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Abstract 19 

The microenvironment of the endometrial immune system is crucial to the success of 20 

placental implantation and healthy pregnancy. However, the functionalities of immune 21 

cells across various stages of the reproductive cycle have yet to be fully comprehended. 22 

To address this, we conducted advanced bioinformatic analyses on 230,049 high-quality 23 

single-cell transcriptomes from healthy endometrial samples obtained during the 24 

proliferative, secretory, early pregnancy, and late pregnancy stages. Our investigation 25 

revealed that proliferative natural killer (NK) cells, a potential source of endometrial 26 

NK cells, exhibit the most robust proliferative and differentiation potential during 27 

non-pregnant stages. During early pregnancy, NK cells display high oxidative 28 

phosphorylation metabolism activity, and together with macrophages and T cells, 29 

exhibit a strong type II interferon response. Based on our cell-cell interaction analyses, 30 

we identify a large majority of interaction pairs to occur in late pregnancy. Finally, we 31 

explored the correlation between stage-specific alterations in transcriptomics and the 32 
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risk genes of common reproductive diseases, unveiling that MHC class I/II molecules, 33 

along with TGFBR1, exhibited the potential to serve as biomarkers. Our study provides 34 

insights into the dynamics of the endometrial immune microenvironment during 35 

different reproductive cycle stages, thus serving as a reference for detecting pathological 36 

changes during pregnancy. 37 

 38 
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 42 

Introduction 43 

The reproductive cycle can be broadly classified into the menstrual cycle, which 44 

encompasses the proliferative and secretory stages
1
, and the stages of pregnancy, 45 

including the early, mid-, and late pregnancy
2
. Many significant occurrences in the 46 

reproductive process are closely linked with the endometrium, including embryo 47 

implantation, pregnancy, and labor. Such instances are accompanied by a dynamic 48 

process involving shedding, regeneration, and differentiation of the endometrial tissue
3
. 49 

A comprehensive characterization of the endometrium in healthy individuals throughout 50 

the reproductive cycle can facilitate the understanding of the normal transitions and 51 

variations in the endometrial microenvironment during different stages of the 52 

reproductive cycle, and serve as a foundation for exploring pathological changes in 53 

reproductive processes. 54 

The success of pregnancy is greatly influenced by the immune microenvironment of 55 

the endometrium
4,5

. As evidenced in a prior study, there is an increase in the proportion 56 

of endometrial immune cells from 8.2% during the proliferative stage to 31.7% during 57 

early pregnancy
6
. The endometrium contains various types of immune cells, among 58 

which the most predominant are NK cells, macrophages, and T cells
7
. During early 59 

pregnancy, NK cells comprise 50-70% of leukocytes in normal endometrium
3
. These 60 

cells, which could produce and secrete angiogenic factors
8
, play an essential role in 61 

instigating and perpetuating decidualization
9
 and facilitating embryo implantation

8,10
. 62 

Endometrial macrophages play a vital role in tissue reconstruction, helping to establish 63 

a pro-inflammatory microenvironment for embryo implantation, and acting as 64 

antigen-presenting cells (APCs)
7
. CD8

+
 cytotoxic T cells can recognize fetal antigens 65 
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directly through EVTs and indirectly through APCs but would not attack EVTs
11

.  66 

Single-cell RNA sequencing (scRNA-seq) is increasingly used to characterize the 67 

endometrial microenvironment at various stages of the reproductive cycle
12

, including 68 

identifying cell-cell interactions and new subsets of immune and nonimmune cells
1,13-16

. 69 

During early pregnancy, decidual NK cells were observed to comprise three distinct 70 

subsets (dNK1, dNK2, and dNK3)
13

. dNK1 are noted for expressing high levels of killer 71 

immunoglobulin-like receptors (KIRs) capable of binding to HLA-C molecules. 72 

Meanwhile, both dNK1 and dNK2 show the presence of LILRB1, which binds to 73 

HLA-G molecules, as well as NKG2A, which binds to HLA-E molecules. Consequently, 74 

dNK1 and dNK2 are believed to potentially interact with EVTs, with dNK1 playing a 75 

paramount role. Furthermore, dNK3 and dNK2 are observed to produce more cytokines 76 

than dNK1, which implies that they may be more important in recruiting other immune 77 

cells and regulating the immune microenvironment
17

. Additionally, recent studies have 78 

explored the disparities in the endometrial immune microenvironment between healthy 79 

women and those with recurrent pregnancy loss (RPL) during early pregnancy
5,18,19

. 80 

However, a comprehensive understanding of the dynamic changes in the endometrial 81 

immune environment spanning the reproductive cycle is still lacking. 82 

In this study, we conducted an advanced bioinformatic analysis of large-scale public 83 

scRNA-seq datasets obtained from endometrial cells of healthy women across four 84 

stages of the reproductive cycle. We identified the stage-specific transcriptomic 85 

characteristics of major endometrial immune cells (including NK cells, macrophages, 86 

and T cells) during different stages. We also carried out an in-depth analysis of cell-cell 87 

interactions and found that there is a strong communication between immune and 88 

non-immune cells during different stages of the reproductive cycle, particularly in late 89 

pregnancy. Finally, we demonstrated an association between stage-specific 90 

transcriptomic changes of endometrial cells and the risk genes of common reproductive 91 

diseases. This study provides a relatively comprehensive perspective of the dynamic 92 

landscape in the endometrial immune microenvironment throughout the reproductive 93 

cycle, which can facilitate studies investigating pathological changes to improve the 94 

diagnosis and treatment of endometrium-related ailments. 95 

 96 

Materials and Methods 97 

Sample information 98 
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For the scRNA-seq data we collected, 4 stages of the reproductive cycle were examined: 99 

proliferative (n = 4), secretory (n = 11), early pregnancy (n = 28), and late pregnancy (n 100 

= 9). For sample sources, 1 of proliferative donors and 1 of secretory donors are 101 

deceased organ donors (within 1 h of circulatory arrest) from Garcia-Alonso, L., et al. 102 

