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Abstract 
Endometriosis is a common inflammatory disorder in women of reproductive age due to an abnormal endometrial immune environment and is 
associated with infertility. This study aimed to systematically understand the endometrial leukocyte types, inflammatory environment, and im-
paired receptivity at single-cell resolution. We profiled single-cell RNA transcriptomes of 138 057 endometrial cells from endometriosis patients 
(n = 6) and control (n = 7), respectively, using 10x Genomics platform. We found that one cluster of epithelial cells that expressed PAEP and 
CXCL14 was mostly from the control during the window of implantation (WOI). This epithelial cell type is absent in the eutopic endometrium 
during the secretory phase. The proportion of endometrial immune cells decreased in the secretory phase in the control group, whereas the 
cycle variation of total immune cells, NK cells, and T cells was absent in endometriosis. Endometrial immune cells secreted more IL-10 in the se-
cretory phase than in the proliferative phase in the control group; the opposite trend was observed in endometriosis. Proinflammatory cytokines 
levels in the endometrial immune cells were higher in endometriosis than in the control group. Trajectory analysis revealed that the secretory 
phase epithelial cells decreased in endometriosis. Ligand–receptor analysis revealed that 11 ligand–receptor pairs were upregulated between 
endometrial immune and epithelial cells during WOI. These results provide new insights into the endometrial immune microenvironment and 
impaired endometrial receptivity in infertile women with minimal/mild endometriosis.
Keywords: single-cell RNA sequence, endometriosis-associated infertility, endometrial immune cells, endometrial receptivity
Abbreviations: ANXA1: annexin A1; CCA: canonical correlation analysis; CCL: chemokine(C-C motif) ligand; DC: dendritic cells; DMEM: Dulbecco’s modified 
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Introduction
Endometriosis is characterized by endometrial-like tissue 
outside the normal uterine environment and affects approxi-
mately 10% of reproductive-aged women and 30–50% of in-
fertile women [1]. The pathogenesis of endometriosis-related 
infertility involves distorted pelvic anatomy, decreased oo-
cyte quality, and an inhospitable endometrial environment 
for embryo nidation. In addition to altered steroid hormone 
signaling, the eutopic endometrial immune status in endomet-
riosis, involving lymphocyte activation, antigen presentation, 
cytokine induction, and inflammation, contributes to adverse 
reproductive outcomes [2, 3].

Most endometrial immune cells are tissue-resident, and 
the population changes throughout the menstrual cycle. 
Endometrial immune cells, expressing the leukocyte common 
antigen surface marker (CD45), account for 10–20% of all 

endometrial cells and are increased in the secretory phase. T 
cells represent the majority of the endometrial immune cells 
in the proliferative phase; however, approximately 70–80% 
of total endometrial leukocytes are uterine natural killer cells 
(uNK) in the mid–late secretory phase [4]. T cells (CD3+), 
uNK cells (CD56+), and macrophages (CD68+) are abun-
dant endometrial leukocytes. In addition, dendritic cells 
(ITGAX+), B cells (CD20+), mast cells (MS4A2), and neu-
trophils are endometrial immune cells. Dynamic changes in 
the endometrial immune cells maintain the homeostasis; aber-
rant population and function of the endometrial immune cells 
lead to an inhospitable environment for embryo implantation 
[5]. Previous studies have found an altered proinflammatory 
state and absent cycle variation of endometrial immune 
cells in endometriosis than in those without. Macrophages 
polarize from M2 (anti-inflammatory phenotype) to M1 
(proinflammatory phenotype) in the eutopic endometrium of 
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patients with endometriosis than in the control group [6–9]. 
Hey-Cunningham et al. found that the proportion of regu-
lated T cells (Tregs) do not change between the proliferative 
and secretory phases, whereas in women without endometri-
osis, Tregs significantly decreased in the secretory phase [10].

