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Abstract

Purpose of Review The placenta is a transient organ that forms de novo and serves a critical role in supporting fetal growth
and development. Placental oxygen, nutrients, and waste are transported through processes that depend on vascular struc-
ture and cell type-specific expression and localization of membrane transporters. Understanding how the placenta develops
holds great significance for maternal—fetal medicine. The purpose of this review is to examine current information regarding
placental progenitor populations.

Recent Findings Recent advancements in single-cell RNA sequencing (scRNA-seq) provide unprecedented depth for the
investigation of cell type-specific gene expression patterns in the placenta. Thus far, several mouse placenta sScCRNA-seq
studies have been conducted which produced and analyzed transcriptomes of placental progenitors and cells of the fully
developed placenta between embryonic day (E) 7.0 and E12.5. Together with human placenta scRNA-seq data which, in
part, has been produced through coordinated research campaigns in the scientific community to understand the potential for
SARS-CoV-2 infection, these mammalian studies lend fundamental insight into the cellular and molecular composition of
hemochorial placentae found in both mouse and human.

Summary Single-cell placenta research has advanced understanding of tissue-resident stem cells and molecules that are
poised to support maternal—fetal communication and nutrient transport. Herein, we provide context for these recent find-
ings by reviewing placental anatomy and cell populations, and discuss recent sScRNA-seq mouse placenta findings. Further
research is needed to evaluate the utility of placental stem cells in the development of new therapeutic approaches for the
treatment of wound healing and disease.

Keywords Placenta - Placental development - Placentation - SARS-CoV-2 - Single-cell RNA sequencing - Stem cells

Introduction

The placenta performs multiple functions that are essen-
tial for fetal development and the maintenance of mater-
nal health during pregnancy. It is a transient organ across
which oxygen, carbon dioxide, water, nutrients, and waste
are transported between maternal and fetal circulations. The
placenta also produces hormones and angiogenic molecules
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that participate in maternal adaptations to pregnancy. The
mouse placenta is a hemochorial-type placenta, character-
ized by two distinct circulations, maternal-placental (utero-
placental) and fetal-placental (fetoplacental), and the direct
interaction of maternal blood with chorionic epithelial
cells of extraembryonic origin [1]. Genes that are critical
for placentation and placental nutrient transport have been
discovered through human genomics, agricultural cloning,
and mouse genetics.
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The mouse has been particularly critical in understand-
ing genetic pathways that regulate differentiation of placen-
tal progenitors, as it is a widely used model of mammalian
genetics. Thousands of knockout mouse strains have been
generated and characterized by individual investigators
as well as newer coordinated efforts, such as those driven
by the Knock Out Mouse Project (KOMP) [2], and inter-
national phenotyping efforts coordinated by Deciphering
the Mechanisms of Developmental Disorders Programme
(DMDD) [3, 4], and the International Mouse Phenotyping
Consortium (IMPC) [5, 6]. The mouse model enables the
collection and analysis of placental progenitors and pla-
centa tissue across all stages of pregnancy through the use
of timed mating and precise microdissection. To date, an
immense knowledge base has been constructed that serves as
a foundational understanding of the processes and molecular
players that give rise to diverse cell types in the hemocho-
rial placentae, including trophoblast stem cells and tissue-
resident stem cells. More recently, the advent of single-cell
RNA sequencing (scRNA-seq) has begun to build on this
foundation by uncovered complex networks and previously
unrecognized diversity and plasticity in placental cell popu-
lations which we are just beginning to understand. In the

following sections, we summarize placental anatomy and
developmental milestones, review the current understand-
ing of hematopoietic competency of the placenta, summa-
rize recent mouse placenta scRNA-seq studies, and discuss
recent human placenta single-cell studies analyzed through
coordinated efforts to determine the potential for vertical
transmission of SARS-CoV-2. Together, these recent mouse
and human studies have significantly expanded the scientific
understanding of the complex molecular and cellular com-
position of the hemochorial placenta.

