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Application of single-cell RNA
sequencing in preeclampsia

Xiaojing Pan and Ting Luo®

Department of Obstetrics, Affiliated Wenling Maternal and Child Health Care Hospital, Wenling City,
Zhejiang Province, China

Preeclampsia (PE) is a pregnancy-specific multisystem disorder and a
leading cause of maternal and perinatal morbidity and mortality worldwide.
Despite the widely accepted two-stage model involving placental
dysfunction and maternal systemic inflammation, the precise cellular and
molecular mechanisms underlying its pathogenesis remain incompletely
understood. In recent years, single-cell RNA sequencing (scRNA-seq) has
emerged as a transformative technology capable of resolving transcriptional
heterogeneity at unprecedented resolution, offering new insights into the
complex cellular landscape of the maternal-fetal interface. This review
systematically summarizes the application of scRNA-seq in advancing the
understanding of PE pathogenesis. We first introduce the technical
principles and advantages of scRNA-seq over bulk sequencing methods.
Subsequently, we highlight key findings from scRNA-seq studies of the
normal placenta and decidua, establishing a reference for cellular
composition and trophoblast differentiation trajectories. We then focus on
studies of PE placentas, which have revealed distinct dysfunction in
trophoblast subpopulations—including impaired differentiation, invasion, and
accelerated senescence—and have identified novel regulatory molecules
such as BHLHE40, NDRG1, and DAB2. Additionally, we discuss scRNA-seq-
derived insights into immune dysregulation at the maternal-fetal interface,
including altered NK cell subsets, macrophage polarization, and disruption
of immune tolerance mediated by molecules such as HLA-F and JUNB.
Finally, we explore the translational potential of scRNA-seq in identifying
novel biomarkers, constructing predictive models, and enabling disease
subtyping for precision medicine. By capturing cell-specific transcriptional
changes, scRNA-seq provides a powerful framework for deciphering the
complexity of PE and holds promise for improving its prediction, diagnosis,
and therapy.

KEYWORDS
immune microenvironment, maternal-fetal interface, placenta, preeclampsia, single-
cell RNA sequencing, trophoblast

1 Introduction

Preeclampsia (PE) is a multisystem syndrome characterized by the onset of
hypertension and proteinuria after 20 weeks of gestation (1-3). It can affect maternal
organs such as the liver, kidneys, and central nervous system, and lead to fetal growth
restriction (FGR) (1-3). PE threatens approximately 2%—8% of pregnancies and is a
leading cause of maternal and fetal morbidity and mortality. The etiology and
pathogenesis of PE are highly complex, involving a combination of genetic,
immunological, vascular, and environmental factors (4, 5). It is now widely accepted that
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the placenta, a unique organ connecting the mother and fetus, plays a
pivotal role in the pathogenesis of PE. Insufficient invasion of
placental trophoblasts and inadequate remodeling of the uterine
spiral arteries in early pregnancy lead to placental ischemia and
hypoxia. This, in turn, triggers the release of various anti-
angiogenic factors and inflammatory mediators into the maternal
circulation, activating a systemic inflammatory response and
causing vascular endothelial cell damage, which ultimately
manifests as the multisystem clinical features of PE (6-8).

Although this theory is widely accepted, the cellular and
molecular mechanisms driving the initial placental dysfunction
remain incompletely elucidated. Current research primarily focuses
on trophoblasts, immune cells, fibroblasts, decidual stromal cells,
vascular endothelial cells, among others (9, 10). Traditional
research methods, such as microarrays or bulk RNA sequencing
(bulk RNA-seq), only provide average gene expression profiles of
tissue samples and cannot distinguish the specific alterations
occurring within different cell types (e.g., extravillous trophoblasts,
syncytiotrophoblasts, maternal immune cells) (9, 11, 12). Single-cell
RNA sequencing (scRNA-seq) technology overcomes this
bottleneck. This technique sequences genetic information at the
single-cell level, enabling the isolation, lysis, amplification, and
sequencing of a large number of individual cells from a tissue
sample. Consequently, it reveals the gene expression of cellular
subpopulations in the normal placenta and the alterations in gene
expression profiles of specific cell subpopulations, intercellular
communication networks, and novel cellular states under the
pathological condition of PE, thereby providing an unprecedented
level of granularity (13-16).