Although a number of studies have supported an altered 
inflammatory immune environment in endometriosis, most 
have used flow cytometry and immunohistochemistry to 
define endometrial immune cells. These two methods can 
only focus on limited immune cell types in the eutopic endo-
metrium, rather than on the complete endometrial immune 
landscape. Cellular components in the endometrial immune 
niche and inflammatory profiles have not yet been system-
atically determined. Recently, two studies used microarray 
and RNA sequencing databases in public repositories to ana-
lyze the endometrial immune environment in endometriosis 
[6, 11]. However, the resolution of microarray or standard 
RNA sequencing cannot compete and is not comparable to 
single-cell RNA sequencing (scRNA-seq), particularly for 
immune cell phenotyping [12]. To our knowledge, there is 
only one single-cell transcriptome analysis of eutopic endo-
metrial immune cells in endometriosis. This study identified 
immune cell heterogeneity among endometriosis lesions, 
eutopic endometria, and normal endometria; the number and 
state of T cells, NK cells, and macrophages were different 
between the ectopic lesions and eutopic endometria [13]. 
However, this study only focused on the proliferative phase 
of the eutopic endometrium and stages III–IV of endomet-
riosis (ovarian endometriosis). Transcriptome meta-analysis 
revealed that a pro-inflammatory profile is predominant in 
minimal/mild (stages I–II) endometriosis compared to mod-
erate/severe (stages III–IV) endometriosis [6]. Moreover, this 
study emphasized the fibroblastic trajectory analysis and 
ligand-receptor analysis between fibroblasts and immune 
cells. Epithelial cells play a central role in endometrial recep-
tivity during the window of implantation (WOI), and several 
markers, including PAEP and CXCL14, are expressed during 
WOI [14]. Therefore, we chose infertile women with minimal/
mild endometriosis and investigated the eutopic immune en-
vironment, epithelial cell trajectory variation, and communi-
cation with immune cells throughout the menstrual cycle.

We aimed to comprehensively classify the transcriptional 
profiles of immune cell types in cyclic eutopic endometria in 
patients with minimal/mild endometriosis using scRNA-seq. 
Furthermore, we compared the trajectory and cell–cell com-
munication analyses between patients with endometriosis 
and disease-free controls, in the WOI and other phases of the 
menstrual cycle. Our results revealed a detailed molecular 
and cellular immune map of eutopic endometrium in patients 
with minimal/mild endometriosis across the menstrual cycle. 
Additionally, it provided a better understanding of the endo-
metrial immune environment and decreased endometrial re-
ceptivity in minimal/mild endometriosis.

Materials and methods
Study samples
This study was approved by the Ethics Committee of West 
China Second University Hospital of Sichuan University. 
A written informed consent was obtained from all partici-
pants. Endometrial samples were collected using Pipelle sam-
pling from infertile women with minimal/mild endometriosis 

(ASRM classification) during hysteroscopy-laparoscopy [15]. 
The endometriosis-free controls were multipara women 
without an infertility history, who underwent laparoscopic 
surgery for benign ovarian cysts; their endometria were sam-
pled using the Pipelle technique. Participants over the age of 
35 years, or those with irregular menstruation (cycle <21 or 
>35 days), current or previous intrauterine disease (uterine 
adhesion, endometrial polyps, endometrial tuberculosis, and 
chronic endometritis), pelvic inflammatory disease, endocrine 
diseases (polycystic ovary syndrome, hyperthyroidism, hypo-
thyroidism, Cushing’s syndrome, etc.), adenomyosis, malig-
nancy, or exposure to steroid hormones within 3 months were 
excluded from the study. The infertile women in the endomet-
riosis group whose partners presented with abnormal semen, 
or who had blocked fallopian tubes and other infertility-
inducing diseases were excluded from the study. The samples 
obtained were immediately transferred to the laboratory for 
analysis.

