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Purpose: To investigate the follicle microenvironments of women with premature ovarian insufficiency (POI), with normal ovarian 
reserve function, and who are older (age >40 years) and to identify potential therapeutic targets.
Patients and Methods: In total, 9 women who underwent in vitro fertilization(IVF) or intracytoplasmic sperm injection(ICSI) were 
included in this study. The first punctured follicle of each patient was used. Single-cell RNA sequencing was subsequently performed 
to explore the characteristics of the follicle microenvironments of women with POI, with a normal ovarian reserve and who were older.
Results: In total, 87,323 cells were isolated and grouped into six clusters: T cells, B cells, neutrophils, basophils, mononuclear 
phagocytes (MPs), and granulosa cells. The study demonstrated that the POI samples had a smaller component ratio of MPs than did 
the other samples. The correlation between MPs and granulosa cells may lead to the development of POI. We found that the gene that 
was simultaneously downregulated in the POI group compared with the normal and older age groups was HLA-DRB5. Moreover, we 
observed that HLA-DRB5 was expressed mainly in monocytes. The temporal differentiation trajectory revealed that different 
monocytes play important roles in the beginning and end stages of differentiation. The C5AR1 gene is highly expressed in monocytes.
Conclusion: Our findings revealed that the interaction between monocytes and granulocytes may contribute to the development of 
POI. We found that POI lacked HLA-DRB5 expression and had impaired antigen processing and presentation activities. To a certain 
extent, C5AR1 could be used to predict the development of POI.
Keywords: single-cell RNA sequencing, follicle microenvironment, premature ovarian insufficiency, inflammation, C5AR1

Introduction
Female infertility and premature ovarian failure (POF) have become a global concern due to environmental pollution, 
tremendous life and work stress, and other factors. Women with POF have almost zero ability to conceive naturally, and 
they respond poorly to various ovulation induction regimens; in addition, the low estrogen levels resulting from the 
decline in ovarian function not only lead to the early onset of aging symptoms but also increase the risk of osteoporosis 
and coronary heart disease, and the mortality rate of this population is up to twice that of the general population.1 The 
incidence of POF has been reported to be 1% among women under the age of forty years and 0.1% among women under 
the age of thirty years, and the incidence has increased annually.2,3 For a more accurate and comprehensive description of 
the POF condition, in 2016, the European Society of Human Reproduction and Embryology proposed replacing the term 
“premature ovarian failure (POF)” POF with “premature ovarian insufficiency (POI)”. POI is defined as a decline in 
gonadal function due to the lack of functional follicles in the ovaries of women under forty years of age, with elevated 
gonadotropin levels, a decrease in estrogen levels, and perimenopausal symptoms including scant menstruation or 
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amenorrhea. Early detection and intervention in infertile women with POI with the goal of delaying POI is of great 
clinical importance.

Transcriptional characterization of human oocytes and granulosa cells (GCs) in early growing and ovulating follicles 
has been previously described.4 The follicle microenvironment, which consists of cells and extracellular matrix 
components, is important for oocyte development and ovulation.5,6 For example, granulosa cells (GCs), which secrete 
cytokines, regulate meiosis in mammalian follicles before ovulation.7,8 However, there have been few reports on the 
differences in the follicular microenvironments of patients with different ovarian reserve function on the basis of the 
grouping of patients according to the level of ovarian function and with the inclusion of naturally aged and advanced- 
aged populations.

Human folliculogenesis is one of the most complex biological processes in vivo, and there is a strong clinical need to 
reproduce folliculogenesis protocols in vitro for fertility preservation.9 The complexity is reflected not only in the balance 
between follicular growth and remodeling, but also in the high degree of synchronization of different types of follicular 
cells within a single follicle, with the common goal of generating competent mature oocytes.10 Here, we included 
populations with early-onset reduced ovarian reserve function, advanced age and normal ovarian reserve and studied 
these three groups of women as the research object by obtaining a single follicle after superovulation induced by the hCG 
trigger in an in vitro fertilization (IVF) cycle. Then, we used single-cell RNA sequencing (scRNA-seq) technology to 
analyze the cell populations and related factors that play a key role in the occurrence and development of POI in these 
three groups and to explore the mechanism of POI occurrence.

