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Following the integration of existing single-cell transcriptomic data and a comprehensive literature review, we successfully identified marker genes
crucial for defining distinct placental cell types. CTB: cytotrophoblast; EVT: extravillous trophoblast.

With increasing significance of developmental programming effects associated with placental dysfunction, more
investigations are devoted to improving the characterization and understanding of placental signatures in health and disease. The
placenta is a transitory but dynamic organ adapting to the shifting demands of fetal development and available resources of the ma-
ternal supply throughout pregnancy. Trophoblasts (cytotrophoblasts, syncytiotrophoblasts, and extravillous trophoblasts) are
placental-specific cell types responsible for the main placental exchanges and adaptations. Transcriptomic studies with single-cell
resolution have led to advances in understanding the placenta’s role in health and disease. These studies, however, often show dis-
crepancies in characterization of the different placental cell types.

We aim to review the knowledge regarding placental structure and function gained from the use of
single-cell RNA sequencing (scRNAseq), followed by comparing cell-type-specific genes, highlighting their similarities and differen-
ces. Moreover, we intend to identify consensus marker genes for the various trophoblast cell types across studies. Finally, we will dis-
cuss the contributions and potential applications of scRNAseq in studying pregnancy-related diseases.

We conducted a comprehensive systematic literature review to identify different cell types and their functions
at the human maternal-fetal interface, focusing on all original scRNAseq studies on placentas published before March 2023 and pub-
lished reviews (total of 28 studies identified) using PubMed search. Our approach involved curating cell types and subtypes that had
previously been defined using scRNAseq and comparing the genes used as markers or identified as potential new markers. Next, we
reanalyzed expression matrices from the six available scRNAseq raw datasets with cell annotations (four from first trimester and
two at term), using Wilcoxon rank-sum tests to compare gene expression among studies and annotate trophoblast cell markers in
both first trimester and term placentas. Furthermore, we integrated scRNAseq raw data available from 18 healthy first trimester and
nine term placentas, and performed clustering and differential gene expression analysis. We further compared markers obtained
with the analysis of annotated and raw datasets with the literature to obtain a common signature gene list for major placental
cell types.

Variations in the sampling site, gestational age, fetal sex, and subsequent sequencing and analysis methods were ob-
served between the studies. Although their proportions varied, the three trophoblast types were consistently identified across all
scRNAseq studies, unlike other non-trophoblast cell types. Notably, no marker genes were shared by all studies for any of the investi-
gated cell types. Moreover, most of the newly defined markers in one study were not observed in other studies. These discrepancies
were confirmed by our analysis on trophoblast cell types, where hundreds of potential marker genes were identified in each study
but with little overlap across studies. From 35 461 and 23 378 cells of high quality in the first trimester and term placentas, respec-
tively, we obtained major placental cell types, including perivascular cells that previously had not been identified in the first trimes-
ter. Importantly, our meta-analysis provides marker genes for major placental cell types based on our extensive curation.



This review and meta-analysis emphasizes the need for establishing a consensus for annotating placental
cell types from scRNAseq data. The marker genes identified here can be deployed for defining human placental cell types, thereby
facilitating and improving the reproducibility of trophoblast cell annotation.
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Owing to its central and unique role at the interface of fetus and
mother, placental dysfunction resulting from uterine environ-
mental modifications could impact the short- and long-term
health of the offspring. The association between altered fetal
growth and the susceptibility to develop cardiovascular diseases
in the adulthood was originally shown by Barker and Osmond
(1986), Barker et al. (1989), and Barker (2007), becoming the foun-
dation for the now well-known concept of Developmental Origins
of Health and Diseases (DOHaD), also known as developmental
programming. The placental growth, structure, and function
both in animal models and humans have been shown to be
strong predictors of cardiovascular and metabolic diseases in the
adulthood (reviewed in Sferruzzi-Perri and Camm, 2016;
Thornburg et al., 2016), demonstrating the importance of the pla-
centa for developmental programming.

Alteration of placental gene expression could be a key under-
lying cause of pregnancy pathologies and developmental pro-
gramming effects. Single-cell RNA sequencing (scRNAseq) is a
suitable technology to analyze placental cell type-specific
changes with high resolution. However, it is not trivial to imple-
ment, with crucial steps being the recovery of high-quality single
cells and proper annotation of each cell type. Despite easy acces-
sibility of the placenta after delivery, the presence of elevated
RNase levels poses a challenge to obtaining high-quality RNA for
transcriptome analysis, which is highly dependent on appropri-
ate tissue handling and freezing (Lanoix et al., 2012; Huang
etal., 2013).

In this review, we have summarized the knowledge gained
from published scRNAseq studies on the human maternal-fetal
interface, as a reference for future studies. We have also pre-
sented the different cell types of fetal origin identified at the ma-
ternal-fetal interface by scRNAseq and compared previously
defined markers for trophoblasts in first trimester and term pla-
centas. Then, we integrated count matrices from the three avail-
able placental datasets of the first trimester and term placentas,
respectively (i.e. 18 and 9 individuals). Through intersection with
our meta-analysis of annotated markers from scRNAseq studies
and relevant literature, we further curated a list of marker genes
obtained from our integrated analysis of raw data. Finally, we
discuss the contributions and potential applications of scRNAseq
in studying pregnancy-related diseases.

Placental development has previously been extensively reviewed
(Huppertz, 2008; Boss et al., 2018; Aplin et al., 2020; Gauster et al.,
2022). Briefly, in humans, the attachment of the blastocyst to the
uterine wall triggers differentiation of the polar trophectoderm
into proliferative cytotrophoblasts (CTB) and multinucleated pri-
mary syncytium resulting from the fusion of CTB cells. This
primitive syncytium invades the decidua to create fluid-filled
spaces (lacunae) in which the syncytium continues to expand.
This process forms the early structure of villi, the trabeculae.
During the second week post-fertilization, CTBs at the base of
the primary syncytium project into the invaginations of the

trabeculae, forming the primary villi. In the following days, mes-
enchymal cells invade the primary villi to induce secondary villi.
Villi acquire their definitive structure (named tertiary villi)
3weeks post-fertilization, composed of connective tissue, a vas-
cular network, and macrophages (Hofbauer cells (HCs)) sur-
rounded by trophoblasts. At the end of the first month of
pregnancy, the basis of the placental structure is completed.

From the 8th week of gestation, a nearly uniform structure is
observed among the villi, named mesenchymal villi owing to
their high stromal proportion. They are the most primitive type
of villi and are mainly responsible for the further growth of the
villous tree with progression of pregnancy, although they also
perform nutrient and gas exchange as well as endocrine activities
(Castellucci and Kaufmann, 1982).

After the 8th week, the structure of the mesenchymal villi
develops to form the immature intermediate villi. They are char-
acterized by a very loose mesenchymal stroma together with HCs
and developing vessels (Castellucci and Kaufmann, 1982).
Immature intermediate villi are considered the starting point of
all other villous types and the principal sites of nutrient and gas
exchange during the first and second trimesters (Castellucci and
Kaufmann, 1982).

After the 14th week of pregnancy, immature intermediate
villi, located proximal to the chorionic plate, stop growing and in-
stead develop into stem villi (Castellucci and Kaufmann, 1982).
The function of stem villi is to support the structures of each vil-
lous tree and contain larger vessels leading the fetal blood into
the ramifications (Demir et al., 1997). One part of these villi,
named anchoring villi, connects the villous tree to the decidua to
supply the migratory CTBs that invade the decidua and blood
vessels (reviewed in Aplin, 2010). Other villi that do not encoun-
ter the decidua are called floating villi.

From the second trimester, mature intermediate villi, with
more capillaries and bigger fetal veins and arteries, are observed.
They develop grape-like branches and give rise to terminal villi,
characterized by an enlargement of their structure and a sinuos-
ity of the fetal capillaries (Castellucci and Kaufmann, 1982).
Capillary volume represents around 20% of the terminal villi
(Burton et al.,, 1996; Plitman Mayo et al.,, 2016), allowing closer
proximity of fetal blood to the maternal blood, and greatly facili-
tating exchanges. Expansion of the total volume and area of the
placental villi is mainly related to growth of the terminal villi
from the middle of the second trimester (Jackson et al., 1992).

Although the decidua is an interesting tissue in the context of the
maternal-fetal interface, most of the studies on the decidua con-
cern immune cells. This review focuses on the cells of fetal ori-
gin; therefore, here we describe only the placental cells, namely
trophoblast and non-trophoblast cells.

Trophoblasts

Historically, three major types of trophoblast cells were identi-
fied in the placenta, i.e. CTBs, syncytiotrophoblasts (abbreviated
STB or STBs when related to nuclei), and extravillous tropho-
blasts (EVTs) (Hamilton and Boyd, 1951).



Cytotrophoblast

CTBs have been considered proliferative as they are mitotic and
express proliferative markers (Simpson et al., 1992). CTBs form a
continuous layer beneath the basement membrane of STB, pro-
ducing a villous cytotrophoblast (vCTB) shell beneath the STB
and cytotrophoblast cell columns (CCCs) at the distal end of the
anchoring villi (Turco and Moffett, 2019). The vCTB shell progres-
sively becomes discontinuous throughout the pregnancy (Kar
et al., 2007). At the end of pregnancy, vCTBs are sparse and only a
thin STB layer separates maternal blood from the villous stroma
and fetal endothelial cells in the terminal villi (Simpson et al.,
1992). However, the number of CTB nuclei increases throughout
pregnancy, meaning CTBs remains proliferative toward term
(Simpson et al., 1992; Mayhew et al., 1999).

Syncytiotrophoblast

STB is not proliferative (Bulmer et al., 1988) but a highly polarized
polynucleated epithelial layer (Gaunt and Ockleford, 1986). In the
1960s, vCTBs were hypothesized to be precursors for STB
(Richart, 1961; Midgley et al, 1963). This has been further
revealed using trophoblast cell lines (Kliman et al., 1986) and
organoid cultures (Haider et al, 2018; Turco et al, 2018).
Combining our current knowledge, STB is derived from asymmet-
rical cell division and differentiation of vCTBs followed by fusion
with pre-existing syncytium (Knofler et al., 2019). To date, it is
still unclear if the STB layer is composed of several cells or only
one giant cell (GC) that covers the whole placental surface. STB is
continuously and densely covered by microvilli that increase the
exchange surface (Teasdale and Jean-Jacques, 1985; Karimu and
Burton, 1995). STB is directly in contact with maternal glandular
secretions during the first trimester of gestation and with mater-
nal blood later in pregnancy (Burton et al, 2002). In term pla-
centa, the villous surface area of the placenta covered by STB has
been estimated to be around 21m?, which was likely largely
underestimated owing to the microvilli (Luckhardt et al., 1996).
STB is responsible for most of the maternal-fetal exchanges dur-
ing the pregnancy, with transporters for molecules, such as
amino acids and glucose, on both apical and basal membranes,
while large numbers of growth factor and hormone receptors are
present on the microvilli membrane (Robinson et al., 2009). STB is
also responsible for the key endocrine functions of the placenta
(Turco and Moffett, 2019). Importantly, STB does not express any
HLA, essential to evade the maternal immune system (Moffett
and Loke, 2006; Tersigni et al., 2020). STB in term placentae, how-
ever, allows maternal IgG transfer, ensuring the maternal-fetal
transfer of immunity (Leach et al., 1996; Simister et al., 1996).

Extravillous trophoblasts
CCCs become EVTs through contact with the decidua in anchor-
ing villi (Aplin et al., 1998), migrating either through the decidual
stroma to the maternal spiral arteries, where they are classified
as interstitial EVTs (iEVTs), or down to the inside of spiral arteries
becoming endovascular EVTs (eEVTs) (Pijnenborg et al.,, 1980).
While CCCs are still round, iEVTs are pleomorphic and fusiform,
containing four non-cycling nuclei showing senescent character-
istics (Velicky et al., 2018). iEVTs move toward the spiral arteries
to establish a bulge of surrounding cells, participating in spiral
artery remodeling (Turco and Moffett, 2019). Until the end of the
first trimester, eEVTs form a plug at the entrance of the spiral ar-
teries, preventing blood entry into the intervillous space (Boyd
and Hamilton, 1970; Burton et al., 1999).

Furthermore, aggregation and fusion of iEVTs occurs in the
decidua to form GCs, a cell type whose origin, being fetal or

maternal, has been questioned (Jones and Aplin, 2021). GCs can
be observed as single large trophoblasts containing one or more
nuclei in a voluminous cytoplasm or as mononuclear EVT aggre-
gates separated by narrow intercellular spaces (Al-Lamki et al.,
1999). In first trimester placenta, they are observed in the de-
cidua, close to the trophoblast shell of anchoring villi, but in term
placenta, GCs localize at the junctional zone between the de-
cidua and the myometrium (Jones and Aplin, 2021). They could
have a role to limit trophoblast invasion but also ensure ade-
quate local hormonal production, such as human placental lac-
togen, to maintain a normal pregnancy (Al-Lamki et al., 1999).

Fetal non-trophoblast cells

In addition to trophoblast cells, other cell types, such as vessel
endothelium, Hofbauer, and connective cells, are known to exist
in the core of the placental villi.

Stromal cells

Stromal cells were recently shown to originate from the embry-
onic hypoblast, but whether cells from the epiblast contribute or
not is still undetermined (Boss et al., 2018). Before the beginning
of the second trimester, undifferentiated stromal cells expressing
vimentin (Kohnen et al.,, 1996) represent the main stromal cell
type, but they are nearly absent in later pregnancy stages. From
the second month of pregnancy, fully developed stromal cells,
named reticulum cells, become the main stromal type in the ter-
minal villi (Kaufmann et al., 1977).

In the stem villi (i.e. villi at the fetal base of the placenta),
fibroblasts are the main type of stromal cells. They differ greatly
from the reticulum cells as they are specialized in producing col-
lagen fibers and have very few cellular projections (Kaufmann
et al., 1977). The morphology of these cells suggests that, in addi-
tion to their supportive function, they have a role in stromal bio-
synthesis. They also can develop myofilaments, characteristic of
myofibroblasts, with a structure that is intermediate between
smooth muscle and fibroblast cells, with contractive abilities
(Kohnen et al., 1996).

