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Background

Molecular events that drive endometriosis (EM) and cause accompanying immune deregulation remain elusive. Our purpose was to identify key pathways involved in lesion formation across diverse populations and to detect transcriptomic changes in eutopic endometrium that accompany EM.





Methods

We searched Gene Expression Omnibus and ArrayExpress and performed differential gene expression analysis and a network meta-analysis on nine qualifying datasets. Those contained transcriptomic data on 114 ectopic endometrium samples (EL), 138 eutopic endometrium samples from women with endometriosis (EEM), and 79 eutopic endometrium samples from women without endometriosis (EH). Gene ontology and enrichment analysis were performed in DAVID, Metascape, and Cytoscape, and drug repurposing was done in CMap.





Results

EEM compared to EH upregulated CCL21 and downregulated BIRC3, CEL, and LEFTY1 genes (|log2FC| > 0.5, p < 0.05). EL showed increased expression of complement and serpin genes (EL vs. EEM: C7, logFC = 3.38, p < 0.0001; C3, logFC = 2.40, p < 0.0001; SERPINE1, logFC = 1.02, p < 0.05; SERPINE2, logFC = 1.54, p < 0.001) and mast cell markers (EL vs. EEM: CPA3, logFC = 1.54, p < 0.0001; KIT, logFC = 0.74, p < 0.001). Functional enrichment analysis highlighted complement and coagulation, inflammation, angiogenesis, and extracellular matrix remodeling as drivers of endometriosis. Pharmacogenomic analysis indicated Janus kinase (JAK), cyclin-dependent kinase (CDK), and topoisomerase inhibitors as therapy targets.





Conclusion

Our results suggest an interplay between complement and coagulation, mast cells, extracellular matrix remodeling, and the JAK/STAT3 pathway in endometriosis. We underscore the significance of complement C3 and propose JAK inhibitors as therapy candidates. Detected expression differences between EEM and EH are important for the development of diagnosis via endometrial biopsy.
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1 Introduction

Immune system deregulation is a well-accepted phenomenon in endometriosis, and various inflammatory phenotypes have been associated with increased risk of this condition (1–3). To date, pathways contributing to the immune imbalance remain elusive. Lack of knowledge on the key processes that drive endometriosis hinders its early detection and therapy development. There is a need to define those molecular events and to understand how they interact to foster peritoneal inflammation.

Endometriosis is a chronic and complex disease currently showing a median diagnostic delay of 7–9 years (4–7). There has been significant progress in the development of endometriosis imaging protocols (8); however, laparoscopy remains a gold standard for final diagnosis. There is a need to explore the less invasive endometrial biopsy option. To consider this strategy, in-depth knowledge of the molecular differences in the eutopic endometrium of healthy controls and women with endometriosis is needed.

There has been significant progress in the development of endometriosis imaging protocols (8); however, laparoscopy remains a gold standard for final diagnosis. There is a need to explore the less invasive endometrial biopsy option. To consider this strategy, in-depth knowledge of the molecular differences in the eutopic endometrium of healthy controls and women with endometriosis needs to be obtained. Recent evidence shows the potential of stromal cells from menstrual discharge of women with endometriosis to initiate lesion growth in mice, thus highlighting the role of endometrial seeding (9). It was shown that eutopic endometria of women with and without endometriosis displayed different profiles of infiltrating immune cells. Ectopic endometrium tissue from women with endometriosis showed increased amounts of CD8+ T cells and CD56+ NK cells but decreased numbers of CD163+ macrophages, and those findings were correlated with increased risk of infertility (10). A detailed understanding of the alterations in eutopic endometrium that occur during endometriosis development will further shed light on the process of endometrial seeding and contribute to the development of endometrial biopsy as a diagnostic tool.

Several attempts have been made at delineating disease biomarkers, but to date this has not yet proven successful. Various omics technologies enabled identification of key genes related to the pathophysiology of endometriosis. However, a consensus has not yet been reached, and we are still missing the focal points on which to concentrate the therapeutic endeavors. A multi-cohort analysis is needed to address the issue in an unbiased and comprehensive manner.