Foundations of Placental Development:
a Brief Overview of Tissues, Cells, Molecules,
and Epigenetics

The mouse placenta contains multiple compartments,
including the remodeled decidua, the junctional zone, the
labyrinth, and the chorionic plate (Fig. 1a, d). The labyrinth
of the placenta harbors a specialized maternal—fetal inter-
face (MFI) which mediates maternal—fetal communication.
Oxygen, nutrients, and waste are transported across the MFI
through processes that depend, in part, on the structure and

Fig. 1 Placental tissues analyzed through scRNA-seq or snRNA-seq
studies. Tissues that have been analyzed through scRNA-seq span
E7.0-E14.5 (a). These include embryonic and extraembryonic tis-
sues isolated from the gastrulating mouse embryo between E7.0 and
E7.75, as well as from Theiler stage 12 embryos at~ES8.5. After
chorioallantoic fusion, available single-cell studies have focused on
the chorioallantois (developing labyrinth), labyrinth, ectoplacen-
tal cone, and chorionic plate. Examples of formalin-fixed paraffin-
embedded (FFPE) E8.5, E9.5, and E10.5 mouse placenta tissue sec-
tions stained with immunofluorescent antibodies are shown (b—d).
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Immunofluorescent labels include antibodies against the epithelial
marker e-cadherin (CDH1), the basal lamina protein lamininalphal
(LMN1), the endothelial protein endoglin (ENG), the trophoblast
marker cytokeratin 7 (CK7), and the placental phosphate transporter
SLC20A2. Abbreviations: Al, allantois; CA, chorioallantois; Ch,
chorion; CP, chorionic plate; De, decidua; E, embryonic day; EPC,
ectoplacental cone; EXE, extraembryonic ectoderm; Jz, junctional
zone; Lab, labyrinth; MG, metrial gland; Mm, Mus musculus; TGC,
trophoblast giant cells; TS, Theiler stage
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surface area of maternal-placental and placental-fetal vas-
cular compartments and cell type-specific expression and
localization of membrane transporters. Understanding how
the specialized vasculature of the MFI develops and func-
tions holds great significance for maternal-fetal medicine.
The side of the MFI that interacts with fetal blood is lined
by endothelial cells of extraembryonic origin, and the side of
the MFI that interacts with maternal blood is uniquely lined
by cells of the trophoblast lineage [7, 8.ee].

Trophoblasts are indeed a major cell type in the placenta,
and numerous subtypes of trophoblasts have been described
that perform diverse yet essential functions. Trophoblasts are
derived from trophoblast stem cells that first appear during
preimplantation development. This early cell lineage divi-
sion occurs at embryonic day (E) 3.5 in the mouse, at the
blastocyst stage which is characterized by the presence of an
inner cell mass (ICM), a blastocoel cavity, and a well-defined
distinct outer trophectoderm (TE). At the molecular level,
the trophoblast lineage presents specific hypomethylation
of the Elf5 promoter [9] and can be identified by the expres-
sion of Cdx2 [10], a class I homeobox transcription factor.
The specification of embryonic and TE lineages is initiated
by transcriptional networks in which OCT4 (POUS5F1) and
CDX2 play central roles [10-12]. In the TE, Cdx2 expres-
sion is activated in part by HIPPO signaling and restricted
to the outer cells upon compaction of the morula at~E2.5,
resulting in a commitment to the TE lineage [10-13]. In
both human and mouse, CDX2/Cdx2, TEAD4/Tead4, and
OCT4/Oct4 transcripts are enriched in the blastocyst, and
loss of function mouse studies have demonstrated their roles
in TE and ICM cell fate determination, respectively [14, 15].

The TE gives rise to epithelial trophoblast lineages of
the placenta (embryonic ectoderm and ectoplacental cone),
whereas the ICM is generally considered to give rise to the
embryo proper, with some exceptions. By E6.5, the mouse
blastocyst has developed into an egg cylinder morphology,
and the tissues that will give rise to fetal membranes and pla-
centa have formed, including the amnion, chorion, and allan-
tois [11]. The development of the labyrinth starts at~E8.5
with the fusion of chorionic mesothelium, extraembryonic
ectoderm (ExE), and allantoic mesoderm, as diagrammed
in Fig. 1a, b. By E9.5, allantoic vessels invaginate towards
chorionic folds, and the primitive interhemal membrane
forms which contains syncytiotrophoblast cells, mesen-
chyme, basal lamina, and endothelial cells (Fig. 1a, c). As
development progresses, the placental labyrinth becomes
increasingly convoluted into an intricate labyrinthine struc-
ture (Fig. 1a—d). The MFI is fully formed by ~E12.5 in the
mouse. The fully developed mouse MFI contains three
trophoblast layers: non-syncytial sinusoidal trophoblast giant
cells (S-TGC) and two layers of syncytiotrophoblast cells
(SynT-I and SynT-II). SynT-I is proximal to the maternal
blood space, and SynT-II is juxtaposed to the basal lamina