Pericytes and vascular cells

Vasculogenesis and hematopoiesis occur in the villous core be-
fore the umbilical circulation is fully established, meaning that
peri-vascular and vascular cells also originate from undifferenti-
ated mesenchymal cells (Boss et al., 2018). The lumen of the first
vessel is observable from the 23rd day of pregnancy (Demir et al.,
1989). By the 32nd day of pregnancy, the vascular system con-
nects to the fetus via the connective stalk, forerunner of the um-
bilical cord. The establishment of blood flow in the umbilical
cord occurs by the end of the 5th week of gestation (Kaufmann
et al., 2004). Thereafter, during the second half of pregnancy, an-
glogenesis appears to be nearly absent (Demir et al., 1989).

Simultaneously, stromal cells also differentiate into pericytes
that are fibroblast-like cells intimately associated with endothe-
lial cells. Pericytes are known to be responsive to changes in the
local environment, with their presence/absence determining
plasticity and sensitivity to soluble growth-factors derived from
capillaries (Zhang et al., 2002). The proportion of vessels associ-
ated with pericytes increases from 37% in the first trimester to
63% at term. Furthermore, vessels associated with pericytes pre-
sent with a larger median diameter at term (Zhang et al., 2002).

In the third month of pregnancy, a thin media- and
adventitia-like structure develops in the stroma around the vil-
lous arteries and veins with a diameter larger than 100 pm, form-
ing a fibrosis-like stromal core (Kaufmann et al, 2004). The
smooth muscle cells in the tunica media-like structure of the



core have contractile abilities (Krantz and Parker, 1963).
Moreover, the smooth muscle cells derived from placenta have a
similar phenotype to aortic smooth muscle cells (Leik et al., 2004).
Collectively, this makes it unlikely that the feto-placental circu-
lation is non-reactive to changes, as it is implied that the existing
smooth muscle can control blood flow in the conceptus.
However, as there are no shunts in the placental circulation, this
function must be tightly controlled in order to prevent hypoper-
fusion in the placenta (Sebire and Talbert, 2002).

Hofbauer cells

Concomitant with the capillary development, as the only im-
mune cells of fetal origin (Kim et al., 2008) described in the pla-
centa, HCs are specific macrophages and can also differentiate
into stromal cells (Dempsey, 1972; Burton, 1987). HCs are present
in placenta at all stages of pregnancy from as early as 18days
post-fertilization (Castellucci et al., 1987; Thomas et al., 2023).
HCs are first produced by the placenta through primitive hema-
topoiesis but then further waves of colonization from the yolk
sac and fetus occur as gestation progresses (Boyd and Hamilton,
1970; Castellucci et al., 1987; Thomas et al., 2023). Similar to other
macrophages, HCs exhibit plasticity and pleomorphism depend-
ing on their environment (Reyes and Golos, 2018). They are
mainly located adjacent to both endothelial and trophoblast cells
(Castellucci et al., 1980) but seem to be mobile around the villous
stroma (Ingman et al., 2010). During the first half of the preg-
nancy, HCs often undergo mitosis (Castellucci et al., 1987). As
macrophages, their primary role is likely protection of the fetus;
however, only 7-8% seem able to phagocyte exogenous antibod-
ies (Frauli and Ludwig, 1987) and it is unclear if HC control infec-
tion or clear placental damage (Reyes and Golos, 2018). HCs may
also mediate placental morphogenesis and homeostasis as they
can stimulate trophoblast growth, differentiation, and the
secretion of hCG as well as human placental lactogen (hPL) in
coculture with human CTBs (Khan et al., 2000). Moreover, the HC
number is correlated to the vasculogenic structures (Seval et al.,
2007), suggesting their involvement in vasculogenesis and
angiogenesis.

An extensive literature search using PubMed was performed to
find articles related to human placental single-cell (sc) or single-
nucleus (sn) RNA sequencing. Studies before 31 March 2023 were
included in this systematic review and meta-analysis. The de-
tailed procedure for the meta-analysis is described in
Supplementary File S1. Furthermore, we also performed an
analysis of published reviews in this field to include more rele-
vant articles. When searching data deposits, if a new article was
identified, it was also included in the meta-analysis. A list of
articles analyzed in this meta-analysis is available in
Supplementary Table S1.

The initial research retrieved 667 articles (633 from PubMed and
34 from the reviews; Li et al., 2020; Barrozo and Aagaard, 2021,
Chen et al. 2023; Supplementary Fig. S1). After removing dupli-
cates, 421 articles were eligible for screening. A further three
articles were added to the list as they also met the criteria. After
the initial review using titles and abstracts, 281 articles were

found irrelevant. Thereafter, 112 articles failed to fit the criteria
(i.e. human tissue sampling, new original scRNAseq- or
snRNAseq data, and fetal cells from placentas) and were ex-
cluded. Among the remaining articles, one analyzed only hema-
topoietic cells, and was hence excluded.

scRNAseq of human placentas

The placenta has long been understudied despite its importance
in many pregnancy-related complications and pathologies, and it
is scarcely included in large-scale ‘omic’-analyses. For instance,
the Genotype-Tissue Expression (GTEXx) project, which performed
an in-depth characterization of genetic associations, gene ex-
pression, and splicing in 49 tissues over 838 individuals, has not
analyzed the placenta to date (The GTEx Consortium, 2020).
Furthermore, while the first scRNAseq method was developed in
2009 (Tang et al., 2009), the first scRNAseq analysis on human
placenta was not published until 2017 (Pavlicev et al., 2017): this
study profiled only 87 cells from two placentas collected after ce-
sarean section from healthy pregnancies and used the C1 fluid-
igm platform with Smart-Seq2. To capture the multinucleated
and giant STB, two cells were obtained through laser microdis-
section. However, it is not clear how the authors isolated STB and
the number of collected nuclei. Interestingly, this limited number
of cells still enabled the identification and comparison of gene
expression in five clusters, including three distinct vCTB clusters,
maternal dendritic cells, and EVTs in addition to STB. The most
differentially expressed genes (DEGs) between cell types were,
however, rRNAs, which newer library construction methods gen-
erally exclude before cDNA synthesis.

Later in 2017, another scRNAseq study using cesarean
section-delivered placentas from two female and two male
babies of both healthy and early pre-eclampsia pregnancies was
performed (Tsang et al., 2017). Using the 10x Genomics droplet-
based method (referred to here as 10x), 20 518 cells were cap-
tured and annotated into 11 distinct major cellular subtypes
from which maternal or fetal origin was determined either by
single-nucleotide polymorphism analysis or Y-chromosome-
linked gene transcription (Tsang et al., 2017). With more cells cap-
tured compared to the first study, in-depth analyses revealed the
developmental relations of the trophoblast cell types and their
differentiation trajectories, in addition to the identification of 12
cell types in total. Since these two early studies, 26 more studies
have used scRNAseq for analysis of the maternal-fetal inter-
face (Table 1).

Among these studies, Vento-Tormo et al. (2018) performed the
most extensive first-trimester single-cell profiling, analyzing
70 000 single cells with matched maternal blood and decidual
cells. Pique-Regi et al. (2019) performed the most extensive
scRNAseq study on term placentas, analyzing 79 906 cells of both
maternal and fetal origin from nine women at different weeks of
gestation with and without labor before delivery. Very recently,
spatial transcriptomic analyses on placenta and decidua in the
first trimester of pregnancy were performed (Liu et al., 2022;
Arutyunyan et al., 2023).

Four reviews have been published on this topic (Li et al., 2020;
Xiao et al.,, 2020; Barrozo and Aagaard, 2021; Chen et al.,, 2023).
The first one mainly explains the principles of scRNAseq and
how it has been adapted in studies related to placentas (Li et al.,
2020). The second one mainly focuses on trophoblast cell differ-
entiation (Xiao et al., 2020). The third one presents how scRNAseq
has been used in placental analysis to date and highlights the im-
munity and inflammation mechanisms previously observed in
scRNAseq that can be linked to host-microbial interactions in
the placenta (Barrozo and Aagaard, 2021). The authors also
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Placental cell types and marker genes
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compiled a list of marker genes for more than 90 placental cell
types and subtypes plainly based on the afore-mentioned studies
without further analysis. The latest study mainly explains the
principles of scRNAseq and emphasizes the applications in de-
cidua (Chen et al., 2023).

Recently, a meta-analysis on 11 bulk RNA sequencing and two
microarray datasets on human trophoblast cultures and pla-
centa collections demonstrated that in vitro production of tropho-
blast is dependent on the method used and that the expression
of well-known trophoblast markers, such as KRT7 or CDX2, is not
sufficient to define trophoblasts. They also highlighted the need
for consensus on markers and functional assays to assess in vitro
trophoblast identity (Cox and Naismith, 2022).

Unlike the previous reviews, here we have systematically ana-
lyzed all the studies and highlighted the consensus and differen-
ces regarding sampling strategies, data analysis methods, and
reported signature genes, aiming to provide a base of knowledge
for future placental studies.

Sample collection

Gestational age and delivery method

The period of collection of samples is highly variable across the
published studies. Altogether, 14 studies analyzed third trimester
placentas (>26 weeks of gestation). Term placentas are normally
the easiest to obtain as they are considered biological waste at
delivery in most countries and provide collective information
about the entire pregnancy, but the delivery method may impact
the transcriptome. Indeed, Pique-Regi et al. (2019) showed that
macrophages and EVTs are particularly affected by the presence
of labor or not at childbirth.

Term placenta can also be considered as too late a time point
to study since several gestational disorders result from poor pla-
cental establishment and function earlier in pregnancy. Thus,
first trimester (<13 weeks of gestation) analysis could be more in-
formative and 12 scRNAseq studies used this gestational age (GA)
(Liu et al., 2018b; Suryawanshi et al.,, 2018; Vento-Tormo et al.,
2018; Han et al., 2020; Saha et al., 2020; Sun et al., 2020; Du et al.,
2021; Liu et al., 2022; Pan et al., 2022; Shannon et al., 2022; Zheng
et al., 2022; Arutyunyan et al., 2023). Decidua collected along with
first trimester placentas was also investigated in six studies
(Suryawanshi et al., 2018; Vento-Tormo et al., 2018; Du et al., 2021;
Pan et al., 2022; Zheng et al, 2022; Arutyunyan et al., 2023).
However, these types of samples are only available through abor-
tions or miscarriages. Notably, recent debates around the legality
of abortion in certain countries may lead to limitations on access
to samples. Additionally, induced abortions could potentially im-
pact the condition of the placenta and the cells within it because
of exposure to drugs and other factors.
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So far, only four studies (Liu et al., 2018b; Cao et al., 2020;
Pique-Regi et al., 2020; Marsh et al., 2022) have analyzed second
trimester placentas (13-26 weeks of gestation). These samples
are particularly difficult to obtain as they either arise from late
induced abortions, which are not authorized in several countries
except under certain conditions, or from late miscarriages, for
which samples can be difficult to obtain owing to the
circumstances.

Sex of fetus

Only seven scRNAseq studies provided information of the fetal
sex (Tsang et al., 2017; Vento-Tormo et al., 2018; Cao et al., 2020;
Han et al., 2020; Sun et al., 2020; Chen et al., 2022; Shannon et al.,
2022). However, increasing evidence has shown that fetal sex is
associated with differences in placental structure, function, and
response to pathologies. An investigation of 88 649 deliveries
over 30years in Scotland highlighted that the placental weight
and efficiency (defined as the ratio of fetal/placenta weight) are
higher in male offspring (Wallace et al., 2013). Moreover, using
microarray and bulk RNA-sequencing analysis, differences in the
placental transcriptome were observed according to fetal sex
(Sood et al., 2006; Gonzalez et al., 2018). Furthermore, in male, but
not female, fetuses from obese women, the placental unsatu-
rated fatty acid uptake was inadequate in relation to the fetal
growth (Brass et al., 2013). Higher expression of inflammatory,
hypoxic, and apoptotic molecules as well as reduced expression
of pro-angiogenic markers were observed in severe pre-
eclamptic placentas from male compared to female fetuses
(Muralimanoharan et al., 2013). Interestingly, the only scRNAseq
study focusing on fetal sex in the first trimester placentas identi-
fied specific markers in certain cell types, such as MUCI15,
NOTUM, or MAGEA4 in trophoblasts cells, which were affected
differentially by the fetal sex, demonstrating the importance of
the sex for the placental cell type annotation (Sun et al., 2020).
Furthermore, several genes related to the X or the Y chromo-
somes (i.e. MAGEA4, TMSB4X, XIST, DDX3Y, EIF1AY, or RPS4Y1)
were differentially expressed in different cell types according to
the fetal sex as expected (Sun et al., 2020). These results highlight
the importance of considering the sex as a parameter in mater-
nal-fetal interface studies.

Sampling sites

One of the key considerations for scRNAseq studies on the mater-
nal-fetal interface is the sampling site as the term placenta typi-
cally has a diameter of around 20cm and a thickness of several
centimeters. Most studies highlighted in our review do not report

the site of the sampling in relation to the umbilical cord. Some
scRNAseq studies analyze specific layers (i.e. decidua or placenta
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Figure 1. Regression between the number of reads/cell and the mean genes/cell or the total number of cells. Data from single-cell RNA sequencings
of human placentas using 10x. (a) Reads/cell compared to the mean genes/cell; (b) reads/cell compared to the total number of cells; R? calculated

using linear (a) or exponential one-phase decay (b) least squares regression.



divided into fetal, internal, and maternal parts) but without fur-
ther details. These analyses demonstrated that the proportion of
some cell types varied according to vertical sampling site (Pique-
Regi et al., 2019; Wang et al., 2022) and one of them identified dif-
ferent subtypes of CTBs and STBs between the compartments
(Wang et al., 2022). Using proteomics, 374 proteins were found to
be differentially abundant between the maternal, internal, and
fetal part of the placenta (Manna et al., 2023). However, a recent
study using bulk RNA sequencing did not observe any spatial var-
iation, in either vertical or horizontal planes, in overall gene ex-
pression (Suryawanshi et al., 2022). Lack of information about
sampling sites may therefore lead to difficulty in comparisons
between studies, but further investigation is needed to con-
firm this.