In this article, we aimed to better understand complex events that underlie endometriotic lesion formation and progression. To achieve this, we systematically reviewed endometriosis data and performed network meta-analysis on chosen datasets. We generated a transcriptomic profile of endometriosis, determined the key pathways involved in lesion formation, and explored possible drug candidates for endometriosis therapy.




2 Materials and methods



2.1 Search strategy and study selection

The dataset search was conducted in public repositories Gene Expression Omnibus (GEO) and ArrayExpress to ensure that no relevant studies were missed. A systematic approach was employed to assess the risk of bias throughout both the dataset selection process and subsequent analyses.

Datasets were retrieved from the GEO using search terms “endometriosis” and “Homo sapiens” and filtered with terms “expression profiling by array” or “expression profiling by high-throughput sequencing.” MEDLINE and PubMed were searched for publications that correspond to those publicly deposited datasets.

The studies were identified using the following PICOS principle: Patients = patients with or without endometriosis, Intervention = bulk RNA performed on excised tissue, Comparison = dividing patients into those with endometriosis or without based on laparoscopic findings, Outcome = differential gene expression, and Study design = transcriptomic bulk RNA studies. Studies included in the analysis had to contain at least two tissues of interest: ectopic endometrium—endometrial lesion (EL), eutopic endometrium from women without endometriosis (EH), or eutopic endometrium from women with endometriosis (EEM).

Inclusion criteria were predefined and stringent to minimize the risk of bias, focusing on datasets using RNA sequencing (RNA-seq) or microarray technologies with available raw data. Transcriptomic analysis had to be performed directly on human endometrial tissue that had not been subjected to any manipulation or cell isolation prior to RNA extraction. Samples had to be taken from patients not on hormonal treatment in the 3 months preceding tissue collection. The presence or absence of endometriosis had to be confirmed with laparoscopy for samples to be included in our study. Only datasets with accompanying publications were considered to ensure all information about samples was available. Datasets with incomplete information were excluded to reduce variability and minimize errors. The database selection flowchart and a full list of inclusion/exclusion criteria are summarized in Figure 1 and Table 1. Two independent reviewers screened datasets for relevance, and any discrepancies were resolved in discussion with a third reviewer. The study protocol was registered in PROSPERO (ID CRD42024548098).

[image: Flowchart illustrating the dataset selection process. Initially, 122 databases were identified through GEO searching. Eighteen duplicates were removed, leaving 104 for screening. Twelve were excluded for lacking abstracts or articles, leaving 92 original datasets. Further exclusions were made: animal datasets (7), lack of endometriosis group (18), only adenomyosis (7), no control group (6), single cell (6), no raw data (5), no mRNA (4), only cells/organoids (13), and serum (1). Therefore, 9 datasets were assessed for eligibility.]
Figure 1 | Flow diagram showing the selection process of databases retrieved from the Gene Expression Omnibus search for transcriptomic data comparing eutopic and ectopic endometrial tissue. All datasets from ArrayExpress were also deposited in Gene Expression Omnibus thus they were not further considered in the selection process. Created in https://BioRender.com.


Table 1 | Inclusion and exclusion criteria for selection of GEO datasets.
	Inclusion criteria



	Transcriptomic datasets containing endometriosis and a control group


	Accompanied by the corresponding publication


	The presence or absence of endometriosis confirmed via laparoscopic procedure


	Patients not undergoing hormonal treatment three months prior to tissue collection


	Transcriptomic analysis performed directly on endometrial human tissue



	Exclusion criteria



	Tissue processing post excision (for further cell isolation or single cell analysis)