Compared with traditional bulk RNA sequencing methods, scRNA-seq can comprehensively reveal gene expression 
among individual cells, thereby identifying different cell types and their cell type-specific gene signatures, and can reveal 
previously unknown cell types and subtypes, which may contribute to our understanding of rare cells and the functional 
roles of cells, especially in organs and tissues containing multiple cell types such as ovaries, tumors, lungs, and livers.11– 

16 Some articles studying single-cell sequencing and the follicular microenvironment, Wu et al4 firstly studied the 
follicular microenvironment before ovulation and mapped the follicular microenvironment, which provided an important 
theoretical basis for the subsequent study. In addition, Kristine et al collected somatic cells from preovulatory follicular 
fluid from patients undergoing in vitro fertilization and used scRNA-seq techniques to study the association between the 
ovarian sensitivity index and gene expression. This study revealed new information regarding the differences in the 
follicular gene expression between hypo- and normo-responders.17 However few studies have been conducted on the 
follicular microenvironment of patients with different ovarian reserve functions. This study was conducted with patients 
with different ovarian functions as the research object, aiming to reveal the mechanism of the occurrence and develop
ment of POI to provide important theoretical support for its intervention.

Materials and Methods
Study Population
Three discarded follicular fluid samples were collected from three POI patients who underwent IVF/intracytoplasmic 
sperm injection (ICSI) at the Tianjin Central Hospital of Obstetrics and Gynecology/Nankai University Affiliated 
Maternity Hospital (Tianjin, China). The diagnostic criteria for POI were (1) age <40 years, (2) oligomenorrhea or 
amenorrhea for at least four months, and (3) at least two test results showing a basal FSH level of >25 IU/L (testing 
interval >4 weeks).18 Patients with ovarian dysfunction caused by factors such as ovarian surgery or medication were 
excluded from our study. Additionally, six discarded follicular fluid samples were obtained from three normal individuals 
and three older individuals. The normal group included individuals of reproductive age with normal ovarian reserve 
function who underwent IVF or ICSI due to fallopian tube damage or male factors. The older group included individuals 
with advanced maternal age (≥40 years).18 All patients underwent controlled ovarian stimulation (COS) using an 
antagonist protocol. Individuals with type I or type II diabetes, impaired thyroid, renal or liver function, congenital 
adrenal hyperplasia, endometriosis, hypothalamic amenorrhea, or chromosomal abnormalities were excluded from the 
study. Experiments involving human samples were carried out according to the Declaration of Helsinki. Ethical approval 
for the study was granted by the institutional review board of the Reproductive Center of Tianjin Central Hospital of 
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Obstetrics and Gynecology/Nankai University Affiliated Maternity Hospital (approval no. 2022KY020). Informed 
written consent was obtained from all participants.

Sample Collection and scRNA-Seq Library Preparation
For the patients, recombinant follicle-stimulating hormone (Gonal-F, Merck Serono, Darmstadt, Germany or Puregon, 
NV Organon, Oss, The Netherlands) treatments were started on days 2–3 of the menstrual cycle or 30–35 days after 
gonadotropin-releasing hormone (GnRH) agonist (leuprorelin acetate microsphere for injection, Lizhu, China) injection, 
with the option to adjust the dose according to the response after a 4-day stimulation treatment. In the GnRH antagonist 
protocol, when the leading follicle reached 13–14 mm in diameter, 0.25 mg of the GnRH antagonist (Orgalutran, NV 
Organon, Oss, The Netherlands) daily was administered until the day of hCG administration. hCG (Ovidrel, Merck 
Serono, Darmstadt, Germany) or hCG (chorionic gonadotropin for injection, Lizhu, China) with triptorelin acetate 
injection (Decapeptyl, Ferring, Kiel, Germany) was administered when one or two leading follicles reached 18 mm in 
diameter. Transvaginal ultrasound-guided oocyte retrieval was performed 34–36 h later.