of fetal capillaries. SynT-I cells are Mct! and Syna positive,
whereas SynT-II expresses Geml, Cebpa, and Synb [16].
Outside of the labyrinth, trophoblast giant cells (TGCs) are
in direct contact with the maternal decidua. Lastly, spongio-
trophoblast (SpT) and glycogen cells (GC) form the major
endocrine compartment of the placenta [17, 18]. Together,
these trophoblast subtypes perform the central functions of
the mouse placenta, which are to provide oxygen and nutri-
ents to the fetus, while removing carbon dioxide and other
waste products, to metabolize substances and hormones, and
to protect the fetus against infections and xenobiotics.

In addition to gene expression changes and mRNA or
protein markers, divergent DNA methylation patterns have
been observed in embryonic and extraembryonic compart-
ments that are critical to the commitment of lineage-specific
differentiation and development [19, 20.e¢]. The de novo
DNA methylation patterns are mediated by DNA methyl-
transferases (DNMT), including DNMT3A, DNMT?3B,
and the co-factor DNMT3L [19, 20.ee, 21]. An asymmetry
between embryo and placenta DNA methylation patterns
occurs rapidly during preimplantation development, initiat-
ing a de novo methylation wave between E4.5 and E7.5. The
expression of Dnmt3b is higher than Dnmt3a in the epiblast
and embryonic derived cells, whereas relative expression
of Dnmt3b is reduced in the EXE and trophoblast lineage
[22]. At E6.5, the epiblast presents a higher DNA methyla-
tion state in comparison to the EXE [22]. Recent studies by
Legault et al. support that DNMT3B activity is initially the
main provider of this asymmetric methylation mark at the
peri-implantation stage, while DNMT3A becomes the prin-
cipal de novo methyltransferase as development progresses
[23]. In the fully developed placenta, methylation profiles in
retrotransposons Rltr10 and Ritr20 also display heterogene-
ity between placental layers in the mouse, particularly in the
labyrinth across which maternal—fetal transport of nutrients
and oxygen occurs, and the endocrine junctional zone [24].
A future investigation employing multi-omics studies that
integrate this mRNA, protein, and epigenetic data is needed
to better understand tissue-wide mechanisms of gene expres-
sion and stem cell maintenance in the placenta.

Tissue-Resident Placental Stem Cells
in the Placenta: Hemogenic Endothelium
and Mesenchymal Stem Cells

The previous section describes progenitor cells observed
during early development of the placenta, yet a large body
of research supports that the placenta also harbors tissue-
resident stem cells that have the potential to differentiate
into multiple cell types when cultured ex vivo, including
cells with hematopoietic potential and mesenchymal stem
cells.
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Developmentally, the establishment and onset of hemat-
opoiesis occur in unison with the development of vascular
networks during embryogenesis. Briefly, hematopoiesis
occurs in two waves termed primitive hematopoiesis and
definitive hematopoiesis, which are described in depth
in a recent review by Jagannathan-Bogdan and Zon [25].
In the mouse model, primitive hematopoiesis initiates in
blood islands at embryonic day (E) 7.25 [26]. The yolk sac
hemogenic endothelium is the first to give rise to eryth-
rocytes and macrophages during primitive hematopoiesis
[25]. Cells produced in the primitive wave are poised to
provide oxygen to the embryonic tissues prior to definitive
hematopoiesis and blood flow [25, 26]. Definitive hemat-
opoiesis gives rise to hematopoietic stem cells (HSCs)
and multi-lineage hematopoietic stem and progenitor
cells (HSPCs) that differentiate and subsequently migrate
to multiple locations during embryonic development and
into adulthood, including the placenta and bone marrow
[27]. Erythrocytes that form during primitive hematopoie-
sis differ from those produced by definitive hematopoiesis
and are larger and nucleated. Definitive hematopoiesis is
observed at ~E8.25 in the yolk sac, ~E9.5 in the placenta,
and in the aorta-gonad-mesonephros (AGM) at~E10.5.
Hematopoiesis within the AGM peaks at around E10.5, at
which time HSPCs and HSCs are generated and begin to
migrate to the fetal liver (~E11.0), before residing in the
bone marrow at E16.5 [26, 28-31].