	Adenomyosis included as endometriosis group


	ScRNA-seq analysis


	Lack of whole genome mRNA sequencing and or profiling


	Sequencing or profiling performed on cells or organoids isolated from tissue


	Lack of raw data deposited in GEO










2.2 Data extraction and differential gene expression

Each dataset was analyzed individually to ensure that data-specific preprocessing and normalization steps were applied appropriately. For microarray datasets, the raw data files were retrieved from the GEO repository using the R package “GEOquery” (11). The preprocessing of microarray data was conducted following the manufacturer’s protocols. Background correction and quantile normalization were applied for all array data. To adjust for differences in library size and transcript length, the raw read counts from RNA-seq datasets were normalized and scaled using the average transcript length for each sample. Following this, library size normalization was performed using the trimmed mean of M-values (TMM). After preprocessing, group comparisons were conducted on the normalized datasets to identify differentially expressed genes (DEGs) between experimental groups. For this purpose, the “limma” package in R was utilized. In the meta-analysis, we used logFC values and standard errors estimated with the limma package to calculate combined effect sizes. The estimation of standard errors incorporates empirical Bayes moderation, which provides more stable variance estimates compared to standard t-tests. The analysis was exploratory in nature, with the primary goal of identifying potentially differentially expressed genes that could be candidates for further investigation. Therefore, at this stage, no correction for multiple testing was applied. The results from this step served as a basis for subsequent functional analyses (pathway and pharmacogenomics analysis), in which appropriate methods accounting for multiple testing correction were employed. Additionally, the expression of significantly differentially expressed genes (defined as logFC > |0.5| and p-value < 0.05) showed consistent patterns across the individual datasets.





2.3 Network meta-analysis

Network meta-analysis on gene expression was performed using the “netmeta” package (12). This approach allows for the integration of information from multiple comparisons, even when direct comparisons between all datasets are not available, providing a comprehensive and robust analysis of the data. In the context of this study, network meta-analysis was used to compare gene expression levels across datasets systematically. Although meta-analysis allows for the determination of both direct and indirect effects, in our subsequent analyses, we focused on the combined effect to maximize the quality of the analyzed data and reduce the influence of less reliable direct or indirect effects. For investigated difference measurement, we used logFC and its corresponding standard error. These were interpreted as the mean difference and the standard error of the mean difference, respectively, which are widely used metrics in comparative gene expression studies. This standardization ensures that the results are both interpretable and comparable across datasets.

We performed 7,664 network meta-analysis for genes that occurred in each of the datasets included in the study. Genes with a p-value < 0.05 were considered statistically significant, and a |logFC| > 0.5 was used to filter genes with biologically meaningful changes in expression. This relatively low threshold was chosen to avoid missing potentially important differences. Choosing |logFC| > 0.5 may potentially result in the inclusion of genes that were influenced by random or systematic errors and biopsy quality if only one study was taken into consideration. Here, the biological significance of obtained differentially expressed genes is validated by the comparison across nine different datasets.




2.4 Risk of bias

To reduce the risk of bias, we included studies with raw data deposited and results published in peer-reviewed journals. Information from the accompanying publication was used to ascertain the quality of the study and to identify if the absence of endometriosis was properly determined and to confirm that tissue did not undergo any manipulation prior to RNA isolation. Heterogeneity was evaluated using I² statistics and Cochran’s Q-test, while sensitivity analyses validated the robustness of findings. Funnel plots were generated to assess bias. These measures ensured a thorough evaluation of potential biases, enhancing the reliability and validity of the meta-analytic findings. I² statistics and Cochran’s Q-test values are included in the Supplementary Dataset.




2.5 Gene ontology and pathway analysis

The list of DEGs obtained from the network meta-analysis was submitted to DAVID (13) for gene ontology and KEGG and Reactome pathways analysis. For functional clustering, we applied a cutoff enrichment score of >2.5, p < 0.05, and medium classification stringency. The same list of DEGs was analyzed in Metascape (14) v3.5.2024.0101, and the most enriched terms were visualized in Cytoscape (15) v3.10.2.