Data collection and quality

So far, most of the studies used the 10x method, and only eight
studies used other methods (Drop-Seq, Smart-seq2, microcell-
seq, Sci-RNA-seq3, GEXSCOPE, BD Rhapsody™, and fluidigm).
Spatial transcriptomics was performed using 10x Genomics
Visium or Stereo-seq (STOmics Gene Expression). A large vari-
ability exists regarding the number of recovered cells, genes iden-
tified per cell, and sequencing depth (Table 1 and Supplementary
Table S2). A minimum of 43 and maximum around 10 000 cells/
placenta have been captured, with expressed genes/cell ranging
from 340 to 4848 across all studies. For placental 10x analyses, a
positive linear regression applies to the relation between the
number of reads (i.e. depth of sequencing) and the number of
genes identified per cell (R? = 0.52, P<0.01, Fig. 1a), showing that
deeper sequencing yields a greater number of genes/cell. An ex-
ponential one-phase decay regression can also be applied be-
tween the number of recovered cells and the depth of sequencing
(Fig. 1b). This relation, however, is weaker (R* = 0.30), suggesting
that increasing the sequencing depth does not guarantee more
cells for downstream analyses, as determined by initial sample
quality (Maitra et al., 2021). These results suggest that future
scRNAseq studies need to optimize placental sample collection,
as already recommended (Burton et al., 2014), to maximize the
number of recovered cells. The recommended depth of sequenc-
ing between 30 000 and 70 000 for 10x Genomics provides suffi-
cient information for the downstream analyses but increased
sequencing depth to 250 000 reads/cell is still below
the saturation.

Single-nucleus RNA sequencing

snRNAseq is a method recently derived from the scRNAseq pro-
tocol. The main difference from scRNAseq, which requires fresh
tissue with good quality and ability to dissociate cells, is that
snRNAseq allows analysis of frozen or difficult-to-dissociate tis-
sues. However, although scRNAseq measures both cytoplasmic
and nuclear transcripts, snRNAseq only measures nuclear tran-
scripts. In contrast to cytosolic RNAs, nuclear RNAs represent
only 10-15% of the total RNAs (Barthelson et al., 2007), and most
are nascent RNAs before splicing (Zaghlool et al., 2013). The dis-
tribution of protein coding genes is comparable, but the abun-
dance of certain genes differs between two cellular
compartments. Mitochondrial genes are also more abundant in
cytosol (Zaghlool et al., 2021) and long non-coding RNAs, and
small nucleolar RNAs are enriched in the nucleus (Mas-Ponte
et al., 2017). Considering these differences, care should be taken
when analyzing data and interpreting the results. Moreover, after
mapping, more than 80% of reads from cytosolic RNAs are in ex-
onic regions compared to only 20% in nuclear RNAs. Therefore,
in snRNAseq, the inclusion of introns is an important mapping

criterion, while in scRNAseq, it is less of a determinant.
Furthermore, it has been advised to use a 10-15% threshold for
mitochondrial content to determine good quality cells in
scRNAseq, but this limit must be lowered for snRNAseq as mito-
chondrial material primarily come from cytosol and is part of the
ambient RNA in this technique.

So far, three studies have reported on the use of snRNAseq
(Cao et al., 2020; Pique-Regi et al., 2020; Arutyunyan et al., 2023).
The first study achieved the collection of around 2700 nuclei/
sample with around 340 genes/nucleus using sci-RNA-seq3 and
shallow sequencing depth (Cao et al.,, 2020). The second study
used 10x on pooled placenta and decidua from 32 individuals,
resulting in only 415 nuclei/sample with a mean of 510 genes/nu-
cleus (Pique-Regi et al., 2020). More recently, Arutyunyan et al.,
published snRNAseq data from both placenta and decidua from
first trimester samples and showed a higher nuclei recovery and
quality (180 721 nuclei from five donors with a mean of 1791
genes/nucleus, similar to 1871 genes/cell obtained using
scRNAseq), although it should be noted that this result includes
peripheral blood and myometrium. In other tissues, a similar
sensitivity of gene detection was observed in snRNAseq com-
pared to scRNAseq, although slightly different cell compositions
were observed (Wu et al., 2019; Slyper et al., 2020). This demon-
strates that snRNAseq could be an appealing method for future
human placenta studies, considering the logistical and planning
advantages of using frozen tissue.

Besides snRNAseq, Arutyunyan et al., (2023) also performed
chromatin accessibility analysis through single-nucleus ATAC-
sequencing to compare the cell types in trophoblast invasion.
This is the first single-nucleus multi-omic analysis performed on
human placenta, and only one other study has performed single-
cell ATAC-sequencing on the human placenta, where samples
collected at 12-18 weeks of pregnancy were analyzed (Domcke
et al., 2020), although this study lacks further details about pla-
centa analysis.

Considering the increasing number of studies using snRNAseq
and/or scRNAseg on human placentas, a consensus regarding
sample collection and data quality is necessary to better under-
stand this organ and its role in pregnancy pathologies. Data shar-
ing is also essential to improve the quality of the research on
human placenta. For instance, in the human cell atlas (HCA), at
the time of this review, only three studies with a total of 27
donors are included for placenta, while other organs, such as the
lung and kidney, have been analyzed using single-cell technolo-
gles in more than 400 donors (Regev et al., 2017). Furthermore,
these studies refer to first trimester placentas only and there are
no data for later stages of human placenta development.

Bioinformatic analysis

Literature-mining databases

Apart from individual studies, literature-mining efforts have ag-
gregated information into databases regarding placental cell di-
versity and signature expression. In CellMarker, marker genes
are reported for 17 cell types from human placentas (Hu et al,,
2022). The human protein atlas reanalyzed the first trimester
data from Vento-Tormo et al. for inclusion in their new version
(Karlsson et al., 2021). Cao et al. deposited their data and DEG
list in Descartes cell atlas (https://descartes.brotmanbaty.org/
bbi/human-gene-expression-during-development/). The Human
BioMolecular Atlas Program (HuBMAP) ASTBplusB tables include
information about full-term human placenta based on curated
protein and lipid biomarkers for 24 cell types from published
placental histopathologic nomenclature, and literature on cell-


https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
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type-specific biomarkers (Laurent et al., 2022). These databases
can assist in annotation of clusters in human placenta but not all
placental cell types from different GAs have been included in
these databases. Therefore, the curation of the appropriate
markers is mandatory for current and future studies.

Quality control for the single-cell datasets

In sc- and sn-RNAseq, cell quality must be confirmed before the
downstream analyses, especially in droplet-based methods
where empty droplets containing ambient RNAs or droplets con-
taining two or more cells/nuclei exist. Only 21 studies reported
filtering criteria for poor-quality cells (Supplementary Table S3).
Most have used a threshold for the quantity of genes and/or
unique molecular identifiers (UMIs) recovered and the mitochon-
drial content per cell. However, these thresholds varied from 100
to 3000 genes-UMI/cell and 10-25% of mitochondrial content/
cell. Furthermore, several studies defined gene expression by at
least three cells, but some did not use the same threshold and
others did not report any threshold. Only two studies tried to re-
move the ambient RNAs using a list of genes often found in ambi-
ent RNA (Vento-Tormo et al., 2018) or filtering out genes with a
low fraction of reads in cells (Arutyunyan et al., 2023).

To remove doublets, some studies filtered out cells with more
than 6000 genes (Supplementary Table S3). Manual identification
has been performed based on the expression of multiple lineage
markers. However, in the more recent studies, packages such as
DoubletFinder (McGinnis et al., 2019), Scrublet (Wolock et al.,
2019), or scDblFinder (Germain et al., 2022) were often used to
identify and remove doublets.

Definition of cell-type markers

To identify new cell-type markers, most studies used the
FindMarkers function of the Seurat R package with different sta-
tistical methods. Only 21 studies reported the method used to de-
fine new signature genes (Supplementary Table S3). The most
common method was the Wilcoxon rank-sum test. The likeli-
hood ratio test, area under receiver operating characteristic
curve analysis, MAST GLM (Model-based Analysis of Single Cell
Transcriptomics Generalized Linear Model)-framework using cel-
lular detection rate as a covariate, statistical methods based on
the negative binomial distributions, z-score-based methods, and
threshold of fold-change of mean expression values were also
used. The rationale behind the use of different methods is likely
adaptation to the data (i.e. the number of cells of each type, the
number of overlapping genes between the output DEG list, and
the established cell type markers).

As shown, sc- and snRNAseq studies have used different pipe-
lines to assess good-quality cells and define marker genes.
However, several reviews provided detailed information to advise
the handling of scRNAseq data adapted to each different dataset
(Balzer et al., 2021; Zhang et al., 2021b; Ke et al., 2022). These dif-
ferences have also highlighted the complexity involved in data
integration from sc- and snRNAseq.

Systematic review: placental cell type annotation

For each study, the defined cell types and subtypes vary, as sum-
marized in Table 2. The markers used to annotate each tropho-
blast type also vary between the studies (Fig. 2; Supplementary
Table S4). One striking observation is that no specific marker is
shared by all studies for any cell type, regardless of the GA and
cell type. Furthermore, several genes that are defined as markers
in several studies are sometimes used to define another cell type
in a different study (Supplementary Table S4). Moreover, most of
the newly defined markers in one study are not applicable to

other studies. However, by comparing the markers used, we were
able to identify genes commonly used in several studies to define
the same cell type. Most of these were used regardless of the GA,
but some were used to define only one cell type at a specific GA
(Supplementary Table S4).

Trophoblasts

Several studies reported a proportion of 20-42% of cells identified
as trophoblasts, regardless the GA (Fig. 3a; Suryawanshi et al,
2018; Pique-Regi et al., 2019; Sun et al., 2020; Zhang et al., 2021a,
2022; Zheng et al., 2022; Zhou et al., 2022). Except for one study
(Pan et al., 2022), the three trophoblast types are always identified
but, when reported, the proportion of each type ranges widely be-
tween studies (Fig. 3b). The sampling and dissociation methods
could contribute to these differences as three studies obtained
comparable proportions of each trophoblast type when using the
same methods (Yang et al., 2021; Zhang et al., 2022; Zhou et al,,
2022). However, owing to insufficient information, especially on
the sampling site in most of the studies, it is difficult to conclude
which factor affects this composition the most.

To define trophoblast cells, KRT8 and PERP were commonly
used between studies, regardless of GA, while GATA2 and
TFAP2C were also used, but only for the first trimester placenta
analysis (Supplementary Table S4). In addition, KRT7 and GATA3
were the frequently used markers to define trophoblast cells in
the first trimester, whereas in term placentas, only KRT7 was
used in more than one study (Fig. 2).

Many genes used to define CTBs were also often used for STBs
(Supplementary Table S4), showing that characterization of CTBs
from STBs is suboptimal in current scRNAseq studies. To define
CTBs, PAGE4 and PEG10 for the first trimester and PAPR1 were
the most used marker genes (Fig. 2). Considering genes used only
to define CTBs, SLC27A2 and CDH1 were used in at least two stud-
ies regardless of GA (Supplementary Table S4). For the first and
second trimesters, SMAGP, TP63, PEG10, and ITGA6 were com-
monly used for only CTB, and NRP2 was the only gene used for
term placentas (Supplementary Table S4).

For STB, CGA and CYP19A1 are the most used genes for both
first trimester and term analyses (Fig. 2). CSH1 was also the most
used marker gene to define STB in first trimester analysis, but it
was used by several studies to define EVT as well (Fig. 2).
ERVFRD1, PSG1, PSG6, and KISS1 were the common genes used to
define only STBs, regardless of GA (Supplementary Table S4). In
the term placenta, PSG3, PSG4, GH2, LGALS13, and SLC1A2 were
also commonly used to only define STB (Supplementary
Table S4).

HLA-G is the most often used EVT marker regardless of the GA
but was not used in all studies (Fig. 2). In term placentas, PAPPA2
was used by seven studies to define EVT. Altogether, 14 genes
were commonly used to define only EVTs. Most of them were
used regardless of GA (DIO2, PAPPA2, HTRA4, PRG2, EGFR-ASI,
ITGAS, TAC3, NOTUM, MMP2, and FN1) but interestingly LAIR2,
MFAPS, and HPGD were only used in the first and second trimes-
ter placenta analyses and MMP11 was only used to define EVTs in
the term placenta.

Cytotrophoblasts

CTBs are always the most represented trophoblast type in
scRNAseq analyses. Their proportion varies from 45% to 90% of
total trophoblast cells across studies, regardless of the GA
(Fig. 3b). Multiple subtypes of CTBs have been identified in
most published studies (Pavli¢ev et al., 2017; Liu et al.,, 2018b;
Vento-Tormo et al., 2018; Pique-Regi et al., 2019; Han et al., 2020;
Pique-Regi et al., 2020; Yang et al, 2021; Marsh et al, 2022;
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Figure 2. Heatmap of commonly used genes to define the different human placental cell types from first trimester and term. Analysis of first
trimester (a) and term (b) literature on single-cell RNA sequencing of human placenta. The scale bar represents the occurrence of the gene as a marker
to define placental cell types in the different single-cell RNA sequencing studies on human placenta. Only genes that have been used more than once
are represented. The complete list is in Supplementary Table S2. CTB: cytotrophoblast; EVT: extravillous trophoblast; STB: syncytiotrophoblast.
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Figure 3. Proportion of cells reported in studies of single-cell RNA sequencing in human placenta. (a) Proportion of trophoblasts out of all captured
cells and (b) proportion of each of the three kinds of trophoblast cells on the total of trophoblast. CTB: cytotrophoblast; EVT: extravillous trophoblast;
STB: syncytiotrophoblast. Only Suryawanshi et al. (2018) and Zheng et al. (2022) reported the proportion of trophoblast cells of placentas from the first
trimester and are highlighted in the green boxes; the remaining studies were performed on term placentas.

Shannon et al., 2022; Wang et al., 2022; Zhang et al., 2022; Zhou
et al., 2022; Arutyunyan et al., 2023).