Cell isolation
Endometrial tissues were washed in phosphate-buffered sa-
line three times and then sheared into tiny pieces. Tissue 
pieces were digested with 2 mg/ml collagenase IV (Sigma) 
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 1:1 
(Gibco) at 37°C for 40 min to generate a single-cell suspen-
sion. The suspension was passed through 40-μm cell sieves, 
and the cell concentration was adjusted to 106/ml through di-
lution or centrifugation. The cell viability was quantified using 
the trypan blue exclusion method. When the suspension’s 
cell viability exceeded 85%, the sample was loaded onto a 
Chromium Single Cell Controller (10x Genomics).

scRNA-seq
The 10x-Genomics Single Cell 3 kit v2 was used to capture 
6000–10 000 cells per sample according to the manufacturer’s 
instructions (https://www.10xgenomics.com). Single-cell and 
gel beads with 16 bp barcodes and 10 bp unique molecular 
identifiers (UMIs) were generated to gel bead-in-emulsions 
(GEMs) on a Chromium Controller, which were broken down 
after reverse transcription; the resultant cDNA with barcodes 
were amplified by PCR for library construction. Libraries 
were sequenced on an Illumina HiSeq PE 150 platform with 
a minimum coverage of 50 000–100 000 raw reads per cell.

scRNA-seq data analysis
Raw reads were demultiplexed to FASTQ files using “mkfastq 
application” from Cell Ranger (v3.0.0; 10x Genomics). STAR 
[16] was used to align FASTQ files with the human genome 
reference. The gene-barcode matrix, which contained valid 
cell barcodes and transcript UMI counts, was generated using 
Cell Ranger Count. The gene-barcode matrices of each sample 
were concatenated to one matrix and normalized to the same 
sequencing depth using the Cell Ranger “aggr” pipeline. We 
applied the Seurat R package [17] to process the gene barcode 
matrix for quality control. The analysis was performed ac-
cording to the package’s user guidelines. Briefly, we filtered 
genes that were expressed in less than 3 cells and retained 
cells that had at least 200 expressed genes. In addition, cells 
with more than 10% of mitochondrial genes were removed to 
remove broken cells.

The filtered gene barcode matrix was input into the Seurat 
pipeline. First, the data matrices from different samples were 
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normalized. To avoid bath differences, we used the canonical 
correlation analysis (CCA) method to integrate the database. 
Next, principal component analysis (PCA) was performed on 
the variable genes, and statistically significant principal com-
ponents were used as inputs for the graph-based approach 
with the Louvain algorithm for unsupervised cluster cells. 
Dimensionality reduction and visualization were performed 
using the t-distributed stochastic neighbor embedding (t-SNE) 
algorithm, and cell clusters were visualized in two dimen-
sions. Genes enriched in each cluster, were used to identify 
cluster markers. Cells expressing PTPRC/CD45 were selected 
for re-clustering through Seurat, using an approach similar 
to that described above, to define immune cell subtypes (Fig. 
1A).

Developmental trajectory analysis
The R package Monocle 3 [18] was used to order cells in 
pseudotime based on changes in cell gene marker expres-
sion. Significantly variable genes were used to construct the 
pseudotime trajectory, and the UMI count was used as a 
covariate in the tree construction. The trajectory was visual-
ized in reduced dimensional space through the t-SNE.

Ligand–receptor interaction analysis
The CellPhone DB v.2.0 [19] python package was used to 
perform ligand–receptor interaction analysis. Single-cell 
transcriptomic data of endometrial epithelial cells (PECAM+) 
during WOI (PAEP+, CXCL14+) or other phases (PAEP−, 
CXCL14−), T-cells (Th1 (CD4+ and IFNG+), Th2 (CD4+ 
and GATA3+), Th17 (CD4+ and RORC+), Treg (CD4+ and 
FOXP3+), cytotoxic T-cells (Tc, CD8+), NK-cells (NCAM+), 
macrophages (M1 [CD68+ and CD86+] and M2 [CD68+ and 
MRC1+]), dendritic cells (ITGAX+), mast cells (MS4A2), and 
B-cells (CD20+) were entered into the CellPhone DB. The ex-
pression of receptors in one cell type and the corresponding 
ligands expressed in another cell type were identified. The 
P-value for each receptor–ligand pair among cluster–cluster 
interactions was computed using a null distribution. We 
selected significantly different expressed interactions (P < 
0.01) during the WOI and other phases in endometriosis and 
control group, and visualized them in dot plots.