2.6 Computational pharmacogenomics

To identify pharmacological compounds likely to reverse the endometriosis gene signature, we queried the drug repurposing reference database, CMap (16). We submitted a list of 150 upregulated and 150 downregulated genes that had the highest combined logFC for EL versus EH and EL versus EEM comparisons and p < 0.05. The CMap analysis reports a median tau score, which represents connectivity strength between the submitted list of DEGs and thousands of compounds and perturbagens tested on human cell lines. A median tau score of above 90 or below −90 is considered to represent a high connectivity.





3 Results



3.1 Characteristics of chosen studies

Nine datasets met the inclusion criteria (Table 1; Figure 1) and were included in the analysis (Table 2). Those contained transcriptomic data on 114 ectopic endometrium samples (EL), 138 eutopic endometrium samples from women with endometriosis (EEM), and 79 eutopic endometrium samples from women without endometriosis (EH). The absence of endometriosis in the healthy (EH) group had to be confirmed during the laparoscopic procedure. EEM and EL samples were either obtained from the same person (in studies: GSE25628, GSE37837, and GSE7305) or from different individuals (in study GSE141549). Tissues were collected on three different continents and encompassed all types and stages of endometriosis (clinical data in Table 3).


Table 2 | Characteristics of GEO datasets chosen for the network meta-analysis.
	GEO accession number
	Method
	Number of detected genes
	Ectopic endometrium (EL, n = 114)
	Eutopic endometrium from patients with endometriosis (EEM, n = 138)
	Eutopic endometrium from patients without endometriosis/ healthy control (EH, n = 79)



	GSE232713 (90)
	High-
throughput
sequencing
	17488
	–
	7
	7


	GSE153740 &
GSE153739 (91)
	High-
throughput
sequencing
	16840 &
17449
	–
	4 & 4
	4 & 3


	GSE141549 (92)
	Microarrays
	19746
	79
	49
	21


	GSE134056 (93)
	High-
throughput
sequencing
	18885
	–
	16
	22


	GSE25628 (94)
	Microarrays
	12644
	7
	9
	6


	GSE37837 (95)
	Microarrays
	21094
	18
	18
	–


	GSE6364 (96)
	Microarrays
	20857
	–
	21
	16


	GSE7305 (97)
	Microarrays
	20857
	10
	10
	–








Table 3 | Clinical characteristics of patients per dataset.
	GEO accession number
	Author
	Age: mean (range)
	Type of endometriosis
	Stage of endometriosis
	Cycle phase
	Fertility
	Ethnicity
	Collection site



	GSE232713
	Hiao-Yan Li
	33.93
(28–38)
	Not provided
	Not provided
	Secretory (14)
	Infertile (14)
	Not provided
	China


	GSE153739 &
GSE153740 ***
	Kashmira Bane
	31.70
(Not provided)
	OE (4)
PE (3)
OE, PE (1)
	II*
III*
IV*
	Secretory (8)
Proliferative (7)
	Fertile*
Infertile*
	Not provided
	India


	GSE141549
	Michael Gabriel
	33.43
(21–48)
	OE (15)
PE (32)
DE (17)
RE (6)
SLE (7)
	I (18)
II (19)
III (21)
IV (61)
Missing (2)
	Proliferative (53)
Secretory (81)
Menstrual (14)
Missing (1)
	Not provided
	Not provided
	Finland


	GSE134056
	Sadia Akter
	Not provided
(18–49)
	Not provided
	Not provided
	Not provided
	Not provided
	Not provided
	USA


	GSE25628
**
	Stefania Crispi
	31.5
(22–42)
	Not provided
	II (2)
IV (6)
	Proliferative (8)
	Not provided
	Not provided
	Italy


	GSE37837
	Meraj A Khan
	33.17
(24–40)
	OE (18)
	III (8)
IV (10)
	Secretory (5)
Proliferative (13)
	Fertile (18)
	Not provided
	India


	GSE6364
	Burney RO
	36.23
(22–50)
	OE, PE (7), PE (2), OE, PE, RE (5)
RE, PE (7)
	III*
IV*
	Secretory (26)
Proliferative (11)
	Fertile*
Infertile*
	Caucasian (26), Asian (4),
Black (3), Asian, Indian (1)
Unknown (3)
	USA


