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Objective: To define the decidual microenvironment in euploid and aneuploid missed abortions and elective termination of
pregnancies.

Design: Prospective, multicenter, observational study.

Setting: Tertiary hospital and descriptive analysis of transcriptomic data.

Patient(s): A total of 34 patients experienced abortions, including 6 women who underwent elective terminations of pregnancy of un-
planned pregnancies and 28 cases with missed abortions. All patients underwent their operations from Sep, 2021 to Sep, 2022.
Intervention(s): All women underwent villous copy number variation sequencing. Meanwhile, single-cell RNA sequencing were
performed in the decidual tissues of 16 women, and reverse transcription quantitative polymerase chain reaction were performed in
the decidual tissues of 18 women.

Main Outcome Measure(s): Single-cell RNA sequencing was used to explore the changes in the microenvironment of decidual tissues
in abortions.

Result(s): Single-cell RNA sequencing indicated that the microenvironment of the decidual tissue of the missed-abortion group was
altered, and that the stromal cells (SCs), natural killer cells, macrophages, and epithelial cells all reflected functional imbalances
compared with the elective terminations of pregnancy group. We also noted a correlation between the proportion of senescent SCs
and chromosomal abnormalities in missed-abortion embryos. The proportion of senescent decidual SCs in the decidual tissue of
missed-abortion patients with common chromosomal abnormalities of the fetus was higher, and this was not conducive to fetal
growth and was closely related to missed abortion. In addition, we ascertained that the strength of the HLA-KIR interaction
between NK1 and NK2 subsets and non-senescent stromal cell subsets in the missed abortion decidual tissues was weakened,
potentially playing a role in the occurrence of missed abortion.

Conclusion(s): The decidualization of SCs in the missed-abortion decidual tissues was impaired, the clearance of senescent SCs by NK
cells was weakened, the killing toxicity of non-senescent SCs was enhanced, macrophages were insufficiently resident at the maternal-
fetal interface, and epithelial cell differentiation was unbalanced—all creating a maternal microenvironment that was not conducive to
fetal growth. We posit that interfering with the expression of dysregulated genes in the missed-abortion decidual tissues and reversing
the maternal microenvironment might constitute an effective means toward improving the clinical outcome of missed abortions.
Intriguingly, we observed a correlation between stromal cell senescence and embryonic chromosomal abnormalities. Thus, we
hypothesize that the DIO2 marker of senescent SCs can be used as a risk indicator for the occurrence of missed miscarriages with
chromosomal abnormalities of the embryos, and that it can be applied to guide the clinical diagnosis and treatment of recurrent
abortion.

Clinical Trial Registration Number: NCT04425317. (Fertil Steril® 2023;119:492-503. ©2022 by American Society for Reproductive
Medicine.)
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ally in the first trimester. Early missed abortion refers

to death of the embryo or fetus before 12 weeks of
gestation, with the conceptus fragments remaining in the
uterine cavity without timely extrusion. Missed abortions
beset patients and families with serious psychological bur-
dens, but the mechanism(s) leading to such abortions remains
to be elucidated. It is currently posited that 56%-60% of mis-
carriages are due to fetal chromosomal abnormalities (2) that
relate to maternal immune abnormalities, thrombophilia,
infection, uterine mechanical damage, morphological abnor-
malities, and abnormal hormonal and endocrine levels (3).
With each additional abortion, the likelihood of a subsequent
successful pregnancy diminishes (1). However, many of the
couples who miscarried due to fetal chromosomal abnormal-
ities were themselves chromosomally normal and of the
appropriate chronological age so as to be able to conceive
healthy embryos after experiencing one or more spontaneous
miscarriages. Whether a chromosomal anomaly-related
missed miscarriage is an accidental phenomenon that occurs
during embryonic development or whether there are risk fac-
tors involved in its occurrence is currently unclear. It is there-
fore important to improve the overall reproductive success
rate by exploring the changes in the decidual microenviron-
ment in missed abortions, to assess their relation to embry-
onic chromosomal abnormalities, as well as to diagnose and
treat the condition.

The maternal-fetal interface is principally composed of
embryonic trophoblast cells, maternal decidual stromal cells
(DSCs), and various immune cells such as decidual natural
killer (ANK) cells, macrophages (M¢), dendritic cells (DCs), T
cells, B cells, and NKT cells as well as the soluble factors
derived from these cells (4). Different subgroups of cells
display different functions, but the specific subgroups that
contribute to the occurrence of miscarriage remain unclear
and require further clarification. Cells act as an independent
functional unit, and disparate cells occupy different roles.
In addition, dNK cells are the most abundant immune cell
population at the maternal-fetal interface, and are primarily
responsible for developing immune tolerance to the fetus,
promoting extravillous trophoblast (EVT) cell invasion, and
remodeling of the uterine spiral arteries by interacting with
EVT cells at the maternal-fetal interface (5).

