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Abstract

It is very difficult to gain a better understanding of the events in human pregnancy that occur

during and just after implantation because such pregnancies are not yet clinically detectable.

Animal models of human placentation are inadequate. In vitro models that utilize immortalized cell

lines and cells derived from trophoblast cancers have multiple limitations. Primary cell and tissue

cultures often have limited lifespans and cannot be obtained from the peri-implantation period.

We present here two contemporary models of human peri-implantation placental development:

extended blastocyst culture and stem-cell derived trophoblast culture. We discuss current research

efforts that employ these models and how such models might be used in the future to study the

“black box” stage of human pregnancy.

Summary sentence

Human extended embryo culture and stem-cell-derived trophoblast cells offer new insight into

peri-implantation stage placental development.
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Introduction

The placenta is arguably the most important solid organ in humans.
It is essential to the immediate and future health of the pregnant
mother and her fetus, as well as the health and well-being of
generations to come. Despite this, it is also one of the most poorly
understood solid organs. There are several challenges to the study
of normal and abnormal placental development and function that
have hindered progress. First, while much has been learned about
human physiology through the study of animal models, the human
placenta is in many respects unique among eutherian mammals. This
distinctiveness has placed constraints on the utility of animals such
as rodents, which otherwise allow facile genetic manipulation and
access to a wide array of molecular reagents and methodologies for
the study of many aspects of human placentation. For instance, the
human placenta is remarkable in its ability to invade deeply into
the maternal decidua, with some placental trophoblast cells reaching
at least the inner third of the uterine myometrium and in some
disease states being able to extend beyond that region. Defects in
this invasion have been closely associated with intrauterine growth
restriction and with preeclampsia, a pregnancy disorder seen almost
exclusively in humans. Even our closest evolutionary ancestors, the
nonhuman primates, show differences in placental morphology and
trophoblast interactions with the maternal decidual tissues that,
together with cost and access constraints, limit their value as animal
models of normal and abnormal human placental form and function.

Added to the limitations of animal models for the study of the
human placenta, there are significant restrictions on access to human
tissues, particularly placental tissues from early pregnancy. Our most
robust understanding of the human placenta comes from specimens
obtained at the time of term deliveries. More limited access to
placental samples from preterm deliveries is accompanied by a
more limited understanding of placental function and dysfunction
at this time in pregnancy. Most of our functional knowledge of
the placenta from prior to delivery comes from studies of mater-
nal blood and from imaging studies. Still, there remain virtually
no reliable serum biomarkers of placental disorders. Additionally,
the persistent limitations in placental imaging technologies led to
issuance of the 2018 NIH Request for Applications entitled, “Novel
Approaches to Safe, Non-invasive, Real Time Assessment of Human
Placental Development and Function Across Pregnancy”. Placental
tissue samples can be obtained early in the second trimester without
interruption of the pregnancy as a byproduct of chorionic villous
sampling for prenatal genetic diagnosis, but this procedure is being
used less and less as new fetal screening approaches emerge. Placental
tissues from the first and early second trimester can be obtained after
spontaneous or elective abortions; however, the former specimens
may be damaged by the etiology of the loss and the latter no longer
may be used in federally funded research.

It is likely that many disorders of placentation, including iso-
lated and recurrent spontaneous pregnancy loss, placenta accreta
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and percreta, intrauterine growth restriction and preeclampsia, may
have their origins very early in pregnancy, possibly even in the
preimplantation and peri-implantation periods. Infertility and recur-
rent implantation failure accompanying assisted reproduction may
actually be the earliest manifestations of abnormal preimplanta-
tion and peri-implantation placental development. At this point in
pregnancy, restrictions on the study of these events in humans are
nearly insurmountable, as pregnancy in humans cannot be clinically
detected prior to implantation, the time when an embryo begins
secreting detectable levels of human chorionic gonadotropin (hCG).
For all these reasons, normal and dysfunctional peri-implantation
placental development and function in humans must be modeled in
vitro. Here we will review two state-of-the-art in vitro approaches:
1) extended human blastocyst culture and 2) human stem cell-
derived trophoblast culture and co-culture models, originating from
embryonic, placental, or adult cells.

Extended Human Blastocyst Culture

Human implantation is a critical, yet elusive, biological event estab-
lishing the first contact of the expanded, hatched blastocyst with
the uterine wall. The peri-implantation period is a precarious time
in pregnancy, with an estimated 30% of conceptions lost prior to
implantation and another 30% of conceptions lost following implan-
tation, but before the missed menstrual period [1]. While a large per-
centage of these preclinical losses may be due to fetal chromosomal
aberrations [2], there are a sizable number of karyotypically normal
embryos also failing to implant. For these embryos, pregnancy loss
is widely considered the result of a breakdown in communication
between the mother and the implanting embryo. This breakdown in
crosstalk has been historically difficult to investigate due to logistical
and ethical reasons, leading investigators to name this period the
“black box of pregnancy” [1].