(Nat. Genet., 2021), and the other 13 of non-pregnant donors are live donors; Decidual 103 

tissue of Vento-Tormo et al. (Nature, 2018) was obtained from elective terminations of 104 

normal pregnancies between 6 and 12 weeks gestation. In the other 3 datasets of early 105 

pregnancy, Guo et al. (Cell Discov., 2021), Wang et al. (Genomics Proteomics 106 

Bioinformatics, 2021), and Chen et al. (Front. Immunol., 2021), decidual tissues were 107 

obtained from elective terminations of apparently normal pregnancies and CD45
+
 cells 108 

were sorted for further sequencing analysis. Tissues of late pregnancy were obtained 109 

immediately after delivery. scRNA-seq data used in our study was obtained with 10x 110 

Genomics libraries. 111 

 112 

Single-cell RNA-seq quality control 113 

For the raw sequencing SRA files provided by the articles, fastq-dump (v2.8.0) was 114 

used here to download and convert to FASTQ.GZ files, and then Cell Ranger (v4.0.0) 115 

and the GRCh38 human reference genome provided by it were used for sequence 116 

comparison. For data quality control, in this study, six scRNA-seq datasets were first 117 

merged and retained 36,601 standard genes using the Merge function of Seurat
20

 118 

(version 4.0.5), and the data were subsequently partitioned into smaller datasets using 119 

the difference in the samples to which they belonged. After preprocessing with Seurat's 120 

NormalizeData and ScaleData functions, this study used DoubletFinder
21

 (version 2.0.3) 121 

to screen out double cells with a default setting of 7.5%. Subsequently, cells with 122 

detected gene counts between 500 and 6000 and with less than 25% mitochondrial gene 123 

expression were retained in this study. In addition, we retained genes expressed in at 124 

least 10 cells and simultaneously removed mitochondrial genes. Due to severe batch 125 

effects in direct follow-up analysis, different integration approaches were tried in this 126 

study, including Seurat, Harmony
22

 (version 0.1.0) and scVI
23

 (version 0.13.0). We 127 

finally chose Seurat's integration results, and the integration process included splitting 128 

the dataset (SplitObject), normalizing the data (NormalizeData), obtaining highly 129 

expressed genes (FindVariableFeatures), obtaining highly expressed genes with a high 130 

number of replicates based on the splitting results (SelectIntegrationFeatures), 131 

determining integration anchors (FindIntegrationAnchors), and integrating 132 
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(IntegrateData), while adjusting the split.by parameter of the SplitObject() function in 133 

the Seurat standard integration process, the nfeatures parameter in the 134 

FindVariableFeatures and SelectIntegrationFeatures functions, the anchor.features 135 

parameter in the FindIntegrationAnchors function, and the IntegrateData function's 136 

sample.tree parameter in the FindIntegrationAnchors function and sample.tree 137 

parameter in the IntegrateData function to further optimize the integration results. The 138 

integration also included Seurat's standard process for scRNA-seq downstream data 139 

processing and analysis, and this study used the integrated data matrix for normalization 140 

(ScaleData), PCA principal component analysis (RunPCA), UMAP downscaling 141 

(RunUMAP), calculation of neighborhoods (FindNeighbors), and cell clustering 142 

(FindClusters, resolution=1.0).  143 

 144 

Single-cell RNA-seq annotation 145 

In this study, the cell types were broadly classified mainly based on the cell type 146 

characteristic genes in the Extended Data provided in the article
13

. Additionally, using 147 

the Jaccard index (i.e., the ratio of the intersection size of two sets to the size of the 148 

concatenated set), our study calculates the similarity between the natural clusters and 149 

the original annotations of the datasets to confirm the cluster-cell type correspondence 150 

and further selects the cell clusters with more ambiguous cluster boundaries. For cell 151 

clusters that require finer distinction or are difficult to distinguish, we adopt the strategy 152 

of removing and then downscaling the cluster annotation, and if there is a serious batch 153 

effect in the direct downscaling of clusters, then we use Seurat to integrate before 154 

downscaling and then use the original data information and cell type signature genes of 155 

the datasets for annotation. If it was difficult to confirm the cell type of the cluster with 156 

existing annotations or signature genes, we used the FindMarkers function of Seurat to 157 

obtain the differentially expressed genes of the cluster relative to other clusters, 158 

identified the cell type of the cluster by reviewing the literature and databases, and 159 

finally matched the cell type annotations back to the original dataset using the cell ID. 160 

After cell annotation was completed, we removed some cells that included (a) NK cells 161 

with high expression of heat shock protein (HSP) genes, which may be due to 162 

experimental manipulation causing cellular stress; (b) clusters of cells expressing both T 163 

cells and Mac signature genes; and (c) clusters of T cells with high expression of 164 

antibody-related proteins.  165 

 166 
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Gene expression programs analyses 167 

In our study, NK cells were extracted from the data using annotation information, and 168 

NK cells were divided into small datasets of different cell subsets using annotation 169 

information in the same way. Then, differentially expressed genes of different stages 170 

were obtained for the split small datasets after removing HSP genes (FindAllMarkers, 171 

min.pct=0.25, only.pos=TRUE). To explore whether there are some differences between 172 

different cell types, this study also used stage information to divide NK cells into small 173 

datasets of different stages to obtain differentially expressed genes of different cell 174 

subsets. Finally, we merged these genes into one differential gene set. Since some cell 175 

subsets of macrophages and T cells were too few in number in some stages, we were 176 

concerned that their differential genes would bring huge errors to the whole, so we set at 177 

least 30 cells of that cell type in each stage to be retained and then used the retained cell 178 

subsets for the above operation, and finally, we obtained three differential gene sets. 179 

cNMF can infer gene expression programs, including cell type gene modules and 180 

functional gene modules, from scRNA-seq
24

. cNMF will be used in this study to further 181 

uncover stage-specific functional transcriptional modules. Since cNMF (version 1.3.2) 182 

runs on a python (v3.7.0)-based environment, which requires a matrix file with a.txt 183 

format or an object file with a.h5ad format as input, we extracted NK cells from the 184 

original Seurat objects after keeping only the genes in the differential gene set. Then, we 185 

used the SeuratDisk (version 0.0.0.9019) functions SaveH5Seurat and Convert 186 

functions to convert the object and store it as an.h5ad file. The object then undergoes the 187 

standard processing flow of cNMF. The main cNMF programs are run in the cnmf_env 188 

virtual environment from the command line, which can also be called from the 189 

command line in python for ease of subsequent processing. The process includes 190 

normalizing the input matrix and preparing the run parameters (prepare instruction), 191 

decomposing the matrix (factorize instruction), merging the result file (combine 192 

instruction), traversing the result and plotting the stability and error (k_selection_plot 193 

instruction), and selecting the result according to the desired k value after presetting the 194 

outlier threshold (consensus The -k parameter in the factorize command corresponds to 195 

the number of modules of the subsequent genes, and in combination with the existing 196 

number of differential genes, we calculate 10, 15 and 20 in NK cells, 8-12 in 197 

macrophages and 10-15 in T cells, and use the parallel command to shorten the running 198 

time during the calculation. local maximum stability and minimum error is chosen, but 199 

there is no clear standard, and the developers suggest using it according to the actual 200 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 13, 2023. ; https://doi.org/10.1101/2023.11.09.566466doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.09.566466
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

situation. Ultimately, this study obtained the top 50 (NK cells) or top 20 genes 201 