	GSE7305
	Aniko Hever
	Not provided
	OE (10)
	Not provided
	Secretory (6)
Proliferative (2)
Unknown (2)
	Not provided
	Caucasian (10)
	USA





Abbreviations in the “Type of endometriosis” columns denote ovarian endometriosis, (OE); peritoneal endometriosis, (PE); Deep infiltrating endometriosis (DIE); rectovaginal endometriosis, (RE); sacrouterine ligament endometriosis, (SLE). *No specific information regarding number of patients. **No clinical data for healthy patients (n = 6); clinical data available for patients with endometriosis (n = 8); for each affected woman, two biopsies were obtained for the eutopic and ectopic endometrium, respectively, while only one biopsy from the healthy eutopic endometrium was collected. ***For GSE153739 and GSE153740, data of 15 samples is deposited in GEO while clinical data in the corresponding article is provided for all 66 patients.






3.2 Transcriptomic profile of eutopic and ectopic endometrium.

Differential expression analysis was performed for each of the three comparisons: EL versus EEM, EL versus EH, and EEM versus EH. Using p < 0.05 and |logFC| > 0.5, we identified 1,109 DEGs between EL and EEM, 1,267 DEGs between EL and EH, and four DEGs between EEM and EH (Figure 2). The heatmap of the top 40 upregulated and downregulated genes for all comparisons per dataset is presented in Figure 2D. The full list of network meta-analysis results is deposited in Supplementary Dataset.

[image: Three volcano plots (A, B, C) display gene expression data with color coding for significance and fold change. A heatmap (D) shows hierarchical clustering of gene expression in red and blue gradients. A Venn diagram (E) visualizes overlapping and distinct gene counts across three comparisons (EL vs EEM, EL vs EH, EEM vs EH).]
Figure 2 | Differentially expressed genes identified by network meta-analysis. Volcano plots showing differentially expressed genes for the following comparisons (A) endometriotic lesions versus endometrium from women with endometriosis, (B) endometriotic lesions versus endometrium from women without endometriosis, (C) endometrium from women with and without endometriosis. For graphs A to C, red points signify genes with logFC less than −0.5 or more than 0.5 and p-value less than 0.05, blue points signifiy genes with logFC belonging to −0.5 to 0.5 range and p-value less than 0.05, green points signify genes with logFC less than −0.5 or more than 0.5 and p-value more than 0.05 and gray dots signify genes with with logFC belonging to −0.5 to 0.5 range and p-value more than 0.05. Genes with p-values < 1 × 10−6 and log2FC>|2| (A, B) and p-values < 0.05 and log2FC>|0.5| (C) are labeled. Heatmap with top 40 most differentially expressed genes per comparison per dataset (D). Expression pattern of differentially expressed genes per comparison type (E). EL, endometrial lesion; EEM, eutopic endometrium from women with endometriosis; EH, eutopic endometrium from women without endometriosis.

The network meta-analysis revealed that the transcriptomic profile of lesions was profoundly different from that of eutopic endometrium (Figures 2A, B), while the eutopic endometrium from women with (EEM) and without endometriosis (EH) differed in the expression of four genes only (Figure 2C). BIRC3, CEL, and LEFTY1 were significantly less expressed in the endometrium of women with endometriosis than without (logFC = −0.79, p = 0.0051; logFC = −0.52, p = 0.0051; logFC = −0.61, p = 0.0099, respectively). CCL21 was significantly higher in EEM versus EH (logFC = 0.59, p = 0.0255) and even higher when EL with EEM was contrasted (logFC = 1.57, p < 0.0001, Figure 2C). C-C motif chemokine ligand 21 (CCL21) is an inflammatory mediator associated with moderate to severe endometriosis (17); however, to-date, its use as a disease biomarker has failed (18). Our results showed a directional increase of CCL21 from the endometrium of healthy patients through that of endometriosis sufferers to lesions themselves, indicating its role in the eutopic endometrium inflammation in patients with endometriosis.