The first attempt to shed light into the “black box of pregnancy”
began with a Carnegie grant in 1913 to the anatomist Franklin P.
Mall. Mall had a collection of over 500 human embryos [3] and used
this grant to establish the Carnegie Institute of Washington’s embry-
ology department [4]. Much of this research has been memorialized
in a collection of historic papers called “Contributions to Embryol-
ogy” [5]. One of the most meaningful and abiding contributions of
the Carnegie Department of Embryology is the collection of samples
of fallopian tubes and uteri from women requiring hysterectomies.
From these tissues, the fertility researchers John Rock and Arthur
Hertig collected 34 embryos ranging from the zygote stage to a
17-day embryo [6]. Similarly, the Cambridge Collection in the UK
has a number of specimens collected from hysterectomies performed
in early pregnancy [7]. Incredibly, these collections remain as the
most informative pieces of evidence of early human embryology, still
serving as the foundation of what we know today about human
implantation. Mall’s work describes a placenta emerging as a layer
of trophectoderm (TE) at the embryonic pole that facilitates invasion
into the decidualized endometrium. At the time of implantation,
the TE is comprised of two cell types: the progenitor-like cytotro-
phoblast (CTB) cells and the terminally differentiated, multinucle-
ated primitive syncytium (Figure 1). As it continues to invade, the
primitive syncytium becomes more prominent and hollowed, lacunar
spaces quickly form that are filled first with uterine secretions
and ultimately, maternal blood [6]. Until the villi and intervillous
spaces form, these lacunae serve as the syncytial interface between
trophoblast and maternal fluids. Beginning at approximately day

13, proliferating CTB begin to form villous structures that push
through the primitive syncytium, then fill with fetal mesenchyme to
form secondary villi, and finally with fetal blood vessels to form the
tertiary villi by 21 days. Mature villi are covered in a single layer
of syncytiotrophoblast (STB), where they contact maternal blood in
the intervillous space. During this time, the ends of the emerging
villi that contact the decidua form a “cytotrophoblastic shell” that
gradually thins and becomes more discontinuous as the placenta
grows [8]. CTB also begin differentiating toward the extravillous
cytotrophoblast (EVT) lineage in the anchoring villi that contact the
decidua. These EVT cells are competent to invade into the maternal
decidua and break down the extracellular matrix, and eventually
the myometrium and spiral arteries [9]. Since the publication of the
original works from the Carnegie Institute of Washington and Boyd
Collection in the UK, there has been little opportunity to expand our
knowledge about this critical phase of pregnancy.

The acquisition of human embryos for in vitro culture was not
possible until the 1980s when human in vitro fertilization became
more routine in clinical practice [10]. Soon, extended culture to the
blastocyst stage, but not beyond, became customary as a means of
selecting embryos more likely to implant, but a variety of restrictions
limited experimental studies on such embryos, even those that would
otherwise be discarded. There were, however, multiple attempts
to culture mouse embryos to a point beyond which implantation
would normally have been initiated in vivo. First attempts in mouse
involved pre-attachment with the culture of blastocysts for 48 h
on transparent bovine lens fiber, to which they attached and began
to show some aspects of tissue organization reminiscent of normal
development in vivo [11]. Following this initial finding, there were
multiple efforts to grow mouse blastocysts for extended periods on a
variety of substrata and in an array of media to initiate further devel-
opment, including placenta formation [12–17]. However, this early
work to study placental trophoblast emergence was plagued by poor
embryo viability, inadequate culture conditions, and inconsistent
descriptions of morphological endpoints. A breakthrough was made
in 2014, following the description of a system capable of supporting
what appeared to be relatively normal implantation stage mouse
embryo development up to embryonic day 8.5 [18]. Within 2 years, a
similar culture system proved successful with human blastocysts [19,
20]. This culture system supports human embryo development up to
day 13 postfertilization and recapitulates the differentiation of TE
in ways that appear consistent with the histological work performed
many years earlier on in vivo specimens [3–6].

Specifically, morphological features of the cultured embryos
resembled those reported in the Cambridge and Carnegie collections,
and the outer cells expressed known molecular markers of
trophoblast in sequence. At day 6–7, before blastocyst attachment,
TE of the cultured embryos expressed recognized early trophoblast
markers (GATA3, CDX2, and KRT7), whereas there was very little
expression of the pluripotency marker POU5F1 and hypoblast
marker GATA6. Most human blastocysts attached between day
7 and 8 at the polar TE, which is the closest to the inner cell
mass (ICM). At day 8, in vitro cultured embryos flattened, and
POU5F1 and GATA6 staining was lost in TE. As at day 6, CDX2
remained at very low levels and was restricted to weak nuclear
staining of a small subset cells at the periphery. However, KRT7
staining became prominent, suggesting progressive differentiation of
trophoblast cells. At day 10, TE cells positive for GATA3 and KRT7
continued to differentiate, with a subset of new cells expressing the
STB marker, human chorionic gonadotropin beta (CGB), indicating
the formation of the early syncytium. At day 12, CGB staining
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Figure 1. Carnegie images depicting stage 4, 5a, and 5c human embryos. These histological sections from the original Carnegie collection represent

approximately days 6–12 postfertilization. At stage 4 the polar trophectoderm attaches and adheres to the decidualized endometrium. By stage 5, the CTB

has given rise to a multinucleated primitive syncytium that has begun to invade and form lacunae. Carnegie stage images are from the Virtual Human Embryo

Project at Louisiana State University with permission to reprint (http://virtualhumanembryo.lsuhsc.edu).

had increased in intensity and multinucleated cells displaying
lacunar structures organized along the periphery of the embryo.
A layer of mononucleated cells adjacent to the substratum was also
observed [19]. These features closely mimic the Carnegie stage 5b-
c histological samples (Figure 1). Collectively, these data suggest
that this culture system supports human embryo development past
implantation in a reasonably faithful manner and recapitulates many
key features of in vivo development including formation of early,
primitive placenta.