HSCs are derived from hemogenic endothelial cells,
a subset of specialized tissue-resident endothelial cells
that have the potential in situ to give rise to HSCs and
downstream HSPCs in vivo and in vitro [26, 29, 32, 33].
At the molecular level, mouse HSCs are characterized by
the presence of SCA1, c-KIT, CD31, and integrin alpha
2b (CD41) proteins [34-36]. HSC can be detected within
chorioallantoic mesenchyme and fetal vessels of the pla-
cental labyrinth during midgestation in the mouse [36].
They are first observed at~E9.0 in the mouse placenta and
increase dramatically in number between E12.0 and E13.0
[30, 34-36]. The first placental HSC clusters originate
from the allantois and are regulated by endothelial niche
cells [34]. CD41 and c-KIT proteins are both detected in
the mouse allantois [37] and, when isolated prior to their
fusion, both the chorion and allantois harbor hematopoi-
etic stem cells with the potential to give rise to myeloid
and definitive erythroid cells [7, 35, 37, 38]. Overall, these
data support that the mouse placenta harbors intrinsic
hematopoietic potential.

In addition to hemogenic endothelium and HSCs studied
in mouse and human, mesenchymal stromal cells (MSC)
are an additional type of tissue-resident placental stem cell
which are of great interest for cell-based therapies for the
treatment of a variety of disorders including wound healing.
MSC:s in the human placenta have been studied extensively.
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Human MSCs are fibroblast-like cells which have been
shown to have multi-lineage differentiation potential and
immunomodulatory properties [39, 40]. The Mesenchymal
and Tissue Stem Cell Committee of the International Soci-
ety for Cellular Therapy has defined three MSC criteria:
the MSCs must adhere to plastic, express specific surface
antigens, and show multipotent differentiation potential [41,
42]. MSC antigens specifically include CD105, CD73, and
CD90, and exclude CD45, CD34, CD14/CD11b, CD79a/
CD19, and HLA class II [42]. Currently, four regions of the
fetal placenta have been identified as harboring potential
stem/progenitor cells, including human amniotic epithe-
lial cells (hAECs), human amniotic mesenchymal stromal
cells (hAMSCs), human chorionic mesenchymal stromal
cells (hCMSCs), and human chorionic trophoblastic cells
(hCTCs) [41, 43]. In addition, MSC have been isolated from
chorionic villi and maternal decidua basalis as well as the
umbilical cord (Wharton’s jelly) [43]. Finally, a subset of
trophoblasts have also been shown to lack expression of
MHC class II antigens which normally mediate graft rejec-
tion [44]. The lack of MHC class II antigens supports that
MSC are strong candidates for the cell-based treatment of
disease, including wound healing, but further research is
needed to further characterize the molecular composition
and plasticity of these cells. Importantly, scRNA-seq pro-
vides a new avenue for in-depth and high-throughput under-
standing of MSCs and may provide critical stepping stones
for translating tissue-resident placental stem cells into the
clinic.