The first perforated follicle (diameter: 18–20 mm) containing stage MII cumulus-oocyte complexes (COCs) was used 
for each subject. The follicular fluid was clear, with no visible blood contamination, and the follicular fluid was collected 
separately. The cumulus cells, which are the main component of the COC, were gently removed with 1% hyaluronidase 
and then washed with phosphate-buffered saline (PBS). The cells were then resuspended in GIVF medium (Vitrolife, 
Sweden). Follicular fluid cells and mural granulosa cells (MGCs) isolated from the same follicle were analyzed by 
scRNA-seq. The collected cells were centrifuged and the cell pellet was resuspended in PBS (HyClone, Marlborough, 
MA, USA). Afterward, the GEXSCOPE® red blood cell lysis buffer (RCLB, Singleron Biotechnologies, Nanjing, China) 
was added and the mixture [Cell: RCLB=1:2 (volume ratio)] was incubated at room temperature for 5–8 min to remove 
red blood cells. The trypan assay was used to assess cell viability. We counted the cells using a TC20 automatic cell 
counter (Bio-Rad, Hercules, CA, USA).4 Single-cell preparations were suspended in PBS at a concentration of 1×105 

cells/mL and transferred to a microfluidic chip (GEXSCOPE Single Cell RNA-seq Kit, Singleron Biotechnologies). The 
scRNA-seq libraries were constructed (Singleron Biotechnologies, Jiangsu, China) and sequenced on an Illumina HiSeq 
X10 instrument using 150-bp paired-end reads. The remaining follicular fluid from the same patient was used to extract 
cells for subsequent experiments.

Quality Control, Dimensionality Reduction and Clustering (Scanpy)
Scanpy v1.8.1 is used for quality control, dimensionality reduction and clustering in Python 3.7. For each sample dataset, 
we filtered the expression matrix according to the following criteria: 1) cells with fewer 200 genes or the top 2% of genes 
were excluded; 2) cells with the top 2% of UMIs were excluded; 3) cells with 20% of mitochondrial content were 
excluded; and 4) genes expressed in fewer than 5 cells were excluded.

Generation of Single-Cell Gene Expression Matrices
The raw reads were processed to generate gene expression matrices with CeleScope (https://github.com/singleron-RD 
/CeleScope). First, low-quality reads, poly-A tails, and adaptor sequences were removed from the raw data. The reads 
were then aligned to the GRCh38 human reference genome (Ensembl version 92) with STAR (version 020201). Using 
featureCounts (version 1.6.2), reads from the same gene and cell barcodes were pooled together, and the number of 
unique molecular identifiers (UMIs) per gene per cell was counted. Cell selection was performed with the UMI-tools 
algorithm. The numbers and quality of the cells were evaluated to identify effective cells and evaluate their gene 
expression.

Dimensionality Reduction, Unsupervised Clustering, Differential Gene Expression 
Screening, and Functional Analyses
Cell normalization and filtering were performed with the Seurat package. Principal component analysis (PCA) and 
t-distributed stochastic neighbor embedding (t-SNE) were used to reduce data dimensionality and to describe 
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relationships between single cells. For unsupervised clustering, K-nearest neighbors (KNNs) were calculated, and 
a shared nearest neighbor (SNN) graph was constructed with FindNeighbor. FindClusters was then used to identify 
cell clusters through modularity optimization methods with the Louvain algorithm. The FindAllMarkers function of the 
Seurat package and the Wilcoxon rank-sum test (with P values adjusted for multiple testing with Bonferroni correction) 
were used to identify the differentially expressed genes (DEGs) in each cell type compared with other cell types. 
Significant DEGs were identified using a |fold change| of >0.25 and a false discovery rate (FDR) of <0.05 as cutoff 
thresholds. The package clusterProfiler (3.14.3) was used to perform Gene Ontology (GO) analysis on the DEGs, and 
significant biological processes were identified with the thresholds “p value cutoff=0.05” and “q value cutoff=0.05”.