This review systematically elaborates on how scRNA-seq
technology helps deepens our understanding of PE pathogenesis
and discusses its translational potential in the diagnosis and
treatment of preeclampsia.

2 Single-cell RNA sequencing
technology

First reported by Tang et al. (17) in 2009, scRNA-seq is a high-
throughput technique capable of performing whole-transcriptome
analysis at single-cell resolution.

The core strengths of scRNA-seq lie in its high resolution and
sensitivity, enabling the revelation of heterogeneity within cell
populations and the identification of rare but functionally
important cell subsets. However, it is crucial to acknowledge
that scRNA-seq
suspensions. For samples that are difficult to dissociate (e.g.,

requires high-quality, viable single-cell

frozen tissues or tissues with complex cell matrices), single-

nucleus RNA sequencing (snRNA-seq) is often a more
appropriate alternative (18-20). In recent years, with significant

technological breakthroughs, its cost has decreased substantially,

Abbreviations

PE, pre-eclampsia; IUGR, intrauterine growth restriction; EOPE, early-onset
pre-eclampsia; LOPE, late-onset pre-eclampsia; scRNA-seq, single-cell RNA
sequencing;  snRNA-seq, RNA  sequencing; CVD,
cardiovascular disease; ROS, reactive oxygen species; PCR, polymerase chain
reaction; EVT, extravillous trophoblast cells; SMC, smooth muscle cell.
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and automation and throughput have greatly improved, making
it possible to analyze millions of cells in a single experiment.

The workflow of scRNA-seq primarily includes single-cell
isolation and RNA capture, reverse transcription and cDNA
amplification, library construction, high-throughput sequencing,
and data analysis (15, 21). Among these, single-cell isolation is a
critical step with a major impact on subsequent processing. The
isolation must be rapid, efficient, and gentle to preserve the native
expression profile. Methods for isolating single-cell samples include
limiting dilution, micromanipulation, laser capture microdissection
(LCM), fluorescence-activated cell sorting (FACS), magnetic-
activated cell sorting (MACS), and microfluidic technology
(22-25). Currently, platforms based on MACS and microfluidic
technology have become the mainstream choices due to their
higher efficiency, scale, and precision. The step of reverse
transcription and ¢cDNA amplification is crucial as it determines
the sensitivity of sequencing. Most current studies employ the poly-
T primer method for reverse transcription. Second-strand synthesis
during reverse transcription mainly involves two approaches: one is
the polyadenylated tailing method, which is fast but may introduce
amplification errors, leading to reduced 5" end coverage; the other
is template switching, which can capture more complete full-length
transcripts, reducing 3’ bias caused by incomplete reverse
transcription, but with relatively lower sensitivity (26, 27).
Following the conversion of RNA to first-strand cDNA, the
resulting cDNA is amplified via polymerase chain reaction (PCR)
or *in vitro* transcription (IVT) (28). Both methods can introduce
amplification biases. To overcome amplification-related biases,
unique molecular identifiers (UMIs) are introduced during the
reverse transcription step to barcode each individual mRNA
molecule within a cell. This improves the quantitative nature of
scRNA-seq and enhances read accuracy by effectively eliminating
PCR amplification bias (29). After generating barcoded single-cell
cDNA, high-throughput sequencing platforms (such as DNBseq
based on DNA nanoballs) are used for sequencing, yielding single-
stranded circular DNA libraries (15). Finally, data analysis proceeds
through multiple steps including sequence alignment, cell quality
control, gene quantification, data normalization, removal of
confounding factors, dimensionality reduction, clustering analysis,
and downstream functional interpretatio (30). Despite its power,
scRNA-seq is limited by technical factors such as dissociation bias,
cell capture efficiency, and gene dropout events, which must be
considered when interpreting data.

As akey method for deciphering the interactions between cellular
metabolites and gene expression, scRNA-seq has been widely applied
in various research fields such as embryonic development, tissue and
organ formation, tumor microenvironments, and the immune
system, becoming a revolutionary technology driving life sciences
research (31-35) (Figure 1).