Furthermore, the DSCs possess multiple biologic func-
tions, including providing nutrients required for embryonic
development, expressing receptors for pregnancy-related
hormones under their control, secreting cytokines and che-
mokines specific to the maternal-fetal interface, and regu-
lating the invasive behavior of the trophoblast; collectively,
then, trophoblasts induce maternal-fetal immune balance
and are critical to pregnancy maintenance. The physical
and molecular interaction of the embryonic trophectoderm
and the uterine epithelium allow the underlying stromal cells
(SCs) to continue to differentiate (decidualization), but
whether this decidualization of endometrial stromal cells
(EnSCs) during embryonic implantation proceeds normally
or becomes an early missed miscarriage is closely related to
the overall sequence of abortion events (6). Studies have
shown an increase in the senescent decidual cells (snDCs) in

N early 15% of pregnancies end in abortion (1), gener-
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preterm women (7), suggesting that decidual senescence is
important in preterm birth. Cellular senescence is a state
comprising an essentially irreversible proliferative arrest
combined with pronounced secretory activity. It includes
the actions of various types of reactive oxygen species, extra-
cellular matrix-remodeling proteins, proinflammatory cyto-
kines, chemokines, and growth factors. The significant
secretion of bioactive molecules thus generates the
senescence-associated secretory phenotype (8). Age-related
stimuli are more commonly found in genomic instability,
telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction,
cellular senescence, stem cell exhaustion, and altered inter-
cellular communication (9). Accumulation of snDCs leads to
local enhancement of senescence-associated secretory
phenotype, further stimulating augmented myometrial
contractility, as well as membrane activation and attenuation,
in the presence of proinflammatory cytokines.

Earlier detection technologies lacked the necessary depth,
analysis rate, and accuracy in the study of missed abortion.
Single-cell technology, in contrast, takes the basic functional
unit of life, i.e., the cell, as the research object, and offers a
higher resolution that allows the deeper exploration of
various developmental states. The heterogeneity of the micro-
environment in which the embryo thrives can be used to infer
communication networks between different cell types at the
maternal-fetal interface (10), thus providing a powerful
means to uncover and analyze novel cellular subpopulations
of highly heterogeneous cell populations (11). In the present
study, we exploited single-cell RNA-seq to construct a
single-cell map of the decidual tissue of induced and missed
abortions, examined the microenvironment of decidual tissue
of chromosomally aneuploid and chromosomally normal
missed abortions and unplanned-pregnancy elective termina-
tions of pregnancy, and further analyzed the mechanism(s)
underlying missed abortions.

MATERIALS AND METHODS

Study ethics approval was granted by the institutional review
board (No. HNWCM(C202206).The data that support the find-
ings of this study have been deposited into CNGB Sequence
Archive (CNSA) of China National GeneBank DataBase
(CNGBdb) with accession number CNP0003470 (12, 13).

Cell Preparation

The villi and decidua were selected from the patients who had
missed abortions within 12 weeks of gestation, and the em-
bryos had died and remained in the uterine cavity and could
not be discharged spontaneously in time. All of them were ob-
tained through elective terminations of pregnancy, excluding
in vitro fertilization patients who experienced a spontaneous
pregnancy loss after embryo transfer.

After harvesting, tissues were washed in ice-cold RPMI-
1640 Medium (Hyclone, Catalog No. SH30809.01) and disso-
ciated using a Multi-tissue Dissociation Kit 2 (Miltenyi
Catalog No. 130-110-203) from Miltenyi Biotec according
to the manufacturer’s instructions. DNase treatment was
used optionally in accordance with the viscosity of the
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homogenate. We estimated cell counts and viability using a
fluorescence cell analyzer (Countstar Rigel S2) with acridine
orange/propidium iodide reagents after removing erythro-
cytes (Miltenyi, 130-094-183), and debris as well as dead cells
were removed as needed (Miltenyi, 130-109-398/130-090-
101). Finally, fresh cells were washed twice in RPMI-1640
and then resuspended at 1x10° cells per mL in 1xPBS and
0.04% bovine serum albumin.