(macrophages and T cells) from each gene module based on the results of the gene 202 

expression program using the z score. 203 

 204 

Stage-specific gene modules analysis 205 

We use NK cells as an example. In this study, we used the gene modules obtained from 206 

the above steps to calculate the average expression of each gene module in each NK cell 207 

using the expression matrix after standard processing. Then, using this gene module 208 

average expression matrix, we calculated the Pearson correlation coefficient (PCC) (cor, 209 

method=Pearson) between the average expression of the 20 gene modules. We then used 210 

pheatmap (version 1.0.12, clustering_method=ward. D) to plot the heatmap and 211 

obtained 10 gene modules (GMs) based on the hierarchical clustering it provided, and 212 

macrophage and T-cell correlations were processed in the same way. To obtain 213 

stage-specific or cell type-specific functional transcriptional modules, the acquired GMs 214 

were calculated for the expression of cellular isoforms in all stages, and box-line plots 215 

were drawn in this study (ggplot2, version 3.3.5). We considered a GM to be 216 

stage-specific if it had significantly higher expression (unpaired t test and fold change 217 

≥ 1.1) in at least two cell types at the same identical stage and no other significantly 218 

higher-expressing GM occurred in all cell types. We also identified cell type-specific 219 

GMs, which may have higher expression in at least three stages than all other cell types. 220 

After deduplication of the gene sets in GM, we used clusterProfiler
25

 (version 3.14.3) to 221 

perform functional enrichment analysis, with a process including gene ID conversion 222 

(bitr, org.Hs.eg.db version 3.10.0) and functional enrichment (enrichGO, ont=ALL). 223 

Since only a very small number of genes could not be converted from SYMBOL to 224 

ENTREZID during the conversion process, we did not perform subsequent gene ID 225 

conversions, and since most of the observed functions were found in BP (biological 226 

process), subsequent function enrichment was performed directly using enrichGO 227 

(ont=BP, keyType=SYMBOL), which will also facilitate the subsequent viewing of the 228 

gene corresponding to a particular function. We then combined the results of all GM 229 

function enrichments and selected the top 10 functions of each GM enrichment based on 230 

the p value as the main functions to be enriched.  231 

 232 

Cytokine signaling activity prediction 233 

In our study, CytoSig
26

 software was used for the prediction of multiple cytokine 234 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 13, 2023. ; https://doi.org/10.1101/2023.11.09.566466doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.09.566466
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

signaling activities. The single-cell raw matrices of NK cells, macrophages and T cells 235 

were first normalized by the required log2(TPM/10 + 1), and then the processed 236 

matrices were output as.txt files, which were converted to.txt.gz files using the gzip 237 

command at the command line. In this study, we used.txt.gz files as the standard inputs 238 

to perform the signal activity prediction of 51 cytokines in the CytoSig database in the 239 

command line, and finally, we selected the .Zscore (regression coefficient/standard error) 240 

files as the result for subsequent usage. Then, we selected the cytokines from it for 241 

subsequent display. Finally, we likewise plotted boxplots of cytokine signaling activity 242 

results using cell subset and stage information. 243 

 244 

Cell-cell interaction prediction 245 

In our study, Nichenet
27

 (Nichenetr, version 1.0.0) was used for cell-to-cell interaction 246 

prediction. The ligand-target a priori model, the recipient ligand network and the 247 

weighted integration network provided by Nichenet need to be loaded before 248 

performing the prediction of intercellular interactions. We obtained Seurat objects 249 

containing only the desired cell types, which were later subjected to formal Nichenet 250 

analysis. We needed to first define the signal-sending cell types and the signal-receiving 251 

cell types and then define the genes in the signal-receiving cell population that might be 252 

affected by the ligands expressed by the interacting cells. Here, we used differentially 253 

expressed genes in different stages. We then defined the potential ligands in the 254 

signal-sending cell types, calculated the ligand activities (predict_ligand_activities) in 255 

combination with the expression of the target genes in the previously obtained gene set, 256 

and viewed the predicted target genes corresponding to these ligands and their ranking. 257 

In addition, the above main analysis process of Nichenet can also be completed by the 258 

function nichenet_seuratobj_aggregate. 259 

 260 

Cytokine correlation analyses 261 

We first obtained some cytokine ligand genes and then performed a preliminary 262 

screening and retained them if their average expression after normalization in single or 263 

multiple stages was greater than 0.25. We obtained stage-specific cytokines with 264 

significantly higher expression in one stage than in other stages and a fold change ≥ 265 

1.05. In addition, we artificially retained some cytokines with certain expression in 266 

certain cell types, and finally, we retained 29 cytokine ligand genes. We then performed 267 

hierarchical clustering point mapping of cytokine ligand genes using Seurat, 268 
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ComplexHeatmap (version 2.11.1), circlize (version 0.4.14), presto (version 1.0.0), and 269 

tidyverse (version 1.3.1) in the R (version 4.0.5) environment. We performed k-means 270 

hierarchical clustering of rows with behavioral genes, listed as stages, with the number 271 

of clusters set at 4. After obtaining stage-specific cytokine expression profiles, we used 272 

the same gene order to demonstrate their expression in different cell types using the 273 

DotPlot function. For the statistics of cell-to-cell interactions, this study used the 274 

CellTalkDB database
28

 to obtain the receptors corresponding to cytokine ligands. By 275 

defining expression greater than 0 as expressing that ligand gene or receptor gene, we 276 

obtained cell types with expression ratios greater than or equal to 50% in each stage. 277 