3 Normal placental tissue at single-cell
sequencing resolution

The placenta serves as the interface between mother and fetus,
responsible for the exchange of gases, nutrients, and waste
products, and produces hormones and growth factors that
support fetal development and ensure a healthy pregnancy (36).
The human placenta consists of a fetal part and a maternal part.
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TABLE 1 Key scRNA-Seq studies in preeclampsia and normal placenta.

Sample type

Cell number

Gestational
age

10.3389/fgwh.2026.1834711

Key findings

Tsang et al. (39)

Normal term
placenta, early-

onset PE placenta

Trophoblast subtypes

Term, early-onset

PE

Analyzed >24,000 cells; reconstructed trophoblast

differentiation trajectory.

Pavlicev et al.

(45)

Normal placenta

(villous tissue)

Trophoblasts, maternal

endometrial stromal cells

Term

Obtained 87 single-cell transcriptomes; investigated cellular
interactions between fetal trophoblasts and maternal

endometrial stromal cells.

Jiao et al. (46)

PE placenta,
gestational diabetes

placenta

Trophoblasts, immune cells

Not specified

Identified 96,048 cells into 6 major types (trophoblasts and
immune cells). Trophoblasts: 4 subtypes (CTB, VCT, STB,
EVT); macrophages: 3 subtypes; lymphocytes: 4 subtypes.

Zhang et al. (47)

PE placenta,
healthy control

placenta

Villous cytotrophoblast (VCT)
subtypes

Not specified (PE vs.

control)

First to identify three VCT subtypes: VCT-1 (high expression
cluster), VCT-2 (enriched in PE), VCT-3 (mainly in healthy

controls, involved in mRNA catabolism).

Zhou et al. (48)

PE placenta

Extravillous trophoblast (EVT)
subtypes

Not specified

Found elevated oxidative stress and EVT dysfunction in PE;
classified EVTs into four subtypes involved in invasion,
immunity, protein synthesis, cell migration, stress response,

apoptosis, and oxidative phosphorylation.

Yang et al. (49)

Late-onset PE
placenta, control

placenta

Trophoblasts, decidual cells

Late-onset PE

Revealed developmental deficiencies in placentation and

decidualization in late-onset PE.

Zhang et al. (50)

PE placenta

(human, rat)

Trophoblasts

Not specified

BHLHE40 and NDRG1 were overexpressed in PE placentas,
accelerating trophoblast senescence; potential key regulatory

factors.

Xiao et al. (51)

PE placenta

Villous cytotrophoblasts (VCT),
extravillous trophoblasts (EVT)

Not specified

VCT from PE patients tended to differentiate into
syncytiotrophoblasts (SCT) rather than EVT; EVT invasive
capacity was weakened due to downregulation of TMEM200A.

Wang et al. (52)

PE placenta

Extravillous trophoblasts (EVT)

Not specified

Identified GPER-YAP-Snail-CYR61 signaling axis regulating
EVT invasion; CYR61 downregulated in PE placentas, leading to

defective invasion.

Liu et al. (53)

Early-onset PE

placenta

Extravillous trophoblasts (EVT),
decidual vascular smooth muscle

cells (dVSMC)

Early-onset PE

DAB?2 is a key gene potentially affecting communication

between EVT and dVSMC via the CXCL8/PI3K/AKT pathway.

Zheng et al. (54)

Early-onset PE

Syncytiotrophoblasts (SCT),

Early-onset PE

HSD17B1 downregulation impaired SCT differentiation and

placenta endocrine cells disrupted estrogen biosynthesis, involved in EOPE pathogenesis.
Huang et al. (55) | PE placenta Trophoblasts Not specified c-Fos expression negatively correlated with neutral lipid
accumulation; c-Fos deficiency impaired trophoblast invasion,
proliferation, and fusion via p-AMPK/detyrosinated tubulin
pathway.
Zadora et al. (56) | PE placenta Trophoblasts Not specified Imprinted gene DLX5 showed loss of imprinting and increased

expression in most PE placentas; trophoblasts with high DLX5
exhibited reduced proliferation, increased metabolism, and ER

stress.