Results
Single-cell transcriptomic profiles of endometrial 
cells
We acquired single-cell transcriptome profiles from 13 endo-
metrial samples (six patients with endometriosis [EMS] and 
four disease-free controls [N]) and further divided them into 
proliferative and secretory phases based on their menstrual 
cycle and endometrial pathology (Supplementary Table S1). 
Using a 10x Genomics Chromium system, 138 057 endo-
metrial cells were captured. All data matched a median 
depth of 29 760–87 537 reads/cell and 1519–3470 genes/cell 
(Supplementary Table S2).

Cell partitioning via t-SNE analysis using Seurat identified 
30 cell clusters (Fig. 1B). Based on known cell type-specific 
markers, we annotated nine clusters of stromal cells (S, 
PDGFRB+), nine of epithelial cells (Ep, EPCAM+), four of 
endothelial cells (Endo, PECAM+), and eight of immune cells 
(CD3D for T-cells, NCAM1 for NK-cells, CD68 for macro-
phages, LTB for Th cells, and MS4A2 for mast cells) (Fig. 1C).

Epithelial cells accounted for 27.60% and 33.2% of cells 
in the control and endometriosis groups, respectively. There 
were 49.36% and 34.1% stromal cells in the control and 
endometriosis groups, respectively. The proportion of endo-
thelial and immune cells was 8.43% and 15.43% in the 
control group, respectively, and 6.4% and 26.3% in the endo-
metriosis group, respectively. The most obvious difference was 
observed in the stromal and immune cells between the two 
groups. Cells from 13 endometria were distributed evenly in 
all clusters, while there was some variation in epithelial cells 
between the endometriosis and control groups in the WOI 
phase (Fig. 1D). PAEP and CXCL14 were specific markers for 
epithelial cells that were selected in dotted boxes, and these 
epithelial cells were almost entirely from control WOI phase 
(Fig. 1D and 1F). CXCL14 and PAPE are luminal epithelial 
markers for entry into the WOI phase, and the CXCL14 ex-
pression notably declines in the late secretory phase [14]. We 
speculated that epithelial cells from endometriosis in the mid-
secretory phase might exhibit defective marker expression, af-
fecting endometrial receptivity.

Cycle variation and cytokine expression in eutopic 
endometrial immune cells in endometriosis
To further characterize the immune environment of 
endometria, we selected CD45/PTPRC+ endometrial cells 
and applied Seruat to normalize and re-cluster the gene ex-
pression. We identified 22 clusters of immune cells including 
NK-cells, Tc-cells, Th cells, dendritic cells, macrophages, mast 
cells, and neutrophils. Unexpectedly, there were nine clusters 
of CD45+ epithelial, stromal, and endothelial cells (Fig. 2A). 
The average percentage of immune cells (PTPRC/CD45+) in 
the endometriosis eutopic endometrium was 26.78% and 
24.33% in the proliferative and mid-secretory phases, re-
spectively; higher than that in the endometriosis-free controls 
(17.11% and 12.43%, respectively). The increased CD45+ 
leukocyte cells in the secretory phase endometriosis eutopic 
endometrium indicated an inflammatory environment during 
the WOI.