The potential receptor/ligand pairs defined by the study are relatively simple, i.e., there 278 

are both A (ligand cell) expressing this ligand gene A and B (receptor cell) expressing 279 

the corresponding receptor gene B in that stage, and we consider that there are potential 280 

receptor/ligand pairs gene A-gene B between A and B. Finally, the study uses igraph 281 

(version 1.3.1) for the four stages of intercellular interactions. We also screened the 282 

receptor/ligand pairs by the number of ligand-recipient pairs between a certain ligand 283 

cell and a certain receptor cell as the weight, and when the number of receptor/ligand 284 

pairs greater than or equal to the average of all weights was greater than or equal to 20, 285 

the receptor/ligand interaction was displayed. If less than 20 and the number of 286 

unscreened receptor/ligand cell pairs is greater than or equal to 20, the top 20 are 287 

selected for display in order of weight, or all are displayed if the number of unscreened 288 

receptor/ligand pairs is less than 20. 289 

 290 

Results 291 

An atlas of endometrial cells throughout the reproductive cycle in healthy women 292 

To investigate the changes in the composition and transcriptome of endometrial immune 293 

cell populations throughout the reproductive cycle, we collected seven publicly 294 

available scRNA-seq datasets obtained from the endometrial samples of 52 total healthy 295 

women 
1,5,13,15,16,18,19

. Specifically, samples from the proliferative (n = 4) and secretory 296 

(n = 11) stages were obtained on days 1-14 and 15-28 of the menstrual cycle
1,16

, 297 

respectively. The average pregnancy duration of early pregnancy samples (n = 28) 298 

varied from 6 to 14 gestational weeks
5,13,18,19

. Likewise, the pregnancy duration of late 299 

pregnancy samples (n = 9) ranged from 33 to 40 gestational weeks (Fig. 1A)
15

. 300 

After removing cell doublets with DoubletFinder
21

 and filtering out low-quality 301 
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cells, we applied Seurat
20

 to integrate the scRNA-seq datasets of endometrial samples 302 

from different stages of the human female reproductive cycle. This process resulted in a 303 

combined total set of 230,049 single-cell transcriptomes, including 22,115 cells 304 

obtained in the proliferative stage, 67,098 cells from the secretory stage, 83,111 cells 305 

from early pregnancy, and 57,725 cells from late pregnancy. The resulting gene 306 

expression matrix was normalized, and a subsequent hierarchical clustering analysis 307 

revealed the presence of 47 distinct clusters, which were visualized using uniform 308 

manifold approximation and projection (UMAP) plots. Cell lineages were identified 309 

based on predominant markers
13

, including three NK cell subsets (NK1, NK2, and NK3 310 

cells), two macrophage subsets (Mac1 and Mac2 cells), three T-cell subsets (CD4
+
 T, 311 

CD8
+
 T, and Treg cells), dendritic cells (DCs), plasma cells, granulocytes, and 312 

nonimmune cells (including stromal cells, endothelial cells, fibroblasts, epithelial cells, 313 

perivascular cells, and trophoblasts) (Fig. 1B-D, and Supplementary Fig. 1A, B). In 314 

addition, this analysis also detected proliferative cell subsets, such as proliferative NK 315 

cells (NKp), proliferative macrophages (Mpro), and proliferative T cells (Tpro). 316 

Comparison with cell types previously annotated in the literature
1,5,13

 showed 317 

remarkable consistency with the cell identities of populations in these datasets, thus 318 

confirming the validity of our cluster annotations (Supplementary Fig. 2A-C). In 319 

addition, stage-specific subsets of cells in our atlas were preserved through the 320 

cell-typing process. For example, endometrial stromal (eS) cells largely appeared in the 321 

proliferative stage, while decidual stromal (dS) cells only appeared in the secretory 322 

stage, early pregnancy, and late pregnancy (Fig. 1B, C and Supplementary Fig. 3A), 323 

which aligns well with the known time of differentiation from eS cells to dS cells
29

. 324 

Trophoblasts were also detected only in early and late pregnancy since they develop to 325 

initiate the invasion process after embryo implantation (Fig. 1B, C and Supplementary 326 

Fig. 3A). These collective results indicated that the single-cell transcriptome atlas of 327 

human endometrial cells from different stages of the reproductive cycle was reliable for 328 

further analysis of changes in immune cell composition, transcriptome, and intercellular 329 

interactions. 330 

 331 

Dynamics in the proportion of immune cells across different reproductive cycle 332 

stages 333 

The immune cells found in the endometrium play crucial roles in facilitating a 334 

successful pregnancy, including maintaining immune tolerance, regulating trophoblast 335 
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invasion, promoting fetal growth, and fighting infections
7,30-32

. Thus, we next 336 

investigated the distribution of major immune cell subsets (NK cells, macrophages, and 337 

T cells) throughout the reproductive cycle. Notably, during early pregnancy, these cell 338 

subsets all increased significantly (Supplementary Fig. 3B), indicating their importance 339 

in facilitating normal pregnancy, particularly implantation. 340 

We further investigated the compositional changes in specific cell subsets within 341 

each major immune cell subset. We found that NK1 and NK2 cells increase during early 342 

pregnancy (Fig. 1E, and Supplementary Fig. 3C), suggesting their potential to bind to 343 

HLA class I molecules of EVTs and modulate invasion during this stage. In contrast, 344 

NK3 cells, that secrete high levels of cytokines, increase in number during late 345 

pregnancy and maintain a high proportion with NK2 cells (Fig. 1E, and Supplementary 346 

Fig. 3C). These findings were corroborated in Whettlock’s study using flow cytometry
33

. 347 

Additionally, CD4
+
 T cells were observed to increase significantly during late 348 

pregnancy (Supplementary Fig. 3D). Regarding macrophages, the proportion of Mac1 349 

with pro-inflammatory polarization characteristics is higher during secretory and late 350 

pregnancy stages than Mac2, which exhibits anti-inflammatory polarization 351 

characteristics (Supplementary Fig. 4A-C). This is in line with overall inflammatory 352 

events that have been reported in healthy pregnancies
3
. Therefore, macrophages may 353 

play an essential role in regulating the inflammatory environment of the endometrium. 354 

 355 

Gene module analyses reveal the functional states and cell origin of NK cells at 356 

different stages 357 

As the most abundant immune cells in pregnancy
3
, NK cells are the primary subject of 358 

our investigation into functional changes throughout the reproductive cycle. To 359 

determine the gene expression differences between NK cell subsets, we utilized 360 

consensus nonnegative matrix factorization (cNMF) and hierarchical clustering 361 

strategies, resulting in the identification of 8 distinct stage-specific gene modules (GMs) 362 

