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Abstract
Background Recurrent spontaneous abortion (RSA) is a challenging condition that affects the health of women both 
physically and mentally, but its pathogenesis and treatment have yet to be studied in detail. In recent years, Wharton’s 
jelly-derived mesenchymal stem cells (WJ-MSCs) have been shown to be effective in treating various diseases. Current 
understanding of RSA treatment using WJ-MSCs is limited, and the exact mechanisms of WJ-MSCs action in RSA 
remains largely unclear. In this study, we explored the decidual deficiencies in RSA and the therapeutic potential of 
WJ-MSCs at single-cell resolution.

Methods Three mouse models were established: a normal pregnancy group, an RSA group, and a WJ-MSC treatment 
group. Decidual tissue samples were collected for single-cell RNA sequencing (scRNA-seq) and functional verification, 
including single-cell resolution in situ hybridization on tissues (SCRINSHOT) and immunofluorescence.

Results We generated a single-cell atlas of decidual tissues from normal pregnant, RSA, and WJ-MSC-treated mice 
and identified 14 cell clusters in the decidua on day 14. Among these cell populations, stromal cells were the most 
abundant cell clusters in the decidua, and we further identified three novel subclusters (Str_0, Str_1, and Str_2). We 
also demonstrated that the IL17 and TNF signaling pathways were enriched for upregulated DEGs of stromal cells 
in RSA mice. Intriguingly, cell–cell communication analysis revealed that Str_1 cell-related gene expression was 
greatly reduced in the RSA group and rescued in the WJ-MSC treatment group. Notably, the interaction between 
NK cells and other cells in the RSA group was attenuated, and the expression of Spp1 (identified as an endometrial 
toleration-related marker) was significantly reduced in the NK cells of the RSA group but could be restored by WJ-MSC 
treatment.
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Introduction
Successful pregnancy is characterized by effective 
embryo implantation, suitable embryonic development, 
appropriate decidual and placental development, and 
timely delivery that involves the participation of mater-
nal decidual and placental units with many other cell 
types [1, 2]. Any disturbance of these processes leads to 
compromised pregnancy outcomes via a ripple effect. 
Recurrent spontaneous abortion (RSA), which occurs 
in 5% of fertile couples, refers to at least two consecu-
tive spontaneous abortions before 20 weeks of gestation; 
however, the underlying mechanisms of RSA remain 
largely unknown due to its complex pathology. Maternal 
immune disorders, endocrine dysfunction, and genetic 
factors are hypothesized to be potential causes for RSA, 
making its clinical treatment extremely challenging [3, 4]. 
To date, there are no strict criteria for the diagnosis and 
treatment of RSA, and this greatly affects the physical 
and mental health of patients with RSA [5, 6]. Although 
a series of clinical studies regarding patients with RSA 
have investigated its underlying factors (including chro-
mosomal analysis and pelvic ultrasonography), little 
progress has been made towards effectively preventing 
the development of RSA [3, 7]. Therefore, early identifica-
tion of the causes of RSA will facilitate the effective early 
management of RSA patients and improve pregnancy 
outcomes in patients with RSA. It is conventionally 
stated that RSA is a problematic condition that affects 
the health of women both physically and mentally, and 
its pathogenesis and treatment have yet to be analyzed in 
depth.

There is an increasing amount of interest in elucidat-
ing maternal decidual functions as a critical signal and 
nutritional hub at the maternal-foetal interface to guide 
the successful development of the embryo and placenta 
by orchestrating the homeostatic balance between the 
mother and foetus [8–11]. After blastocystic tropho-
blast cells invade the endometrium, the stromal cells 
surrounding the embryo initially differentiate to form a 
primary decidual zone and then continue to proliferate 
and differentiate into a secondary decidual zone, which 
eventually transforms into decidual cells. There is also an 
undifferentiated stromal cell population in the decidual 
zone, which, together with other decidual cells, provides 
nutrition and protection for the embryo. Recent studies 
have shown the presence of in maternal decidual devel-
opment in RSA, which may be related to factors such as 

the abnormal distribution of decidual cells and the dis-
ruption of their interactions. However, the cellular and 
molecular mechanisms and the details of interactions 
among the different cell clusters in the decidua remain 
enigmatic, as do the potentially therapeutic mechanisms 
involved [12–16].