Single-Cell Analyses of Mouse Placenta:
Recent Studies of Placental Progenitors
and the Cellular Composition of the Fully
Developed Placenta

The advent of scRNA-seq has established a new frontier
in biomedical research, enabling investigators to detect and
describe the breadth of cell type-specific transcriptomes in
complex organisms and tissues. A number of groups have
already applied scRNA-seq to the analysis of mouse and
human placenta. In this section, we discuss the first available
scRNA-seq mouse placenta studies which were published
between 2016 and 2020. The mouse strain, cell selection
method, developmental stage, isolated tissues, sorting and
sequencing method, reference genome, and annotation are
compared in Table 1. Mouse strains in which placental cells
or placental progenitors (EXE and allantois) were examined
include CD-1, C57B1/6, and CBA, and the developmental
stages that have been studied include E7.0-E14.5 [8.ee,
45.00,46.00 470]

Nelson et al. and Scialdone et al. published the first two
scRNA-seq studies to incorporate placental progenitors in
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Table 1 Placental tissues analyzed through scRNA-seq or snRNA-seq
studies. Published single-cell or single-nuclei studies are listed which
analyze placenta and/or placental progenitor populations. For each
study, the mouse strain, cell selection method, developmental stage,
isolated tissues, sorting and sequencing method, reference genome,
and annotation are compared. The colored dots included next to each
citation correspond to tissues diagrammed in Fig. 1a. Angled yellow
and blue lines on the E9.5 placenta indicate that this tissue was exam-

ined by both Nelson et al. [8.e®] and Marsh and Blelloch [46.e°].
Abbreviations: CA, chorioallantois; CP, chorionic plate; E, embry-
onic day; EPC, ectoplacental cone; EXE, extraembryonic ectoderm;
scRNA-seq, single-cell RNA sequencing; snRNA-seq, single-nuclei
RNA sequencing. Cell selection proteins include integrin alpha chain
2b (CD41), fetal liver kinase 1 (Flk1), and PR domain zinc finger pro-
tein (Prdml)

Citation |Strain Cell Selection |Developmental Stage |Tissus Collected Sorting and Sequencing Ref. Genome |Annotation
Scialdone et al. 2016 CD-1 CD41+, Flk1+ E7.0 (Primitive streak) Embryo, EXE scRNA-seq, SMART-seq2, Manual M. musculus Ensembl v38.77
Scialdone etal. 2016 CD-1 CD41+, Flk1+ E7.5 (Neural plate) Embryo, EXE scRNA-seq, SMART-seq2, Manual M. musculus Ensembl v38.77
Scialdone etal. 2016 @[CD-1 CD41+, Flk1+ E7.75 (Head fold) Embryo, EXE scRNA-seq, SMART-seq2, Manual M. musculus Ensembl v38.77
Ibarra-Soria etal. 2018 @|C57BL/6, CBA |N/A E8.25 (TS12, 2-4s) Embryo, EXE scRNA-seq, 10X Genomics GRCm38.p4 Ensembl v84
Nelson et al. 2016 CD-1 Prdm1-Venus+ E9.5 CA, EPC scRNA-seq, Manual sorting Mm9 Ensembl v67
Marsh and Blelloch 2020. C57BL/6J N/A E9.5 Labyrinth, CP snRNA-seq, 10x Genomics Mm10 CellRanger 3.0.2
Marsh and Blelloch 2020@|C57BL/6J N/A E10.5 Labyrinth, CP snRNA-seq, 10x Genomics Mm10 CellRanger 3.0.2
Marsh and Blelloch 2020@)|C57BL/6J N/A E125 Labyrinth, CP snRNA-seq, 10x Genomics Mm10 CellRanger 3.0.2
Marsh and Blelloch 2020@|C57BL/6J N/A E14.5 Labyrinth, CP snRNA-seq, 10x Genomics Mm10 CellRanger 3.0.2