(see Methods). Expression changes in each of these GMs during different stages of 363 

pregnancy were found to be similar amongst the various NK cell subsets (Fig. 2A, B, 364 

and Supplementary Fig. 5). Within GM1, genes involved in ATP metabolism (glycolysis: 365 

TPI1, GAPDH; ATP synthesis and catabolism: ATP5PF, ATP5MF, ATP5MC2, 366 

ATP5MG; aerobic respiration: UQCRQ, COX7A2) were found to be highly expressed in 367 

NK cells during early pregnancy (Fig. 2B, C, and Supplementary Fig. 6, 7A). Our 368 

findings thus supported previous work which characterized the active glycolytic 369 
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metabolism amongst NK1 cells within early pregnancy
13

 and furthermore, revealed that 370 

oxidative phosphorylation metabolism (resulting in the production of more ATP than 371 

glycolytic and TCA cycle metabolism) of NK cells is more active during early 372 

pregnancy than in other stages, as determined using scMetabolism
34

 (Supplementary Fig. 373 

7B). Taken together, our results suggest an active functional state of NK cells during 374 

early pregnancy. 375 

Beyond this, the origin of NK cells remains unclear 
7
, leading us to focus on GM3 376 

(mitosis: MKI67, TOP2A, etc.) and GM6 (leukocyte migration: CCL5, CXCR4, etc.), 377 

both of which were observed to be highly expressed during the menstrual cycle (Fig. 2B, 378 

C). We found that GM3 was highly expressed in NKp, suggesting that NKp has the 379 

strongest proliferative capacity in the menstrual cycle (Fig. 2B), which was further 380 

confirmed by calculating cell cycle phase scores based on canonical markers
35

 (Fig. 2D). 381 

Our previous work demonstrated that NKp has the potential to differentiate into other 382 

NK cell subsets in early pregnancy
5
. To further elucidate this phenomenon, we applied 383 

cytoTRACE to NK cells of four stages, and discovered that NKp from different stages 384 

showed similar differentiation programs (Supplementary Fig. 8A-D). Furthermore, we 385 

found that NKp of non-pregnant stages had a higher differentiation potential compared 386 

to NKp of pregnancy (Fig. 2E). Meanwhile, the proportion of NKp decreased gradually 387 

as the pregnancy progresses (Fig. 1E). These results suggest that NKp of non-pregnant 388 

stages may have a greater proliferative and differentiation capacity than NKp of 389 

pregnancy. 390 

GM6 was enriched for functions related to leukocyte migration, and given the 391 

possibility that peripheral blood NK (pbNK) cells may act as a source of endometrial 392 

NK cells
36

, we assessed the expression levels of GM6 genes in endometrial NK cells. 393 

We discovered that the NK3 subset exhibited strong gene expression (e.g., CXCR4) 394 

related to chemotactic properties, akin to pbNK cells, and especially CD16
+
 pbNK cells 395 

(Fig. 2F, and Supplementary Fig. 9A). Moreover, CXCL12 (the ligand of CXCR4) was 396 

found to have high expression levels in eS cells and fibroblasts during non-pregnant 397 

stages (Supplementary Fig. 9B), thereby suggesting that NK3 cells may be recruited by 398 

these cells. 399 

 400 

Endometrial immune cells display a strong IFN-γ response in early pregnancy 401 

We also conducted GM analysis on both macrophages and T cells. We discovered that 402 

similar to NK cells, both macrophages and T cells exhibit a potent type II interferon 403 
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(IFN-γ) response in early pregnancy (macrophage: GM5, T cell: GM1) (Supplementary 404 

Fig. 10, and Supplementary Fig. 11). By using CytoSig
26

 to predict cytokine signaling 405 

activity, we further substantiated this observation (Fig. 3A). Further investigation on the 406 

genes contained in these interferon-associated GMs, we discovered that during early 407 

pregnancy, Mac1 and Mac2 express chemokines such as CCL3 and CCL4 (Fig. 3B). 408 

Additionally, NK cells and T cells display elevated levels of MHC class I molecules, 409 

while macrophages display increased levels of MHC class II molecules (Fig. 3B). These 410 

findings suggest that immune cells exhibited an activated state and potential antiviral 411 

functions
37

 during early pregnancy. 412 

 413 

Stage-specific cell-cell interactions in the menstrual cycle promote cell proliferation 414 

and decidualization 415 

Given that cytokines and chemokines can mediate cell-cell interactions at the 416 

maternal-fetal interface that play a fundamental role in pregnancy success
13,38,39

, we 417 

next examined cell-cell interactions involving these signaling molecules at different 418 

stages of the reproductive cycle. Initially, we generated a set of stage-specific cytokines, 419 

with approximately 93% of them encoding secreted proteins (Supplementary Fig. 11A). 420 

We utilized CellTalkDB
28

 to obtain their respective receptors. Potential stage-specific 421 

receptor/ligand pairs were then predicted by analyzing their expression in different cell 422 

subsets during different stages (see Methods). Among the four stages, the late pregnancy 423 

exhibited the highest diversity of ligand-receptor pairs (n = 20 receptor/ligand pairs) as 424 

predicted, followed by early pregnancy (n = 19) and the proliferative stage (n = 12), 425 

while the secretory stage had the fewest predicted pairs (n = 5) (Fig. 4A, and 426 

Supplementary Fig. 11B). 427 

We utilized CellPhoneDB
40

 to explore the specific cell-cell interactions between 428 

non-immune and immune cell during each stage (Fig. 4B). During the proliferative 429 

stage, nearly all endometrial cell types, including immune cells, exhibited elevated 430 

levels of HMGB1, promoting cell proliferation. SDC1 (receptor of HMGB1) was highly 431 

expressed by eS cells and fibroblasts, which may lead to the endometrial thickening in 432 

the proliferative stage (Fig. 4B). In addition, eS cells and fibroblasts express ligands 433 

involved in the CXCL signaling pathway in the proliferative stage, and the major 434 

immune subsets express their corresponding receptors, thus suggesting a possible 435 

mechanism for immune cell recruitment. Notably, this interaction analysis identified the 436 

expression of LIF in NK2 cells during the secretory stage (Fig. 4B). A previous study 437 
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has shown that LIF can enhance eS decidualization
41