Mesenchymal stem cells (MSCs) arise mainly from the 
fat, bone marrow, and umbilical cord and comprise a 
class of stem cells with self-renewal and multidirectional 
differentiative potential [17–19]. Wharton’s jelly-derived 
MSCs (WJ-MSCs) isolated from human umbilical cords 
exhibit strong tissue repair and immunomodulatory 
potential [20, 21]. These cells can be obtained in vitro by 
noninvasive methods with few ethical implications, and 
their usefulness has become an area of intense research 
interest for stem cell therapy in regenerative medicine. 
WJ-MSCs are considered a promising and stable source 
of homozygous MSCs from umbilical cord tissue and 
constitute an ideal cell type for therapeutic use in areas 
such as developmental biology and regenerative medi-
cine [22–25]. In recent years, WJ-MSCs are shown to be 
an effective agent in the treatment of various diseases, 
such as improving cognitive impairment in patients with 
Alzheimer’s disease, reducing liver and kidney damage 
from sepsis, and accelerating wound healing in patients 
with diabetes [26–28]. Nevertheless, our current under-
standing of RSA treatment via WJ-MSCs is limited, and 
the exact underlying mechanism(s) involved remains 
largely unclear.

Therefore, to further investigate the pathogenesis of 
RSA and the therapeutic potential of WJ-MSCs, we 
performed 10× Genomics single-cell RNA sequencing 
(scRNA-seq) by collecting decidual tissues from mice 
in normal pregnancy, RSA model mice, and a WJ-MSC 
treatment group of mice. We mapped the decidual sin-
gle-cell transcript profiles of the three gestational groups 
of mice by analyzing the differential gene expression pro-
files of the five stromal cell types and identified 14 major 
cellular subpopulations. We observed that stromal cells 
were the most-represented cells in the decidual tissues 
and that different stromal cell subpopulations possessed 
a variety of functions. In addition, we observed inhibited 
communication among decidual cells, including aberrant 
interactions between stromal cells and NK cells, in RSA 
model group samples. Notably, we demonstrated at the 
single-cell level that caudal vein-grafted WJ-MSCs can 
repair defects in decidua of mice with RSA to a certain 

Conclusion Herein, we implemented scRNA-seq to systematically evaluate the cellular heterogeneity and 
transcriptional regulatory networks associated with RSA and its treatment with WJ-MSCs. These data revealed 
potential therapeutic targets of WJ-MSCs to remodel the decidual subpopulations in RSA and provided new insights 
into decidua-derived developmental defects at the maternal–foetal interface.
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degree. In conclusion, we elucidated the possible mecha-
nisms by which WJ-MSCs promote improved pregnancy 
outcomes at the single-cell level, providing a novel direc-
tion for the future clinical application of WJ-MSCs and 
effective treatment of RSA.

Results
Cellular heterogeneity within the decidua on pregnancy 
day 14
Although the cellular composition of the decidua at early 
and later stages has been investigated, the changes in cell 
types and gene expression in the RSA and WJ-MSCs-
treated groups (RSA + MSCs) have not been elucidated. 
To analyze the cellular heterogeneity of decidual tissues 
in detail, cell suspensions from the mouse decidua of the 
normal (Nor), RSA, and RSA + MSC groups were sub-
jected to single-cell transcriptomic sequencing on a 10× 
Genomics Chromium platform (Fig.  1A). There were a 
total of 14 distinct cell types in day 14 decidua, includ-
ing five different stromal cells (Str), macrophages (Mac), 
endothelial cells (Endo), decidualized stromal cells (Dec), 
NK cells, epithelial cells (Epi), lymphatic endothelial cells 
(Lymph), pericytes (Peri), T-cells, and muscle cells (Mus). 
We visualized subpopulations of decidual cells by UMAP 
and annotated them according to marker genes (Fig. 1B, 
D and E). We noted that the proportions of stromal cell 
subpopulations appeared to change among the different 
subgroups. In the RSA group, the proportion of Str_0 
cells was significantly reduced, while it was increased in 
the Str_1 group. After treatment with WJ-MSCs, the pro-
portions of these subpopulations were similar to those in 
the normal group (Fig. 1C).

Characterization of gene expression in various stromal 
cells
After blastocyst trophoblast cells invade the endome-
trium, the stromal cells surrounding the embryo dif-
ferentiate into a primary decidual zone and continue to 
proliferate and differentiate into a secondary decidual 
zone that eventually transforms into decidual cells. There 
is also a population of undifferentiated stromal cells in 
the decidual zone, which, together with other decidual 
cells, provides nutrition and protection for the implanting 
embryo [29, 30]. Stromal cells were the most abundant 
cell type in the decidua, as demonstrated by the expres-
sion of the marker genes Rrm2 and Sfrp4 via single-cell 
resolution in situ hybridization on tissues (SCRINSHOT) 
(Fig. 1F, G). Uterine decidualization is a key event in the 
pregnancy process, is essential for the establishment and 
maintenance of pregnancy, and is characterized by mas-
sive proliferation, differentiation, and polyploidization of 
endometrial stromal cells at the site of implantation [31, 
32]. These stromal cells are identified primarily by the 
expression of prolactin family 8, subfamily A, member 2 

(Prl8a2), which is principally localized near the placenta 
(Fig. 1H).

