that are taken further to in vivo

studies. An area where these approaches will have minimum impact will be on the third R: refining the way animal

experiments are conducted to ensure minimal suffering.

3. In Vitro Placental Models

Although studies on placental explants from humans benefit from investigating the exact tissues and cells needed to

understand human placental physiology, these term placentas represent pathological conditions as mentioned above. Ex

vivo perfusion systems represent the whole system and whilst short-term experiments can be conducted, studies over a

longer time are required to give a greater understanding of the cell—cell communication. To address these problems,

alternative in vitro models using immortalized or primary human trophoblasts are often the model of choice to study

placental function. Indeed, they are useful for studying organ or tissue function and at the cellular or subcellular scales, as

cells and their organelles can be studied in detail using imaging and molecular techniques.

In order to circumvent small tissue culture time windows, most in vitro studies employ immortalized trophoblastic cell lines,

including ones deriving from choriocarcinoma . Importantly, these cell lines have been used extensively to gain a better

insight into trophoblast cell biology and placental development, syncytiotrophoblast formation and endocrine activity, as

well as immune aspects of the fetal—placental unit . For example, cell lines such as BeWo, JEG-3 and JAr (all

tumor cells lines derived from trophoblasts) show similar characteristics to primary trophoblasts in terms of hormone

secretion (e.g., hCG, estrogens and progesterone) . JEG-3 and BeWo cell lines have distinct fusogenic capacities. The

JEG-3 cell line is unable to morphologically differentiate; therefore, it resembles the undifferentiated and hormonally

inactive cytotrophoblast cells, making it an appropriate in vitro model to investigate early placental events .

Additionally, BeWo cells retain the ability to form syncytia when being treated with forskolin (an activator of adenylyl

cyclase) or 8-Br-cAMP . At this stage, the predominant feature of the human placenta is the hormonally active

syncytiotrophoblast layer. The capability of BeWo cells to differentiate has established these cells as an in vitro model to

study placental physiology including development, immune and endocrine responses and transport mechanisms .

A number of in vitro models that can simulate the human fetal—placental barrier have been developed. Of these, the most

commonly used is the Transwell set-up whereby cells are cultured on a microporous membrane, generally polycarbonate,

that separates an apical and a basal compartment. The system can be employed to study the transport properties of the

trophoblast barrier, and the cell line of choice is BeWo for its ability to form a confluent layer . Two endothelial cell lines

are used for coculture with the trophoblast cell lines for more complex Transwell experiments, the most common being a

pure vascular endothelial cell line from the human placenta (HPEC) and human umbilical vein endothelial cells (HUVECs).

They are derived through enzymatic perfusion of the term placenta and postpartum umbilical vein, respectively. As an

example, a coculture model comprising tight layers of BeWo cells and placental endothelial cells has been generated

using a 3 µm porous membrane for translocation studies to predict fetal exposure to nanoparticles .

Standard cell culture involves seeding cells in monolayers on tissue culture plates or in transwells. As an alternative, 3D

cell models can be used to study human organ physiology in cell culture, especially in the fields of cancer and toxicology.

Extracellular parameters are more physiologically relevant in 3D, allowing cells to self-organize and grow into organoid-
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like structures . The field of 3D placental models has evolved rapidly in the past decade, particularly with the discovery

of organoids and advancements in fluidic systems for cell culture. We found 90 reports of 3D placental models in vitro

since 2010. About half of them (43) are related to spheroid systems ( Figure 1 a) while 37 (11 were reviews) reports

describing a microfluidic placenta-on-a-chip (PoC, Figure 1 c) device of some form have been published (source:

PubMed.gov ; filters: 2010–2020; search terms: logical combinations of 3D, spheroid, placenta, model, microfluidic).

Figure 1. Representation to show the development of advanced in vitro systems: (a) spheroids, clusters of single cells or

aggregates grown without a cellular scaffold in low attachment plates; (b) trophoblast organoid grown in 3D using

Matrigel; (c) a simple placenta-on-a-chip (PoC) model where two microfluidic channels are separated by a semipermeable

membrane or scaffold. Created with BioRender.com.

4. In Silico Placental Models

In silico models are a useful tool to facilitate the study and prediction of different aspects of placental physiology and

pathology since the organ is unreachable for direct analysis during pregnancy.

Some models simulate the hemodynamics of the placenta, scrutinizing the blood circulation in different structures ranging

from the spiral arteries of the maternal compartment  to the terminal villi on the fetal side . The simulations

are based on computational fluid dynamics that recreate the vascular structures of the placenta and model blood flow

through them. These allow researchers to understand, for instance, how the development of the correct geometry of the

organ can impact transfer processes, since the fetal/maternal exchange of crucial substances is determined by the blood

flow of both circulations. Indeed, different flow models address not only the structure and hemodynamics of the placental

tissues but also the diffusion of small solutes, providing an approach for linking placental structure and function .

The placental structure in some of the most recent models is obtained through imaging of the organ after tissue

processing with advanced imaging and 3D reconstruction techniques . Modeling the data gathered through

computational simulations allows a noninvasive and faithful representation of the structure and dynamics of the human

placenta, which cannot be accomplished with in vitro or in vivo models. In a different perspective, several parameters for

the simulations were also acquired from ex vivo studies, which represents a case of a very profitable synergy between ex

vivo and in silico , illustrating the potential of the 3Rs for placental models.

In these models, placental transfer has been modeled using different therapeutic substances, specifically antiviral drugs

for HIV treatment: tenofovir , emtricitabine , nevirapine , darunavir  and the benzodiazepine midazolam .

One of the most promising features of some of the in silico models is that the same model can be used to predict

concentrations of other compounds, by changing drug-related parameters, which confers versatility and “reusability”

hardly attainable with in vivo models.
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