Hu et al. (57)

Early-onset PE
patients, healthy

controls

Peripheral blood mononuclear

cells (PBMCs)

Early-onset PE

Obtained 80,429 single-cell transcriptomes, identifying 19 cell
components in 6 major types. PE patients showed overactivation

of B cells, monocytes, NK cells, and suppressed T cell responses.

Whettlock et al.

Uterus (menstrual

Uterine NK cells (uNK)

Secretory phase, first

Classified uNK into three functional subsets (uNK1-3); these are

(58) cycle, early trimester most active during implantation and early placentation;
pregnancy) dynamic imbalance may be associated with pregnancy
complications.
(Continued)
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TABLE 1 Continued

Cell number

Sample type

Gestational

10.3389/fgwh.2026.1834711

Key findings
age

Li et al. (59) Maternal-fetal Uterine NK cells (uNK),

interface extravillous trophoblasts (EVT)

Jiang et al. (60) Early pregnancy Decidual macrophages

decidua

Jiang et al. (61) PE placenta Macrophages

Luo et al. (62) PE placenta Trophoblasts, NK cells

Xiong et al. (63) Data from PE Not specified (metabolic-based

patients subtyping)

Botha et al. (64) PE placenta, Placental cells

maternal blood

Sun et al. (65) PE placenta, Trophoblasts

maternal blood

Guo et al. (66) Early-onset PE, Placental tissue (bulk

late-onset PE transcriptome)

placenta
Campbell et al. Placenta (normal,

(67) PE)

Multiple cell types (deconvolution

analysis)

First trimester

First trimester

Not specified

Not specified

Not specified

Not specified

Not specified

Early-onset PE, late-

onset PE

Not specified

Cytokine signals released by uNK promoted trophoblast
differentiation during later invasion stages, regulating gene

programs related to blood flow, nutrition, and PE.

Identified three decidual macrophage subsets (CCR2-CD11cLO,
CCR2-CD11cHI, CCR2 + CD11cHI) with distinct phagocytic

capacities and functions.

Transcription factor JUNB is a key gene underlying macrophage
dysfunction in PE; inhibiting JUNB promotes M2 polarization
and enhances trophoblast invasion and angiogenesis via MIIP/

PI3K/AKT.

HLA-F expression was reduced in PE; HLA-F promotes
trophoblast proliferation, invasion, migration, and regulates NK
cell secretion of immunomodulatory factors, maintaining

immune tolerance.

Classified PE into distinct subtypes based on metabolic features;
screened five key characteristic genes (e.g., RAG1, RBBP?) to
build a prediction model.

Placenta-derived CST6/LGMN expression imbalance and
elevated maternal blood CST6 levels were associated with PE.
TPBG may promote PE by affecting spiral artery remodeling; its
level in maternal blood holds predictive potential.
Distinguished molecular features between EOPE and LOPE;

identified novel potential biomarkers such as EBI3 and IGF2.

Constructed a large-scale single-cell reference atlas;
demonstrated that many global gene expression differences in
PE are driven by changes in cell type proportions (e.g., increased

EVTs, decreased mesenchymal cells).

“Not specified” indicates that the original article did not explicitly report the gestational age or only described it as “PE vs. control”; some studies used published data or bioinformatic analysis

without specifying sample origin.

The primary functions of the placenta are carried out by
trophoblast cells. The term “trophoblast” was first used in 1889
by the Dutch embryologist Ambrosius Arnold Willem Hubrecht
(37) to describe cells that transport nutrients and form a
protective barrier between mother and fetus. He also observed
that trophoblast cells were highly invasive or “erosive.” The
placenta has three main types of epithelial trophoblasts:
cytotrophoblasts (CTB), syncytiotrophoblasts (STB), and
extravillous trophoblasts (EVT) (36, 38). The inner layer CTBs
are proliferative cells; the outer layer STBs are the functional
cells, differentiated from CTBs (39, 40). EVTs are subdivided
into interstitial trophoblasts and endovascular trophoblasts,
which cooperate to complete spiral artery remodeling.
Interstitial trophoblasts penetrate the decidua, endometrium,
and inner third of the myometrium, aggregating around the
uterine spiral arteries to prepare for the invasion of endovascular
trophoblasts. Endovascular trophoblasts then migrate retrograde
along the lumen of the spiral arteries, replacing the vascular
endothelium, thereby transforming the narrow, muscular vessels
into dilated, low-resistance uteroplacental vessels.