To fully describe the molecular characteristics of these 
three major stromal cell types, we selected the genes 
that were highly expressed in each stromal cell type and 
performed functional enrichment analysis of the genes 
that were highly expressed by applying KEGG analysis 
(Fig. 2A–C). Str_0 cells exhibited highly expressed genes 
that were enriched mainly in the lysosome, proteasome, 
and ferroptosis pathways (Fig.  2C, D), and the genes 
highly expressed in Str_1 were enriched mainly in the 
spliceosome and endocytosis pathways (Fig. 2C, E). Com-
mensurate with the continuous invasion of the embryo 
into the maternal uterus, the placental tissue requires 
transformation to facilitate the subsequent develop-
ment of the foetus, which involves dynamic changes 
in trophoblasts and stromal cells. We noted that genes 
with high expression in the Str_2 group were associated 
with smooth muscle contraction and relaxin signaling 
pathways, indicating the relevance of this stromal sub-
population to muscle cells (Fig. 2F). This result also cor-
related with the expression of Oxtr in stromal cells that 
we observed in our previous study [33]. As muscle cells 
remain quiescent during pregnancy before labor with 
the distribution of smooth muscle cells among stromal 
cells, this stromal cell type might be related to these cells; 
the highly expressed genes in these stromal cells also 
appeared in the trackplot (Fig. 2G).

During the decidualization process after embryo 
implantation, stromal cells undergo continuous prolif-
eration and differentiation to provide a suitable envi-
ronment for subsequent embryonic development. We 
conducted RNA velocity and pseudotime analyses to 
explore the relationships among the different stromal 
cells involved in decidual development, and our results 
showed that among the three most abundant types of 
stromal cells, Str_0 had its own developmental trajec-
tory, and some Str_0 cells also developed into Str_1 and 
finally into Str_2 (Fig.  3A–C). Additional potential fate-
determining gene analysis during decidual development 
revealed that some specific genes were expressed during 
this developmental trajectory (Fig. 3D). Trackplot analy-
sis also confirmed that the genes related to these trajec-
tories exhibited cell type-specific expression patterns 
(Fig. 3E). Both the expression and developmental velocity 
of these genes were greater in the Str_0 cell type for Cpe 
and Cdo1 (Fig. 3F, H), while the expression and develop-
mental velocity of Ptgis and Igf1 were greater in the Str_2 
cell type (Fig. 3G, I).

Defective stromal development in RSA
To further characterize the differences among the three 
stromal cell types, we compared the cellular composi-
tion, gene expression, and functional enrichment of the 
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Fig. 1 Single cell transcription landscape of D14 decidua in normal, RSA and WJ-MSC mice. (A) The experimental workflow for single-cell transcriptome 
profiling in decidua. (B) scRNA-seq UMAP map of cell clusters in mouse decidual tissue. (C) The composition of decidual cells in normal group (Nor), RSA 
group (RSA), and WJ-MSCs treatment group (Tr). (D) Dot plots of specific expression molecules of different decidual cell types in the normal decidua. (E) 
The Pearson correlation of gene expression of different groups. (F-H) The UMAP visualization and the expression of Rrm2, Sfrp4 and Prl8a2 in situ hybrid-
ization in normal decidua
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Fig. 2 Functional characteristics of different stromal cells in normal decidua. (A) Genes highly express in Str_0, Str_1, and Str_2 by gene expression clus-
tering analysis. (B) Heatmap of genes highly express in Str_0, Str_1, and Str_2. (C) KEGG enrichment of genes highly express in Str_0, Str_1, and Str_2. (D) 
Genes that are specifically highly expressed and associated with Ferroptosis in Str_0. (E) Genes that are specifically highly expressed and associated with 
Spliceosome in Str_1. (F) Genes that are specifically highly expressed and associated with Smooth muscle contraction in Str_2. (G) TracksPlot of genes 
highly express in Str_0, Str_1, and Str_2
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stromal cells and demonstrated that the cellular composi-
tion, gene expression, and enrichment of the three groups 
of stromal cells were significantly altered (Fig.  4A–D). 
In the RSA group, the number of Str_0 cells was signifi-
cantly reduced, and there was an increased proportion of 
Str_1 cells. After treatment with MSCs, the composition 

of these stromal cells was comparable to that in the nor-
mal group, indicating that the decreased number of Str_0 
cells was related to RSA (Fig. 4A). Gene expression anal-
ysis of each stromal cell type suggested that there were 
more DEGs between the normal and RSA groups in Str_1 
and Str_2 (Fig.  4B, C). Functional enrichment of these 