Single-cell RNA-seq Library Construction and
Sequencing

Single-cell RNA-seq libraries were prepared using a SeekOne
MM Single Cell 3’ Library Preparation Kit (SeekGene, Catalog
No. KO0104-04). Briefly, an appropriate number of cells were
loaded into the flow channel of the SeekOne MM chip that had
170,000 microwells, and cells were allowed to settle in the mi-
crowells by gravity. After removing the nonsettled cells, suf-
ficient cell barcoded magnetic beads (CBBs) were pipetted into
the flow channel and also allowed to settle in the microwells
under a magnetic field. Next, excess CBBs were rinsed out,
and cells in the MM chip were lysed to release the RNA
captured by the CBB in the same microwell. All CBBs were
then collected, and reverse transcription was performed at
37 °C for 30 min to label the cDNA with the cell barcode on
the beads, and exonuclease I treatment was applied to remove
unused primer on the CBBs. Barcoded cDNA on the CBBs was
subsequently hybridized with random primers that had a
reads 2 SeqPrimer sequence at the 5 end and that could
extend to form the second-strand DNA with the cell barcode
at the 3’ end. The resulting second-strand DNA was denatured
off the CBBs, purified, and ultimately amplified in polymerase
chain reaction (PCR) reaction. The amplified cDNA product
was then cleaned to remove unwanted fragments and added
to full-length sequencing adapters and sample index by in-
dexed PCR. The indexed sequencing libraries were cleaned
with solid phase reverse immobilization beads, quantified
by quantitative PCR (KAPA Biosystems KK4824), and then
sequenced on an Illumina NovaSeq 6000 machine with a
PE150 read length.

Processing Single-cell RNA Sequencing Data

The raw sequencing data were processed first with Fastp (14)
to trim the primer sequences and low-quality bases. We used
SeekOneTools (Beijing SeekGene BioSciences) to process the
sequencing data and align the sequences to human GRCh38
to obtain a gene-expression matrix. We used Seurat (4.0.3)
to filter low- quality cells and cells with a number of detected
genes at <200 or >6000; cells with a high percentage (20%-
40%) of mitochondrial genes were also omitted. The remain-
ing cells were then used for subsequent analysis.

Canonical Correlation Analysis, Dimensionality
Reduction, and Clustering

After quality control and filtering, clustering and visualiza-
tion were completed with Seurat (15) (V4.0.3) using the
following steps. Library-size normalization to each cell was
conducted by NormalizeData, the variable genes were

calculated with FindVariableGenes, all libraries were combined
using FindIntegrationAnchors and IntegrateData with default
parameters, and ScaleData was employed to regress out the
variability of the numbers of unique molecular identifiers.
RunPCA and RunUMAP were implemented to reduce
dimensions, and FindClusters was exploited to cluster the cells
using 30 dims at a resolution of 0.6 (for a total of 25 clusters).

FindAllMarkers was applied to compare each cluster to all
the others to identify cluster-specific marker genes. Each re-
tained marker gene was then expressed in a minimum of
25% of cells and at a minimal log fold-change threshold of
0.25. The clustered differentially expressed genes (DEGs)
were considered significant if the adjusted P value was
<0.05 and the avg._log2FC was >0.

Stromal and NK cells were then allocated into respective
subsets and further clustered into subclusters using the
default parameters described above. According to published
gene expression (16), SCs were clustered into 2 cell clusters,
senescence (sn) and non-senescence (non-sn), and NK cells
were clustered into NK1, NK2, and NK3 subsets.

Cell-cell Interactions

We used CellPhoneDB (10) to infer cell-cell interactions, and
log-transformed and normalized counts and cell-type anno-
tations were used as inputs. To narrow the most relevant in-
teractions, we identified specific interactions classified by
ligand and receptor expression in more than 10% of cells
within a cluster and when log, mean expression of the ligand
and receptor pair was greater than 0.

Pseudotime Analysis

We applied Monocle software (version 2.3.6) (17) to determine
the potential lineage differentiation between cellular popula-
tions using default parameters. CellDataSet object was created
with recommended parameters, dispersion Table function was
used to determine genes used for pseudotime ordering. The
DDRTree method was utilized for dimension reduction and
cell ordering along the pseudotime trajectory, and branch
analysis (with branch point 1) was conducted using the
branched expression analysis modeling function. The signif-
icantly changed genes in the branch point were clustered us-
ing plot_genes_branched_pseudotime functions according to
the distinct patterns of gene-expression changes.

Enrichment Analysis

Gene Ontology-enrichment analysis of marker genes was im-
plemented with the clusterProfiler R package, and Gene
Ontology terms with a corrected P value <0.05 were consid-
ered significantly enriched by the marker gene.

Copy Number Variation Sequencing

Each fetal villus sample was used to extract genomic DNA, the
obtained 300 ng genomic DNA was fragmentated and purified
using the MagPur A3 XP Kit (Magen). After an end repair step,
the sequencing adapter was ligated to the input DNA. To
distinguish different libraries, index sequences were
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introduced by a PCR step. In accordance with the manufac-
turer’s instructions, DNA libraries were quantified and ampli-
fied by emulsion PCR, and the enriched particles were
sequenced by the Daan gene DA8600 sequencer (DAAN GEN-
E,Guangzhou, China). Clean data were obtained by removing
read when the mapq was lower than 30 and mapped to the
reference human genome version hgl9. The bam file of
each sample was analyzed by the copy number variation
plug-in (Darui Biotechnology, Guangzhou, China)to obtain
the copy number (CNs value), and the results were judged ac-
cording to the reference range. The resolution was 100 kb with
bin size of 50 kb. Approximately 3 million single end 100 bp
reads were obtained for copy number variation analysis.