The proliferative CTB subtype is commonly identified using
markers such as MKI67 (Vento-Tormo et al., 2018; Marsh et al.,
2022; Wang et al., 2022; Zhang et al,, 2022; Arutyunyan et al.,
2023), YAP1, SPINT2, MSI, BCAM (Shannon et al., 2022), PEG10
(Han et al., 2020), RRM2, CCNB1, CDNK1 (Liu et al., 2018b), PNCA,
and CDK1 (Chen et al., 2022) or STMN1 (Campbell et al., 2023).
One study further characterized proliferative CTB subtypes in

S-phase, expressing PCNA, and in G2/M phase with the expres-
sion of TOP2A (Marsh et al., 2022). The proliferative subtype has
been identified at different GAs, confirming CTB proliferation
throughout the pregnancy in humans. In term placentas, how-
ever, they were more abundant in the middle section of placenta
compared to the maternal and fetal sides (Wang et al., 2022).
Most studies identified at least one non-proliferative class
of CTB, often characterized by a high expression of PAGE4
(Pique-Regi et al,, 2019; Han et al, 2020; Marsh et al., 2022;


https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data

Zhang et al., 2022) but few studies defined further CTB subtypes.
Liu et al. (2018b) identified a CTB subtype in the first trimester
placenta that seems to be ready to fuse with the STB as it
expresses high levels of Syncytin-2, and another non-
proliferative CTB subtype but which does not express Syncytin-2.
Also using the first trimester placentas, Shannon et al. defined a
total of five subtypes in addition to the proliferative CTBs, allow-
ing the distinction of vCTBs from CCCs. Moreover, they identified
three vCTB subtypes (respectively, TEAD4+, ELF5+, and EGFR+)
and, using trophoblast organoids, they postulated that these cor-
respond to possible different physiological states rather than dif-
ferent subtypes. They also observed two subclasses of CCCs: one
that seemed to be the progenitor cells for EVT expressing high
levels of ITGA2, SOX9, and NOTCHI, migrating from the proximal
zone of the anchoring column; the other with high expression of
ITGAS5, NOTCH2, and HLA-G that seems to be an intermediate
state between the first CCC subtype and EVTs (Shannon et al.,
2022). Arutyunyan et al., (2023) defined three CTB subtypes in the
first trimester placentas in addition to the proliferative subtype
and were able to precisely localize them in the placental villi and
the trophoblast shell, using spatial transcriptomics combined
with scRNAseq and snRNAseq. One cluster was localized in the
placental villi area, beneath the STB layer corresponding to
vCTBs. Both vCTBs and proliferative CTBs highly expressed TP63,
CDH1, and BCAM as well as additional stem and progenitor cell
markers such as LGR5 and L1TD1, Wnt signaling molecules (WLS
and TNIK), and SEM3F-NRP2 signaling complex. In the same area,
they also identified fusing-CTBs, an intermediate state between
CTB and STB, which showed down-regulated expression of WNT
and BMP signaling (BMP7) genes and up-regulated expression of
endogenous retroviral genes (ERVW-1, ERVFRD-1, and ERVV-1).
The last subtype was observed in the trophoblast shell at the
junction of the placenta and the decidua, and corresponded to an
intermediate state between CTB and EVT. Similar to the fusing-
CTBs, Wnt and bone morphogenetic protein (BMP) signaling were
again down-regulated; however, this pre-EVT CTB subtype also
up-regulated NOTCH1, ITGB6, ITGA2, and LPCAT1 (Arutyunyan
etal., 2023).

In term placentas, CTBs from the fetal side were involved in
regulation of cell activity, CTBs from the middle section in nutri-
ent and gas exchange, and those from the maternal side were
participating in regulation of the inflammatory response and vas-
cular development (Wang et al., 2022). In a similar manner, using
the chorionic plate from the second trimester placentas, Marsh
et al. defined one CTB cluster highly expressing PAGE4, PEG10,
and CDH1, as well as three other clusters that expressed interme-
diate levels of these genes, suggesting various states of a com-
mon differentiation pathway. They also demonstrated that a CTB
subtype highly expressing cytokeratin was only present on the
side of the villous tree and not in the chorion under the villous
tree (Marsh et al., 2022). Using the early third trimester placentas
(28-30 weeks), Chen et al. (2022) characterized one cluster that
highly expressed SERPINE1 and NEATI, GCM1, SLCIAS, and FZD5
engaged in the syncytial pathway and another cluster that highly
expressed HSD17B1 and PHLDA2 involved in hormone
biosynthesis.

Using snRNAseq, Pique-Regi et al., recovered a small amount
of CTBs but increased the number of STBs captured compared to
the scRNAseq studies. Furthermore, they did not identify non-
proliferative CTBs while using the same cell type annotation as
their previous scRNAseq study (Pique-Regi et al., 2019, 2020).
Arutyunyan et al. (2023) also performed both scRNAseq and
snRNAseq and did not observe any reduction in CTBs captured in

snRNAseq. However, Pique-Regi et al. (2020) demonstrated the
possibility of identifying CTBs at different GAs using the
same markers.

Using the trajectory analysis, CTBs in the first trimester exhib-
ited two possible ways of differentiation that lead to the same
EVT endpoint (Shannon et al., 2022). More recently, Arutyunyan
et al. focused on the trajectory of EVTs in the first trimester pla-
centa, considering not only iEVTs and eEVTs but also GCs. All
EVT subtypes were shown to originate from CCCs that were de-
rived from CTBs (Arutyunyan et al., 2023). In contrast, in term
placenta cells expressing high levels of cell-cycle-related genes
formed minor branches along the EVT path, suggesting that
some CTBs in the process of differentiation into EVTs re-enter
the cell cycle. The STB branch, on the other hand, bifurcated
from CTBs into one sub-branch with cells expressing gestational
hormone genes and genes involved in cell fusion (Tsang
etal., 2017).

Syncytiotrophoblast

Even though the STB layer covers placental villi, the number of
recovered STBs is relatively small in all published scRNAseq
studies (Fig. 3b). The large size of this multinucleated cell is sub-
optimal for scRNAseq; hence it is logical that this cell type is not
well captured in single-cell dissociations of placenta. Cells identi-
fied as STB in scRNAseq data are likely precursors of STB and
look like CTB at the initial stages of cell fusion. Indeed, ERVFRD-1
was shown using spatial transcriptomics and snRNAseq to be a
marker for fusing-CTBs and not of established STB (Arutyunyan
et al., 2023). This gene is commonly used in studies to define STB,
suggesting the possible incorrect annotation of this cell type in
the previous scRNAseq studies. The use of snRNAseq has further
demonstrated that STB is not properly captured in scRNAseq
(Pique-Regi et al., 2020; Arutyunyan et al., 2023).

Taken together, there are discrepancies in the classification
and capture of STB in previously published studies. One study
was able to identify three STB clusters that were separated by
their expression of ENDOU, DHRS9, POU2F2, SPIDR, S1PR2, and
ECI2 but did not further characterize them (Yang et al., 2021).
Using snRNAseq, two clusters of STB were identified, but again
without further investigation (Pique-Regi et al., 2019). The most
recent snRNAseq study only identified one big cluster of STB nu-
clei (Arutyunyan et al., 2023). Therefore, the identity and possible
subtypes of STB is not entirely clear and needs to be fur-
ther elucidated.

Extravillous trophoblasts

In scRNAseq studies on term placentas, EVTs are the second
most recovered trophoblast type, ranging from around 22-45%,
while in the first trimester, EVTs accounted only for 2-21% of the
trophoblast cells (Fig. 3b). As EVTs differentiate later in the gesta-
tion compared to CTBs and STBs, it seems logical to observe less
EVTs in the first trimester placenta. Studies have shown that
EVTs can be found in all parts of the placenta, from the chorionic
plate to the decidua, regardless of GA. They were, however, found
in higher numbers in the middle/placental villi region of the pla-
centa (Pique-Regi et al., 2019; Marsh et al., 2022; Wang et al., 2022).

EVT subtypes have been identified, but several studies defined
them only with a list of genes (Han et al., 2020; Yang et al., 2021;
Wang et al., 2022; Zhang et al., 2022). In the first trimester pla-
centa, a proliferative EVT subtype was observed in both villi and
decidua sections (Liu et al, 2018b; Vento-Tormo et al., 2018;
Arutyunyan et al., 2023). Using spatial transcriptomics, these pro-
liferative EVTs were shown to co-localize with CCCs in the tro-
phoblast shell of anchoring villi (Arutyunyan et al., 2023). Liu et al.



(2018b) observed that they highly express RRM2, important for
DNA replication (). In the second trimester, however, the prolifer-
ative type was not identified in the chorionic plate (Marsh et al,,
2022) and was not clearly identified either in the term villous tree
(zhou et al., 2022). However, in term placentas, proliferative EVTs
were present in decidua and showed upregulated INSL4 expres-
sion (Huang et al., 2020).

Liu et al. also identified two other EVT subtypes localized at
the proximal end of the CCCs in the first trimester placenta. One
of the subtypes expressed genes involved in receptor activation
regulation and immune response (i.e. TAC3, SERPINE, PRG2, and
JAM2), whilst the other subtype seems to be an intermediate of
the proliferative state and the non-proliferative state (Liu et al.,
2018b). The first subtype was demonstrated to be a precursor of
EVTs and presented strong similarities with EVTs identified in the
placentas of the second trimester. At this later gestational stage,
the authors also defined two EVT subtypes, one once again related
to immune response and the other related to growth regulation
and gonadotrophin secretion (Liu et al., 2018b).

Also using the first trimester placentas, Arutyunyan et al.
(2023) defined four more EVT subtypes using both snRNAseq and
spatial transcriptomics. The first subtype was the bifurcation
point between iEVTs and eEVTs and was localized at the distal
end of anchoring villi in the trophoblast shell area. They also
identified eEVTs with up-regulation of NCAM1, GGT1, PPFIA4, and
MMP12 in the spiral arteries and iEVTs highly expressing PLACS,
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SERPINE1, and SERPINE2 and down-regulating PLAU.
Interestingly, they are the only group who identified GC, with up-
regulation of RAC1, CD81, and the PRG2-PAPPA complex
(Arutyunyan et al., 2023).

In the second trimester, EVTs were identified in the chorionic
plate area, under and around the villous tree, but while EVTs un-
der the villous tree were observed deep in the decidua, the ones
from the side remained in the epithelial layer (Marsh et al., 2022).
Four clusters were identified in both areas; however, one subtype
expressing CGM1, PPARG, and CEBPB, showing enrichment for
placental development and antigen presentation, was twice as
abundant under the villous tree compared to the surrounding
zone, likely corresponding to newly differentiated EVTs. In con-
trast, all other subtypes were half as abundant under the villous
tree and were enriched in genes related to extracellular struc-
ture, matrix organization, glycosylation, and peptidase activity
(Marsh et al., 2022).

In term placentas, Zhou et al. defined a total of four subtypes
of EVTs classified as important for: cell invasion and immunity;
or protein processing and synthesis; or cell migration, chromatin
modification, and morphogenesis; or the mRNA metabolic pro-
cess, intrinsic apoptotic signaling pathways, and oxidative phos-
phorylation (Zhou et al., 2022). In the decidual compartment,
Huang et al. (2020) identified four clusters in addition to a prolif-
erative one characterized by up-regulation of FABP7, ALPP, DSGI,
or PSG2 and varying expression of HLA-G.
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Figure 4. Upset plots of differentially expressed genes in the different trophoblast types by comparing original count matrices of studies on first
trimester and term human placenta. (a) and (d) CTB, (b) and (e) STB, (c) and (f) EVT differentially expressed genes. (a—c) correspond to analysis of
literature on first trimester analyses and (d—f) on term analyses. DEGs have been obtained using Wilcoxon rank-sum tests on all cells in each study and
using thresholds on the P-adjusted values (P-adj < 0.05) and the fold-change >2 or 4 according to the study. UpSet plots show intersections between
gene sets from each study in a matrix, with the rows of the matrix corresponding to the gene sets, and the columns to the intersections between genes
sets from these studies. The size of the gene sets and of the intersections are shown as bar charts. First author’s names are displayed as set names for
first trimester studies (Liu et al., 2018b; Suryawanshi et al., 2018; Vento-Tormo et al., 2018; Shannon et al., 2022) and term (Pique-Regi et al., 2019; Yang

et al.,, 2021). CTB: cytotrophoblast; DEGs: differentially expressed genes; EVT: extravillous trophoblast; STB: syncytiotrophoblast.



Meta-analysis of already annotated datasets

Method

Given the discrepancy of marker genes identified across studies,
we reanalyzed published expression matrices with already anno-
tated cell types, considering the GA. For first trimester, the avail-
able data with annotated cell types were downloaded and
included (from four publications: Liu et al., 2018b; Suryawanshi
et al., 2018; Vento-Tormo et al., 2018; Shannon et al., 2022). Only
two studies provide annotated gene count matrices of placental
single-cell/nuclei transcriptomics in term placentas (Pique-Regi
etal., 2019; Yang et al., 2021). Owing to discrepancies in the defini-
tion of the non-trophoblast cell types, we focused on trophoblast
types (CTB, STB, and EVT). After log normalization, Wilcoxon
rank-sum tests on all cells (adjusted P-value <0.05 and fold-
change threshold >2 or 4, according to the data) were performed
to gain hundreds of DEGs from each study. We then used UpSet
diagrams to represent the results from this analysis.

Results

In first trimester placentas, most of the DEGs for each tropho-
blast type were not shared among studies (Fig. 4a). Of greater
concern, no gene, irrespective of the subtype of trophoblast, was
identified by all studies as a DEG among trophoblast cell types.
Nevertheless, 14, 21, and 33 genes were common in at least three
studies for CTB, STB, and EVT, respectively.