Fig. 3 The RNA Velocity and pseudotime sequence analysis of different stromal cells in normal decidua. (A, C) The RNA Velocity map of stromal cells in 
Str_0, Str_1, and Str_2. (B) Pseudotime of stromal cells in Str_0, Str_1, and Str_2. (D) Heatmap of genes highly express in the pseudotime maps of Str_0, 
Str_1, and Str_2. (E) TracksPlot of genes highly express in the pseudotime maps of Str_0, Str_1, and Str_2. (F-I) The RNA Velocity and expression map of 
Cpe, Ptgis, Cdo1, Igf1 in Str_0, Str_1, and Str_2
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Fig. 4 The RNA Velocity and pseudotime sequence analysis of different stromal cells in normal decidua. (A) Stromal cells composition in Str_0, Str_1, 
and Str_2. (B) Scatterplots depict differentially expressed genes in Str_0, Str_1, and Str_2 between normal and RSA group. Red and blue represent genes 
specifically expressed in normal and RSA group, respectively. (C) Heatmap of genes highly express in Str_0, Str_1, and Str_2. (D) KEEG enrichment of 
genes highly express in Str_0, Str_1, and Str_2. (E-H) Quantitative expression of Lum, Fabp4, Prap1, Atf4 in distinct stromal cells. Wilcoxon tests. (I, J) UMAP 
visualization of the expression of Lum and Atf4 in Str_0, Str_1, and Str_2
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DEGs revealed that the IL17 and TNF signaling path-
ways were significantly enriched for RSA-related genes 
with upregulated expression in the Str_0, Str_1, and 
Str_2 groups, indicating that in RSA, defective stromal 
cell development was accompanied by increased inflam-
mation (Fig.  4D). Among these DEGs, Lum and Fabp4 
expression was substantially reduced in all RSA-affected 
stromal cells, while Parp1 and Atf4 expression (asso-
ciated with apoptosis and ER stress) was significantly 
elevated in all RSA-affected stromal cells (Fig.  4E). The 
UMAP plots of the expression of Lum and Atf4 further 
confirmed this result (Fig. 4I, J).

Interactions among the three groups of stromal cells
We next aimed to decipher derailed the communica-
tion and homeostasis of the microenvironment in the 
maternal decidua. The number of interactions between 
different cell types was calculated with CellphongeDB 
depending on the expression of ligands and correspond-
ing receptors. Our data indicated that there were fewer 
interactions between Str_1 cells and other cell types 
in the RSA group than in the normal and RSA + MSC 
groups (Fig.  5A-C). Str_1 cell-related gene expression 

was decreased in the RSA group and rescued in the 
RSA + MSC group (Fig.  5D–F). In addition, we noted 
that the interaction between NK cells and other cells 
decreased in the RSA group, further revealing the 
sub-healthy nature of the RSA decidua and reflect-
ing an important role for NK cells in maternal decidua 
(Fig. 5D-F).

The aforementioned results indicated that the 
decreased stroma in the RSA group potentially affected 
the activity of NK cells. To thoroughly explore the cellular 
crosstalk between stromal cells and NK cells, NicheNet 
was utilized. We first identified the ligands released by 
NK cells that interact with stromal cells. Among the pri-
oritized ligands, Spp1 was the ligand most abundantly 
expressed in NK cells, and the predicted target genes in 
the stroma include Jun, Icam1, and Nfkb1 (Fig. 6A), with 
potential receptors in the stroma including Cd44 and 
S1pr1. Interestingly, the expression of Cd44 was greater 
in Str_1 and Str_2 (Fig. 6B). However, when we investi-
gated the crosstalk dominated by stroma-targeting NK 
cells, we observed that the ligands released by the stroma 
were primarily cytokines that regulate the expression of 
Gzmd and Gzmf, the major functional markers of NK 