In the control group, T-cells represented the majority of the 
immune cells in the proliferative phase and decreased in the 
secretory phase. NK-cells comprised the majority of leuko-
cytes in the secretory phase. The T- and NK-cell distributions 
across the menstrual cycle are consistent with those reported 
in previous studies [20–22]. In eutopic endometria of endo-
metriosis, NK-cells were abundant in the proliferative phase 
and decreased in the secretory phase. NK cells are necessary 
for implantation, and the decreased NK-cells in the secre-
tory phase of endometriosis probably contribute to defective 
endometrial receptivity [23]. One group of epithelial cells ex-
pressed CD45 and accounted for approximately 30% of the 
secretory phase of endometriosis. Tc-cells sharply changed 
from the proliferative to the secretory phase in the normal 
endometrium but varied slightly throughout the menstrual 
cycle in endometriosis. Tc-cells exhibit antitumor and anti-
microbial effects via the release of cytotoxins. The propor-
tion of Tc cells is reportedly higher in the eutopic endometria 
of women with endometriosis than in endometriosis-free 
controls; the elevated number of CD8+ T cells is related to 
endometriosis-associated infertility [11, 24]. The proportion 
of mast cells was higher in endometriosis than in control. 
Mast cells reportedly play a role in endometriosis pathology 
[25], and the abnormal number of mast cells in our results 
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Figure 1: Single-cell RNA-sequence of endometrial cells from the endometriosis and control groups. (A) Workflow schematic. (B) t-SNE projection of 
138 057 endometrial cells from six patients with endometriosis and seven controls, identifying 30 clusters. (C) Violin plots of the representative marker 
genes expression levels in 30 clusters. The y-axis shows the log-scale normalised read count. (D) t-SNE projection of endometrial cells colored based on 
their sample origin. (E) Expression patterns of PAEP and CXCL14 projected on the t-SNE plot.The expression level refers to the color stripe on the right. 
S: stromal cell; Ep: epithelial cell; Endo: endothelial cell; Th: T-helper cell; Tc: T-cytotoxic cell; NK: natural killer cell; M: macrophage; MC: mast cells
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Figure 2: Endometrial immune cell re-clustering in different menstrual phases and cytokine expression. (A) t-SNE projection of endometrial PTPRC+ 
cells from six patients with endometriosis and seven controls, identifying 22 clusters. (B) Bar plot representation of the relative frequency of different 
immune cell subclusters across the menstrual cycle. (C) Bar plot representation of the percentage of different immune cell subtypes. Data represent 
the mean ± SEM. (D) Bar plot representation of the relative ratio of the four groups (EMS-P, EMS-WOI, N-P/LS, and N-WOI) in 12 immune cell clusters. 
(E) Heatmap of gene expression in NK-cells, epithelial cells, T cells. (G–I) Cytokines expressed in endometrial immune cells. The y-axis shows the 
single-cell median-normalized average expression. S: stromal cell; Ep: epithelial cell; endo: endothelial cell; Th: T helper cell; Tc, Treg, regulatory T cell; 
T cytotoxic cell; NK: natural killer cell; M: macrophage; MC: mast cells; DC: dendritic cells; EMS-P: endometriosis in the proliferative phase; EMS-WOI: 
endometriosis in the window of implantation phase; N-P: control in the proliferative phase; N-P/LS: control in the proliferative phase and late secretory 
phase; N-S: control in the secretory phase; N-WOI: control in the window of implantation phase
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may provide evidence for this viewpoint. In summary, the 
cycle variation and inflammatory state of immune cells were 
disordered in endometriosis, which demonstrated its chronic 
inflammatory niche [26] (Fig. 2B and C). Endometrial im-
mune cells foster immunological changes to establish toler-
ance during embryo implantation and early pregnancy, and 
abnormal immune cell regulation across the menstrual cycle 
in endometriosis could probably influence the establishment 
of immune tolerance [5, 27].

Four clusters of NK-cells shared the expression of 
granzymes B and pore-forming protein (GNLY). NK3 specific-
ally expressed TOP2A and MKI67, which are associated with 
apoptosis and the cell cycle, and has recently been described 
in chronic neutropenia [28]. These NK-cells tended to be im-
mature. NK3 was primarily detected in the secretory phase of 
endometriosis (42.00%) (Fig. 2D). In five clusters of CD45+ 
epithelial cells, Ep4 highly expressed C20orf85, C11orf88, 
and C1orf194, which are markers of ciliated epithelial cells in 
the endometrium [14]. SERPINB3 and SERPINB4 are maker 
genes for Ep5, these two genes have been reported to con-
tribute to inflammatory disease and cancer [29]. And CD45+ 
epithelial cells mostly originate from the WOI phase of endo-
metriosis (Fig. 2D and E). IL-2RA and CTLA4 were markers 
of endometrial Tregs, and Tc was marked by IFNG and 
GZMK (Fig. 2E). Twelve clusters of CD45+ cells showed an 
uneven distribution between endometriosis and the control; 
eleven clusters mostly came from endometriosis, including 
CD45+ epithelial cells, NK3, NK4, NKT, Tregs, mast cells, 
dendritic cells, and neutrophils, whereas most M2 cells were 
from the control group (Fig. 2D).