Reverse transcription quantitative PCR

Total RNA was extracted from decidual tissue, using RNAiso
Plus (Takara, Shiga, Japan) according to the manufacturer’s
instructions. The Hifair II 1st Strand cDNA Synthesis Kit
(Yeasen Biotechnology, Shanghai, China) was used with 1.5
ug of total RNA in 20 uL reactions. Amplification was per-
formed on a ViiA 7 Real-Time PCR system (Applied Bio-
systems, Paisley, UK) in 10 uL reactions using 2xChamQ
Universal SYBR qPCR Master Mix (Vazyme Biotech, Nanjing,
China), with 200 nM each of forward and reverse primers.
Reference control is RPL19. The primer sequences were as fol-
lows: SCARAS5 forward: 5'-CCT GTC CAA GCT GAA CCT GT-
3’, SCARAS5 reverse: 5'-GGC CTG GAC ACT GCT AAG AT-3';
DIO2 forward: 5'-CCT CAG TGG CTG ACT TCC TG-3', DIO2
reverse: 5-GCA AGG AGA AAC GCT CCA GA-3/, RPL19 for-
ward: 5'-CAA CTC CCG TCA GCA GAT CC-3/, RPL19 reverse:
5'-CCC TTC CGC TTA CCT ATG CC-3'. The ACt is calculated by
normalizing the Ct of the target sample with the Ct of the
endogenous control and relative abundances = DIO2 PO-
WER(2, ACt) /| SCARA5 POWER(2, ACt).

Statistical Analysis

Spearman’s correlation analysis was conducted to explore the
correlation between the percentage of senescent SCs per sam-
ple and other variables. We calculated Spearman’s coefficient,
using a two-sided P value of <0.05 as statistically significant.
The Wilcoxon’s rank sum test was also applied to evaluate the
expression differences in selected genes between the sample
groups. All statistical analyses were performed using R
(version 3.6.1).

RESULTS

Single-cell Mapping of Decidua in Missed and
Normal Abortions

To investigate whether the changes in the decidual microen-
vironment were related to fetal chromosomal abnormalities,
we collected the decidual and fetal villous tissues from 16
women who aborted in the first trimester, including 2 cases
of elective terminations of pregnancy (the NC group) and 14
cases of missed abortions (the MA group). The decidual tissue
was subjected to single-cell RNA sequencing, and fetal villous
tissue was subjected to copy number variation sequencing.
The MA group was further subclassified according to the
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presence of chromosomal abnormalities in the fetus,
including 12 cases with fetal chromosomal aneuploidy
(MA-A group) and 2 cases with normal fetal chromosomes
(MA-N group) (Fig. 1A) (Supplemental Table 1, available on-
line). After quality filtering and batch correction, graph-based
clustering was performed to group a total of 102,787 cells
according to gene-expression profiles (Fig. 1B). There were
9 major clusters in both NC group and MA group samples,
including NK cells, monocytes, epithelial cells, SCs, DCs,
endothelial cells, M¢, neutrophils, and B cells (Fig. 1C). NK
cells accounted for the largest proportion of immune cells in
the majority of decidual tissues, whereas neutrophils
accounted for the highest proportion in PL0O01, PL0O12, and
PLO13 samples (Fig. 1D); the granulocyte index was normal
(Supplemental Table 1). Compared with the NC group, the
proportion of SCs decreased and the proportion of immune-
related cells increased in the MA group (Fig. 1D).

Characteristics of Decidual NK Cells

By analyzing the DEGs between MA and NC groups, we found
that decidual NK cells in the MA group were significantly up-
regulated in their expression of a group of heat-shock protein
70 genes (HSPA1A, HSPA6, and HSPAIB) and down-
regulated the expression of GNLY, KIR2DL1, and KIR2DL3
(Fig. 2A) (Supplemental Table 2, available online). In addition,
the significantly up-regulated DEGs in the MA group were
principally enriched in heat-shock protein binding, response
to heat stress, and exogenous apoptosis-related signaling
pathways (Fig. 2B) (Supplemental Table 2). When we subclus-
tered the NK cells we obtained 4 subpopulations (NK1, NK2,
NK3, and undefined) by co-annotation of marker genes
(Fig. 2C-2D). Analysis of DEGs revealed that the NK1 and
NK2 subsets (hereinafter collectively referred to as NK1_2)
showed a higher expression of KIR2DL 1, KIR2DL3, KIR2DL4,
and NCAM1I relative to NK3 (Fig. 2E and Supplemental
Table 2). Analysis of receptor-ligand interactions found that
there were interactions with HLA-C _KIR2DL1 and HLA-
C_KIR2DL3 between SCs and NK1_2 in the NC group, but
the interactions were not observed in the MA group
(Fig. 2F). The functionality of decidual NK cells in the
missed-abortion group was altered relative to that in the NC
group, and the maternal environment may not be conducive
to the growth and development of the fetus.