Fig. 5 The interaction between decidual clusters in decidua. (A-C) The interactions between cell types in decidua utilizing CellPhoneDB. (D-F) The circu-
lar plot represents outgoing signaling and incoming signaling in cell types in decidua utilizing CellPhoneDB
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Fig. 6 The interaction between NK cells and stromal cells in decidua. (A) The interaction between NK cells and stromal cells. The most left is the prioritized 
ligands defined by NicheNet. Pearson correlation indicates the ability of each ligand to its target genes, and better predictive ligands are thus ranked 
higher. The dot plots represent the expression of ligands in NK cells and their target genes in different stromal cells. Heatmap shows the predicted ligands 
activity by NicheNet on their target genes in different stromal cells. (B) Heatmap shows the bona fide interactions between the ligands in NK cells and 
their receptors in different stromal cells. Dot plots represent the average expression of ligands and their receptors in senders and receivers, respectively. 
(C) The interaction between NK cells and stromal cells. The most left is the prioritized ligands defined by NicheNet. The dot plots represent the expres-
sion of ligands in different stromal cells and their target genes in NK cells. (D) Heatmap shows the bona fide interactions between the ligands in different 
stromal cells and their receptors in NK cells. (E-G) Spp1-mediated signaling pathways in normal, RSA, and treatment group
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cells in the decidua (Fig.  6C). This regulation was likely 
mediated by the binding of Cx3cl1 to Cx3cr1 (Fig. 6D). To 
investigate the global interaction of Spp1-related signal-
ing in different cell types, we used CellChat and showed 
that there were strong interactions between NK cells and 
different stromal cells in the normal group (Fig.  6E). In 
contrast, except for NK cells, Spp1-related signaling 
became much more active in the epithelia of the RSA 
group and then declined to a normal level of activation in 
the MSC-treated group (Fig. 6F, G).

Spp1, or osteopontin (OPN), is a biomarker associ-
ated with endometrial tolerance [34]. We examined the 
expression of Spp1 and its receptors in different cell 
types, and our results revealed that Spp1 was chiefly 
expressed in NK cells and epithelial cells in the normal 
group and that its receptors Cd44, Itga3, and Itga5 were 
highly expressed in different stromal and other cell types 
(Fig.  7A-D). However, the expression of Spp1 in NK 
cells was significantly attenuated in the RSA group and 
restored after treatment with WJ-MSCs, and the distri-
bution of expression of its receptor in the RSA group was 
also restored after treatment with WJ-MSCs (Fig. 7A-D). 
Analysis of the localization of Spp1 expression clearly 
revealed that Spp1 was principally expressed in NK cells 
through colocalization with DBA marked NK cells in the 
normal decidua and diminished expression of Spp1 in 
the RSA group (Fig. 7E). Analysis of the mRNA expres-
sion data also revealed that the receptors for Spp1 were 
expressed in the decidua (Fig. 7F).

Discussion
Although investigators applying single-cell sequencing 
have recently mapped the single-cell transcriptome of 
the decidua from RSA patients, the interactions between 
different cellular subpopulations in this tissue and the 
specific therapeutic mechanisms underlying WJ-MSC-
related actions remain unclear [12–16]. Because the 
safety of using WJ-MSCs in pregnant women is unclear, 
our studies were conducted in model mice. We herein 
found that stromal cells were the most abundant cell 
type in normal maternal decidua and that the different 
types of stromal cells possess their own unique functional 
characteristics, consistent with previous studies [12]. 
The process of embryonic growth requires continuous 
and adequate decidualization of stromal cells for sup-
port [29, 33, 35]. Our study revealed that the propor-
tion of Str_0 cells in the RSA group was lower than that 
in the normal group, suggesting that stromal cells do not 
provide adequate support for foetal development when 
RSA develops. There may be abnormal decidualization 
of stromal cells at the onset of RSA, which in turn leads 
to changes in the cellular composition of the decidual 
microenvironment.

We also demonstrated that stromal cells, particularly 
the Str_2 subpopulation, dominated reciprocal commu-
nication with other decidual cells and that this was prin-
cipally manifested in interactions with muscle cells and 
endothelial cells. However, the activity of endothelial cells 
and Str_11 stromal cells was significantly increased in the 
RSA group, which was closely correlated with an imbal-
ance in local homeostasis in the decidua during foetal 
absorption in dams experiencing RSA. In the present 
study, treatment with WJ-MSCs restored the activities 
of the majority of signaling pathways to emulate those of 
the normal pregnancy group. Since the major role of WJ-
MSCs is to improve intercellular homeostasis via their 
secretion, the sequencing results of the present study not 
only supported this finding but also indicated that WJ-
MSCs can effectively restore the intercellular interactions 
of the aforementioned signaling pathways; this finding 
revealed the greater therapeutic potential of WJ-MSCs 
for improving pregnancy outcomes in RSA at the single-
cell level.