scRNA-Seq Signature Score
For gene scoring analysis, we used Seurat’s AddModuleScore function to compare different gene profiles in the 
subgroups.19 The immunosuppressive Characterization score was defined as the average expression of a series of 
immune checkpoint inhibitors and immunosuppressive molecules, including CD244, CD160, CTLA4, PDCD1, TIGIT, 
LAYN, LAG3, HAVCR2, CD274, CD47, CD96, ENTPD1, VSIR, BTLA, EBI3, IL2RB, IL2RA, and IL2RG.20,21 The 
dysfunctional signature score was defined as the average expression of LAG3, HAVCR2, PDCD1, PTMS, FAM3C, IFNG, 
AKAP5, CD7, PHLDA1, ENTPD1, SNAP47, TNS3, CXCL13, RDH10, DGKH, KIR2DL4, LYST, MIR155HG, RAB27A, 
CSF1, TNFRSF9, CTLA4, CD27, CCL3, ITGAE, PAG1, TNFRSF1B, GALNT1, GBP2, MYO7A, and TIGIT.22 A list of 
transcription factors involved in T-cell exhaustion, including BATF, BCL6, BHLHE40, BTLA, CD200, EOMES, ETV1, 
FOXP3, HIF4A, HOPX, ID2, ID3, IFI16, IKZF, IKZF3, NR4A1, NR4A2, NR4A3, PRDM1, RBPJ, SOX4, STAT3, TBX21, 
TCF7, TOX, TOX2, VDR, ZBED2, ZNF683, IFI16, DRAP1, and ETS1, was also included.23

Cell–Cell Interactions
Crosstalk analysis between various cell types was performed with the CellChat package (v.0.5.5) with CellChatDB.huma 
as the ligand–receptor interaction reference database. The function computeCommunProbPathway was used to infer cell– 
cell communication at the signaling pathway level. Interactions between signaling pathways in various cell subtypes were 
investigated with the identifyCommunicationPatterns function.

Determination of the Developmental Trajectory
To determine potential lineage differentiation between different GC subtypes, we performed trajectory analysis with the 
Monocle 2 (version 2.18.0) algorithm.24 To this end, a CellDataSet object was constructed with the newCellDataSet 
function with the expressionFamily set as the negbinomial.size function. Dimensionality reduction was performed with 
the DDRTree algorithm (max_components parameters=4) on the basis of the expression of the top 3000 highly variable 
genes. Next, the cell trajectory was described by means of the orderCells function. The inferred cell trajectories were then 
visualized by means of the plot_cell_trajectory function. To visualize genes whose expression levels changed along 
a pseudotime trajectory, we used the plot_pseudotime_heatmap function and transcription factor genes with an adjusted 
P value of <0.01 and a fold change of >1.5.

Western Blotting
The cells for Western blotting were isolated from the remaining follicular fluid the of same patients using density gradient 
centrifugation at 2000 rpm for 30 min with human peripheral blood lymphocyte separation medium (Beyotime 
Biotechnology, China). Following centrifugation, the middle layer was collected and washed with PBS. Western blot 
experiments were conducted as previously described.25 The membranes were incubated with the following primary 
antibodies overnight at 4 °C: anti-C5AR1 (1:1000 dilution, cat no. 21316-1-AP, Proteintech) and anti-β-actin (1:5000 
dilution, cat no. KM9001, Sungene Biotech, Tianjin, China). The membranes were subsequently incubated with 
secondary antibodies (1:5000 dilution, cat nos. SE134, Solarbio) for 1 h at room temperature. The bands were visualized 
with chemiluminescence reagents (Millipore). The protein levels were quantified via ImageJ software (version 1.48; 
National Institutes of Health, Washington, DC, USA). Three independent Western blots were performed to determine the 
expression of the different proteins relative to that of β-actin.
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Statistical Methods
All raw letter analyses were performed in R, and P<0.05 was considered statistically significant. Data were 
analyzed with SPSS 26.0 software. ANOVA was used for between-group comparisons of continuous variables. 
Nonparametric tests were used for between-group comparisons of continuous variables that did not conform to 
a normal distribution or did not pass the chi-square test. The LSD test was used for two-by-two comparisons 
among multiple groups, and P<0.05 was considered to indicate statistical significance. Graphs were prepared with 
GraphPad Prism 9.0.