Characteristics of DSCs

The differentiation and transformation of EnSCs into special-
ized DSCs before and during pregnancy is one of the founda-
tions for the initiation and maintenance of pregnancy.
Therefore, we analyzed the SCs in the decidua between the
MA and NC groups and found that the DEGs in the MA group
exhibited significantly down-regulated OSR2, growth factor-
related genes, MMP19 and HAND?2, as well as also showed
up-regulated SERPINE2, MMP10, TIMP3, and collagen-
related genes (Fig. 3A and Supplemental Table 2).

After subclustering of SCs, 2 subpopulations of senescent
stromal cells (snSCs) and non-snSCs were obtained using
senescence-related marker gene annotation (Fig. 3B-3C).
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With regard to non-snSCs, the MA group comprised signifi-
cantly up-regulated DEGs enriched in extracellular matrix
binding-related signaling pathways compared with the NC
group (Fig. 3D, Table S2). In the analysis of NK cell character-
istics we determined that the SCs in the NC group interacted
with the NK1_2 cell subsets, and we then further analyzed
the cellular communication between the SCs subsets and the
NK cell subsets in the NC and MA group. We noted that
only the HLA-C-KIR2DL1 and HLA-C-KIR2DL3 interacted
between non-snSCs and NK1_2 cells in the NC group (Fig. 3E).

In addition, we observed that the proportion of snSCs in
the MA-A group was significantly higher than that in the
NC and MA-N groups, and that the distributional difference
was not correlated with pregnant age and gestational age
(Fig. 4A and 4B). Because we also noted that the proportions
of snSC in the NC and MA-N groups were less than 10%, we
then divided samples in the MA-A group into 2 subgroups by
taking the proportion of snSCs at the cut-off value of 10%. A
clinical comparison of the 2 subgroups showed that the fetal
aneuploid abnormalities in the high-proportion group were
more common (Table S3).Pseudotime analysis was conducted
on the SCs of the 3 groups, and we determined that the

differentiative trend in SCs was the same among the 3 groups,
although there were differences in the distribution of snSCs
and non-snSCs among the groups (Fig. 4C). In the process
of differentiation from non-snSCs to snSCs, the expression
of DIO2 gradually increases, and the expression of SCARAS
gradually decreases (Fig. 4C).Real-time PCR was performed
to further analyze the relative abundance of DIO2 | SCARA5
among NC, MA-N and MA-A group. The relative abundance
of DIO2 | SCARAS5 was significantly high in the MA-A group
than NC and MA-N group (P<0.05) (Fig. 4C). The fetal aneu-
ploid abnormalities in the high relative abundance (DIO2/
SCARA5>2) samples of MA-A group were more common
in clinical medicine.

Characterization of Decidual Macrophages

Massively infiltrating and enriched decidual macrophages
(dM¢), which are widely recognized as important regulators
of maternal-fetal immunotolerance and trophoblast inva-
sion, contribute to normal pregnancy. Analysis of DEGs in
M¢ between the MA and NC groups showed that in the MA
group the autophagy gene ATG was up-regulated, whereas
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we observed down-regulation of LPAR6 and genes related to
the pro-angiogenic factors IGFBP4, IGFBP7, and IGFI
(Supplemental Fig. 1A, available online) (Supplemental
Table 2). The differential gene-enriched signaling pathways
that were down-regulated in the MA group compared with
the NC group involved negative regulation of cell migration,
cell adhesion, and growth factors (Supplemental Fig. 1B,
available online) (Supplemental Table 2). The inactivation of
lysophosphatidic acid metabolism and autophagy of dM¢ in
the MA group thus led to insufficient residence at the
maternal-fetal interface, which affected the immune micro-
environment balance at the maternal-fetal interface.

Characteristic of Decidual Epithelial Cells

We next analyzed the DEGs of epithelial cells in the decidual
tissue in the MA and NC groups, and found down-regulation
of the Wnt-signaling pathway-related gene JUN in the NC
group, and up-regulation of the Notch signaling pathway-
related genes ANXA4, MDK, YBX1, and IL6ST; the secretory
epithelial cell marker gene DEFBI; and transcription factors
related to Wnt-signaling pathway inhibition (HNFIB,
FOXO01, and HIF1A) (Supplemental Fig. 2, available online)
(Supplemental Table 2). The imbalance between Wnt and
Notch pathway regulation in the differentiation of epithelial
cells in decidual tissue from missed abortions thus affected
the maternal decidual microenvironment and may be not
conducive to fetal survival.