CD45+ cells were divided into four groups: endometriosis in 
the proliferative phase, endometriosis in the WOI phase, con-
trol in the proliferative/late secretory phase, and control in the 
WOI phase. We then selected common cytokines expressed by 
endometrial leukocytes and counted their median-normalized 
average expression in each cluster at the transcription level. 
We found that CCL2, IL-10, IL-1α, IL-1β, and MMP9 were 
expressed at the highest levels in macrophages; TNF-α, VEGF, 
and IL-17 were mostly secreted in B-cells; TGF-β and RANTES 
were expressed in NK cells; IFN-γ was expressed in Tc cells 
(Supplementary Fig. S1). IL-10 alone had an anti-inflamma-
tory effect, and it was upregulated in the control secretory 
phase but reduced in the endometriosis secretory phase (Fig. 
2F). Other proinflammatory cytokines mostly had the same 
cycle variation in both the endometriosis and control groups, 
with relatively higher or similar expression levels in the endo-
metriosis group (Fig. 2F–I). These results also suggest a dis-
ordered inflammatory environment in the eutopic endometria 
of endometriosis.

Trajectory analysis of endometrial immune and epithelial 
cells in the endometriosis and control groups across the men-
strual cycle.

We used Monocle to order endometrial immune and epi-
thelial cells in pseudotime to investigate the regulation of 
endometrial cells [18]. CD90/THY1 (a mesenchymal marker), 
CD105/ENG (endoglin), CD44 (endometrial stromal 
marker), and CD146/MCAM (hematopoietic marker) were 
used as endometrial stem cells to ensure the beginning of the 
trajectory [30]. The trajectories of epithelial cells and immune 
cells from the endometriosis group were different from that 
of the control. The trajectory was divided into three states: 
cells before the branching point were in the initial state (state 

1), intermediate state cells were in state 2, and cells in state 3 
were relatively mature at pseudotime (Fig. 3A).

In this study, we focused on the distribution of epithelial 
and immune cells during the menstrual cycle. We found that 
epithelial cells in the proliferative phase were mostly in states 
1 and 3, while epithelial cells in the secretory phase were dis-
tributed in all three states. Epithelial cells in state 2 were of a 
specific cell type in the secretory phase, and there were fewer 
state 2 cells in the endometriosis group than in the control 
group (Fig. 3B). The distribution of immune cells in the pro-
liferative and secretory phases was similar between the two 
groups (Supplementary Fig. S2).

Epithelial cells of Ep5 expressed LRRC75A, TFPI2, and 
N-cadherin on the initiation of the epithelial cell trajectory, 
which were relatively progenitor epithelial cell clusters. The 
end of the state 3 branch was Ep8; they were ciliated epithe-
lial cells that expressed C20orf85 and RSPH1 [14] (Figs. 1B 
and 3C). The immune cells that were initiated were CD45+ 
epithelial cells, stromal cells, and endothelial cells. Myeloid 
immune cells (macrophages, mast cells, neutrophils) were 
primarily in state 2 of the immune cell trajectories, while 
lymphoid immune cells (NK cells, T cells) were distributed in 
state 3 (Figs. 2A and 3C).

Ligand–receptor analysis of endometrial epithelial 
cells and immune cells
We used Cellphone DB [19] to identify ligand–receptor pairs 
among epithelial cells and subtypes of immune cells (B cells, 
DC, M1, M2, NK cells, Tc, Th1, Th2, Th17, and Treg). We 
compared epithelial cells expressing PAEP and CXCL14 in 
the WOI with those in the proliferative phase of the control, 
proliferative phase of endometriosis, and WOI phase of endo-
metriosis. We found 11 pairs that were highly expressed in 
epithelial cells and immune cells in the WOI group and were 
expressed relatively poorly in the other groups. COL1A1_
a1b1 was the only pair specifically expressed in the WOI 
phase of endometriosis between epithelial and immune cells 
(Fig. 4A and B).