The transcriptome and DNA methylome landscapes of peri-
implantation stage human embryos have recently been described at
days 6, 8, 10, 12, and 14 of extended culture. By using known cell
type markers, cells were clustered as epiblast, primitive endoderm,
trophoblast, or yolk-sac TE [21]. Sublineages of trophoblast could be
recognized as distinct populations at approximately day 10. Within
this grouping were cells recognized as the undifferentiated CTB, and
newly differentiated, human CGB-positive STB that were expressing
genes encoding pregnancy-specific glycoproteins, the PSG family
[21].

The extent of global DNA methylation was unable to distinguish
epiblast, primitive endoderm, and TE at the blastocyst stage. How-
ever, beyond the blastocyst stage, the cell types formed three discrete
clusters indicative of a divergence of methylation patterns among
these cell types during implantation [21]. Also, while methylation
levels at the blastocyst stage were low, they increased asynchronously
in the different lineages during time associated with implantation
in vivo. The median DNA methylation level of CpG islands in
the epiblast increased from 26.1% at day 6 to 60% at day 10,
whereas the TE methylation levels only increased from 23.5% to
46.3%. Additionally, by day 8, the promoters for the pluripotency
regulators POU5F1 and NANOG were specifically methylated in
the trophoblast, as might be expected for genes that have been
silenced, but not in the epiblast where they continue to be expressed.
Conversely, several genes implicated in TE emergence were specif-
ically methylated in the epiblast but not in TE. These results are
consistent with the widely held view that DNA methylation plays
an important role in cell fate determination by selectively silencing
cell-fate genes.

While Zhou et al. [21] provided the transcriptome and methy-
lome landscapes of all the cell lineages during human implantation,
work from our laboratory focused exclusively on TE differentia-
tion [22]. By employing single-cell RNA sequencing (RNAseq) and

the same extended culture system used by others [19–21, 23], we
described the dynamic changes of the transcriptome during TE differ-
entiation from progenitor CTB to two differentiated TE sub-lineages,
namely the STB that were CGB-positive and involved in producing
placental hormones, and the migratory trophoblast cells (MTB) that
were HLA-G-positive (Figure 2) [22]. These MTB, although carrying
many EVT markers probably should not be referred to as EVT,
as others have done [21, 23], since the villous structures have not
appeared by the stage when MTB arise. Instead, these HLA-G+ cells
make their first appearance at the periphery of the conceptus around
day (D)10 and could be observed subsequently swarming away from
the structure. As in earlier studies [19, 20], embryo attachment to
the substratum occurred D7–8, an event that was soon followed
by the formation of multinucleated syncytium around the conceptus
(Figure 2). Syncytium formation reached its zenith, with a more than
two-fold increase in hCG production into culture medium from day
D10–11. Levels of hormone leveled off between days 11 and 12,
even as the embryo continued to grow and develop. For our single
cell analyses, the tiny CTB and larger STB components were readily
distinguishable, allowing them to be picked individually from the
trypsin-loosened D8, 10, and 12 conceptuses, while migratory cells,
which were also larger than CTB, were sampled only at D12. The
CTB at D8 and 12 had a transcriptome suggesting high proliferative
activity, protein synthesis, and energy metabolism, which at D8 is
consistent with their inferred role in supplying cells to the STB and
MTB lineages and at D12 to the emergence of villous trophoblast.
STB gene networks linked to protein transport, steroidogenesis, and
migration. These are the cells that must release sufficient amount
of hCG to rescue the corpus luteum from destruction, thereby
permitting the continued production of progesterone by the ovary
and prevention of menses. Without this intervention, the pregnancy
would end. The early STB also has a transcriptome suggesting that
these cells are invasive, a feature that is probably responsible for
the ability of the conceptus to burrow into the endometrium and
occupy a niche with access to nutrients necessary for its further
growth and development. The MTB had even stronger features of an
invasive, migratory phenotype. These cells are likely responsible for
deeper and more extensive colonization of the uterine endometrium
and may even be responsible for intravascular invasion to form
trophoblast plugs in the lumen of spiral arteries before the pla-
cental villi form [8, 24] (Figure 3). Clustering analyses have also
revealed two additional subsets of cells that were morphologically

http://virtualhumanembryo.lsuhsc.edu
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Figure 2. Extended human blastocyst culture. Human embryos grown in

extended embryo culture at day 10 demonstrating the syncytiotrophoblast

(STB) marker CGB (red, left panel), and day 12 demonstrating the MTB marker

HLA-G (red, right panel). Scale bar, 150 μm.