DISCUSSION

With the increasing awareness of developmental abnormal-
ities at the maternal-fetal interface during pregnancy and
preterm birth, more attention has been given to the relation-
ship between adverse embryonic development in early preg-
nancy and the decidua. Although SCs support normal
growth and development of the embryos after sufficient de-
cidualization, the ability of decidualization to occur smoothly
during embryonic implantation is key to the normal progres-
sion of pregnancy. Mature DSCs possess tight connections
with other immune cells, and successful endometrial transfor-
mation in early pregnancy requires successful differentiation
of the EnSCs into DSCs and the rapid elimination of snSCs by
activated dNK cells; in contradistinction, the presence of
defective snSCs within this process leads to early pregnancy
loss (18). We herein constructed a single-cell atlas of decidual
tissue from induced and missed abortions using single-cell
RNA-seq, and demonstrated that the cell types annotated as
NK, neutrophils, B, SCs, M¢, monocytes, SCs, epithelial cells,
and endothelial cells were distributed within each sample.
Except for SCs, the proportions of NK cells, monocytes, Mg,
neutrophils, and other immune cells were higher in the
missed-abortion decidual tissues than in the decidual tissue
of the elective terminations of pregnancy group—indicating
that the decidual tissue of the missed-abortion group
possessed a higher proportion of immune cells, thereby re-
flecting an inflammatory microenvironment.

The dNK cell is the principal immune cell resident at the
maternal-fetal interface (10). In our study, we analyzed the
DEGs between the MA group and the NC group and found

that the decidual NK cells in the MA group significantly
up-regulated the expression of a group of heat-shock protein
70 genes; down-regulated the expression of GNLY, KIR2DL1,
and KIR2DL3 (19). KIR gene family and GNLY gene expres-
sion can enhance the killing ability to fetal bacterial infection
and reduce the killing toxicity to fetal trophoblast (20), indi-
cating that different types of NK cells play a role in the MA
combined NC group.

In a study of NK cells from decidual samples of patients
with recurrent abortions, investigators found the cells to be
functionally divided into 2 groups: one that secretes growth
factors and supports embryonic growth, and the other that se-
cretes cytokines that promote the formation of an inflamma-
tory environment in the decidua and that are detrimental to
embryonic growth; a lack of protective NK cells then leads
to recurrent miscarriages (21). We identified 3 major dNK
cell subsets (NK1, NK2, and NK3) by single-cell RNA-seq, of
which NK1 and NK2 exhibited similar gene-expression pro-
files, with a higher expression of genes encoding KIR proteins
and NCAM]1 relative to NK3. Studies have shown that the
expression of the KIR gene family not only inhibits the
maternal attack on the fetus, but that NCAMI1+ NK cells
can eliminate decidualized snSCs, maintain endometrial ho-
meostasis, and successfully complete decidualization (18).
We observed that NK1/2 subsets functionally inhibited cyto-
toxicity toward embryos and removed snSCs, exerting a pro-
tective effect on embryonic development, whereas NK3
subtypes manifested no obvious role in the transformation
of senescent cells and reduced the maternal effect on the fetus.
Thus, NK cells exerted both protective and lethal actions on
embryonic development, depending on the cell subtype (16).
Analysis of cellular communication between different NK
subsets and other cell types revealed that NK1/2 in the MA
group attenuated the strength of the HLA-KIR interaction
with SCs compared with the NC group, and that the NK1/2
subsets in missed abortions were more toxic to maternal stro-
mal cells than in the NC group. When we further evaluated the
cellular communication between NK subsets and stromal cell
subsets, we demonstrated that the NK1/2 cells in MA group
down-regulated the robustness of the HLA-KIR interaction
with non-snSCs compared with the NC group. Compared
with the NC, the NK1/2 subset in the MA group manifested
dysfunctional actions that not only enhanced cytotoxicity
to non-snSCs but also weakened the scavenging activity of
senescent SCs, disrupting the balance of the maternal
microenvironment.

This study was the first to depict a correlation between the
proportion of decidual snSCs in missed abortions and embry-
onic chromosomal anomalies, potentially affecting the
maternal decidual microenvironment and causing missed
abortions. After subgrouping the collected samples according
to the snSC maker DIO2 and non-snSC maker SCARA5, we
demonstrated that snSCs up-regulated differential genes en-
riched in multiple signaling pathways involved in cell adhe-
sion, creating difficulty in clearing snSCs. Increased sn
abundance was reported to create a maternal environment
in which inflammation exacerbated progesterone resistance
and was detrimental to fetal development (16). Although
the differentiative trend in SCs was consistent among the 3
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groups in the present study, we noted differences in the distri-
butions of senescent and non-senescent SCs among the
groups, with a significantly greater proportion of snSCs in
the group of aborted embryos with chromosomal abnormal-
ities than in the other 2 groups. Only a small fraction of the
NC group differentiated into senescent SCs.