Frontiers in Global Women's Health

The maternal component of the placenta, the decidua, is
composed of decidual immune cells, decidual stromal cells (DSC),
and extravillous trophoblasts (EVT). Immune cells include natural
killer cells (dNK), macrophages, dendritic cells, T cells, innate
lymphoid cells, and B cells, among others, playing a key role in
establishing maternal-fetal immune tolerance (41). Single-cell RNA
sequencing (scRNA-seq) reveals the presence of at least two distinct
fibroblast populations in first-trimester villi, distinguished by the
presence or absence of the imprinted gene DLKI (42, 43). DLK1+
cells exhibit pericyte-like characteristics and may be involved in
vasculogenesis (40, 44). These fibroblasts interconnect to form
channel networks that eventually converge into the extraembryonic
coelom. Within these channels, a type of placental macrophage
called Hofbauer cells can be observed, likely playing roles in
protecting the fetus from vertical infection, influencing trophoblast
and placental vascular development, and transporting nutrients
into the extraembryonic coelom (1-3).

Numerous studies have already examined the human placental
transcriptome. Pavlicev et al. (45) sampled villous tissue from two
human term placentas, obtained 87 single-cell transcriptomes, and
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investigated cellular interactions between fetal trophoblast cells and
maternal endometrial stromal cells. Other research performed
single-cell transcriptome sequencing on cells from human placentas
in the first and second trimesters, identifying novel trophoblast
subtypes, Hofbauer cells, and mesenchymal stromal cells (40).

4 Placentas from PE pregnancies at
single-cell sequencing resolution

During pregnancy, placental gene expression undergoes
continuous changes to regulate fetal growth, maintain immune
tolerance, and modulate metabolism according to gestational
demands. scRNA-seq has been employed to uncover the
heterogeneity of different cell types within the human placenta
and to elucidate molecular interactions in placental tissues
under various conditions.

Jiao et al. (46) analyzed the heterogeneity of human placental
cells in preeclampsia (PE) using scCRNA-seq. A total of 96,048 cells
were identified and categorized into six major cell types, primarily
trophoblasts and immune cells. Trophoblasts were further
subdivided into four subtypes: cytotrophoblasts (CTB), villous
cytotrophoblasts  (VCT), syncytiotrophoblasts (STB),
extravillous trophoblasts (EVT). Immune cells were classified

and
into lymphocytes and macrophages. Macrophages comprised
three subtypes (decidual macrophages, Hofbauer cells, and

macrophages), while lymphocytes included four subtypes
(BloodNK, T cells, plasma cells, and decidual natural killer cells).

4.1 Trophoblasts

PE is a severe obstetric complication primarily characterized
by trophoblast dysfunction and impaired placental development.

Frontiers in Global Women's Health

Trophoblasts are pivotal functional cells in the placenta, playing
a crucial role in sustaining normal pregnancy. Significant
senescence of trophoblasts leads to placental dysfunction.
However, the molecular mechanisms and key regulatory targets
governing this process remain poorly understood.

scRNA-seq has advanced the understanding of trophoblasts.
Tsang et al. (39) analyzed over 24,000 unlabeled cells from full-
term normal pregnancies and early-onset preeclampsia placentas,
identifying multiple cellular subtypes within the human placenta
and reconstructing the trophoblast differentiation trajectory.
Zhang et al. isolated placental tissues from three PE and three
healthy pregnant women, obtaining 11,518 cells and further
identifying trophoblast subtypes. This study was the first to
confirm three subtypes of VCT. VCT-1 exhibited the highest
expression cluster; VCT-2 was predominantly distributed in the
PE group; VCT-3 was mainly found in the healthy pregnancy
group and was involved in nuclear-transcribed mRNA catabolic
processes and co-translational protein targeting to membranes
(47). Zhou et al. (48) also found elevated oxidative stress and
dysfunction in EVTs in PE. Their research identified that EVTs
can be divided into four subtypes, concluding that: EVTI is
associated with cell invasion and immunity; EVT2 may be related
to protein synthesis and processing, participating in pathways
such as ribosome biogenesis; EVT3 is involved in cell migration,
chromatin modification, cellular response to stress, etc.; and
EVT4 participates in the establishment of endoplasmic reticulum
and plasma membrane protein localization, mRNA metabolic
processes, intrinsic apoptotic oxidative
phosphorylation, etc.