2016, and both studies utilized mechanical dissociation
[8.ee, 45.0¢]. Nelson et al. applied scRNA-seq to examine
the function of PRDM1/BLIMPI1. A previously validated
Prdm1-Venus fluorescent BAC transgenic reporter was
employed to enable manual cell selection of individual E9.5
placental cells using a glass capillary [8.ee]. After prepara-
tion and controlling for outliers, the cells were sequenced
using an Illumina HiSeq 2500. Based on the expression
of 15, 402 genes, the investigators identified six distinct
populations of cells among 78 samples through the use of
hierarchical clustering and principal component analysis,
including two of maternal origin and four extraembryonic
origin [8.ee]. This study determined that Prdm] is essential
for the specification of spiral artery trophoblast giant cells
[8.e¢], and the data and methods produced from the study
continue to inform and guide single-cell studies in the pla-
centa research field. Scialdone et al. applied the Smart-seq2
protocol and manual sorting to study the mouse epiblast and
extraembryonic mesoderm during gastrulation between E7.0
and E7.75 [45.e¢]. Scialdone et al. were the first team to pro-
duce a cell type-specific transcriptome-wide in vivo view of
early mesoderm formation in a mammalian model [45.e¢].
This study centered largely on the differentiation of the germ
layers and embryonic mesoderm, in particular, and gener-
ated novel extraembryonic single-cell data by profiling the
cellular composition of the allantois which will give rise to
the umbilical cord and fetal endothelial cell compartment of
the fully developed placental vasculature [45.e¢]. Scialdone
et al. successfully applied scRNA-seq to identify altered dis-
tributions of Sox7 and Cbfa2t3, among other genes known
to be regulators of blood development [45.e¢].

In 2018, Ibarra-Soria et al. published whole embryo
scRNA-seq findings which characterized E8.25 (late gas-
trulation) mouse embryonic and extraembryonic cell popu-
lations, with a focus on the endodermal, mesodermal, and
ectodermal germ layers [48.e¢]. The Ibarra-Soria team
sequenced over 20,000 cells from E8.25 embryos with con-
firmed Theiler stage 12 (2—4 somite) morphology using the

10 X Genomic Platform and an [llumina HiSeq 2500 [48.e¢].
Out of 20,000 cells, transcriptomes for 19,396 cells were
analyzed and assigned to 33 distinct clusters by analysis of
15,073 unique transcripts [48.e¢]. A total of 20 major cell
types are described (some encompassing multiple clusters)
which expressed a number of germ layer-specific genes,
including 869 endodermal genes, 240 mesodermal genes,
and 150 ectodermal genes [48.e¢]. The results supported that
the endothelium is subdivided based on cell maturity and
location and in association with the development of blood
progenitor cells. In addition to the identification of allantoic
and ExE gene clusters, this study revealed a critical role for
the leukotriene biosynthesis pathway as a key regulator of
blood cell development [48.e]. An association with Alox5
was also observed, indicating that Alox5 regulates leukot-
riene production and the transition of hemogenic endothelial
cells to erythro-myeloid progenitors [48.ee].

More recently, scRNA has been applied to advance the
understanding of cell type-specific transcriptomes in the fully
developed mouse placenta [46.ee]. Marsh and Blelloch used
scRNA-seq to examine the labyrinth in a study published
in 2020 that aimed to define the cellular composition of the
MEFI. This work garnered vast swaths of data on cell tra-
jectories, signaling interactions, and transcriptional drivers
that will inform future studies in mouse and human models
for years to come [46.e¢]. Marsh and Blelloch investigated
placental scRNA-seq expression profiles at multiple devel-
opmental stages following chorioallantoic fusion in order
to better understand the differentiation and specialization
of chorionic trophoblast in the mouse placental labyrinth,
including E9.5, E10.5, E12.5, and E14.5 [46.e¢]. In contrast
to the previously described methods, Marsh and Blelloch
employed single nuclei RNA-seq (snRNA-seq) in lieu of
scRNA-seq methods which proved incompatible due to the
presence of large multinucleated syncytiotrophoblasts in the
placenta. Five major cell types were identified by snRNA-
seq, including decidual stroma, fetal mesenchyme, endothe-
lial cells, blood cells, and trophoblast [46.ee]. Although
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decidual stromal cells were largely avoided through excision
of the labyrinth between the allantois and the decidua, mater-
nal nuclei were identified by the expression of Xist.

Among the major cell types observed by Marsh and Blel-
loch, two subgroups of fetal mesenchyme cells were identi-
fied, one with pericyte markers, and growth factors associ-
ated with vascular development, Wnt5b and Pdgfrb, and a
second population expressing Gata4, Kit, and Pdpn [46.ee].
Multiple endothelial cells were also identified, including
vascular endothelium (expressing Pecaml, Kdr, and Tek),
lymphatic endothelium (Fit4/Vegfr3), a pro-angiogenic
lineage (Vegfc), and a lymphogenic lineage (/gf1). Hemat-
opoietic cells included erythrocytes (Hbb-y, Hba-x), mac-
rophages (Mrcl +), B-cells (Bankl, Btla), T-cells (Gzmc,
Skamf1, Cd84), and natural killer cells (Cd244) [46.e¢].