Results
Basic Patient Information
To determine the pathogenesis of POI, we performed scRNA-seq on nine follicular fluid samples, three each from 
POI patients, older individuals, and normal individuals. The age ranges were 28–32, 41–45 and 31–35 years for 
the normal, older and POI individuals, respectively. Other clinical data, including BMI (body mass index), bFSH 
(basal follicle-stimulating hormone), AMH (anti-Müllerian hormone) and the number of oocytes are shown in 
Table 1.

Data Quality Control
To analyze the differences in single-cell mapping across the groups according to ovarian reserve function and 
advanced age, we analyzed the cell populations and related factors that play key roles in POI occurrence. To 
evaluate the mechanism of POI occurrence, we collected 3 samples from each group, and a total of 9 samples were 
subjected to snRNA-seq. After strict quality control and filtering, the data were subjected to the next step of data 
analysis (Table 2).

Mapping Preovulatory Follicular Fluid Sequencing
Cell Type Annotation
A total of 87,323 cells were isolated and classified as T cells, B cells, neutrophils, basophils, mononuclear phagocytes 
(MPs), and GC clusters (Figure 1A). The cell types we found are consistent with published studies on molecular mapping 

Table 1 The Clinical Information of the 9 Individuals

No. Age BMI bFSH AMH Oocytes  
Number

Mode of   
Fertilization

Normal 1 32 21.3 5.3 2.8 14 IVF

Normal 2 28 22.0 6.8 2.3 16 IVF

Normal 3 30 22.3 6.2 2.7 12 ICSI

Old 1 41 23.2 13 1.2 5 ICSI

Old 2 43 22.9 19 1.1 8 ICSI

Old 3 45 23.0 20 1.5 4 IVF

POI 1 35 23.0 25.1 0.4 2 ICSI

POI 2 33 22.5 26 0.8 1 IVF

POI 3 31 21.8 28 0.5 1 IVF

Abbreviations: BMI, body mass index; bFSH, basal follicle stimulating hormone; AMH, anti-Mullerian hormone; IVF, 
in vitro fertilization; ICSI, intracytoplasmic sperm injection.
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and cellular composition.4 UMAP was used to reveal the distribution of these six clusters in each of the 9 individuals 
(Figure 1B). The corresponding marker genes for each cell type are shown in Figure 1C. Comparison of the proportions 
of these six groups in samples of patients with POI, older and normal individual revealed that the fractional ratio group of 
MP in the POI sample was smaller than the other groups (Figure 1D and Table 2). We constructed heatmaps of the 
communication networks among the cell subpopulations in the three groups (Figure 1E), and they revealed that the 
relationship between MPs and granulosa cells was similar in the POI and NOR groups, and stronger in both groups than 
in the old group. The relationship between MPs and MPs was similar in the POI and old groups, and stronger in both 
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Figure 1 Single-cell atlas of follicular fluid samples from normal individuals, older individuals, and POI patients. (A) UMAP plot of the 87,323 cells from the nine samples 
based on the five cell clusters, and (B) nine individuals. (C) Bubble plot of the canonical cell type markers of the five main cell types. (D) The distribution of the five main cell 
clusters in samples from normal individuals, older individuals, and POI patients. (E) The heat maps of the communication networks among cell subpopulations in the three 
groups.