Although less studies were available in term placentas for this
analysis, a similar observation as for the first trimester was
made: most DEGs are not shared between studies, regardless of
the trophoblast type (Fig. 4d-f). Furthermore, the definition of
CTB type differed between the two studies: Pique-Regi et al. (2019)
identified CTB and less abundant non-proliferative interstitial
CTB (npiCTB), while Yang et al. (2021) identified only one vCTB
type. Of particular interest is that 18 genes are shared between
both CTB subtypes defined by Pique-Regi et al. (Fig. 4), demon-
strating that their method failed to properly distinguish these
transcriptionally similar cell types, compared to other placental
cell types. The vCTB from Yang et al., however, showed 100 highly
expressed genes shared with CTB, and only seven with the
npiCTB of Pique-Regi et.al. (Supplementary Table S5). The STB
and EVT in the two studies shared 21 and 131 genes, respectively
(Supplementary Table S5).

Fetal non-trophoblast cells

The fetal non-trophoblast cells are less frequently described in
scRNAseq studies. In most publications, the cells are often
grouped in generic types, such as fibroblast and stromal cells, the
latter encompassing endothelial cells, perivascular cells, and
macrophages (Table 2).

Most studies using placentas of different trimesters have used
HLA-A as a marker of non-trophoblast cells (Fig. 2) but the defini-
tion of these cells is variable between studies. In term placentas,
SPARC was the most used marker to define stromal cells (Fig. 2b).
Common genes to define stromal cells, regardless of the GA, are
COL1A1, COL3A1, COL6A2, DCN, and THY1, while COL1A2 is used
only in the first trimester and EGFL6 and DLK1 for both first and
second trimester placenta analyses (Supplementary Table S4).
For endothelial cells, PECAM1 is the most used marker gene re-
gardless of the GA (Fig. 2). CDH5, PECAM1, and CD34 were used to
identify only endothelial cells, regardless of placental age
(Supplementary Table S4). MYH11 is the only commonly used
gene in second trimester and term placentas for perivascular
cells. Interestingly, none of first trimester placental analyses
identified perivascular cells. Genes exclusively used to define

HCs are similar between the studies regardless of GA, i.e. CD14,
CD68, CD163, MAF, CSF1R, and AIF1 (Supplementary Table S4).
CD14 is the most used marker to define HCs (Fig. 2) and CD209 is
found only in the term placenta to define HCs (Supplementary
Table S4). Nevertheless, subtypes have been only observed for
stromal and HCs. Interestingly, no scRNAseq analysis has de-
fined or further characterized subtypes for vascular and perivas-
cular cell types, meaning further research is required.

Stromal cells

Han et al. (2020) defined three clusters of fetal stromal cells but
did not characterize them further. Using first trimester pla-
centas, a proliferative state was identified (Suryawanshi et al,
2018; Shannon et al., 2022), but this subtype was not identified by
the only group that identified and fully characterized fetal stro-
mal cell subtypes in the term placenta (Pique-Regi et al.,
2019, 2020).

In the first trimester, one common stromal cell subtype
expressing IL6, a pro-inflammatory gene, was identified in two
studies (Suryawanshi et al, 2018; Vento-Tormo et al.,, 2018).
Suryawanshi et al. identified two other stromal cell subtypes that
both have characteristics of myofibroblasts with up-regulation of
extracellular matrix and the smooth-muscle actin-related genes,
but differed in the expression of REN, AGTR1, IGFBP7, and AREG.
Nevertheless, only the subtype with high expression of all these
genes was identified by immunofluorescence in the villous
stroma (Suryawanshi et al., 2018). Also using first trimester pla-
centas, Liu et al. (2018b) observed one subtype expressing DLK1
and regulating cell adhesion and migration, whilst the other par-
ticipates in vessel and mesenchymal development.

Using term placentas, Wang et al. (2022) identified seven sub-
types of stromal cells from both maternal and fetal origin with
up-regulation of DLK1, DIO3, SOD3, TAGLN, VEGFA, THY1, and
GDNF, respectively. Moreover, Pique-Regi et al. (2019) revealed
that all stromal cells from placental villi presented up-regulation
of genes involved in smooth muscle contraction, and apelin
and oxytocin signaling pathways, implying the presence of only
myofibroblasts, as suggested in first trimester placentas
(Suryawanshi et al., 2018). By comparing stromal cells from ma-
ternal, internal, and fetal placental sections, Pique-Regi et al.
(2019) also demonstrated different functions of stromal cells
according to their microenvironment. Using second trimester
placentas and snRNAseq, the same group did not observe all the
previously mentioned subtypes or the same cell proportions
(Pique-Regi et al., 2020).

Hofbauer cells

Only one scRNAseq study identified two subtypes of HCs (Liu
et al., 2018b). After further analysis, one subtype was defined as
quiescent and the other one as active as it expressed genes re-
lated to HLA class II histocompatibility antigen presentation, cy-
tokine stimuli, inflammatory response, and myeloid leukocyte
activation. The authors suggested that this subtype could be in-
volved in the removal of dead cells/debris during development
(Liu et al., 2018Db).

Despite the identification of all cell types by scRNAseq and
snRNAseq, STBs and GCs are under-represented in scRNAseq
suggesting that polynucleated cells are not properly identified in
these studies and that snRNAseq is probably more appropriate
for placental analysis. Furthermore, there are discrepancies be-
tween studies regarding the definition of subtypes (Table 2) and
markers to define cell types (Supplementary Table S4). It can
thus be complicated for biologists who are not specialists in data
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analysis to know how to choose good markers and compare their
cell types with others.

Integration of single-cell RNAseq data

To improve consistency between studies and facilitate future an-
notation of scRNAseq data of human placentas, we integrated
the publicly available raw data and curated gene lists obtained
for each cell type. The aim was to create a list with consensus
gene markers for fetal cell types in the placenta.

Therefore, we accessed five raw datasets for the first trimester
(Vento-Tormo et al., 2018; Saha et al., 2020; Sun et al., 2020;
Shannon et al., 2022; Zheng et al.,, 2022) and three datasets from
term placentas (Lu-Culligan et al., 2021; Yang et al., 2021; Garcia-
Flores et al., 2022; Zhang et al., 2022; Zhou et al., 2022; Campbell
et al., 2023). Poor-quality cells were excluded by Scanpy 1.9.3
(minimum counts=1000, minimum genes=>500, max gen-
es=5000, and percentage of mitochondrial genes <15%) (Wolf
et al.,, 2018). Scrublet 0.2.3 was used to remove the doublets
(Wolock et al., 2019). Placentas without pathologies in the same
trimester were integrated using Scanorama 1.7.3 (Hie et al., 2019).
During the integration, Scanorama provided an alignment score
for all pairs of datasets by computing the percentage of the cells
in each dataset involved in a mutual nearest neighbor matching
and taking the maximum of the two percentages for that pair, i.e.
the higher alignment score meaning more correlated datasets.
Studies with alignment scores <0.15 with all other studies were
excluded from the downstream analysis. Integrated datasets
were then clustered using Scanpy (15 local neighborhoods for
manifold approximation, 30 principal components and resolution
of 0.2 for UMAP). Using FindAllMarkers (Seurat v4.3.0) with MAST
test, we obtained DEGs (at least expressed in 10% of the cell clus-
ter with fold-change >1.5 and adjusted P-value <0.05). As we fo-
cused on the fetal-origin cells and maternal immune cells have
been well described elsewhere, clusters that expressed VIM, HLA-
A, HLA-B and HLA-C, CD45 (also known as PTRC and a marker of
all leukocytes) and did not express well known markers of HCs
were excluded from our analysis.

DEGs from the integrated analysis were compared with our
curated marker gene list (Supplementary Table S4) and the
marker list obtained from our comparison of annotated datasets
(Supplementary Table S5). For trophoblast types from first tri-
mester placentas, DEGs that were observed at the intersection of
the integration and at least one of two other lists were selected.
As in term placentas, only two studies were included in the com-
parison of already annotated datasets, and too many DEGs were
identified in this analysis. Therefore, we only considered the
genes that were common among all analyses, and genes that
were previously used as markers (Supplementary Table S4) and
DEGs in the integrated analysis.

For both first trimester and term placentae, we then analyzed
their expression pattern in the integrated data using dotplot to
define markers that were expressed mostly in one cell type, i.e.
>0.8 scaled expression and >50% of the cells in the considered
cell type (>0.5 for the comparison trophoblast versus non-
trophoblast cells and >50% cells in all types for trophoblast ver-
sus non-trophoblast cells, no other cell type with >0.8 scaled ex-
pression). Finally, we verified their specific expression in the
literature using in situ hybridization (ISH), immunological stain-
ing, spatial transcriptomics, and cell cultures. The genes that

met all these criteria were defined as specific marker genes for
each trophoblast cell type.

For non-trophoblast cells, as no comparison of already anno-
tated datasets was possible, we selected genes that were ob-
served both in the integration DEG and curated marker lists.
Then we also compared the expression of marker genes from first
trimester and term analysis to chart their expression between
two GAs.

The first trimester placenta

From the five available datasets, one study deposited an empty
data table (Saha et al., 2020) and another study (Zheng et al., 2022)
was excluded because of a weak alignment score (<0.12) with the
rest of studies (Supplementary Fig. S2a). Using the three remain-
ing datasets (EMTAB6701, GSE131696, and GSE174481, total of 18
individuals), from the 38 586 available cells, 35 461 cells were cu-
rated (Fig. 5a). In the first trimester data integration, 482 cells
with a good quality were identified as maternal immune cells
and were excluded before further analysis.

The integration resulted in seven clusters corresponding to all
trophoblast and non-trophoblast cells identified in previous anal-
yses of the first trimester (Fig. 5b). All clusters consisted of cells
from the three different datasets (Supplementary Fig. S2b and
Supplementary Table S6). From differential expression analysis,
DEGs were generated for each cell types (Supplementary Table
S7 and Supplementary Fig. S2¢ and d) and then further analyzed
using dot plot scaling (Supplementary Table S8).

Trophoblast cells

We identified 150 DEGs between trophoblast and non-
trophoblast cells (Supplementary Table S7 and Supplementary
Fig. S2c) with only 10 (PERP, KRT7, TFAP2A, GATA3, ERVW-1,
KRT8, EGFR, CGA, GATA2, and TFAP2C) previously used as
markers for trophoblasts in first trimester placenta. Nonetheless,
only PERP, KRT7, TFAP2A, GATA3, and KRT8 were shown to be
expressed in all trophoblast types but not in non-trophoblast
cells using dotplot analysis, confirming that they are good
markers of trophoblast types in scRNAseq (Fig. 5c,
Supplementary Tables S6 and S7). Therefore, none of these genes
appear to specifically define only one trophoblast type as they
are expressed in all trophoblast types. Despite the expression in
all trophoblast types, differences in expression among the tro-
phoblast types do exist for these genes, explaining why they are
often also observed in the DEG lists of the different tropho-
blast types.

In our integrated dataset, trophoblast cells account for 51.8%
of the cells. As previously described, CTBs were the most abun-
dant cell type (39.5% of total cells) and of the trophoblast cells
(>77%). Conversely, STBs and EVTs represent <8% of all cells and
between 8% and 14% of the trophoblasts (Supplementary Table
S6). This agrees with our systematic review of the scRNAseq liter-
ature. As all datasets were produced using scRNAseq, it is not
surprising to see more cells defined as CTB than STB. As dis-
cussed earlier, it is unlikely that the cells previously identified as
STB were properly fused STB. For this reason, in our integrated
dataset, we decided to name them fusing-CTB.

Cytotrophoblasts

For first trimester CTBs, 190 DEGs were identified (Supplementary
Table S7 and Supplementary Fig. S2d), among which 13 were pre-
viously used as markers (Fig. 2 and Supplementary Table S4). By
comparing the 190 DEGs with DEGs from the comparison of anno-
tated datasets, nine genes were common to three of the four
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Figure 5. Results of integration of raw data from first trimester human placentas. (a) Representation of the process for the integration. (b) UMAP of the
integration. Dotplots of the genes identified using the comparison of already annotated datasets, the curation of markers genes and integration for
trophoblasts (c), and non-trophoblasts (d). CTB: cytotrophoblast; EVT: extravillous trophoblast; UMAP: Uniform Manifold Approximation and Projection.

studies. Interestingly, none of the 190 DEGs from the integrated
analysis were shared with the DEG list for CTBs identified in
Suryawanshi et al. (2018). Importantly, all the genes that we defined
as good markers for all trophoblast types in the previous section ap-
pear in the list here. This is not surprising as most of the tropho-
blasts are CTBs but also suggests that these genes are not specific
to one trophoblast subtype, despite high expression in CTB cells.

Altogether, 20 genes were identified by at least the integration
and the comparison of already annotated datasets or curated
marker genes analyses. Among these, DUSP9 and SLC22A1 were
identified in the three analyses; GSTA3, MSX2, SEMAG6A, SLC13A4,
SLC52A1, SLC6A4, and SIGLEC6 were identified in the integration
and the annotated dataset comparison; SMAGP, BCAM, VGLLI,
SLC27A2, XAGE3, PEG10, PAGE4, ISYNA1, EGFR, CCR7, and PARP1



were identified in the integration and the curated marker lists.
However, only SLC6A4 and SLC27A2 were specific markers of
CTBs in the first trimester (Fig. 5¢c and Supplementary Table S8).
All the other genes were either expressed at the same level in
fusing-CTBs and/or EVTs or with a higher expression in fusing-
CTBs. This demonstrates the difficulty of distinguishing CTBs
from fusing-CTB using scRNAseq data in the first trimes-
ter placentas.

In both primary human trophoblasts from term placentas and
BeWo cells, SLC6A4 (also known as SERT) was expressed more in
STBs than in CTBs (Vachalova et al., 2022). Furthermore, SLC6A4
was also identified in STBs of term placentas using ISH (Bottalico
et al., 2004). In human primary trophoblasts from term placentas,
expression of SLC27A2 was significantly higher after syncytializa-
tion (Kallol et al., 2018) and was also expressed more in STBs than
CTBs in second trimester placentas (Gormley et al., 2021). No lit-
erature regarding their expression in the first trimester placentas
could be recovered. Therefore, it is likely that SLC6A4 and
SLC27A2 are good markers for CTB using scRNAseq but only in
the first trimester placentas.