Among the TE lineage, known markers of SynT-I (Tfrc
and Mctl) and SynT-1I (Epha4, Tgfa, Gecml and Synb) were
observed in association as expected. Transporter genes
and pathways, in particular, demarcate unique functions
for each trophoblast layer. For example, folate receptors
Folrl and Folr2 were detected in association with SynT-I
genes, whereas the carboxylate transport genes and choles-
terol transporters Scarbl and Vidlr associated with SynT-
IT markers, and Hdlbp and Ldlr were detected in S-TGC,
demonstrating the specialization in the function of these
trophoblast layers. SpT and GCs of the junctional zone were
also identified. Finally, two novel subgroups of labyrinthine
trophoblast progenitor cells (LaTP) were observed. Both
groups expressed Epcam and differed in part by the level
of Met expression. Elevated Mer expression was associated
with precursors for SynT-1I, whereas elevated expression of
Tcf711, a transcription factor in the Wnt signaling pathway,
was associated with in precursors for SynT-I and S-TGC.
In contrast, low Tcf711 was associated with differentiating
SynT-II cells, further supporting the role of Wnt signaling
in SynT-II differentiation. Indeed, multiple Wnt signaling
genes (e.g., Ror2, Lgr5, and Tcf711) were upregulated in
LaTP and presumptive SynT-II precursors [47e].

Intracellular transport and cell signaling genes consistent
with cell-cell communication were also detected in SynT-
I, SynT-II, and S-TGC cells. The SynT-II transcriptomes
revealed increased expression of genes involved in cell—cell
and cell-matrix interactions, such as adherens junction pro-
teins and collagens, reflecting the critical barrier function of
SynT-II cells which are positioned medially to the SynT-1
and fetal endothelium. In contrast, genes involved in signal-
ing and migration were overrepresented in S-TGC, which
reside in the maternal blood space and are connected to the
SynT-I by highly plastic desmosomes. Cells of a presump-
tive S-TGC fate also displayed relatively high Lifr expres-
sion, consistent with the known requirement for LIF/STAT3
signaling in the normal formation of the labyrinth. LIF/
STATS3 signaling is just one example of a gene that may
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be important to further understand the origin of placental
disorders [49], such as placental abruption, placenta accreta,
placenta previa, preeclampsia, and fetal growth restriction,
which may be affected by signaling pathways involved in
mediating and maintaining the fetal-maternal interface.

Single-Cell Analyses of the Human Placenta:
Recent Studies Pertaining to SARS-CoV-2

As reviewed recently by Li et al., Xiao et al., and Turco and
Moffett, scRNA-seq studies of human placenta have gener-
ated and expanded understanding of the cellular composi-
tion of the human placenta [50, 51.ee, 52]. For example,
the transcription factor gene Gem/! is detected in SynT-1I in
mice, as well as in intravillous cytotrophoblast cluster 3 in
human as identified in Pavlicev et al., supporting a conserved
role in syncytiotrophoblast differentiation [53]. As another
example of a conserved target which can inform both funda-
mental understanding of placenta as well as clinical attrib-
utes is Plac8. Plac8 is expressed in mouse GCs as well as
in human interstitial extravillous trophoblast cells, where it
in involved in invasion and migration; Plac8 is upregulated
in response to hypoxia and is upregulated in preeclamptic
placentas [53, 54]. In contrast, Podxl is highly expressed
in mouse S-TGC, which are involved in the formation and
maintenance of maternal blood spaces around the inter-
face; meanwhile, Podx! is highly expressed in endometrial
stromal fibroblasts in human. These studies in hand with
mouse placenta research provide critical information that
is needed to understand the level of conservation between
mouse and human placenta at the molecular and cellular
level. Most recently, these approaches have been employed
to better understand the potential for vertical transmission
of SARS-CoV-2.