The balance of immune tolerance at the maternal–foe-
tal interface is also critical for a successful pregnancy [36, 
37]. NK cells constitute the major leukocyte population 
of the decidual microenvironment at the maternal–foe-
tal interface in early pregnancy and play an important 
role in placental formation, trophoblast invasion, and 
decidual artery remodeling [38, 39]. NK cells are signifi-
cant sources of cytokine secretion for the maintenance 
of pregnancy, and changes in their number, activity, and 
function are associated with pregnancy complications 
such as miscarriage and preeclampsia; however, the exact 
mechanisms underlying these effects remain unclear 
[40–42]. The activity of NK cells in mice experienc-
ing RSA was diminished in this study, and our analysis 
showed that Spp1 signaling from NK cells that targeted 
the stroma was reduced in RSA; the interaction between 
epithelial cells and stromal cells then commensurately 
and significantly increased. Spp1 is hypothesized to 
be a marker of endometrial tolerance and is involved 
in embryonic implantation, and Spp1 expression has 
been detected in NK cells in the endometrium dur-
ing early pregnancy [43, 44]. The present study provides 
strong single-cell evidence for the localization of Spp1 
and its receptors Itga3, Itga5, and Cd44 in the decidua 
and experimentally verifies that Spp1 expression is 
reduced in RSA NK cells; however, the exact underly-
ing mechanism of action of Spp1-targeted regulation of 
stromal cells during this process requires further inves-
tigation. Recent scRNA-seq analysis has also revealed 
that proinflammatory Spp1 + macrophages preferen-
tially interact with decidual stromal cells (DSCs) in the 
decidua of RSA patients, that Mφ2-Spp1 is significantly 
enriched in inflammation-related pathways, and that 
there is a potential interaction between Cd44 + DSCs 
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and Spp1 + macrophages [15]. Our study also revealed 
significant Spp1 expression in macrophages, but due to 
the small sample size, we did not further sort the mac-
rophages. A more in-depth analysis of the single-cell 
sequencing data from this study will be performed in 
conjunction with available public databases.

Due to ethical constraints, the safety and efficacy of 
WJ-MSC administration in our specific group of RSA 
patients are still being explored. We herein demonstrated 

that WJ-MSCs acted on the decidua to effectively 
improve the decidual cell composition at the maternal–
foetal interface and restore the modes of interaction 
between decidual cells. Overall, we have studied the use 
of WJ-MSCs for the treatment of RSA at the single-cell 
level. However, the mechanism(s) underlying the actions 
of WJ-MSCs still require further exploration.

Fig. 7 Spp1-mediated interactions in decidua. (A-C) Expression of Spp1 and its receptors Cd44, Itga3 and Itga5 in decidua. (D) Quantitative expression of 
Spp1 in NK_7 cells. Wilcoxon tests. (E) In situ hybridization of Spp1 (red), DAPI (blue) and immunofluorescence staining of NG2 (green) in the normal, RSA, 
and WJ-MSCs groups. (F) In situ hybridization of Itga3 (red), Itga5 (red), Cd44 (red), and DAPI (blue) in the normal decidua
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Conclusions
In recent years, single-cell sequencing studies related to 
RSA have focused on developmental defects in stromal 
cells and the immune microenvironment of the decidua 
in RSA patients. We explored the pathogenesis of RSA 
to further clarify the role of WJ-MSCs in treating RSA, 
thereby promoting pregnancy maintenance and provid-
ing a theoretical basis for the clinical application of WJ-
MSCs. In summary, through single-cell RNA sequencing, 
we mapped the single-cell profiles of the decidual tis-
sues of three groups of mice: those that underwent nor-
mal pregnancy, those with RSA, and RSA mice that were 
treated with WJ-MSCs. We described the functional 
characteristics and pseudotemporal trajectories of each 
subpopulation of stromal cells and the major cellular 
population of the decidua, further resolved the charac-
teristics of decidual heterogeneity, revealed the signaling 
pathways involved in the imbalance of cellular interac-
tions in the decidual microenvironment in RSA and fur-
ther illustrated the disruption of interactions between 
stromal cells and NK cells. Our results also revealed a 
potential therapeutic mechanism in which WJ-MSCs 
could be utilized to remodel the decidual subpopulation 
in RSA, providing novel insights into the developmental 
defects of the decidua at the maternal-foetal interface in 
RSA and the therapeutic potential of WJ-MSCs (Fig. 8).