indistinguishable from CTB yet had transcriptomes with features
of STB and MTB, respectively. Cells with a mixed phenotype of
CTB, STB, and MTB were not evident, suggesting that CTB cells
had already begun to segregate into distinct lineages by D8, yet
remained highly proliferative. This lineage bifurcation became more
pronounced by D10 when there appeared to be a greater stress
on STB formation, while by D12 there was greater weight placed
on MTB production. Additionally, at D12 there was an upsurge of
undifferentiated, mitotically active CTB, probably, as remarked upon
earlier, reflecting the beginnings of villous formation.

Another interesting finding revealed by single-cell RNAseq was
the presence of several genes related to Type I and Type II interferon
(IFN) signaling pathways. Some of these genes were expressed as
early as day 8 in CTB, but the number and expression levels of
such genes had greatly increased by D12 in association with the
emergence of MTB. Despite these changes, there was no evidence
for the expression of either Type I IFNs, for example IFN-alpha
family members, or of the Type II IFN, interferon-gamma (IFNG),
despite the high upregulation, of the interferon-stimulated genes,
ISG15 and ISG20. Deeper analysis into the IFN signaling pathway
identified a lack of phosphorylated signal transducer and activator
of transcription 1 (STAT1), indicating that the IFN-related pathways
are probably inactive at this stage, although they may be anticipating
an IFN signal coming from the endometrium/decidua. We propose
that the upregulated IFN response pathways may act as a safety
switch when the embryo is faced with a choice between a receptive or
potentially hostile uterine environment. Conceivably, IFN released by
cells residing in the endometrium would immediately trigger an IFN
response in trophoblast and provide some survival advantage to the
embryo and serve as a first line of defense against viral and bacterial
infections. Alternatively, high levels of IFN might desensitize IFN
pathways and result in implantation failure. High levels of IFNG
secreted by natural killer (NK) cells, for example, is associated with
miscarriage [25]. In addition, in vitro studies have demonstrated that
IFNG has cytotoxic effects on human trophoblast [26].

Single-cell RNAseq has also been used to probe the differenti-
ation of trophoblast in D6 to D10 human peri-implantation stage
embryos [23]. The embryo culture medium in these experiments was
conditioned by co-culture with human primary endometrial cells, a
feature that was presumed to provide enhanced development. The
findings of Lv et al. [23] generally corroborated our own, although
events appeared slightly quickened. For example, indications of STB
emergence were evident at D7 and what they claimed was EVT at
D8, although we suspect that the latter were the equivalent of the
MTB described in our paper [22].

Finally, Xiang et al. [27] cultured human embryos in an extra-
cellular matrix comprised of Matrigel up to embryonic D14. Single-
cell RNAseq was performed on whole embryos rather than just on
the primitive placenta, but trophoblast lineages could be clustered
separately from others (e.g., epiblast, yolk sac, amnion) through
selection with cell-type specific marker genes. As in our own work,
at least five main classes of trophoblast were defined, namely CTB
(defined further into early and late), early STB, STB, early EVT,
and EVT. As in our observations, the early STB and early EVT
appear to represent transitory differentiation states where the cells
are still mitotically active but have begun to differentiate toward their
specified lineages. The CTB, as expected, were concentrated close
to the embryonic disk beneath the CGB-positive cells comprising
the multinucleated syncytial cells, and, by D12, an outer layer of
HLA-G+ cells had emerged, which again likely represent the MTB
described by us [22].

Xiang et al. also made the surprising discovery that at least
120 genes encoding polypeptide hormones were expressed by tro-
phoblast, predominantly STB, during the course of embryo devel-
opment between D8 and D14. Even as early as D8, the emerging
STB expressed 31 such genes including CGA, CGB, and placental
growth factor (PGF). However, expression declined markedly toward
the end of the culture period, possibly reflecting the demise of the
STB and/or the loss of viability of the conceptuses as a whole. These
observations raise at least two important questions. First, does this
inferred early production of polypeptide hormones, in addition to
hCG, contribute to the phenomenon of maternal recognition of
pregnancy in humans? Second, does the highly motile EVT/MTB,
as well as the more sedentary STB, also have role in maintaining
the pregnancy in these early critical days when embryonic loss is so
high? Finally, Xiang et al. noted that EVT/MTB cells of the later stage
embryos expressed genes linked to immune system modulation and
angiogenesis, suggesting that, as the embryo continues to develop,
these migratory cells are being prepared for final roles in remodeling
spiral arteries and mediating interactions with the maternal immune
cells that sense a foreigner in the uterine implantation site.