Earlier studies showed that senescence occurred during
mouse development (22), and that cellular senescence was
a process within embryonic development. Because the
abnormal chromosomal condition of tetraploidy can be
found in the EVTs of hyperplastic complete moles, tetra-
ploidy is posited to trigger cellular senescence as a process
limiting doubling during the placental development to pre-
vent excessive polyploidization, genomic instability, and
tumorigenesis (23). It was also reported that different levels
of embryo-derived substances secreted by embryos of dispa-
rate quality appeared to determine the activity of dNK cells—
particularly in embryos with chromosomal abnormalities—
with the killing activity of dNK toward snSCs being reduced
(24). It is hypothesized that the senescence of DSCs is related
to fetal chromosomal abnormality and fetal arrest. In pa-
tients with missed abortion, the incidence of chromosomal
abnormalities in embryonic villi was approximately 29%-
50%, and approximately 90% of embryonic chromosomal
abnormalities were abnormal in their number of chromo-
somes, with autosomal trisomy the most common (including
trisomies 13, 15, 16, 18, 22, and 21) (25). In monosomic
abortion, euchromatids are relatively rare, and most are X
chromatids that appear due to the loss of the X chromosome
in couples. Despite the small sample size of the present
study, the occurrence of chromosomes in commonly aborted
embryos uncovered in our study was similar to that of pre-
vious studies. Intriguingly, we also found that among the
DSCs of these embryos containing common abnormal chro-
mosomes (e.g., 22, 16, 15, and X), senescent DSCs accounted
for an elevated proportion, whereas senescent DSCs were
found in less-frequent chromosomal trisomies (i.e., 10, 11,
and 7) in embryos; for embryonic DCs without chromosomal
aberrations, the proportion of senescent DSCs was low.
Because these chromosomes commonly found in aborted
tissues are primarily short- and medium-sized acrocentric
chromosomes (except for sex-chromosome monosomy),
the crossover process during the pachytene stage and the
segregation stage process during diplotene stage may put
these particular chromosomes at risk (26). Moreover, the
biologic mechanisms controlling this process now appear
to be susceptible to the senescent process. Based on single-
cell transcriptomics analysis, we herein propose that fetal
chromosomal abnormalities are related to the distributional
abundances of SC subsets, and that their presence exacer-
bates the process of non-snSCs that differentiate into snSCs
to form a maternal environment unfavorable for fetal
growth. We therefore speculate that the snSC maker DIO2
may serve as a viable risk indicator.

Decidual M¢ plays a crucial role in apoptosis and cell
clearance during pregnancy, and rapid and efficient removal
of apoptotic cells prevents self-antigen leakage and inflam-
mation. It plays a significant role in angiogenesis and spiral
artery remodeling during the first trimester of pregnancy
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(27), as well as contributes to normal pregnancy. Analysis
of DEGs in M¢ between MA group and NC group showed
that MA group up-regulated autophagy gene ATG3 in Mg;
down-regulated ENPP2-lysophosphatidic acid (LPA) recep-
tor (LPAR6 and angiogenic factor-related genes (IGFBP4,
IGFBP7, IGF1). This may lead to an increase in M¢ auto-
phagy, which leads to a decrease in M¢. At the same time,
activation of LPA not only promoted the adhesion and reten-
tion of dM¢, but also promoted M2 differentiation during
normal pregnancy. ENPP2-LPA metabolic inactivation and
dM¢ resident impairment of autophagy leading to dM¢
also increases the risk of miscarriage (28). In the MA group,
the normal balance of the immune microenvironment at the
maternal-fetal interface was disrupted, resulting in missed
miscarriages.

Endometrial epithelial cells consist of secretory epithelial
cells and ciliated epithelial cells, which in normal decidual tis-
sue exhibit a secretory cell profile (29). It has been reported
that down-regulation of Wnt and Notch pathways in endo-
metrial organoids increases the differentiation efficiency of
secretory epithelial cells and ciliated epithelial cells, respec-
tively, and found that the Notch pathway-induced secretory
epithelium dominates in decidual tissue (30). Notch signaling
pathway regulates cell proliferation, differentiation, and
apoptosis (31), but in the decidua of the MA group, Notch
pathway-related genes, secretory epithelial cell marker gene
DEFBI, and transcription factors related to Wnt-signaling
pathway inhibition were found to be down-regulated. This re-
duces the differentiation of secretory epithelium, which af-
fects the maternal decidual environment and normal
embryonic development.