Methods
Preparation of WJ-MSCs
We collected umbilical cord samples from a population 
of infants that had undergone uncomplicated full-term 
caesarean sections, and samples were obtained after the 
mothers signed an informed consent form. We stored the 
collected umbilical cord samples in DMEM/F-12 culture 
medium supplemented with 100 µg/ml streptomycin and 
100 U/ml penicillin and isolated, cultured, and identified 
WJ-MSCs in the laboratory as described previously [45]. 
The principle of asepsis was strictly followed during the 
experiments.

Establishment of animal models
CBA/J (female, n = 50), BALB/c (male, n = 15), and DBA/2 
(male, n = 15) laboratory mice, 6–8 weeks old, were pur-
chased from Beijing HFK Bioscience Co. Ltd., China. The 
mice were housed in the Experimental Animal Center in 
a suitable environment (12-h light/dark cycles) and rou-
tinely fed for three days before being caged together. The 
CBA/J mice were mated with BALB/c and DBA/2 mice to 
establish our normal pregnancy model, CBA/J×BALB/c, 
and RSA model CBA/J×DBA/2. Vaginal plugs were 
checked on the morning of the second day of caging, 
and this day was designated the first day of pregnancy. 
Half of the mice with vaginal plugs observed in the RSA 
group constituted a model group for RSA treatment with 
WJ-MSCs. On the first, third, and fifth days of gestation, 
CBA/J mice were injected with 0.1 ml of PBS through the 
tail vein in the normal-gestation and RSA-model groups, 
and 0.1 ml of WJ-MSC suspension (concentration 1*107 
cells/ml) was injected into the WJ-MSC treatment group. 
Mice were anaesthetised with 3% isoflurane on the 14th 
day of gestation, cervical dislocation was performed for 
tissue collection, and the decidual tissue was retained for 
subsequent 10× Genomics scRNA-seq and experimental 
validation. This study was approved by the Animal Ethics 
Committee of Nantong University (S20210302-913). This 
work has been reported in line with the ARRIVE guide-
lines 2.0.

10x Genomics single-cell RNA-seq of decidual tissue
The deciduae containing only maternal tissue from three 
individual on days 14 were surgically removed, mixed 
together, rinsed with ice-cold DPBS (Merck Millipore, 
D8537) and chopped using scalpels into small pieces and 
enzymatically digested in 5 mL digestion solution con-
taining 1 mg/mL collagenase I (Worthington, LS004196) 
and 1  mg/mL collagenase V (Worthington, LS004188) 
in HBSS. The supernatant was diluted with HBSS and 
passed through 70-µm cell sieve and then 40-µm cell 
sieve (Biosharp, BS-40-CS). The flow-through was centri-
fuged at 500 g and resuspended in 1 mL of red blood cell 

Fig. 8 Flow chart of the paper
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lysis buffer for 3 min. The cells were collected by spinning 
down at 500 g for 5 min and re-suspended in DPBS and 
kept on ice for subsequent 10X scRNA sequencing.

Single-cell RNA-seq data processing
Reads were processed using the CellRanger (4.0.0) pipe-
line with the default and recommended parameters. The 
CellRanger output was then imported into Seurat (v4.0) 
for quality control and downstream analysis. All func-
tions were run with default parameters unless other-
wise specified. Low-quality cells (cells with a total UMI 
count per cell (library size) below 30,000, cells with < 500 
genes per cell and cells with a content of mitochondrial 
genes > 20%) were excluded. Next, we used a cluster-level 
approach to remove potential doublet cells. In brief, the 
doublet score was calculated for each cell using the dou-
bletCells function of the R package v.1.18.7. Cell clusters 
in each sample were identified by examining the top 50 
principal components (PCs) across highly variable genes 
(HVGs), building a neighbor graph by the SNNGraph 
function, and then clustering using the cluster_louvain 
function from the igraph R package v.1.2.9. The median 
doublet score of each cell cluster was calculated using 
a median-centred MAD-variance normal distribution. 
Clusters with a median score above the extreme top end 
of this distribution were considered doublets. After filter-
ing, the remaining 16,888 cells were retained for down-
stream analysis.

Cell clustering and annotation
The HVGs were selected using the highly_variable_genes 
function in Seurat. Nearest neighborhood graphs were 
built using the neighbors function, and the commu-
nity algorithm was applied for clustering using the lou-
vain function. The markers of characterized cell types in 
our single-cell RNA sequencing data were confirmed by 
FindAllMarkers. The major cell types identified in our 
dataset were annotated based on well-known marker 
genes.

Gene-clustering analysis
After averaging the expression of each gene in the differ-
ent cell types using the AverageExpression function in 
Seurat, the genes expressed in the Str_0, Str_1, and Str_2 
were clustered into distinct groups depending upon their 
expression patterns using the TCSeq R package. Genes 
highly expressed in the Str_0, Str_1, and Str_2 groups 
were ultimately subjected to KEGG analysis.