Using spatial transcriptomics and snRNAseq, Arutyunyan
et al. (2023) demonstrated that BCAM was only expressed in CTBs.
In our integrated analysis, around 60% of the fusing-CTB
expressed BCAM at a lower level than CTBs. This gene could
probably also be considered as a good marker of CTB using
scRNAseq. Furthermore, as it is expressed in >50% of the EVT in
the integrated dataset, PARP1 was not selected but this expres-
sion is very low (<0.02), suggesting that PARP1 could also be a
good marker for CTB in scRNAseq. This seems to be confirmed by
the literature, as in healthy term placentas, PARP1, is specifically
expressed by CTB (Longtine et al., 2012).

Taken together, only BCAM, SLC6A4, SLC27A2, and likely
PARP1 can be used as specific markers of CTB in the first trimes-
ter placentas using scRNAseq.

Fusing-CTB

In fusing-CTBs from the first trimester, 226 DEGs were identified
(Supplementary Table S7 and Supplementary Fig. S2d), among
which 16 were previously used as marker for STBs in the first tri-
mester placentas (Fig. 2 and Supplementary Table S4). When
comparing the 226 DEGs with our annotated dataset comparison,
18 genes were common in at least three of the four studies.
Altogether 34 genes were identified in the integration analysis
and annotated datasets or curated marker genes analyses:
LGALS16, SERPINB2, GREMZ2, EPS8L1, ERVV-1, LGALS13, KMO,
GLDN, IGSF5, ADHFE1, PTPN21, HES2, NEURL1, PHYHIPL, HSD11B2,
ENDOU, TCL1B, and LGALS14 were identified both in the integra-
tion and the annotated datasets; and CYP19A1, GDF15, ERVFRD-1,
INSL4, CGA, SLC52A1, SLC13A4, ERVW-1, HSD3B1, SLC22A11,
TFAP2A, LCMT1-AS2, PAGE4, KISS1, PSG6, and PSG2 were identi-
fied in the integration and the curated marker lists.

Interestingly, in contrast to the CTB, most of the genes identi-
fied in at least two analyses were mainly expressed in fusing-
CTBs but only LGALS16, CYP19A1, SERPINB2, GREM2, EPSS8LI,
ERVV-1, and ERVFRD-1 were expressed in >50% of fusing-CTB
(Supplementary Table S8).

Several studies using different methods (immunohistochemis-
try, immunofluorescence, and ISH) demonstrated that galectin
family genes, such as LGALS16, are expressed in STB but not in
CTB (Than et al, 2004, 2014; Huppertz et al.,, 2008). CYP19A1
(encoding the aromatase cytochrome P450) was exclusively ob-
served in STB compared to underlying CTB and villous core using
immunohistochemistry  (Fournet-Dulguerov et al, 1987).

SERPINB2 protein was observed in the cytoplasm of STB but not
in CTB or EVT (Feinberg et al., 1989). Similarly, GREM2 expression
coincides with the activation of STB genes and hCG secretion
(Sudheer et al., 2012). ERVV-1 was also highly expressed by differ-
entiated trophoblast cultures compared to undifferentiated
(Renaud et al., 2015). Using human trophoblast stem cells (hTSCs)
and BeWo cells, ERVFRD-1 was shown to be nearly absent before
differentiation and significantly upregulated after differentiation
in STB (Renaud et al., 2015; West et al., 2022), suggesting that it is
indeed a specific marker of STB that can be present in the early
stages of the fusion process. No further information could be
found to validate the use of EPS8L1 as marker of fusing-CTB in
human placenta.

Using spatial transcriptomics and snRNAseq, Arutyunyan
et al. (2023) also demonstrated that ERVV-1, ERVFRD-1, and
GREM?2 were markers of fusing-CTB and not STB, supporting the
immature state of STB in the integrated analysis. ERVV-1, GLDN,
LGALS13, and LGALS16 were also identified by HUBMAP and/or
Cellmarker databases as STB markers. In the Descartes cell atlas
(based on data from Cao et al,, 2020), LGALS13, LGALS16, and
ADHFE1 were associated with ‘trophoblast giant cells’ that were
defined with pregnancy-specific glycoprotein (PSG) genes (PSG4,
PSG6, and PSG9). LGALS13, LGALS16, and GDF15 were also used to
define EVT or CTB in at least one of these databases.

Therefore, we concluded that LGALS16, SEPRINB2, CYP19A1,
GREM2, ERVV-1, and ERVFRD-1 can be used as specific markers of
fusing-CTB in the first trimester placentas.

Extravillous trophoblast

Altogether, 228 DEGs were identified in EVT (Supplementary
Table S7 and Supplementary Fig. S2d), among which 19 genes
were previously used as markers for EVT in the first trimester
placentas (Fig. 2 and Supplementary Table S4). When comparing
all DEGs with the gene list identified from annotated datasets, 10
genes were found in at least three of the four studies. Altogether,
29 genes were identified by at least two analyses, i.e. ASCL2,
ABCA7, ACAN, IL1RAP, MGST1, KRT14, KRT17, KISS1R, FAT2, and
SAA1 were identified in the integrated analysis and the list of an-
notated datasets; and HLA-G, DIO2, NOTUM, LAIR2, MFAPS,
HTRA4, HPGD, ITGAS5, SLCO4A1, CSH1, HSD3B1, MMP2, CGA, FN1,
MMP12, FSTL1, HLA-C, PAPPA2, and PRG2 were identified in the in-
tegrated analysis and the curated marker list.

In the integrated data, HLA-G, DIO2, NOTUM, ASCL2, LAIR2,
ABCA7, ACAN, IL1RAP, MGST1, MFAP5, HTRA4, HPGD, ITGAS,
SLCO4A1, and CSH1 were specifically expressed in EVT
(Supplementary Table S8).

HLA-G is the most used EVT signature gene (Supplementary
Table S4) and is well known to be expressed only in EVT com-
pared to other trophoblasts (McMaster et al., 1995; Hackmon
et al., 2017b). In the first trimester placentas, DIO2 was expressed
in CTB, STB, and CCC by immunofluorescence (Adu-Gyamfi et al.,
2021). NOTUM was more expressed in EVT compared to CTB dif-
ferentiated from hTSC (Jeyarajah et al., 2022) but was observed in
all trophoblasts in the second trimester placentas by immunohis-
tochemistry (Robinson et al., 2017). ASCL2 is a specific transcrip-
tion factor for the EVT lineage with expression in the EVT
columns in human 12week-old placentas, and its deficiency
results in increased STBs and reduced EVTs differentiation
(Varberg et al., 2021, 2023). In addition, ASCL2 expression is de-
creased across differentiation in EVT and almost absent once the
progenitor state is lost (Renaud et al., 2015). Using ISH and immu-
nohistochemistry, LAIR2 was shown to be expressed only in the
more distal portions of CCC and the invading EVT in the first
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trimester placentas, while no expression was observed in any
other fetal cells (Founds et al., 2010). From the microarray profil-
ing of CTB and EVT extracted from the first trimester placentas,
ACAN was shown to be overexpressed in EVT compared to CTB
(Oravecz et al., 2022). In contrast, HTRA4 expression was shown
to increase during syncytialization of BeWo cells (Mansilla et al.,
2021) and in term placentas, HTRA4 protein localizes mainly to
STB using immunohistochemistry (Liu et al., 2018a). HPGD was
shown to be primarily expressed by EVT, with a weak expression
in STB in the first trimester and term placentas (de Assis et al.,
2022). Using PCR array on CTB and EVT isolated from the first tri-
mester placentas, ITGA5 was shown to be upregulated in EVT
compared to CTB (DaSilva-Arnold et al, 2015). SLCO4A1 was
expressed by both CTB and STB after differentiation from pri-
mary tissue of first trimester placentas (Berveiller et al.,, 2015).
CSH1 was shown to be expressed both in STB and EVT from pla-
cental in vitro models (Takao et al., 2011). No further information
could be found to validate the use of ABCA7, ILIRAP, MGST1, and
MFAPS as markers of EVT in human placenta.

In conclusion, HLA-G, NOTUM, ASCL2, LAIR2, ACAN, HPGD,
and ITGAS were shown to be good markers for EVT of the first tri-
mester placentas.

Non-trophoblast cells

Altogether, 302 DEGs were related to non-trophoblast cells
(Supplementary Table S7 and Supplementary Fig. S2c) with four
(HLA-A, HLA-B, HLA-C, and VIM) previously used to define them
in first trimester placentas. HLA-B presented a scaled expression
<0.5 in endothelial cells and HLA-C was highly expressed in EVT
(Fig. 5d and Supplementary Table S8). Therefore, only HLA-A and
VIM met the criteria to be specific markers of non-trophoblasts.
Owing to this shared expression between non-trophoblast cell
types, none of these genes appeared to be specific markers of
only one non-trophoblast type.

In the integrated data, stromal cells are the second largest
cluster (19% of total placental cells) and the most abundant
(40%) among the non-trophoblast cells followed by HCs (30%)
(Supplementary Table S6). Unlike other studies on first trimester
placentas, our integrated analysis also identified perivascular
cells in addition to stromal, endothelial, and HCs.

Stromal and perivascular cells

Altogether, 392 DEGs were identified (Supplementary Table S7
and Supplementary Fig. 52d) with 15 genes previously used as
markers for stromal cells in the first trimester placentas:
COL1A1, PITX2, COL6A2, COL3A1, COL1A2, EGFL6, DLK1, PDGFRA,
ACTA2, ANGPTL2, VIM, CTGF, ANGPTL1, THY1, and ANGPTL4
(Fig. 2 and Supplementary Table S4). However, most of them (i.e.
EGFL6, COL1A1, COL1A2, COL3A1, COL6A2, and DLK1) were also
expressed in the perivascular cells, demonstrating the difficulties
of identifying them in the first trimester placentas
(Supplementary Table S8). Only PDGFRA was not expressed in
perivascular cells and, therefore, met all criteria to be a specific
marker of stromal cells in the first trimester placentas.

In perivascular cells, 329 DEGs were identified (Supplementary
Table S7 and Fig. 2d), with NDUFA4L2, ACTA2, and TAGLN being
used to identify perivascular cells in term placentas (no available
marker from first trimester studies as perivascular cells were not
defined). After this analysis, NDUFA4L2 is the only good marker to
define perivascular cells (Supplementary Table S8).

Endothelial cells

Altogether, 278 DEGs were identified (Supplementary Table S7
and Supplementary Fig. S2d) with nine genes previously used as

markers for endothelial cells in the first trimester placentas:
CD93, CD34, VIM, ITGA2, CDHS5, KIT, NRN1, ZEB1, and PECAM1
(Supplementary Fig. S2 and Supplementary Table S4). Except for
VIM and NRN1, these genes were specifically expressed in endo-
thelial cells (Supplementary Table S8). However, only CD93,
CD34, and CDH5 were expressed in >50% of endothelial cells,
allowing them to be considered as good markers of this cell type
in first trimester (Fig. 5d and Supplementary Table S7).

Hofbauer cells

Altogether, 220 DEGs were identified (Supplementary Table S6
and Supplementary Fig. S2d) with 11 genes previously used as
markers for HCs in the first trimester placentas: AIF1, CD68,
CD14, CCL4, CXCL8, LYVE1, CSF1R, CD163, POU2F2, MAF, and
PTPRC (Supplementary Fig. S2 and Supplementary Table S4).
AIF1, CD68, CD14, CCL4, CXCL8, LYVE1, CD163, and MAF met the
criteria (Supplementary Table S8), allowing them to be consid-
ered as specific markers of HCs in first trimester placentas.

Term placentas

Only three raw datasets were available for integration (Lu-
Culligan et al.,, 2021; Yang et al., 2021; Zhang et al., 2021a; Zhou
et al., 2022; Campbell et al.,, 2023). All datasets presented align-
ment score (>0.15) with all other studies (Supplementary Fig.
S3a). From the three datasets (GSE182381, GSE171381, and
GSE173193, which included nine individuals), 23 378 cells
remained after filtering 72 702 available cells (i.e. 25 972 cells
failed the quality control and 23 352 were maternal immune
cells) (Fig. 6a and Supplementary Table S6). Unlike the first tri-
mester placentas, half of the cells in the available raw datasets
were maternal immune cells. As human placenta bathes in ma-
ternal blood after the first trimester, such a high quantity of ma-
ternal immune cells likely comes from maternal immune cell
infiltration into term placentas. Therefore, only 571 cells
were used for the integration analysis from the total 4368 cells
that passed the quality control in Campbell et al. (2023)
(Supplementary Table S6).

The same seven clusters of cell types as those in the first tri-
mester were identified in term placentas, including all tropho-
blast and non-trophoblast cells identified in previous scRNAseq
analyses (Fig. 6b). Cells from the three datasets consisted of all
clusters (Supplementary Fig. S3b and Supplementary Table S6).
We first determined the top 10 DEGs for each cell type
(Supplementary Fig. S3) and then cross-compared the genes with
the annotated datasets and curated marker lists (Fig. 6 and
Supplementary Fig. S2).