, which, in conjunction with our 438 

results, suggesting that the NK2 cells may participate in promoting decidualization. 439 

 440 

Stage-specific cell-cell interactions in pregnancy stages promote tissue remodeling 441 

and immune homeostasis at the maternal-fetal interface 442 

Upon investigating the potential ligand-receptor pairs during early pregnancy, we found 443 

that major immune cell subsets highly expressed CCL3, CCL4 and CCL5, while EVTs 444 

specifically expressed their receptors (CCR1, SDC4, and ACKR2). This may facilitate 445 

EVT invasion in early pregnancy and EVT may also regulate chemokine levels to 446 

prevent excessive invasion of itself. In addition, non-immune cells exhibited similar 447 

patterns in the expression of receptors of ICAM1 and SPP1. The former participates in 448 

leukocyte-endothelial cell adhesion
42

, while the latter binds integrins to promote cell 449 

adhesion, migration, and differentiation via cell-cell and cell-extracellular matrix 450 

interactions
43

. Our results showed that ligands of both receptors were highly expressed 451 

in Mac1 and Mac2 in early pregnancy (Fig. 4B), suggesting their potential involvement 452 

in the reconstruction of the endometrial immune microenvironment. 453 

During late pregnancy, our findings showed that the receptor of MIF was expressed 454 

at a high level in dS cells and EVTs (Fig. 4B). MIF is a pro-inflammatory cytokine
3,44

 455 

that can bind to the human epidermal growth factor receptor (EGFR), thus preventing 456 

its activation. According to our results, this can lead to immune cells using MIF to 457 

hinder the proliferation of dS cells in late pregnancy. EBI3, an immunomodulator 458 

involved in regulating NK cells
45

, was highly expressed in EVTs, while its receptor 459 

IL6ST was highly expressed in NK1, Mac1, Mac2, and CD4
+
 T cell subsets (Fig. 4B, 460 

and Supplementary Fig. 11A). Moreover, our analysis showed that TGFB1, which can 461 

reduce trophoblast invasiveness
46

, was highly expressed in NK cells and T cells (Fig. 462 

4B). The receptors of TGFB1 (ENG and TGFBR1) were expressed by EVT. EVT 463 

invasion may be also influenced by tissue inhibitor of metalloproteinase 3 (TIMP3), 464 

which was highly expressed in several non-immune cell subsets (i.e., perivascular cells, 465 

stromal cells, endothelial cells, fibroblasts, epithelial cells, and trophoblasts) (Fig. 4B, 466 

and Supplementary Fig. 11A), and may limit excessive EVT invasion through the 467 

suppression of the metalloproteinase-mediated extracellular matrix remodeling process. 468 

 469 
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Association analysis with disease risk genes reveals the potential clinical 470 

significance of stage-specific genes in preeclampsia 471 

Next, we evaluated the clinical relevance of stage-specific gene expression profiles in 472 

immune cells. Specifically, we obtained stage-specific genes from previous GM 473 

analyses and collected risk gene sets for five common reproductive diseases from the 474 

Harmonizome database
47

, including endometriosis, implantation failure, gestational 475 

diabetes (GD), RPL, and preeclampsia (Supplementary Table 1). We then established 476 

enrichment scores through Fisher's exact test, which measured the association between 477 

the risk genes and the stage-specific genes. 478 

We first found that RPL showed the highest enrichment score during early 479 

pregnancy in immune cells (Fig. 5A). Upon analyzing the data, we discovered that risk 480 

genes pertaining to interactions (e.g., HLA-A, HLA-DRB1, and TNF), all of which were 481 

previously identified in other studies
5,18

, were noticeably enriched in early pregnancy 482 

associated with RPL (Fig. 5A). Interestingly, our results showed that these genes may 483 

also be associated with other reproductive diseases except for implantation failure (Fig. 484 

5A). Additionally, we linked the upregulated genes of major immune cell subsets 485 

specific to early pregnancy obtained from scRNA-seq disease data collected from our 486 

previous research
5
 to the enriched stage-specific risk genes affiliated with RPL. Our 487 

results demonstrated a significant association between the enriched stage-specific risk 488 

genes in RPL patients and the upregulated genes pertaining to major immune cell 489 

subsets of early pregnancy (Supplementary Fig. 12A-C). Furthermore, we noticed that 490 

several specific interaction-related genes linked to various stages of pregnancy (TGFB1 491 

for late pregnancy, ICAM1 and CCL5 for early pregnancy) were differentially enriched 492 

in endometriosis and preeclampsia. The results suggested that immune-associated 493 

stage-specific interactions are vital for healthy pregnancy while also suggesting a high 494 

risk of being associated with reproductive diseases. 495 

We also evaluated the clinical relevance of stage-specific gene expression profiles in 496 

non-immune cells (Fig. 5B). Notably, certain genes that are considered pivotal for the 497 

appearance of endometriosis, for instance, CDKN1B
48

, HOXA10
49

, and WNT4
50

, were 498 

found to be enriched in the secretory stage (Fig. 5B). HOXA10 and WNT4 were also 499 

detected to be enriched in the proliferative stage (Fig. 5B), implying that they might be 500 

associated with different stages of endometriosis development. By performing 501 

association analysis with preeclampsia risk genes, we revealed the clinical relevance of 502 

stage-specific genes like FGF2, TIMP1, CLU, and TGFBR1 from secretory, early 503 
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pregnancy, and late pregnancy stages (Fig. 5B). These genes were reported to be 504 

associated with the treatment or severity of preeclampsia
51-54

. Our results showed 505 

several genes with high enrichment scores in at least one cell subset, such as, FGF2 506 

(secretory stage and late pregnancy), TIMP1 (secretory stage, early and late pregnancy), 507 

CLU (early and late pregnancy) and TGFBR1 (secretory stage, early and late pregnancy) 508 

(Fig. 5B). Although symptoms of preeclampsia typically occur after the 20
th

 week of 509 

gestation
47

, our results suggested the possibility of early detection of preeclampsia at the 510 

transcriptome level. 511 

In a recent study, maternal blood samples were utilized to identify and verify cfRNA 512 

transcriptomic changes that are linked to preeclampsia, and genes that can differentiate 513 

between patients with preeclampsia and healthy individuals in early pregnancy were 514 

identified
55

 (Supplementary Table 2). We performed Fisher's exact test on our 515 

stage-specific genes and these cfRNA markers to explore the association between them. 516 