These studies are, of course, only the beginning, but they provide
a gratifyingly consistent start to unraveling the early mysteries of
the peri-implantation stage in humans, including the timing and
features of trophoblast lineage emergence and subsequent differen-
tiation and the formation of the primitive placenta. Additionally,
while great strides have been made in developing media that permit
human embryos to grow and develop, the present technologies
for extended embryo culture are most likely suboptimal and lack
the endometrium–conceptus interactions necessary for successful in
vivo implantation. As recurrent implantation failure and various
placental pathologies plague couples struggling with infertility, it is
critical that these new research areas be advanced, allowing us to
tease out the factors that promote successful implantation.

Stem-Cell Derived Models of Early Human

Placental Development

As described in the preceding section, extended human blastocyst
culture has recently provided new opportunities to study peri-
implantation placental development in humans. Other in vitro
approaches to the study of early placental development have been
widely used, but each has significant drawbacks. Several cell lines of
placental origin such as HTR8/SVneo, TEV-1, ACH-3P, SGHPL-5,
and HIPEC65 have been immortalized from isolated first trimester
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Figure 3. Enriched pathways in cells from the peri-implantation stage placenta. A) Gene ontology (GO) enrichment analysis reveals a transition of pathways

enriched in CTB cells collected at different time points during development. B) CTB cells go through a transitory process of differentiation, remaining in the cell

cycle while also displaying features of STB and MTB cells before leaving the cell cycle to become terminally differentiated to the STB and MTB lineages. This

figure was adapted from ref. 22 with permission.

EVT by genetic manipulation and continue to provide models for
human placental research [28–32]. Although the HTR-8/SVneo
cell line contains a mixed population of cells [33], it remains the
most commonly used to study EVT invasion, proliferation, and
regulation [34–36]. Others, including BeWo, JEG-3, and JAr cells,
are derived from choriocarcinomas. BeWo cells can be induced
to fuse, form STB, and secrete placental hormones such as hCG,
human placental lactogen (hPL), progesterone, and estradiol. These
cells are frequently used to mimic villous CTB and to study
syncytialization, adhesion, and placental endocrine function. JEG-3
cells can spontaneously fuse in vitro as well as release hCG, hPL,
and progesterone. They too are used to study syncytialization but
have also been frequently used to study proliferation and invasion of
CTB. JAr cells have less of a propensity to form STB than BeWo and
JEG-3 [37]. Unfortunately, the positions of each of these cell lines in
the trophoblast lineage hierarchy remain unclear. Moreover, many
of these cell lines have been maintained for decades in culture and
likely possess genomes/epigenomes, and thereby phenotypes, that
are far removed from the trophoblast lineage from which they were
derived.

Primary trophoblast cells can be isolated from the placenta and
grown in culture [38, 39]. Primary cell cultures can be obtained with

varying success throughout much of pregnancy but are dependent
on the availability of placental tissues, which differs for different
stages of pregnancy. Samples are most easily obtained after delivery
of normal term pregnancies and of pregnancies delivered early for
maternal and/or fetal indications. The latter are most often derived
from deliveries in the third trimester or very late second trimester of
pregnancy. At this point in gestation, however, the study of placental
pathologies is often obfuscated by an inability to determine whether
abnormalities are a cause or consequence of a given pregnancy
complication. Moreover, the invasiveness and number of EVT cells
are significantly decreased at term [40], making the study of this
trophoblast subpopulation more difficult in the most easily accessed
samples. Although the syncytialization process is also attenuated
at term, isolated cytotrophoblast cells from both term and preterm
human placentas will spontaneously syncytialize in culture over the
course of several days so these short-term in vitro approaches using
primary CTB are most often used to study trophoblast fusion [41].
Placental villous explants have also been used to study the transport
of small molecules by the trophoblast [42]. These in vitro culture
systems can allow the study of both invasion and syncytialization
of human trophoblast cells and methods have been developed to
manipulate these cells genetically [43, 44]. However, for several
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biological and logistical reasons, access to first trimester and early
second trimester placental tissues are often quite limited. Questions
of fetal aneuploidy and cause versus effect arise when these placental
tissues are obtained after a spontaneous pregnancy loss. For example,
it is difficult to determine whether a change detected in the immune
microenvironment of decidual tissues isolated after spontaneous
pregnancy loss is a cause of the loss versus a local or systemic
reaction to the presence of a nonviable pregnancy. Access to tissues
from elective terminations of pregnancy is often limited by ethical
and legal challenges and these tissues are also typically of unknown
ploidy status. Neither source of early human placental tissues will
reflect peri-implantation placental development.

Embryonic stem cell (ESC) technologies have been used to
develop human trophoblast in vitro. Although the original ESC were
obtained from the epiblast layer of the human embryo that develops
after differentiation of the TE from the ICM [45], regulatory bodies
in the United States have allowed the continued experimental use
of selected lines. However, the creation of new human embryonic
stem cell (hESC) lines cannot be pursued through use of federal
funds in the United States. The derivation of trophoblast from hESC
after exposure to the BMP family of growth factors, specifically
BMP4, was first described by Xu et al. [46] in 2002. Building upon
these results and those of others [47–53], the Roberts laboratory
has refined these methods via the inclusion of two additional
compounds, the ACTIVIN A signaling inhibitor A83-01, and the
FGF2 signaling inhibitor, PD173074 [54, 55]. This combination of
BMP4, A83-01, and PD173074 has been termed BAP treatment.
Upon exposure to BAP, almost all cells become positive transiently
for the transcription factor CDX2 at 24–48 h and have continued
expression of the pan-trophoblast marker KRT7 thereafter [54,
55]. These cells can be maintained in culture for approximately 8–
9 days before the syncytial regions begin to detach and have allowed
both syncytializing and invasive subpopulations to be studied and
isolated [55, 56]. Alternatively, BMP4 treatment may be performed
in a defined minimal stem cell medium with the WNT inhibitor
IWP2, and then directed toward either CGB-positive STB or HLA-
G-positive EVT-like cells by manipulating oxygen concentrations
[57].