Comprehensive comparison of cellular subpopulations and
transcriptomic differences between PE and normal placentas via

signaling pathway,

scRNA-seq reveals that PE trophoblasts exhibit endoplasmic
reticulum stress, abnormalities in specific metabolic pathways,
and dysregulation of transcription factor regulatory networks
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(e.g., modules involving CEBPB, GTF2B) (47-49). Zhang et al.
(50) found that BHLHE40 and NDRGI1 were both aberrantly
overexpressed in PE placentas from both humans and rats, and
their  overexpression significantly accelerated trophoblast
senescence in vitro. This suggests BHLHE40 and NDRG1 may
be key regulatory factors for trophoblast senescence in PE,
holding predictive value for adverse pregnancy outcomes. The
differentiation and invasion capabilities of PE trophoblasts are
also abnormal. Xiao et al. (51) found that villous
cytotrophoblasts (VCT) from PE patients tended to differentiate
into syncytiotrophoblasts (SCT) rather than
trophoblasts (EVT). Furthermore, the invasive capacity of EVTs

extravillous

was weakened due to downregulation of the TMEM200A gene.
Wang et al. (52) discovered a novel GPER-YAP-Snail-CYR61
signaling axis that regulates EVT invasion. CYR61 expression
was significantly downregulated in PE placentas, suggesting this
pathway might contribute to defective trophoblast invasion in PE.
Liu et al. (53) performed scRNA-seq on whole placental tissue
from early-onset preeclampsia (EOPE) patients, identifying DAB2
as a key gene potentially affecting communication between
extravillous trophoblasts (EVTs) and decidual vascular smooth
muscle cells (dVSMCs) via the CXCL8/PI3K/AKT pathway. PE
trophoblasts may also exhibit endocrine abnormalities. Zheng et al.
(54) found that HSD17B1 protein levels were downregulated in
EOPE patients, leading to impaired SCT differentiation and
disrupted estrogen biosynthesis. This indicates HSD17B1 is a
dominant coordinator of interactions between trophoblasts and
endocrine cells, and impairment of this coordination mechanism
may be involved in the pathogenesis of EOPE. Huang et al. (55)
found that c-Fos expression levels were negatively correlated with
neutral lipid accumulation, and c-Fos deficiency impaired
trophoblast invasion, proliferation, and fusion while promoting
This p-AMPK/
detyrosinated tubulin pathway. Aberrant gene expression within
trophoblasts themselves is also central to PE. Research by Zadora

apoptosis. change was mediated via the

et al. (56) found abnormalities in genomic imprinting in PE
placentas. They identified the imprinted gene DLX5, which showed
loss of imprinting and increased expression in most PE placentas.
In vitro experiments demonstrated that trophoblasts with high
DLX5 expression exhibited reduced proliferation,
metabolism, and endoplasmic reticulum stress, with transcriptional

increased

profiles resembling PE placentas. Cross-species comparisons
indicated DLX5 is a species-specific factor within the regulatory
network controlling human trophoblast differentiation. It should
be noted that while these in vitro and ex vivo findings provide
strong functional evidence, they do not conclusively establish
causality in vivo, and the translatability of findings from rodent
models requires caution.

4.2 Immune cells

A substantial number of immune cells reside at the maternal-
fetal interface. Hu et al. isolated peripheral blood mononuclear
cells (PBMCs) from three EOPE patients and two healthy
controls, obtaining a total of 80,429 single-cell transcriptomes.
They identified 19 cellular components belonging to six major
cell types: T cells, B cells, NK cells, monocytes, plasmacytoid
dendritic cells, and conventional dendritic cells (57).