RNA velocity analysis
Read annotations of samples were performed by applying 
the velocyto.py (v0.17.17) command-line tool (velocyto 
run10x) using BAM, genome annotation, and dupli-
cate annotation files. The BAM file was generated by the 

default parameters of Cell Ranger software (10× Genom-
ics). Genomic annotations from the Cell Ranger pre-
built reference GRCm38 were used to count molecules 
while classifying them into three categories: “spliced,” 
“unspliced,” or “ambiguous.” Duplicate annotation files 
were downloaded from the UCSC Genome Browser. 
The velocyto.R package v0.6 was used to calculate RNA 
velocity values for the selected genes from each cell. 
Highly variably expressed genes calculated using the 
FindVariableFeatures function of Seurat were further fil-
tered based on clustered expression, and the remaining 
highly variably expressed genes were used as the input 
for velocyto.R. Finally, the RNA velocity vectors were 
embedded in UMAP plots generated by the Seurat R 
package.

Cell–cell interaction analysis by CellPhoneDB
To investigate potential interactions across different cell 
types in the decidua, we conducted cell–cell interaction 
analysis using CellPhoneDB, a public database that is 
used to infer potential ligand–receptor interactions [1]. 
Enriched receptor–ligand interactions between two cell 
types were derived on the basis of the expression of a 
receptor by one cell type and the expression of the corre-
sponding ligand by another cell type. We then identified 
the most relevant interactions between various cell types, 
and only receptors and ligands expressed in the cells in 
the corresponding clusters were considered. To identify 
potential ligands driving potential phenotypes, we used 
NicheNet (v.1.1.0) to investigate possible interactions and 
target genes between the indicated cell types.

CellChat analysis of cell–cell communication
To further analyse and compare the differences in inter-
cellular communication among normal, RSA, and WJ-
MSC-treated decidual samples, we used CellChat, an 
open-source R package (https://github.com/sqjin/Cell-
Chat), to analyse the scRNA-seq data. We first inferred 
intercellular communication among stromal cells and 
other cellular subsets separately for each of the three 
groups of datasets and then analyzed them together via 
joint manifold learning and classification of the inferred 
communication networks based on their functional 
similarities.

Single-cell resolution in situ hybridization
The padlock probes for the genes identified in this study 
were designed with PrimerQuest (https://eu.idtdna.com/
PrimerQuest/Home/Index?_Display=AdvancedParams). 
Frozen tissue sections were removed from a − 80  °C 
freezer, equilibrated at 45  °C thermostat for 3  min, and 
fixed in 4% paraformaldehyde (PFA) for 1  h. The slides 
were then incubated with a blocking solution containing 
tRNA and oligo-dT sequences at room temperature (RT) 

https://github.com/sqjin/CellChat
https://github.com/sqjin/CellChat
https://eu.idtdna.com/PrimerQuest/Home/Index?_Display=AdvancedParams
https://eu.idtdna.com/PrimerQuest/Home/Index?_Display=AdvancedParams
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for 30  min to block nonspecific binding of the probes 
to the tissue. Hybridization solution containing pad-
lock probes (Supplementary Table 1) was added, and the 
mixture was incubated at 55  °C for 15 min for denatur-
ation and at 45 °C for 2 h for hybridization. The mixture 
containing SplintR ligase was added, and the slides were 
incubated at 25 °C for 12–16 h. Phi 29 (Φ29) polymerase 
and RCA primer were added for rolling circle amplifica-
tion (RCA) at 30  °C for 12–16  h. Finally, HRP-labelled 
detection probes were added and incubated at RT for 
45–60 min in the dark, and the signal was displayed using 
TSA.

Immunofluorescence
Frozen sections of decidual tissue were fixed in 4% PFA 
for 1 h and washed three times for 5 min each with 0.05% 
PBS-Triton X-100. BSA blocking solution (5%) was then 
applied to the slides for 1  h at RT to block nonspecific 
binding within the tissue. We added primary antibodies 
to the sections and incubated them overnight at 4 °C, and 
secondary antibodies and DAPI were added and incu-
bated for 1 h at RT (the antibodies used in this study are 
listed in Supplementary Table 2).

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism (v.9.0) (for experimental data), R (v.4.1.0), and 
RStudio (2021.09.1). Differences were considered sig-
nificant at a p value < 0.05. Unless otherwise stated, each 
experiment was repeated three or more times with bio-
logically independent samples.
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