IL17 is a proinflammatory cytokine that is mostly secreted 
by Th17 cells; it has been reported to participate in defective 
endometrial receptivity [31]. Our data showed for the first 
time that the IL17_IL-17 receptor was expressed significantly 
in the epithelial and Th17 cells during WOI, indicating that 
an appropriate inflammatory response is beneficial for em-
bryo implantation. Secreted phosphoprotein 1 (SPP1), also 
known as osteopontin (OPN), is a marker of endometrial re-
ceptivity secreted by epithelial cells [32]. Our results showed 
that SPP1 and its receptor pairs (SPP1_a4b1, SPP1_CD44, 
and SPP1_PTGER4) were highly expressed in epithelial cells 
and immune cells during the WOI, relatively less expressed in 
the endometriosis WOI phase, and almost not expressed in 
the two proliferative phases.

The annexin A1, (ANXA1)-formyl peptide receptor (FPR) 
system, is a potent mediator of the inflammatory response 
[33]. Our ligand–receptor analysis revealed its upregulated 
expression among epithelial cells, B cells, dendritic cells, 
and macrophages during WOI, and it may participate in the 
immune microenvironment balance of the endometrium. 
Defective expression of ANXA1_FPRs in the WOI phase of 
endometriosis could be the cause of immune disorders in the 
endometrial environment. Three pairs of ligands–receptors 

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxad029#supplementary-data
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Figure 3: Trajectory analysis of epithelial and immune cells in endometria from the endometriosis and control groups. (A) The single-cell trajectory was 
predicted by Monocle 3 and visualized by t-SNE. Three states were identified in the endometriosis and control groups based on cell distribution. Using 
CD90, CD105, CD44, and CD146 as markers of endometrial stem cells, arrows represent the differentiation pathway. (B) The endometrial epithelial cell 
trajectories in the endometriosis and control groups from the proliferative to the WOI phase. (C) The subcluster locations of endometrial epithelial and 
immune cells in the endometriosis and control trajectories.
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associated with (GRN) were highly expressed during WOI 
(GRN_SORT1, TNFSF1A_GRN, and EGFR_GRN). GRN is 
a growth factor with anti-inflammatory properties, and one 
study found decreased protein levels in eutopic endometria 
in patients with endometriosis compared with controls [34]. 
GRN has been reported to play a role in implantation, and 
we found defective GRN expression between epithelial and 
immune cells in the WOI phase of endometriosis. Collagen, 
an extracellular matrix (ECM), and integrins are involved 
in the interaction between embryos and the endometrium, 
which governs implantation success. One study reported 
significantly increased expression of integrin α1β1 during 
a spontaneous abortion and increased adhesion to col-
lagen I [35]. Our study found that COL1A1_integrin α1β1 
was upregulated in endometriosis during the WOI phase, 

and abnormalities in ECM and integrin may play a role in 
decreasing endometrial receptivity in endometriosis.

Discussion
Inflammatory, chemical, immunologic, epigenetic, and genetic 
changes have been discovered in eutopic endometria of pa-
tients with endometriosis compared to healthy women [36]. 
However, current studies usually focus on specific markers or 
pathways, one type of endometrial cell culture in vitro, or one 
immune cell subtype assessed using immunochemistry or flow 
cytometry. The overall landscape of the endometrial immune 
environment in endometriosis remains poorly understood. 
Endometrial immune cells include complex subtypes and dy-
namic changes across the menstrual cycle. The endometrial 

Figure 4: Ligand–receptor analysis of endometrial cells in the endometriosis and control groups. (A) Dot plot of the predicted interactions of 
endometrial epithelial cells with immune cell subtypes during the window of implantation and in the proliferative phase of controls. (B) Dot plot of the 
predicted interactions of endometrial epithelial cells with immune cell subtypes in the secretory phase and proliferative phase in endometriosis. P 
values are indicated by circle size. The expression levels of all the interacting genes are indicated by color stripe on the right
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immune cells in endometriosis, and the cytokines secreted by 
them, contribute to the hallmarks of the disease pathophysi-
ology [37]. We generated a single-cell transcriptome analysis 
of endometrial cells to better understand the mechanism of 
pathogenesis of this disease and to decipher the endometrial 
receptivity and immune environment of the eutopic endomet-
rium in endometriosis.