We found that the enrichment score of non-immune cells was high in all four stages and 517 

that of immune cells was high in the secretory stage (Supplementary Fig. 13A, B), 518 

suggesting that the endometrium and peripheral blood show a synergistic relationship in 519 

preeclampsia development. By computing intersections of risk genes, cfRNA genes, and 520 

stage-specific genes, two candidate risk genes (CLU and TGFBR1) were identified, 521 

especially TGFBR1, which was highly expressed in both immune cells and non-immune 522 

cells during secretory phase (Supplementary Fig. 13C, D). This demonstrated that 523 

cfRNA can be utilized as an early indicator for peripheral screening for preeclampsia. In 524 

general, our integrated analysis suggests that there could be potential benefits to 525 

utilizing the genes’ signatures unique to each stage for early screening of reproductive 526 

diseases. 527 

 528 

Discussion 529 

Immune cell infiltration of the endometrium has been proposed as an essential step for 530 

promoting a successful pregnancy and immune homeostasis
4
. The large majority of 531 

published studies have used scRNA-seq to examine endometrial cell heterogeneity 532 

exclusively in pregnancy or nonpregnancy stages. In this study, we compiled 533 

scRNA-seq datasets from several cohorts obtained at four distinct stages of the 534 

reproductive cycle, including the proliferative, secretory, early pregnancy, and late 535 

pregnancy stages. Through advanced bioinformatic analyses, we characterized the 536 
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immune landscape at each stage to identify changes in the composition, function, and 537 

cell-cell interactions of endometrial cell populations (Fig. 6). Analyses of proportions 538 

revealed changes in the proportions of NK1 and NK2 subsets during four stages of 539 

reproductive cycle differ from those observed in NK3 cells. Identification of 540 

stage-specific GMs revealed that these immune cells have a strong type II interferon 541 

response in early pregnancy. Additionally, we found cell-cell interactions related to 542 

proliferation promotion in the proliferative stage and tissue remodeling in early 543 

pregnancy. We also identified CLU and TGFBR1 as potential biomarkers for the early 544 

detection of preeclampsia. Our integrative analysis of immune cell subsets during the 545 

reproductive cycle provided insights into the advancement of reproductive processes. 546 

Decidual NK cells have been thought to be derived from CD34
+
 hematopoietic stem 547 

cells, mature from immature endometrial NK cells
38,56,57

, or to migrate from peripheral 548 

blood NK cells
7,36

. We found that NKp cells have a strong proliferative capacity and 549 

differentiation potential during non-pregnant stages, and this signal diminishes during 550 

pregnancy. The uterus maintains a low oxygen concentration in the early stages of 551 

implantation, while appearing to rise in early and mid-pregnancy
58

. We speculate that 552 

low oxygen concentrations during non-pregnant stages favor glycolytic metabolism and 553 

proliferation of NKp
59

, whereas oxygen concentrations during early pregnancy favor a 554 

strong oxidative phosphorylation metabolism and functions of NK cells. We also 555 

observed that the relative proportions of NK1 and NK2 cells showed an increase in 556 

early pregnancy and a decrease in late pregnancy. Both existing studies
5,13,18

 and our 557 

results show that NK1 and NK2 cells have similar transcriptome profiles compared with 558 

NKp cells. In contrast, NK3 cells have the least transcriptome similarity to NKp cells, 559 

while they exhibit a chemokine pattern similar to that of pbNK cells. Several studies of 560 

decidua in mid- and late pregnancy failed to separate uterine leukocytes from maternal 561 

or fetal blood leukocytes
60

, indicating that uterine leukocytes are similar to peripheral 562 

blood leukocytes at this time, which may be associated with an increase in the 563 

proportion of NK3 in late pregnancy. Thus, we speculate that NK cells may derive from 564 

NKp and pbNK cells, while NK1/2 and NK3 may arise from different precursor cells. 565 

During the process of placentation, EVT migrates into the maternal uterus to 566 

remodel spiral arteries
13

. We identified the cytokines CCL3, CCL4, CCL5, ICAM1, and 567 

SPP1 during early pregnancy, which may help to promote EVT invasion. SPP1 was 568 

previously reported to be produced by NK cells and macrophages
13,60

, and its expression 569 

was higher in macrophages than in NK cells. Excessive invasion of EVT is harmful, and 570 
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the rate of EVT invasion decreases during pregnancy
61

. TGFB1 and TIMP3 were 571 

identified during late pregnancy in our results, which are both reported to regulate EVT 572 

invasion
61

. Immune cells (NK cells, macrophages, T cells, and DCs) and non-immune 573 

cells (fibroblasts, endothelial cells, stromal cells, and other trophoblast cells) appear to 574 

be involved in this process. Mast cells and neutrophils may also regulate EVT 575 

invasion
61

. 576 

Preeclampsia stands as one of the most profound complications of pregnancy and 577 

the early diagnosis of this affliction can augment its prognosis. Although researchers 578 

have utilized proteomics and transcriptomics to identify potential biomarkers
62,63

, a 579 

dependable screening test for its development remains elusive
64

. Notably, a recent study 580 

showed that preeclampsia could be distinguished and predicted well during early 581 

pregnancy (≤12 weeks gestation) by using peripheral blood cfRNA genes
55

. These 582 

nucleic acids in the maternal blood may be released from the uterus
64

. In this study, we 583 

also identified two risk genes, CLU and TGFBR1, which were reported in the 584 

aforementioned cfRNA study. According to the two-stage theory, preeclampsia is 585 

associated with placental insufficiency and endothelial dysfunction
64

. Indeed, 586 

stage-specific risk genes in our results (e.g., CLU, TGFBR1, FGF2, and TIMP1) were 587 

found to be associated with the protection of the normal function of vascular endothelial 588 

cells
65-69

. Since FGF2, TIMP1 and TGFBR1 appeared in the secretory stage, before the 589 

appearance of the placenta, we speculate on the prediction of preeclampsia from the 590 

endometrium and even peripheral blood during the secretory stage. 591 

There are some limitations in our analyses. Firstly, our analysis shows only the 592 

changes that characterize the different stages of the reproductive cycle and not the real 593 

continuous changes. During the main reproductive cycle stages, we also lack data on 594 

healthy pregnant women during mid-pregnancy. Secondly, the proportion of immune 595 

cells is relatively low in the menstrual cycle, and although this has been described
7
, it 596 

may have some impact on what we have found in the menstrual cycle. Nevertheless, our 597 

new findings in this study provide a reference for further investigation of the 598 

multifaceted changes in immune cells in different stages of the healthy female 599 

reproductive cycle in the future and provide clues for the prediction and treatment of 600 

pregnancy-related diseases. 601 

 602 
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Data Availability Statement 603 