While comparison of RNAseq results from these cells to existing
databases has shown BAP cells to be definitive trophoblast, com-
parison to RNAseq results from CTB and STB isolated from term
placenta has revealed differences in the expression levels of many
trophoblast-related genes [58, 59]. This led us to hypothesize that
BAP cells best modeled the primitive trophoblast arising from the
newly implanted human blastocyst. We continue attempts to test this
hypothesis using comparisons with primary placental tissues across
human gestation and the results of extended blastocyst culture [60].

Interestingly, we have found that BMP4 needs only to be present
in the culture medium at most for the first 24 h of BAP culture.
Subsequently, exposure to AP supplemented conditions alone drives
trophoblast formation [54, 55]. It appears that transient BMP4 expo-
sure may drive the cells to a heightened pluripotent state, since these
BMP4-primed cells can be isolated and cultured, and remain pluripo-
tent and genetically stable over many passages [55]. Further, when
these BMP-primed cells are exposed to differentiation conditions in
the absence of additional BMP, the conversion into trophoblast is
more efficient than that seen with parental ESC [55]. In the case
of mouse pluripotent stem cells (PSCs), BMP4 augments conversion
from a primed to naive status via alterations in SMAD- and lipid-
signaling and chromatin modification [61–63]. The mechanisms
underlying BMP4 action in human cells have not been characterized;

however, dual activities in cell signaling and nuclear architecture are
expected to be involved to enable trophoblast differentiation from
the primed-type PSCs.

Induced pluripotent stem cells (iPSC) are derived, not from
embryos, but rather from somatic cells that have been reprogrammed
to an embryonic-like pluripotent state [64] (Figure 4). How similar
these cells are to ESC and whether they carry an epigenetic memory
of their origins has yet to be resolved [65]. Nevertheless, the epiblast
type of human iPSC respond to BMP4 in a manner similar to
that of true embryonic epiblast-derived stem cell counterparts and
readily form CTB [66] with mixed STB and EVT cells in the culture
(Figure 4). Since they are not embryo-derived, their use carries little
to no ethical and legal encumbrances. Most-importantly, they can be
used for personalized medicine and to study the origins of placental
diseases [67].

The study of diseases of abnormal placentation such as intrauter-
ine growth restriction and preeclampsia is severely hampered by
the biological fact that although the disease may have its origin in
the earliest stages of pregnancy, including during peri-implantation
placental development, the signs and symptoms of the disease may
not arise until many weeks to months later. Use of iPSC-derived
trophoblast models allows somatic cells from a patient who has
experienced a particular disease to be reprogrammed and then
differentiated to trophoblast in vitro by using the aforesaid model
that recapitulates the earliest stages of placental development [67].
Sheridan et al. [67] demonstrated reduced trophoblast invasion in
iPSC cell lines generated from umbilical cord fibroblasts that origi-
nated from 19 cases of early onset preeclampsia (EOPE) pregnancies.
Overall differences between the EOPE and control iPSC derived
trophoblast were subtle; however, reduced trophoblast invasiveness
was observed only under the high (20%) O2 condition and the pro-
duction of PGF was altered in response to changes in O2 conditions.
It is possible that these differences in O2 sensing/protection from
oxidative damage and subsequent reductions in trophoblast invasion
may be common inciting factors for the abnormal placentation seen
in cases of EOPE.

The etiologies of preeclampsia have been hypothesized for cen-
turies. The disorder is most likely not a single disease but rather a
common end pathway for multiple disorders that affect placental
development. Further, even those groups of women who follow
similar pathophysiologic pathways may have differing primary eti-
ologic events as the disorder is almost certainly polygenic [68]. The
personalized nature of iPSC should allow for comparisons between
EOPE and control groups as well as among EOPE specimens to
better understand the breadth of pathophysiologic pathways. This is
a first opportunity to detect changes in trophoblast that may initiate
the disease process. As outlined in our original description of early
comparisons of iPSC derived from EOPE and control pregnancies,
this model can be used to assess invasion, oxygen sensitivities,
protection from oxidative damage, expression of pro- and anti-
angiogenic factors, and the effects of fetal sex on the development
of disease. Disease pathophysiology can be assessed at the level
of transcription and translation, but also mined for epigenetic and
metabolomic differences between EOPE and control trophoblast
and, in a personalized approach, among the EOPE pregnancies.
We envisage that interactions between these EOPE trophoblast cells
and maternal decidual components can be further examined in co-
culture experiments by using endometrial epithelial organoids [69,
70], decidualized stroma [71], and isolated decidual immune cells to
recapitulate disease-specific maternal–fetal interactions. Use of iPSC
should provide new and important insights into the origins of many
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Figure 4. Modeling the human placenta in vitro using stem cells. Various cell type conversions between primary cells, pluripotent stem cells, and trophoblast