Table 2 Cell Proportion Data for Each Individual

No. B Cells Basophils Granulosa Cells MPs Neutrophils T Cells

Normal 1 0.00202 0.000238 0.197386 0.322519 0.424124 0.053714

Normal 2 0.018737 0.001606 0.134368 0.235011 0.220557 0.389722

Normal 3 0.018548 0.001432 0.076196 0.139215 0.306574 0.458035

Old 1 0.008349 0.00063 0.029773 0.362634 0.390989 0.207624

Old 2 0.005256 0 0.07972 0.803767 0.061323 0.049934

Old 3 0.003996 0.006085 0.384378 0.211172 0.187557 0.206812

POI 1 0.010219 0.001298 0.717275 0.055474 0.138848 0.076886

POI 2 0.010004 0.000449 0.172321 0.198422 0.274482 0.344321

POI 3 0.00662 0.000828 0.72476 0.029295 0.115856 0.122642
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groups than in the NOR group. These findings could suggest that the correlation between MPs and granulosa cells or and 
MPs cell may plays an important role in the development of POI. Therefore, we conducted further studies on MPS cell 
functions.

ScRNA-Seq Reveals MP Heterogeneity Across Normal Individuals, Older Individuals, and POI Patients
To further characterize the differences between patients with POI and normal or older individuals, MP cells were 
classified into macrophage, mature dendritic cell (DC), monocyte, cDC1, and cDC2 subclusters (Figure 2A and B). The 
data showed that the number of monocytes in the samples of the POI patients was higher than in the other groups 
(Figure 2C). Pathway enrichment analysis of the DEGs that found in samples from POI patients compared with the other 
groups revealed that the response to interferon-gamma was enriched in the downregulated genes (Figure 2D). KEGG 
pathway analysis showed that in samples from POI patients, antigen processing and presentation pathways were enriched 
in the downregulated genes (Figure 2E).

Differential Gene Enrichment Analysis of Monocyte Cell Subpopulations Among the Three Groups
Next, we investigated the DEGs in monocytes between POI and the remaining two groups to summarize the top five 
upregulated and downregulated DEGs among these genes. We found that the gene that was simultaneously 

Figure 2 MP subclusters in samples from normal individuals, older individuals, and POI patients. (A) UMAP plot of the five MP subtypes in the nine samples. (B) Bubble plot 
of canonical cell type markers of the five main MP cell types. (C) Line graph of the proportions of the five MP cell subclusters in samples from normal individuals, older 
individuals, and POI patients. (D and E) GO and KEGG analyses of the differentially expressed genes identified in monocytes from POI patients vs older individuals and the 
normal group.
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downregulated in the POI group compared with the normal and older groups was HLA-DRB5, suggesting that the 
downregulation of the HLA-DRB5 gene in POI may contribute to the occurrence of POI (Figure 3A). The expression of 
HLA-DRB5 in both the POI and older groups was lower than that in the normal group (Figure 3B). In addition the results 

Figure 3 Differential gene enrichment analysis of monocyte cell subpopulations among the three groups. (A) DEGs identified in the monocyte cell subpopulations between 
samples from POI patients vs normal individuals and older individuals. (B) The expression of HLA-DRB5 in the POI, older and the normal group. (C) The expression of 
HLA-DR15 in each sample. (D) HLA-DRB5 was expressed in MPs.
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obtained from different samples are generally consistent with the results from different groups (Figure 3C). Moreover, we 
observed that HLA-DRB5 was expressed mainly in monocytes (Figure 3D).

Simulated Time Series Analysis
On the basis of the MP expression profiles among the three groups of samples, the cells were subjected to time series analysis 
of the transformation of the cell states of different subpopulations in the process of disease development and treatment, and an 
algorithm was used to simulate the process of the transformation of the cell states to determine the overall trajectory of the 
changes in the expression of the genes and to identify the genes with significant differences to explore the mechanism of POI 
occurrence. We used the algorithm to simulate the transition of the cell state during the treatment process. The temporal 
differentiation trajectory revealed that different monocytes play important roles in the beginning and end stages of differentia
tion (Figure 4A). The C5AR1 gene is highly expressed in monocytes and C5AR1 expression may play an important role in 
disease development (Figure 4B). C5AR1 expression gradually decreased with pseudotime (Figure 4B1–B3).