Our expression data for different stages are also available online from published 604 

studies
1,5,13,15,16,18,19

. They are available at ArrayExpress (E-MTAB-6701, and 605 

E-MTAB-10287), dbGaP (phs001886.v1.p1), GSA (CRA002181, and HRA000237) and 606 

GEO (GSE164449, and GSE111976).  607 
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Figures 808 

 809 

Fig. 1 Single-cell transcriptional landscape of four stages of the reproductive cycle. 810 

A. A schematic outline depicting the workflow for data collection from published 811 
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literature and subsequent integrated analysis. The number of samples and the number of 812 

single-cell transcriptomes collected in each stage (proliferative, secretory, early 813 

pregnancy, and late pregnancy stages) are indicated. B. Uniform manifold 814 

approximation and projection (UMAP) embeddings of integrated single-cell 815 

transcriptomes of four stages of samples. Cells are colored by cell subsets, and dashed 816 

circles indicate the major cell types. NK, natural killer cells; ILC, innate lymphocyte 817 

cells; p/pro, proliferative; Mac, macrophages; Mac3, maternal macrophages; HB, 818 

Hofbauer cells; DC, dendritic cells; T, T cells; Teff, effector T cells; Tex, exhausted T 819 

cells; MAIT, Mucosal-associated invariant T cells; dS, decidual stromal cells; eS, 820 

endometrial stromal cells; PV, perivascular cells; Epi, epithelial cells; Endo, endothelial 821 

cells; Fibro, fibroblasts; uSMC, uterine smooth muscle cells; SCT, syncytiotrophoblast; 822 

VCT, villous cytotrophoblast; EVT, extravillous trophoblast. C. UMAP embeddings of 823 

different stages illustrating no obvious batch effect in this integrated atlas. D. Violin 824 

plots of canonical markers (columns) for major cell types (rows). E. Bar plots of the cell 825 

subset composition of NK cells in four stages. 826 
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 856 

 857 

 858 

Fig. 2 Transcriptome changes in NK cells in four stages. A. Heatmap of Pearson 859 

correlation coefficients (PCCs) of the relative normalized gene expression of modules 860 
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from Consensus nonnegative matrix factorization (cNMF). B. Box plots of the relative 861 

normalized gene expression of GM1, GM3, and GM6 in different NK cell subsets in 862 

four stages. C. Gene Ontology (GO) analysis of stage-specific gene modules. D. Pie 863 

plots show the proportion of NKp cells in different cell cycle phases in four stages. E. 864 

Box plots of NKp differentiation potential calculated by cytoTRACE in four stages. F. 865 

Violin plots of GM6 gene scores of endometrial and peripheral blood NK cell subsets. 866 

Statistical significance between different stages was evaluated with the Wilcoxon 867 

rank-sum test (two-tailed). In B) and F), the mean and interquartile range (IQR), with 868 

whiskers extending to 1.5×IQR, are shown in the plots. **** P < 0.0001, *** P < 0.001, 869 

** P < 0.01, * P <0.05. 870 

 871 

 872 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted November 13, 2023. ; https://doi.org/10.1101/2023.11.09.566466doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.09.566466
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

Fig. 3 Type II interferon response of major immune cell subsets. A. Box plots 873 

predicting the type II interferon signaling activity of major immune cell subsets in four 874 

stages. B. Dot plots of the expression of type II interferon response genes of major 875 

immune cell subsets in four stages. Statistical significance between different stages was 876 

evaluated with the Wilcoxon rank-sum test (two-tailed). In A), the mean and 877 

interquartile range (IQR), with whiskers extending to 1.5×IQR, are shown in box plots. 878 

**** P < 0.0001, *** P < 0.001, ** P < 0.01, * P <0.05. 879 
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 884 

Fig. 4 Cell-cell interactions of the endometrium in four stages. A. Circos plots of the 885 

receptor/ligand pairs between different cell subsets in four stages. B. Dot plots of the 886 

expression of receptor/ligand pairs between different cell subset pairs. 887 
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 894 

Fig. 5 Clinical relevance between the reproductive cycle and reproductive diseases. 895 

A, B. Heatmaps of the enrichment score of disease risk genes within stage-specific 896 

genes of immune (A) or nonimmune (B) cell subsets (top), heatmaps of the number of 897 

occurrences of risk genes of endometrial cell subsets in different reproductive cycle 898 

stages (middle), and box plots of the enrichment score of immune/nonimmune cell 899 

subsets in different reproductive cycle stages (bottom). -log (P value) was defined as the 900 

enrichment score. * P <0.05. 901 
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 905 

Fig. 6 Summary graph. Advanced bioinformatic analyses was implemented to 906 

investigate integrated scRNA data. For cell proportions, we primarily observed 907 

alterations in the proportions of NK1, NK2, NK3, Mac1, Mac2, and T cells across four 908 

stages. For functions, we mainly found that NKp cells have a strong proliferative 909 

capacity and differentiation potential during non-pregnant stages. NK3 displayed strong 910 

gene expression that is associated with chemotactic properties, similar to pbNK cells. 911 

NK cells display high oxidative phosphorylation metabolism activity during early 912 

pregnancy, and in conjunction with macrophages and T cells, exhibit a potent type II 913 

interferon response. For cell-cell interactions, we identified ligand-receptor pairs that 914 

are specific to each stage of reproductive cycle, for instance, the proliferative stage was 915 

associated with promotion of cell proliferation, the secretory stage with promotion of 916 

stromal cell decidualization, early pregnancy with promotion of EVTs invasion, and late 917 

pregnancy with inhibition of proliferation and EVTs invasion. For disease risks, we 918 

identified numerous stage-specific risk genes and in combination with cfRNA identified 919 

potential predictors associated with preeclampsia such as CLU and TGFBR1, as well as 920 

genes that may play a pivotal role in a variety of reproductive diseases in our results 921 

such as HLA class I/II molecules. 922 
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