stem cells. Reference numbers for original studies are shown next to the arrows. Human ESC and iPSC are derived from the blastocyst ICM and various somatic

cells, respectively. By exposing undifferentiated ESC and iPSC to BMP4 and signaling inhibitors, the cells differentiate into a mixture of trophoblast subtypes

including extravillous trophoblast and multinucleated syncytiotrophoblast [66]. Human trophoblast stem cells (TSC) can be derived from trophoblast cells of

both blastocysts and first trimester placental villi. Distinct types of pluripotent stem cells (PSC), primed-, naïve-, expanded-, and BMP4 primed-PSC can be

converted into TSC. Induced TSC are generated by exposing reprogrammed cells to TSC culture medium using otherwise standard iPSC generation methods.

TSC generate extravillous trophoblast and syncytiotrophoblast with distinct differentiation conditions.

of the diseases of abnormal placentation, including early and late-
onset preeclampsia, intrauterine growth restriction, placenta accreta
and percreta, molar pregnancies, gestational diabetes and likely some
cases of pregnancy-induced hypertension.

Although it has long been assumed that placental stem cells,
also known as trophoblast stem cells (TSC), exist in all placental
mammals, particularly during the early stages of placental devel-
opment, the quest for true human trophoblast stem cells has been
unpredictably challenging. TSC populations had previously been
isolated from preimplantation blastocysts in a number of animal
models (porcine, bovine, rhesus monkey) and both murine and
more recently rat TSC have been extensively characterized [72–76].
Several groups have reported on conditions for the isolation and/or
derivation of human TSC, although none exhibited all of the self-
renewal, pluripotency, and immortality characteristics of a true stem
cell population [77–79]. It was not until 2018 that Okae et al.
[80] reported culture conditions that allow self-renewal and long-
term propagation of human TSC and TSC-derived STB and EVT-
like cells (Figure 4). The discovery that EGF, WNT activation, and

TGFB inhibition are necessary for the maintenance of human TSC
has provided the necessary insights allowing this field to progress.

The conditions employed by Okae et al. [80] for self-renewal
of human TSC are similar to those that support self-renewing
human trophoblast organoids [81, 82] but substantially different
from those that are compatible with mouse TSC culture [83]. Sources
for human TSC appear to be limited largely to the blastocyst
stage embryo and early 1st trimester placenta of pregnancy [80].
However, multiple attempts are now being made to convert PSCs
into TSC, thereby allowing generation of TSC from individuals
born from pregnancies with placental diseases and from individuals
with diverse genetic backgrounds. Studies with naïve PSC [84–86]
and expanded (or extended) PSC [87] indicate that TSC can be
generated from these stem cells with the same medium used by
Okae et al. [80, 87] (Figure 4). Conversion of primed PSC to TSC
failed when these conditions were employed. On the other hand,
when primed PSC were treated with BMP4, the TGFβ signaling
inhibitor, SB431542 and the signaling sphingolipid, sphingosine 1-
phosphate, two types of TSC-like cells, CDX2− and CDX2+, could
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be isolated. The former resembled the standard TSC of Okae et al.
[80], while the latter was inferred to be a more primitive TSC [88].
Our group has generated TSC lines from BMP4-primed PSC cells by
directly exposing the cells to the TSC conditions [89]. Others have
demonstrated a primed human iPSC line could be converted to TSC
after it was allowed to form a cyst-like cell mass on a micromesh
substratum [90]. It was concluded that so far unidentified factors
released during formation of the cystic mass permitted the lineage
switch from pluripotency to TSC. It will be of considerable interest
to understand the signaling pathways that govern the relationship
between pluripotency status and the trophoblast state and how cer-
tain supplements, such as BMP4, contribute to the process. A related
study has reported that induced TSC (iTSC) can be generated from
human somatic cells by using the standard reprogramming factors
for iPSC—POU5F1, SOX2, KLF4, and MYC [86, 91] (Figure 4).
Significant in this study was the finding that the iPSC reprogramming
process inherently passes through an intermediate stage that has
signatures of trophoblast gene expression [91]. Human iTSC can
then be established by intervening in this progression by exposing
these cells to TSC culture conditions during a specific window of
time during reprogramming. These results contrast with mouse iTSC,
which can be established from somatic cells by overexpressing the
transcription factors, EOMES, GATA3, TFAP2C, and MYC or ETS2
[92, 93]. Although this reprogramming approach has, as yet, not
been successful for human somatic cells, it seems likely that it soon
will be.

Recent progress is clearly broadening approaches to TSC deriva-
tion from a diversity of cell types. Combining a range of TSC sources
along with the ability to differentiate such cells to EVT and STB and
possibly other, yet poorly characterized, sublineages should allow
rapid progress in our understanding of normal and abnormal human
trophoblast development and the origins of placental diseases.