We found that one cluster of epithelial cells that ex-
pressed endometrial receptivity markers (PAPE and CXCL14) 
came from the control group in the mid-secretory phase. 
These results were consistent with previous quantitative 
immunohistochemical and scRNA-seq studies [14, 38]. 
Furthermore, our data identified for the first time that this type 
of epithelial cell was absent in eutopic endometria of patients 
with endometriosis in the secretory phase. We reclustered 
CD45+ endometrial cells, divided these cells into proliferative 
and secretory phases, and compared the control with endomet-
riosis. We first revealed the disorder of endometrial leukocyte 
fluctuation throughout the menstrual cycle using single-cell 
resolution and whole-tissue specimens, which were more ac-
curate and closer to physiological status [4]. Interestingly, we 
found that some epithelial, stromal, and endothelial cells ex-
pressed CD45. Our trajectory analysis revealed that these cells 
initiated an immune cell trajectory. This indicates that these 
cells are probably relatively immature progenitor cells in the 
endometrium. Our database reflected the cytokine secretion 
of endometrial immune cells and revealed the inflammatory 
status of eutopic endometrium in endometriosis, which results 
in defective endometrial receptivity [26].

Trajectory analysis of the epithelial cells revealed that one 
state of cells specifically existed in the secretory phase of 
the endometrium. The number of cells in this state was sig-
nificantly lower in the endometriosis group than that in the 
control group. This suggests that abnormal differentiation 
of epithelial cells in the secretory phase may contribute to 
defective endometrial receptivity in endometriosis. Another 
branch of epithelial cells ends with ciliated epithelial cells. 
Previous studies have reported two main lineages of endo-
metrial epithelial cells, secretory and ciliated, across the men-
strual cycle [39]. Our trajectory analysis using the census 
algorithm supports this conclusion. Except for one group 
of CD45+ epithelial cells, stromal cells, and endothelial cells 
mentioned above, immune cell trajectory analysis showed 
that mast cells, neutrophils, and macrophage were distributed 
in different branches from NK cells and T cells. These results 
indicate that endometrial immune cells differentiated lineage 
including myeloid and lymphoid-like peripheral blood.

Crosstalk between endometrial epithelial and immune cells 
influences endometrial physiology and homeostasis and is also 
involved in the development of endometriosis [40]. We iden-
tified extensive ligand–receptor pairs between endometrial 
immune and epithelial cells. We found that intercellular inter-
actions during WOI were more active than those during the pro-
liferative phase in the control and endometriosis groups during 
all menstrual cycles. The crosstalk between epithelial cells and 
trophoblasts influences embryo implantation [41]. Our ligand–
receptor analysis demonstrated that epithelial and immune cell 
crosstalk during WOI is crucial for endometrial receptivity. 
These bioinformatics data provide clues for further analysis of 
the defective endometrial receptivity of endometriosis.

Our study had some limitations, such as the small sample 
size and lack of validation experiments. Further studies are 

needed to demonstrate the conclusions of our bioinformatic 
analysis, like in situ validation of receptor-ligand pairs ana-
lysis. Therefore, more evidence is needed to clearly state the 
pathogenesis of endometriosis-associated infertility.

In this study, we systematically revealed the eutopic endo-
metrial single-cell transcriptome immune landscape in endo-
metriosis and compared it with that of disease-free controls. 
Our trajectory and receptor–ligand analysis will be useful for 
deciphering endometrial cell differentiation rules and endo-
metrial intercellular crosstalk between epithelial cells and the 
immune microenvironment. This database will provide an 
essential resource for understanding the eutopic endometrial 
inflammatory environment and defective endometrial recep-
tivity in patients with endometriosis-associated infertility.
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