Expression of C5AR1 in Follicle Microenvironments
In MP cells, the expression of C5AR1 was greater in the POI group than in the old and NOR groups, and the old group 
had presented greater than the NOR group did. The expression ratios of the POI and old groups were similar, and the two 
groups were greater than those of the NOR group (Figure 5A). In addition the results obtained from different samples are 
generally consistent with the results from different groups (Figure 5B). C5AR1 was highly expressed in POI follicular 
fluid cells, and these results were further confirmed by Western blotting (Figure 5C).

Figure 4 Pseudotime analysis of MPs from normal individuals, older individuals, and POI patients. (A) Pseudotime analysis reveals the progression of MPs. (B1) Heatmap of 
AUC matrix clustering of top 30 regulon in each cell. (B2) Top 8 genes that change with pseudotime of the state 1–3. (B3) Top 8 genes that change with pseudotime in 
different clusters.
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Figure 5 Expression of C5AR1 in follicle microenvironments from three group. (A) The expression of C5AR1 in the three groups. (B) The expression of C5AR1 in the nine 
samples. (C) The expression of C5AR1 in follicle fluid cells from the three groups was detected using Western blotting. (*P<0.05, **P<0.01).
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Discussion
Single-cell transcriptome sequencing allows simultaneous sequencing of the transcriptome of each individual cell in 
a population of nearly one million cells, greatly improving our understanding of intercellular heterogeneity. Single-cell 
sequencing technology allows better identification of specific subpopulations of cells and exploration of their potential 
roles in physiopathology.26

We constructed preovulatory follicular fluid cellular profiles of infertile women with different ovarian reserve 
functions by single-cell sequencing. Granulosa cells (GCs), which are follicular somatic cells that provide essential 
nutrients and growth factors, are also known to secrete the steroids needed for the progression of folliculogenesis. GC 
dysfunction can initiate follicle atresia and apoptosis and can eventually lead to POI.27,28 Previous studies have shown 
that dysregulation of Epg5 in GCs can trigger POI pathogenesis.29 However, owing to the small number of other cells, 
the mechanism of intercellular action has rarely been studied, limiting further research to some extent. We found that the 
interaction between MPs and granulosa cells was stronger in the POI group than in the other two groups. These findings 
suggest that the correlation between MPs and granulosa cells may lead to the development of POI.

Our research revealed that, compared with that in each of the other groups, the response to interferon-gamma in the 
POI group was enriched among the downregulated genes. Our preliminary findings suggest that excess inflammation 
plays a crucial role in both ovarian aging and POI.30 We hypothesized that an attenuated interferon response might lead 
to a downstream inflammatory response, contributing to the development of POI. Interestingly, a high percentage of the 
cells in the MPs were monocytes. Comparison revealed that the gene HLA-DRB5, which was simultaneously down
regulated in the POI group compared with the normal and older groups, was highly expressed in monocytes. Therefore, it 
is hypothesized that HLA-DRB5 plays an important role in delaying the process of POI. Although autoimmune 
abnormalities appear to be involved in the development of POI, only a few studies with respect to human leukocyte 
antigen (HLA) exist. Human leukocyte antigen-DR15 is a haplotype that results in the expression of DRB1 and DRB5, 
most frequently HLA-DRB1*15:01 and HLADRB5*01:01. Previous studies have demonstrated the association of the 
HLA-DR15 haplotype with multiple sclerosis, a chronic T-cell-mediated autoimmune disease.31,32 HLA-DR15 status has 
also been reported to be an important marker in autoimmune bone marrow disease.33 Research on the role of HLA-DR15 
in multiple sclerosis has revealed that patients display T-cell proliferative responses to myelin-associated autoantigens, 
which are related to the presence and level of HLA-DR15 expression.34 In addition, a recent study revealed a lack of 
HLA-DRB5 expression and a lower antigen-presenting ability in ST memory B-cell subsets, as well as the macrophage 
and DC subsets of ACPA-RA.35 Inconsistent with the findings of previous studies, these results imply that a specific 
HLA haplotype (A * 24:02-C * 03:03-B * 35:01) constitutes a susceptibility factor for apparently isolated POI in 
Japanese women.36 Therefore, we speculate that autoimmune B and T-cell subsets are not major players in the 
pathogenesis of POI. The presence of the HLA-DRB5 genotype in POI patients might also indicate autoproliferation 
of Th1 cells to present autoantigens, contributing to disease activity.