Frontiers in Global Women's Health

10.3389/fgwh.2026.1834711

As pregnancy progresses, individual immune cells exert
crucial immunomodulatory and pregnancy-promoting roles
through adaptive self-reprogramming throughout gestation.
Several studies suggest the occurrence of PE may be associated
with functional dysregulation of immune cells and aberrant
intercellular communication at the maternal-fetal interface.

NK cells are the most abundant immune cells at the maternal-
fetal interface and are vital for regulating trophoblast invasion and
vascular remodeling. Whettlock et al. (58) integrated scRNA-seq
data to classify uterine NK cells (uNK) into three functionally
distinct subsets (uUNK1-3). Their study found uNK1 and uNK2
were most active in early pregnancy, and all subsets expressed
KIR2D molecules with the highest frequency during the
secretory phase and first trimester, enabling interaction with
trophoblast HLA-C. This indicates uNK cells are particularly
active during the critical periods of implantation and early
placentation, and dynamic imbalance among their subsets may
be associated with pregnancy complications. Research by Li
et al. (59) revealed specific mechanisms by which uNK cells
regulate placentation. Using scRNA-seq and organoid models,
they found that cytokine signals released by uNK cells promoted
trophoblast differentiation during later stages of invasion and
regulated gene programs related to blood flow, nutrition, and
pregnancy complications like PE.

Decidual macrophages are another key cell type maintaining
homeostasis at the maternal-fetal interface, and their dysfunction is
closely linked to PE. Jiang et al. (60) identified three decidual

macrophage subsets (CCR2-CD11cLO, CCR2-CD11cHI,
CCR2 + CDI11cHI) with distinct phagocytic capacities and
functional properties. Among them, the pro-inflammatory

CCR2 + CD11cHI subset and the antioxidant/anti-inflammatory
CCR2-CD11cHI subset were primarily located at the trophoblast
invasion front, potentially jointly maintaining local inflammatory
balance. Further scRNA-seq research by Jiang et al. (61) found the
transcription factor JUNB to be a key gene underlying macrophage
dysfunction in PE. Inhibiting JUNB promoted macrophage
polarization towards the M2 phenotype and, through activation of
the MIIP/PI3K/AKT pathway, subsequently enhanced trophoblast
invasion and angiogenesis, suggesting targeting JUNB could be a
novel strategy for alleviating PE.

The occurrence of PE is related to maternal immune tolerance
imbalance towards the embryo. Luo et al. (62) analyzed micro-
placentas from PE pregnancies using scRNA-seq, revealing
extensive immune disturbances at the maternal-fetal interface.
They specifically focused on the non-classical HLA molecule
HLA-F, finding its expression was reduced in PE samples.
Functional experiments demonstrated that HLA-F expression in
promoted their proliferation,
migration, and  regulated NK  cell
immunomodulatory factors (e.g., CSF1, CCL22), facilitating the
transformation of adaptive NKG2C+ NK cells. This unveils a
novel mechanism for HLA-F in maintaining immune tolerance.

The pathology of PE is not confined to the local uterine

trophoblasts invasion, and

secretion of

environment but also involves systemic immune alterations. Hu
et al. (57) performed scRNA-seq analysis on PBMCs from PE
patients. Their study found that PE patients exhibited
overactivation of B cells, monocytes, and NK cells during
pregnancy, while immune responses of CD4+ and CD8+ T cells
(particularly memory T cells) were suppressed. This imbalanced
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state could persist postpartum, suggesting its sustained impact on
PE pathogenesis and recurrence risk.

scRNA-seq has significantly deepened our understanding of
the immune mechanisms in PE. These findings not only
partially explain the complex immunological etiology of PE but
also provide a crucial basis for developing novel diagnostic
biomarkers and therapeutic targets directed at specific immune
cell subsets or molecular pathways.