Comparison of models and conclusions

Despite years of study, morphologic and functional differences in pla-
centation among animals have combined with drawbacks in many
cell and tissue-based in vitro models to keep us profoundly ignorant
about the earliest stages of human pregnancy. We are particularly
unenlightened about events accompanying implantation and early
placentation, when embryonic losses are exceedingly high [1] and
when several other diseases of abnormal placentation are thought
to arise [94]. Two novel approaches have now made it possible to
study some aspects of early human placental development in the
laboratory. Extended blastocyst culture opens windows onto events
never seen before in humans. This system may be the closest we
presently have to mimic in vivo events, but it has several shortcom-
ings. Access to frozen human blastocysts is limited, not so much by
the numbers available, but by regulations and restricted funding.
Experiments use discarded human blastocysts obtained through in
vitro fertilization, which may differ from those fertilized in vivo.
For example, some discarded blastocysts are aneuploid embryos that
the developmental potential remains unknown. Finally, although it
is remarkable that these blastocysts can be cultured in the absence
of typical maternal tissues and their resident epithelial, stromal,
and immune cells, this same attribute may also be a drawback to
the model. To a large extent, these deficiencies might be addressed
through the development of co-culture models. For instance, it may
be possible to allow extended human blastocyst development on
a monolayer of fallopian tubal cells, which would recapitulate the

surrounding in vivo environment of very early blastocyst devel-
opment, or a monolayer of endometrial epithelial or decidualized
endometrial cells, or even multilayered endometrial cells or explants,
which would mimic the in vivo environment of later human blasto-
cyst development. Both have been utilized in the fairly distant past
[95–99] for short-term blastocyst culture to assess clinical applica-
tion but none have been adopted experimentally. One could even
envision staged co-culture of developing human blastocysts, first on
fallopian tubal cells, followed by extended culture on endometrial
cell-derived substrates, although such an approach may raise new
ethical concerns in some. Of course, many of these same events,
which occur prior to the clinical recognition of pregnancy, can also
be mimicked in vitro by using stem cell models. The ESC/iPSC
model is markedly malleable and in our own labs has already
been used to study peri-implantation placental development [47,
54–56, 58, 60, 66], Zika virus infection [100], preeclampsia [67],
toxicology, and placental immunology [101, 102]. We and others
have used it to develop models for human blastocyst implantation.
Disadvantages of the model include the inherent difficulties in veri-
fying that trophoblast derived from the BMP4 methodologies truly
mimics the primitive leading-edge invasive STB, since primary tissues
representing this stage of placental development are only present in
a subject prior to or very early after clinical detection of pregnancy
and, even if such tissues could be obtained at the earliest clinically
detectable timepoint, such access is ethically challenging. Further,
the model has fairly short-term viability in two-dimensional culture
conditions and experiment to experiment variability, particularly
when different iPSC lines are used. The latter impediment can
be fairly readily overcome. By applying the ESC/iPSC to the 3D
spheroid culture approach, these stem cell-based models can be
grown for months as organoids and can mimic maternal–placental
interactions with endometrium organoids. Furthermore, and most
critically, the use of iPSCs allows study of cells with a variety of
genetic backgrounds and use of materials obtained from cases with
known placental diseases and matched controls. The latter cannot
be studied by using extended blastocyst culture approaches. Only
iPSC-based approaches facilitate study of the origins of diseases that
do not manifest until late in pregnancy and the use of personalized,
precision medicine approaches. For instance, although their patho-
physiology involves abnormal placental development and function
that arise much earlier in pregnancy, diseases such as preeclampsia
and intrauterine growth retardation most often present clinically
in the late second or early third trimester. Until recently, this has
dramatically limited our understanding of the etiology and early
stages of these disorders, as tissues from affected women could
only be studied at the end-stages of the pathophysiologic process.
Using iPSCs from affected women to study the earliest stages in
trophoblast differentiation and growth directly addresses this obsta-
cle. Further, it allows investigators to dissect out the personalized
effects of a mother’s specific genetic background and the sex and
genetic background of a particular fetus in a specific mother in the
development of diseases of abnormal placentation. Human TSC can
be derived from ESC, from iPSC, and from either blastocysts or
placental tissue obtained from primary placental tissues, although
only those obtained during the first trimester [80] while these latter
sources can pose ethical challenges, the ability to create TSC lines
from tissues obtained after early miscarriage poses no ethical hurdles
and is the only way to use these stem cell models to study the
underpinnings of early pregnancy loss, which is the most common
complication of pregnancy. Use of human TSC derived from either
ESC or iPSCs or even primary pregnancy tissues will circumvent
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some of the interassay variability inherent in differentiation from
ESC. This should help to standardize the field and should address
inter-experimental variability. Human TSC will likely be used to
study a wide array of pregnancy disorders. Particularly enticing
are potential applications in metabolic and transcellular transport
studies as well as small- and large-scale testing of environmental and
pharmacologic toxicities in normal and diseased placentas.
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