Trophoblast cells
Altogether, 313 DEGs were obtained in trophoblasts versus non-
trophoblast cells (Supplementary Table S8) with four genes al-
ready used as markers of trophoblast cells in term placentas:
KRT8, KRT7, PERP, and CYP19A1. Only KRT8 was expressed in all
trophoblast types but it was also expressed in 50% of the HCs.
Therefore, none of them met the criteria to be specific markers.
Trophoblasts represented only 43.2% of the cells, almost 10%
less than those in the first trimester placentas. As for the first tri-
mester, CTBs were the most abundant type (32.6% of total cells
and more than 75% of trophoblast cells), while STBs and EVTs
also represent <10% of all cells and, respectively, 5.8% and 18.7%
of the trophoblasts (Supplementary Table S6). Similar to the first
trimester, it is unlikely that the cells identified as STB in
scRNAseq were properly fused STB. Accordingly, we decided to
name them fusing-CTB in this meta-analysis.


https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data
https://academic.oup.com/humupd/article-lookup/doi/10.1093/humupd/dmae006#supplementary-data

431

Placental cell types and marker genes |

(a) (b)
sy U2, 2T s e Stromel
datasets 2% ¢ L cells
N 4 '.’(_19‘ ;lk:o HEE @: FU&ETB
P B A W Y e Endotheial™
- - - - cells  Pgfivascular
. o CTB
, o Wa y
%ﬁzlcliy > Integratio> Filtering> CIustering> exprzgsfie;ﬁr:r']aallysis ) lg,_cells
N Hofbauer Ge e
(c) UMAP1
PN { @ © © - o o (d)
N -{@o e - « - - cmB
Egﬁt: - @ - o © © © © HLA-AH4 ¢ o . O O . INo‘n-TrophobIasts
PSG1 — : CXCL14 - @ - 0 o
- . . Stroma
P ] _:Q APOD @ - 0 o
- @ - MYH11- - [
PSG11 H - @ - .
PSG9 — ; NDUFA4L2 4
PsGE o - : |Fusing CTB . ¢ ° Perivascular
LGALS13 4/ - @ . ACTA2H4 - - ) o
Iglglgf: : !f . > - TAGIN{ -+« ¢ O - @ - |
PSG3 o - . IFI27 - O + @O o
LGALS14 -{ - @ -
CYPIOM | o @ - - . CDHsH . - - e —_—
KCNK12 4 - @ ndothelia
APPI o - - @ - . GRS ® o
IL1R2 ® - - - i o
R2d - - @ - - - VWE "
NOTUM { @ - . . cie{ - - o -00
AOC1 o o @ e + @ o
PAPPA2 - - o: . - LYVE1 ° e @
e = i -t oud - - -0 - 0@
HLA-G — ® - . FOLR2- ° N )
CST64 - - @ - - -
PACE - - @ - o o - [EVT CD163 o c @
cCoL17AM1 o - - - .
HTRA4 < - - : . G AIF1H - o @ O ' Hofbauer
TBB2AH o - @ = - o o ] .
Bl . @ . CD68 eo0 0@
PIPRF{ ¢ - @ o - o CD534 - + - o o o @
MMPI1H - ©o @ - .
CORO6 . @ . €D209 ' . c @
win] ST it MRS
IIRAP o4 -« - @ o < o - OLFML2B + 0
AIFIL — ® - - o .
—Tr—TT—TT Fraction of cells (%) T T T T T 1
mmE 8 © 5 @ @ Qo o S » 5 £
S 9 @ S 3 % [ : 1 ?? 1 & 9 E g 8 % 8
2 o 5 8 3 20 40 60 80100 2 » = & 3
[] 25 3 Mean expression a 25 32
= g2 1 = £ ¢
2 2 2 2
b} 00 05 10 fii

Figure 6. Results of integration of raw data from term human placentas. (a) Representation of the process for the integration. (b) UMAP of the
integration. Dotplots of the genes identified using the comparison of already annotated datasets, the curation of markers genes, and integration for
trophoblasts (c) and non-trophoblasts (d). CTB: cytotrophoblast; EVT: extravillous trophoblast; UMAP: Uniform Manifold Approximation and Projection.

Cytotrophoblast

Altogether, 307 DEGs were identified (Supplementary Table S9)
with 10 genes being identified by the three analyses (the integra-
tion, comparison of already annotated datasets, and curated
marker genes): PAGE4, PHLDA?2, IFI6, TINAGL1, SPINT1, FXYD3,
MGST3, KRT18, PARP1, and SLC27A2. Furthermore, five genes
(INSL4, EGFR, KRT7, GATA3, and CDHI) previously identified in
the curated marker list were in the DEG list of the inte-
grated analysis.

As for the first trimester analysis, most of the genes here were
also expressed in fusing-CTB (Supplementary Table S8).
However, SPINT1, FXYD3, MGST3, KRT18, and PARP1 met all the
criteria (scaled expression in CTB >0.8, no other cell type with
scaled expression >0.8, expression in at least 50% of CTB) and
could be considered as specific markers of CTB.

Using immunohistochemistry, SPINT1 was increased through-
out the pregnancy in CTBs with a clear specific staining in CTBs
of term placentas (Mori et al.,, 2007). As for the first trimester
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placentas, PARP1 was specifically expressed by CTB in healthy
term placentas. However, it was also expressed in STBs in dam-
aged regions in the placentas of pre-eclampsia or intra-uterine
growth restriction (Longtine et al., 2012). The expression of KRT18
was detected in all trophoblasts differentiated from human
KRT7+ induced placentas stem cells with bone morphogenetic
protein 4 treatment (Tsuchida et al., 2020). No further informa-
tion could be found to validate FXYD3 and MGST3 as marker of
CTB in human term placentas. Taken together, only SPINT1 was
confirmed as a specific marker of CTBs in term placentas.

Fusing-CTB

For fusing-CTBs, 119 DEGs were identified (Supplementary Table
S8) with six genes (CSH2, KISS1, PSG3, LGALS14, CGA, and
CYP19A1) identified by the three analyses. Furthermore, 12 genes
were common in the curated marker list and the integrated
analysis: CSHL1, PSG1, PSG2, PSG5, PSG4, GH2, PSG11, PSG9, PSGS6,
LGALS13, HPGD, and SEMA3B. Most of these genes (CSHL1, PSGI,
PSG2, PSG4, GH2, PSG11, PSG9, PSG6, LGALS13, CSH2, KISS1, PSG3,
LGALS14, and CYP19A1) were identified as specific markers in
term placentas.

CSHL1, CSH2, and GH2 exhibited almost 30, 40, and 10 times
higher expression in STB, respectively, compared to those in the
undifferentiated primary CTBs in healthy term placentas (iang
et al., 2019). PSG1, PSG3, and PSG9 transcripts increased after differ-
entiation into STBs from both JEG-3 cells and primary CTBs in
term placentas (Camolotto et al,, 2010). Furthermore, using one
monoclonal antibody specific to PSG proteins, their specific expres-
sion in STBs was confirmed in both first trimester and term pla-
centas using immunohistochemistry (Zhou et al., 1997). Therefore,
all PSGs can probably be considered as good markers of fusing-
CTB. Furthermore, hTSCs with MSX2 depletion led to elevated
CSH2 and CYP19A1 expression owing to differentiation into STBs
(Hornbachner et al.,, 2021). CYPI9A1 was exclusively observed in
STBs compared to the underlying CTBs and villous core using im-
munochemistry (Fournet-Dulguerov et al., 1987). In the first trimes-
ter placentas, KISS1 expression was specific in STBs using both ISH
and immunohistochemistry (Bilban et al., 2004). However, more re-
cent studies demonstrated that CTBs also expressed KISS1 (Park
et al, 2011; Wu et al., 2014). Various methods (immunohistochem-
istry, immunofluorescence, and ISH) were used to demonstrate
that galectin family genes (LGALS13, LGALS14, and LGALS16) were
expressed in STBs but not in CTBs (Than et al, 2004, 2014;
Huppertz et al., 2008). However, quantitative PCR (qPCR) assay indi-
cated that EVTs also expressed LGALS13, although the expression
was lower compared to STB (Ogushi et al., 2023).

Therefore, we concluded that CSHL1, PSG1, PSG2, PSG4, GH2,
PSG11, PSGY, PSG6, CSH2, PSG3, LGALS14, and CYP19A1 can be
used as specific markers of fusing-CTB in term placentas.

Extravillous trophoblast

Altogether, 222 DEGs were identified in EVTs (Supplementary
Table S9) with 31 genes observed by the three analyses: FNI,
PRG2, NOTUM, AOC1, PAPPA2, TNFSF10, HPGD, FLT1, FSTL3, EBI3,
KRT19, DIO2, HLA-G, HTRA1, TPM1, CST6, PLACS8, KRT7, COL17A1,
HTRA4, TUBB2A, EGLN3, PTPRF, MMP11, MCAM, CORO6, ITGAS,
EGFR-AS1, ILIRAP, ENG, and AIF1L. All these genes were highly
expressed in EVT in term placentas but only KCNK12, DAPPI,
IL1R2, PRG2, NOTUM, AOC1, PAPPA2, FSTL3, DIO2, HLA-G, CST6,
PLACS, COL17A1, HTRA4, TUBB2A, EGLN3, PTPRF, MMP11, CORO6,
ITGAS, EGFR-AS1, ILIRAP, and AIF1L were specifically expressed
in EVTs. Furthermore, five genes, i.e. TAC3, KCNK12, DAPPI,
IL1R2, and PROCR, were also identified as curated markers from
the integrated analysis.

KCNK12 and ITGAS expression were higher in human primary
placental EVTs than CTBs from the first and second trimester
(Apps et al., 2011; Telugu et al., 2013). IL1R2 was demonstrated to
be expressed by a small population of primary CTBs and HTR8/
SVneo cells. However, once differentiated into STB or EVT, these
cells no longer expressed ILIR2 (Takao et al., 2011). PRG2 was
detected only in EVTs that invade venous and lymphatic vessels
in first trimester placentas by immunofluorescence. In cell cul-
ture assays, PRG2 was observed only in differentiated EVTs and
not in differentiated STBs from primary CTBs from first trimester
placentas (Windsperger et al, 2017). Similarly, NOTUM was
expressed by all trophoblast types in the second trimester pla-
centas by immunohistochemistry (Robinson et al.,, 2017). AOCI,
which encodes the D-amino acid oxidase protein, was demon-
strated by immunofluorescence to be expressed only in invasive
EVTs and was only secreted by primary EVTs from first trimester
placentas compared to other trophoblasts (Velicky et al., 2018;
Haider et al., 2022). PAPPA?2 appeared to be controversial as its ex-
pression was reported in all trophoblasts (Windsperger et al.,
2017) and only in invasive EVTs in both first and term placentas
(Haider et al., 2022). FSTL3 was recently found in all trophoblast
types, regardless of GA (Wu et al., 2023). DIO2 was expressed in
CTBs, STBs, and CCCs by immunofluorescence (Adu-Gyamfi
et al., 2021), but no information is available for term placentas.
Expression of HLA-G in EVTs was detected with gPCR, immuno-
histochemistry, and western blot throughout pregnancy
(Hackmon et al., 2017a). HLA-G was also the most used EVT signa-
ture gene in term placentas (Fig. 2 and Supplementary Table S4)
and was expressed only in EVTs compared to other trophoblasts
(McMaster et al., 1995; Hackmon et al., 2017b). However, CST6 was
expressed in other trophoblast types, especially in differentiated
STBs. PTPRF was decreased once primary CTBs were differenti-
ated into STBs in healthy term placentas (iang et al, 2019).
PLACS8 was detected in CCCs and EVTs throughout the pregnancy
and specifically in EVTs in term placentas by immunofluores-
cence and ISH (Chang et al, 2018). Similarly, COL17A1 was
expressed mainly by early ITGA2* CCCs and in some EVTs (Lee
et al., 2018). In contrast, HTRA4 expression increased during syn-
cytialization of BeWo cells (Mansilla et al., 2021) and HTRA4 pro-
tein localized mainly in STB using immunohistochemistry in
term placentas (Liu et al., 2018a). Also using immunochemistry,
MMP11 was expressed in decidual stromal cells and EVTs in first
trimester placentas (Anacker et al., 2011) but information on
term placenta is missing.

No further information could be found to validate the use of
DAPP1, TUBB2A, EGLN3, CORO6, EGFR-AS1, ILIRAP, and AIF1L as
markers of EVT in human placenta. In conclusion, KCNK12, PRG2,
NOTUM, AOC1, HLA-G, PLACS8, COL17A1, and ITGAS could be reli-
able markers for EVT in term placentas.

Non-trophoblast cells

A total of 434 DEGs were related to non-trophoblast cells, with
only HLA-A previously used as a marker in term placentas. HLA-
A met all the criteria and can, therefore, be considered as a spe-
cific marker for non-trophoblasts in term placentas.

As for the first trimester, stromal cells were the second largest
cluster, accounting for 27.8% of total placental cells, and were
the most abundant (49%) among the non-trophoblast cells fol-
lowed by HCs (43.6%) (Supplementary Table S5).

Stromal and perivascular cells

In total, 280 DEGs were identified (Supplementary Table S9 and
Fig. 6) with 25 genes previously used as markers for stromal cells
in term placentas: DCN, COL3A1, IGFBP3, COL1A1, HGF, CXCL14,
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Figure 7. Specific markers of human first trimester and term placental villous cells and their evolution across pregnancy. (a) Representation of
human placenta from first trimester with specific markers identified in this review. (b) Representation of human placenta at term with specific markers
identified in this review. (c) Dotplot of specific markers that particularly highlight the maturation of extravillous trophoblast. (d) Dotplot of specific
markers that particularly highlight the maturation of syncytiotrophoblasts. CTB: cytotrophoblast.

APOD, COL6A2, DLK1, VCAN, SPARC, CALD1, MYL9, SERPINFI,
TGFBI, TXNIP, SOD3, TAGLN, IFITM3, LGALS1, ECM1, NNMT,
ACTA2, FMOD, and PDGFRB (Fig. 2 and Supplementary Table S4).
Like the first trimester placentas, most of these genes were also
expressed in perivascular cells. Only PDGFRB, CXCL14, and APOD
were specific to stromal cells and, therefore, met all criteria to be
specific markers of stromal cells in term placentas.

In perivascular cells, 146 DEGs were identified
(Supplementary Table S9 and Fig. 6) with MYH11, NDUFA4L2,
ACTAZ2, and TAGLN being previously used. Here, all of them were
specific markers of perivascular cells (Supplementary Table S8)
and were, therefore, reliable markers to define them.

Endothelial cells

Altogether, 227 DEGs were identified in endothelial cells
(Supplementary Table S9 and Fig. 6) with six genes previously
used as markers in term placentas: PECAM1, IFI27, CDH5, CD34,
VWF, and PLVAP (Supplementary Fig. S2 and Supplementary
Table S4). Except for PECAM1 and PLVAP, all these genes met the
criteria to be specific markers (Supplementary Table S9
and Fig. 6).