Multiple studies of human scRNA-seq and bulk RNA-
seq data have been undertaken recently to advance the
understanding of placental molecules that may interact
with SARS-CoV-2. Early in the start of the SARS-CoV-2
pandemic, Mengmeng et al. used scRNA-seq databases,
including the Gene Expression Omnibus (GEO) Database
and E-MTAB-6701 to examine the possibility of vertical
transmission of SARS-CoV-2 from the mother to the fetus
[55]. Human placenta datasets, human fetal heart, liver, and
kidney datasets, as well as human and mouse lung datasets,
were compiled, analyzed by Seurat computational algo-
rithms, visualized as a violin plot, and statistically evalu-
ated. The angiotensin-converting enzyme 2 (ACE2) recep-
tor for SARS-CoV-2 was indeed heavily expressed in the
MEFI of mice, supporting that more research was needed to
determine if vertical transmission of the virus is possible
through this pathway [55], though subsequent studies in
human were discordant. In an alternate study, Pique-Regi
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et al. were able to use sScCRNA-seq to determine that co-
transcription of ACE2 and TMPRSS2 is negligible in the
placenta and thus concluded that vertical transmission of
the virus via this route is unlikely [56]. Accordingly, Meng-
die Lii et al. performed single-cell transcriptomic analysis
and detected only nine ACE2-positive trophoblasts in the
placenta out of 9852, indicating a low possibility of ver-
tical transmission for SARS-CoV-2 [57]. Finally, a recent
study by Cui et al. utilized transcriptomes (SMART-Seq2)
to demonstrate that the presence of ACE2 and TMPRSS2 is
strongly associated with viral invasion, epithelial cell pro-
liferation, and cell adhesion molecule binding [58]. Overall,
this body of work suggests that vertical transmission of the
SARS-CoV-2 by ACE2 and TMPRSS2 is possible, but rare,
and to date, there is still no consensus. Indeed, clinical stud-
ies only support rare instances of vertical transmission of
SARS-CoV-2, and most reported neonatal infections lack
evidence of viral RNA in the fetal blood and amniotic fluid.
A recent study by Colson et al.>® analyzed the placentas of
31 COVID-19-positive mothers and detected one case of
placental infection. The authors further expanded the study
with tractable in vitro experiments and did not detect the
virus inside primary cytotrophoblasts or syncytiotropho-
blasts exposed to SARS-CoV-2 virions. Lastly, the authors
did not detect TMPRSS2 in the syncytium, thus supporting
that trophoblasts are unlikely to be infected by SARS-CoV-2
at term. Further study is needed to evaluate temporally spe-
cific windows of susceptibility to vertical transmission, as
well as long-term sequalae that may associate with maternal,
fetal, or neonatal SARS-CoV-2 infection.

Conclusions

The application of mouse placenta scRNA-seq has shown that
this methodology and analysis pipeline is a valuable discovery
tool for identifying and characterizing cell types without prior
knowledge of all cellular phenotypes present within the tissue
being examined. scRNA-seq has also been used effectively to
test hypotheses surrounding mechanisms of development and
disease through the analysis of genetically modified mouse
models and clinical tissues. These critical studies build on
an already strong foundational knowledge base, yet the com-
plexity that has been discovered through scRNA-seq supports
a premise for further, nuanced inquiry into conserved func-
tions of proteins and signaling pathways at the hemochorial
maternal—fetal interface of mouse and human. Ultimately, the
heterogeneity observed clinically in human placental disor-
ders may also relate, in part, to subtle differences in cellular
composition or anatomical position of critical low-number
cell populations which may be overlooked in both bulk and
single-cell approaches. Looking forward, longitudinal stud-
ies which incorporate positional (histological) information

and multi-omics data, such as miRNA profiles (which may
negatively regulate translation), and proteomes (which pro-
vide definitive support of protein abundance), are needed for a
systemic spatiotemporal understanding of the placenta across
gestation. In conclusion, placenta research at the single-cell
level in both mouse and human holds great potential for impact
with regard to both advancing fundamental understanding of
the MFI and translating this knowledge into novel approaches
for diagnosing, monitoring, and treating placental disorders as
well as a disorder such as a wound healing which may benefit
from placenta cell-based therapies.
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