5 Conclusion and prospect

scRNA-seq enables detailed analysis of gene expression and
can identify molecular dysregulations associated with
perturbations or diseases in individual cells, shifting the research
paradigm from tissue-level average analysis to cell-specific
resolution (40, 43, 44). In recent years, the application of
scRNA-seq has revolutionized our understanding of the cellular
composition of the placenta (38, 39, 49, 68—70), elucidating the
complex cellular and molecular landscape in PE placentas and
revealing functional disturbances within trophoblasts as well as
in the intricate immune microenvironment at the maternal-fetal
interface (13, 71, 72).

scRNA-seq studies have dissected the heterogeneity of the
trophoblast lineage, identifying specific subsets of villous
cytotrophoblasts and extravillous trophoblasts with disrupted
transcriptional programs in preeclampsia. Discoveries include
dysregulated differentiation trajectories, impaired invasive
capacity associated with specific gene signatures, and the
identification of novel regulatory axes (e.g., GPER-YAP-Snail-
CYR61, c-Fos/p-AMPK) (53-55). Additionally, trophoblast
senescence, endocrine dysfunction, and metabolic stress may
contribute to PE development. While many findings have been
validated in functional models, suggesting a causal role, these
results remain primarily correlative at the transcriptomic level.
scRNA-seq has also revealed immune dysregulation in PE
patients, including impaired natural killer cell signaling, altered
macrophage polarization, disruption of immune tolerance
mechanisms, and imbalances such as B/NK cell overactivation
coupled with hypoactive T cell responses (59, 61, 62),
providing a refined perspective on immune regulation in
PE research.

scRNA-seq also facilitates disease subtyping, PE biomarker
discovery, and risk prediction model construction. Xiong et al. (63)
categorized PE into distinct subtypes based on metabolic features
and used machine learning to screen five key characteristic genes,
including RAG1 and RBBP?7, to build a prediction model. Botha
et al. (64) found that placenta-derived CST6/LGMN expression
imbalance and elevated maternal blood CST®6 levels were associated
with PE. Sun et al. (65) proposed that TPBG might promote PE by
affecting spiral artery remodeling, and its maternal blood level
holds predictive potential. Guo et al. (66) distinguished molecular
features between EOPE and LOPE and identified novel potential
biomarkers such as EBI3 and IGF2.

scRNA-seq also offers a new perspective for interpreting
Campbell et al. (67)
constructed a large-scale placental single-cell reference atlas and,

traditional bulk transcriptome data.

through “deconvolution” analysis, demonstrated that many
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global gene expression differences in PE are actually mediated
by changes in cellular This
underscores the importance of considering cellular heterogeneity

composition  proportions.
in research.

scRNA-seq also has limitations, and technical and biological
hurdles need to be addressed. First, differences exist between
early-onset and late-onset preeclampsia (PE). Placentas from
early-onset PE often exhibit more pronounced defects in
(EVT)
remodeling, as well as stronger signatures of hypoxia and
endoplasmic reticulum stress, whereas late-onset PE may involve

extravillous trophoblast invasion and spiral artery

more metabolic or inflammatory pathways. Studies should make
this  distinction. studies
report

dysregulation in PE. However, discrepancies exist in the markers

Second, multiple independent
consistently trophoblast  dysfunction and immune
and transcriptomic profiles of specific cell subtypes. For
example, the number of trophoblast subtypes and their defining
gene signatures vary across studies. These differences likely arise
from variations in clinical sample heterogeneity, placental
sampling location, gestational age at collection, and
bioinformatics analysis pipelines. Furthermore, research in this
field faces challenges due to methodological heterogeneity.
Differences in tissue dissociation protocols, cell capture
platforms, sequencing depth, and data analysis may lead to
divergent conclusions. Harmonization efforts and the use of
common reference atlases are needed to overcome these
obstacles. We also need to address the high cost and complexity
of this technology. Moreover, scRNA-seq is not well-suited to
capture the multinucleated structure of syncytiotrophoblasts,
necessitating the use of other omics approaches to compensate
for this limitation (30, 73-76).

This review systematically elaborates on the important role
and limitations of scRNA-seq in investigating trophoblast and
immune cell functions in preeclamptic placentas. It is hoped
that the application of scRNA-seq and ongoing technological
advances will accelerate the translation of these fundamental
discoveries into clinically actionable strategies for the prediction,
and personalized treatment of PE,

prevention, ultimately

improving maternal and fetal outcomes.
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