Hofbauer cells

Altogether, 342 DEGs were identified (Supplementary Table S9,
Fig. 6) with only 17 genes previously used as markers for HCs in
term placentas: C1QB, LYVE1, RNASE1, CD14, PLTP, LGMN, FOLR2,
CD163, AIF1, CSFIR, MAF, CD68, NPC2, CD53, CD209, PCDH12, and
OLFML2B (Supplementary Fig. S2, Supplementary Table S4). All

these genes were highly expressed but only C1QB, LYVE1, CD14,
FOLR2, CD163, AIF1, CD68, CD53, CD209, PCDH12, and OLFML2B
were not expressed in other cell types and were thus specific
markers of HCs (Supplementary Table S9, Fig. 6).

Dynamics of marker gene expression

across gestation

Our meta-analysis provided a list of specific marker genes for
each placental cell type in the first trimester and at term (Fig. 7).
Many genes in several cell types, however, did not overlap be-
tween the two GA, preventing them to be used as markers for
both (Supplementary Table S10).

None of the markers of all trophoblasts were usable in term
placentas and only HLA-A for non-trophoblasts could be used re-
gardless of the GA (Supplementary Table S10 and Fig. 7). No CTB
marker and only CYP19A1 for STB could be used at both time-
points, while for EVT, ABCA7, ASCL2, DIO2, EGLN3, FSTL3, HLA-G,
HTRA4, IL1IRAP, ITGAS, LAIR2, NOTUM, PLAC8, and PTPRF were
specifically expressed at both timepoints (Supplementary Table
S10 and Fig. 7). In non-trophoblasts, CXCL14 and PDGFRA for
stroma and NDUFA4L2 for perivascular cells were specifically
expressed in both timepoints. Endothelial markers CD34 and
CDH5 and most of the HC markers (AIF1, C1QB, CCL4, CD14,
CD163, CD53, CD68, CXCLS8, and FOLR2) were also specific at both
timepoints. These results highlight the dynamic gene expression
across gestation.

Interestingly, in EVT most of the genes (AOC1, COL17AI,
CORO6, CST6, DAPP1, EGFR-AS1, IL1R2, KCNK12, MMP11, PAPPA2,
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PRG2, and TUBB2A) with a different expression profile between
first trimester and term presented a low expression and were
expressed by <50% of the EVTs in first trimester placentas
(Fig. 7). Moreover, ACAN, MGST1, and SLCO4A1 presented the op-
posite profile with low expression and by <50% of the EVT in
term placentas. These genes could therefore represent markers
of EVT maturation across gestation.

Similarly, CSH2, CSHL1, GH2, KISS1, LGALS13, LGALS14, PSG1,
PSG11, PSG2, PSG3, PSG4, PSG6, and PSG9 showed low expression
and were expressed in <50% of fusing-CTBs in the first trimester
placentas, demonstrating the progression to a secretory pheno-
type in term placentas. Furthermore, fusing-CTB in term pla-
centas did not express ERVFRD-1, ERVV-1, GREM2, and LGALS16
but around 15% of CTB did. These results suggested that fusing-
CTB defined in the first trimester clustered with CTB in term pla-
centas, and that more mature STBs were produced in term pla-
centas by scRNAseq. Despite the more mature phenotype, owing
to the dissociation method and the placental structure, it is un-
likely that these cells in term placentas are completely fused
STB, and more research is needed to confirm this.

Furthermore, CSH1 was shown to be a specific marker of EVT
in the first trimester data (Fig. 5). However, even if more than
50% of EVT still expressed this marker at term, the expression
was low (Fig. 7). On the contrary, all the fusing-CTB in term pla-
centas expressed this gene at a very high level indicating that
placental lactogen is mainly produced by EVT in the first trimes-
ter but by STB at term (Fig. 7). These comparisons demonstrated
that trophoblast cells may particularly evolve throughout gesta-
tion, highlighting the importance of adapting the specific
markers to GA when annotating cell types in a scRNAseq study.

Contribution of single-cell RNAseq of the
maternal-fetal interface to pathologies

To date, placentas from women with recurrent pregnancy loss
(RPL), pre-term birth, advanced maternal age, pre-eclampsia,
gestational diabetes mellitus (GDM), or severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection have all been
compared to healthy placentas using scRNAseq (Table 1).

Recurrent pregnancy loss

RPL has been studied with scRNAseq analysis primarily using de-
cidual tissue (Saha et al., 2020; Chen et al., 2021; Du et al., 2021;
Guo et al., 2021; Wang et al., 2021). The first study focused on the
expression of the TEAD4 pathway in progenitor CTBs in two nor-
mal 6- to 8-week placentas and showed a strong reduction of
TEAD4 expression in villous CTBs and CCCs in RPL placentas,
confirming the essential role of TEAD4 in the establishment of
pregnancy and its likely involvement in RPL (Saha et al.,, 2020).
Interestingly, all studies that focused on decidual immune cells
have demonstrated that a subset of natural killer cells support-
ing fetal growth is dramatically diminished, while one other sub-
set with a cytotoxic and immune-active signature is increased in
RPL (Chen et al., 2021; Guo et al., 2021; Wang et al., 2021), showing
an alteration of the placental immune microenvironment in RPL,
which provides clues for future treatments. The only study con-
sidering all cell types in the decidua observed aberrant deciduali-
zation with alteration of decidual cell subtype proportions, and
obstructed communication of decidual cells with other cells, pos-
sibly linked to the observed over-activation of the tumor necrosis
factor superfamily of genes (Du et al., 2021).

Gestational age

Only one study has investigated the effect of GA on placenta and
compared preterm (33-35 weeks of gestation) and term placentas
(38—40weeks of gestation) collected with and without labor
(n=3/group). The greatest numbers of DEGs were found in CTBs,
EVTs, and maternal macrophages. Furthermore, bulk RNA se-
quencing of maternal blood at different gestational stages en-
abled the identification of non-invasive markers for monitoring
preterm labor risk (Pique-Regi et al., 2019).

Maternal aging

Analysis of three term placentas collected from women
>35years of age versus those from younger mothers showed no
changes in cell type distribution. However, EVT function, espe-
cially in one subtype playing a role in cell invasion, was affected
by maternal age. Extracellular matrix receptor interaction and
cell invasion-related genes were also altered in placentas from
older women (Zhang et al.,, 2022). These results demonstrated
that maternal age affects the function of specific placental cell
types in an apparently normal pregnancy. These effects could be
similar, but to a lesser extent, in the placentas involved in ad-
verse pregnancy outcomes owing to maternal aging.

Pre-eclampsia

Most studies of placental pathologies have focused on pre-
eclampsia (defined as hypertension after 20 weeks of gestation
only (Zhou et al., 2022) or associated with high proteinuria as well
(Tsang et al., 2017; Zhang et al., 2021a)) that resulted in preterm
C-section deliveries. Tsang et al. (2017) showed that there is an
up-regulation of genes involved in cell death in EVTs in placentas
from pre-eclamptic compared to normal pregnancies, implying
that EVTs are more affected than other trophoblast types.
Moreover, the authors also correlated EVT dysfunction with an
increased release of cell-free RNA by the EVTs in maternal blood,
providing a potential non-invasive approach for early detection
of pre-eclampsia. Through the integrated analysis of Tsang et al.
and Pique-Regi et al. data, one study showed that EVTs were over-
represented while stromal cell types were less abundant
(Campbell et al., 2023) and overexpression of FLT1, LEP, and ENG
in bulk RNAseq analysis of pre-eclamptic placentas was mainly
linked to differences in cell composition (Campbell et al., 2023).
On the other hand, Zhang et al. identified up-regulation of endo-
plasmic reticulum-related genes in STBs of pre-eclampsia pla-
centas (Zhang et al.,, 2021a). Moreover, the expression of genes
involved in immune function was enriched in both in vCTBs and
EVTs from pre-eclamptic placentas, suggesting altered placental
immune function. Interestingly, Zhou et al. showed alterations in
gene profiles related to immunity, similar to Zhang et al. (2021a)
and Tsang et al. (2017), apoptosis in EVT was also altered in pre-
eclamptic samples: CEBPB and GTF2B, regulating apoptosis and
cell invasion respectively, were novel transcription factors identi-
fied with reduced activity in pre-eclamptic samples (Zhou et al.,
2022). In addition to this, they also observed an enrichment in
hormone secretion function in EVTs (Zhou et al., 2022).

Gestational diabetes mellitus

The comparison of two placentas from healthy women and two
from women with GDM after cesarean delivery highlighted 136
genes up-regulated in GDM trophoblast cells related to estrogen
signaling as well as antigen processing and presentation,
while the down-regulated genes were mostly related to the in-
flammatory IL-17 pathway (Yang et al., 2021). In granulocytes
and myelocytes, genes involved in the inflammatory response



were up-regulated and those involved in actin binding were
down-regulated. Of particular interest, an increase in natural
killer cells and anti-inflammatory polarized macrophages was
observed in GDM placentas compared to controls. Altogether,
these results suggest that the most important transcriptomic
changes in GDM are related to immune system regulation in the
placental microenvironment (Yang et al., 2021).

Infectious diseases

Four studies applied scRNAseq to analyze infectious diseases.
The first study analyzed placentas from non-infected women at
three different GAs with both scRNAseq and snRNAseq (Pique-
Regi et al., 2020). They demonstrated that ACE2 and TMPRSS2
(canonical cell entry mediators for SARS-CoV-2) had a negligible
co-expression in the different placental cells, indicating that this
is unlikely to be the entrance pathway of SARS-CoV2 in case of
vertical transmission. Further investigations by the same group
and others confirmed that SARS-CoV2 infection during preg-
nancy mainly induced unique inflammatory responses at the
maternal-fetal interface (Lu-Culligan et al., 2021; Chen et al,
2022; Garcia-Flores et al., 2022) and that SARS-CoV2 was not
detected in placental tissues (Garcia-Flores et al., 2022). However,
receptors for Zika and cytomegalovirus, both responsible for con-
genital malformations, were shown to be expressed by decidual
and stromal cells of the placenta, validating their effects at the
feto-maternal interface (Pique-Regi et al., 2020).

Limitation of the meta-analyses

One limitation of both meta-analyses is the number of studies
that were included as most studies have not deposited annotated
or raw datasets. However, the analytical pipeline provided here
can be easily applied in future when more datasets will be avail-
able. To help with the annotation of most placental cell types, we
provide a list of specific markers, which can be used in further
annotation of scRNAseq studies. However, it remains to be deter-
mined if these markers will work equally well for snRNAseq data.
Furthermore, integrated analysis yielded several hundred DEGs
for each cell type. Genes were further selected if they overlapped
with our annotated datasets and/or the curated markers.
Therefore, more genes could probably be identified as specific
markers. Particularly, the validation of markers for fusing-CTB in
the literature was challenging as this cell type is transitory. Here,
we referred to published STB markers to validate their use as
markers and more work is expected to confirm their utility.

Limitations and perspectives of single-cell
RNAseq use in placenta research

Overall, usage of scRNAseq for the analysis of placental tran-
scriptomes in various pathologies has led to new insights and un-
derstanding of placental diseases. Furthermore, the use of single-
cell analysis in trophoblast organoids has yielded novel informa-
tion regarding trophoblast differentiation (Shannon et al., 2022;
Arutyunyan et al., 2023).

As demonstrated in this review, however, the characterization
of cell types in the human placenta is not straightforward and
has not been performed optimally in some published scRNAseq
studies, which can limit the impact of the results. Indeed, mature
STBs were likely missed using scRNAseq and precursors of STBs
at the initial step of the cell fusion (fusing-CTB) were captured,
limiting the annotation of this placental-specific cell type.
Furthermore, cell types from the inner core of the villi, which are
particularly rich in stromal cells, that may have important impli-
cations for disease pathogenesis were understudied.

Owing to the high cost of scRNAseq studies, most investiga-
tions of placental gene expression rely on a limited number of
individuals (typically three/group), which poses challenges for ro-
bust statistical analysis. This limitation is compounded by the
difficulty of obtaining fresh, high-quality cells for analysis. As a
result, studies are often unable to consider covariables for more
detailed analysis, which could provide valuable insights into the
identification of cell types and their potential association with
adverse pregnancy outcomes.

To overcome these issues, snRNAseq can be applied, as well
as the recently introduced scRNAseq analysis of formalin-fixed
paraffin-embedded samples by 10x Genomics, both simplifying
the experimental planning and logistics. Unlike scRNAseq,
snRNAseq can be performed on frozen tissue, which vastly sim-
plifies experimental planning and offers the additional advan-
tage of increasing recovery of STBs and decidual GCs. In addition,
placental RNA integrity is rapidly and easily affected by sampling
and storage methods (Fajardy et al., 2009; Huang et al.,, 2013;
Reiman et al., 2017). As high-quality input of single cells (or nu-
clei) is a key variable for successful scRNAseq analyses, correct
handling and sampling is crucial. Notably, in a recent study ana-
lyzing post-mortem brain snRNAseq, RNA integrity was only
weakly correlated with the final number of recovered cells, and
had little effect on the number of genes or UMI detected (Maitra
et al., 2021), suggesting that for samples with suboptimal quality
and RNA integrity, the main consequence may be simply that
more cells fail quality control, leading to less cells recovered
overall rather than the preferential loss of specific cell types.
Importantly, this assumes that the RNA degradation is evenly
distributed across all cell types.

In this review, we have highlighted how scRNAseq has enabled
the identification of previously unknown cell subtypes in the hu-
man placenta and provided insight into the molecular mecha-
nisms underlying the differentiation of placental cell types.
Despite these advances, there is still a lack of consensus regard-
ing cell type annotations and the genes used to identify them.
This also suggests the fallibility of the clustering algorithms for
developing tissues when comparing to fully developed tissues, as
cells do not have a fixed but a continuous signature throughout
development. To assist future studies, here we have outlined spe-
cific marker genes using different meta-analyses and the avail-
able literature for both first trimester and term placentas (Fig. 7).
While application of the single-cell technique to study placentas
has traditionally been affected by sampling and lack of consider-
ation for potential confounding factors, such as fetal sex, the use
of scRNAseq, snRNAseq, or spatial transcriptomics holds strong
promise for enhancing our understanding of human placentas
and pregnancy-related disorders in future studies.

Supplementary data are available at Human Reproduction
Update online.
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