In addition, our study revealed that different monocytes play important roles in the beginning and end stages of 
differentiation. C5AR1 could be used to predict the development of this disease to a certain extent. Specifically, the 
immunomodulatory effects of Complement C5a occur through the activation of C5a receptor 1 (C5aR1) in myeloid cells, 
such as macrophages, monocytes, DCs, and neutrophils.37 C5a-C5aR1 signaling frequently reshapes the immunosup
pressive tumor microenvironment and increases the potential for cancer progression via molecular and cellular events.38 

Recent studies have revealed the contribution of C5a-C5aR1 signaling to tumor-associated immune responses through 
the induction of bioactive molecules, including IL-1β, IL-6, and TNF-α.39,40 Furthermore, crosstalk between C5aR1 and 
toll-like receptors (TLRs) enhances the production of TNF-α and IFN-γ by natural killer and natural killer T cells.40 

C5aR1 blockade also impairs tumor growth and diminishes the recruitment of myeloid-derived suppressor cells 
(MDSCs) into tumors in lung cancer-bearing mice.

Studies of the ovaries of women have revealed that the complement C5a/C5aR1 axis contributes to the programming 
of the immunosuppressive phenotype of tumor-associated macrophages in solid tumors and represents a promising 
immunomodulatory target for treating high-grade serous ovarian cancer.41 The activation of C5a-C5aR1 signaling has 
also been shown to have prognostic effects. Overexpression of C5aR1 in non-small cell lung cancer predicts poor 
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prognosis.42 In breast cancer, C5aR1 expression is associated with increased tumor size, increased proliferation rates, the 
presence of lymph node metastasis, and advanced clinical stages.43 Similarly, patients with C5aR1-positive breast cancer 
have lower survival rates than those with C5aR1-negative breast cancer. C5aR1 expression has also been associated with 
the disease prognosis in patients with gastric cancer, hepatocellular carcinoma, and urothelial and renal cell carcinoma, 
with lower overall survival rates among patients with high tumor C5aR1 expression.44–46 Therefore, the abundance of 
C5aR1 could predict an inferior prognosis in HGSCs, and incorporating PD-L1 may serve as a novel predictive 
biomarker to guide therapeutic options. However, the mechanism of its effect on POI and its predictive role have not 
been well studied. Interestingly, in this study we found that C5aR1 was overexpressed in POI patients. To a certain 
extent, C5AR1 could be used to predict the development of a POI. However, their correlation and specific mechanism of 
action require in vivo and in vitro verification with larger sample sizes.

This study has several limitations. First, the sample size was small; therefore, a large-scale study is needed to verify 
our findings. Second, to ensure the consistency of follicular fluid, we did not include COC granulosa cells; that these cells 
play an important role in POI cannot be ignored, and subsequent studies will need to include these cells to further analyze 
and validate the mechanism of POI occurrence.

In conclusion, our study provides the first comprehensive single-cell transcriptomic atlas of the microenvironment in 
human preovulatory follicles according to ovarian reserve function. Our findings revealed that the interaction between 
monocytes and granulocytes may contribute to the development of POI. We demonstrated a lack of HLA-DRB5 
expression as well as impaired “antigen processing and presentation activity” in POI. To a certain extent, C5AR1 
could be used to predict the development of a POI. However the correlation between C5AR1 and POI requires 
verification with more samples.
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