There were some limitations to the present study. Owing
to our small sample size, although we discerned a correlation
between SCs and chromosomal abnormalities, we could not
elucidate a causal relationship. In the future it will be neces-
sary to further clarify the abortive mechanism(s) underlying
chromosomally abnormal embryos and the relationship be-
tween stromal cell senescence and chromosomal abnormal-
ities. The proportion of neutrophils in some decidual
samples was very high, and the mechanism(s) governing its
development remains to be determined.

In conclusion, we observed that stromal cell decidualiza-
tion was impaired in the missed-abortion decidual tissues, NK
cell clearance of snSCs was diminished, cytotoxicity against
non-snSCs was enhanced, M¢ were insufficiently resident
at the maternal-fetal interface, and epithelial cell differentia-
tion was unbalanced. These phenomena thus created a
maternal microenvironment that was unfavorable for fetal
growth. We posit that interfering with the expression of dys-
regulated genes in the missed-abortion decidual tissues and
reversing an unhealthy maternal microenvironment may be
an effective means toward improving the clinical outcome
of missed abortions. We also noted a correlation between
stromal cell senescence and embryonic chromosomal abnor-
malities. Therefore, DIO2 as a marker of snSCs may be ex-
ploited as one of risk indicators for missed abortions in
which the embryos exhibit chromosomal abnormalities, and
DIO2 may be helpful to guide the clinical diagnosis and treat-
ment of recurrent abortion.
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Fertility and Sterility®

Perfil de célula tnica del microambiente en tejido decidual de mujeres con aborto diferido.

Objetivo: Definir el microambiente decidual en abortos diferidos euploides y aneuploides y en interrupcion voluntaria de gestaciones.
Diseno: Estudio prospectivo, multicéntrico y observacional.

Lugar: Hospital terciario y analisis descriptivo de datos transcriptomicos.

Pacientes: Un total de 34 pacientes experimentaron abortos, incluyendo 6 mujeres sometidas a interrupcion voluntaria del embarazo
de gestaciones no planificadas y 28 casos de abortos diferidos. Todas las pacientes realizaron sus operaciones de Sept 2021 a Sept 2022.

Intervenciones: Todas las mujeres se sometieron a la secuenciacion de la variacién del nimero de copias de las vellosidades. Mientras
tanto, la secuenciacion del RNA de célula unica fue realizada en tejido decidual de 16 mujeres, y la retrotranscripcion y reaccion en
cadena de la polimerasa cuantitativa se realizo en tejido decidual de 18 mujeres.

Variable principal: La secuenciacién del ARN de célula tnica se utilizé para explorar los cambios en el microambiente de los tejidos
deciduales de abortos.

Resultados: La secuenciacion del ARN de célula unica indicé que el microambiente del tejido decidual del grupo aborto diferido estaba
alterada, y que las células estromales (SC), células natural killer y las células epiteliales reflejaban todas alteraciones funcionales en
comparacion con el grupo de interrupcion voluntaria del embarazo. Se observo ademas una correlacion entre la proporcion de SC sen-
escentes y las anormalidades cromosémicas en embriones de aborto diferido. La proporcién de SC deciduales senescentes en el tejido
decidual de las pacientes con aborto diferido con anormalidades cromosdmicas comunes del feto era mayor, y esto no era favorable para
el crecimiento fetal y estaba intimamente relacionado con el aborto diferido. Ademas, comprobamos que la potencia de la interaccién
HLA-KIR entre los subgrupos NK1y NK2 y los subtipos de células estromales no senescentes en los tejidos deciduales del aborto diferido
era débil, jugando potencialmente un papel en la ocurrencia del aborto diferido.

Conclusion: La decidualizacién de las SC en tejidos deciduales de abortos diferidos estaba alterada, la eliminacion de las células SC
senescentes por las células NK disminuida, la toxicidad letal de las SC no senescentes aumentada, los macréfagos no residian de forma
insuficiente en la interfase materno-fetal, y la diferenciacion de células epiteliales estaba desequilibrada- creando todo un microam-
biente materno que no era propicio para el crecimiento fetal. Proponemos que interferir con la expresion de genes alterados en los tejidos
deciduales del aborto diferido y revertir el microambiente materno podria constituir un medio eficaz para mejorar el resultado clinico de
los abortos diferidos. Curiosamente, observamos una correlacion entre la senescencia de las células del estroma y las anomalias cro-
mosémicas embrionarias. Por tanto, hipotetizamos que el marcador de células SC senescentes DIO2 puede ser utilizado como un mar-
cador de riesgo en la incidencia de los abortos diferidos con anormalidades cromosémicas del embrién, y que puede ser aplicado para
guiar el diagndstico clinico y el tratamiento del aborto recurrente.
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