3.3 Pathways contributing to lesion development

In further analysis, we selected genes that showed differential expression in both EL versus EEM and EL versus EH comparisons (the intersection of the sets, Figure 2E) and exhibited the same direction of expression. For p < 0.05 and |logFC| > 0.5, we obtained a list of 989 DEGs: 536 upregulated and 453 downregulated, on which we performed functional annotation and enrichment analyses (Figure 3A and detailed in Supplementary Table S1A). Results presented below satisfied a p-value below 0.0001. Those analyses revealed that most biological processes involved in the formation of endometriotic lesions were linked to cell adhesion (6.6%, p = 1.9 × 10−10), inflammatory response (5.5%, p = 2.8 × 10−10), and regulation of angiogenesis (2.9%, p = 7.7 × 10−09). The gene ontology molecular functions analysis showed that the DEGs were significantly enriched in protein binding (76.7%, p = 1.9 × 10−16), identical protein binding (15%, p = 2.6 × 10−10), and extracellular matrix structural constituent (2.5%, p = 4.8 × 10−9). In the cellular component, DEGs were mainly involved in extracellular exosome (21.2%, p = 2.1 × 10−22), extracellular region (21.2%, p = 2.1 × 10−22), and extracellular space (17.4%, p = 8.8 × 10−16).

[image: This image contains five panels depicting various data visualizations related to biological processes and molecular functions occuring in endometriosis lesions compared to eutopic endometrium. Panel A shows a bar graph categorizing processes like cell adhesion and inflammatory response across different compartments and functions. Panel B presents a bar graph with gray and red bars showing counts and significance levels for key processes in endometriosis. Panel C illustrates a network diagram highlighting interactions like inflammatory response, hormonal response and regulation of cell-cell adhesion. Panel D features a bar graph of enrichment scores for the top four most enriched terms. Panel E displays a heatmap with median tau scores for various inhibitors across different cell lines highlighting the most likely therapy candidates.]
Figure 3 | Enriched pathways analysis, functional clustering and computational pharmacogenomics of DEGs between endometriosis lesions and eutopic endometrium. Gene ontology analysis using DAVID (A) reveals the importance of inflammation, cell adhesion, angiogenesis and ECM remodeling. Metascape enrichment analysis (B) and relationship network of enriched terms visualised in Cytoscape (C) show key events that contribute to endometriosis development. Those include inflammatory and hormonal response and proliferation and locomotion. Functional annotation clustering reports the highest enrichment score for complement and coagulation cascade, platelet activation, DNA remodeling and integrin mediated signaling respectively (D). Top 15 drug candidates identified using a drug repurposing reference database—CMap and showing median tau value above 95. JAK, CDK, and topoisomerase inhibitors are identified as potential pharmacological targets for endometriosis therapy (E).

KEGG analysis showed enrichment in complement and coagulation cascades (2.5%, p
= 5.7 × 10−10), Staphylococcus aureus infection (2.3%, p = 1.5 × 10−07), and cell adhesion molecules (2.7%, p = 8.6 × 10−06). The analysis against the Reactome database revealed a key role of extracellular matrix organization (5.2%, p = 3.2 × 10−10), regulation of complement cascade (1.5%, p = 8.2 × 10−07), and complement cascade (1.6%, p = 2.4 × 10−06) (Supplementary Table S1B).

A further pathway enrichment analysis was performed with Metascape (14) (Figure 3B; Supplementary Table S2) and visualized in Cytoscape (15) (Figure 3C). Tube morphogenesis, which relates to vascular development, was the highest ranked result of enrichment analysis (Figure 3B). Inflammatory and hormonal response, as well as locomotion and proliferation, were among the top 10 most enriched pathways with count values above 75. Functional annotation clustering revealed that the complement cascade was the most enriched, with a score of 4.14, followed by platelet activation pathways, DNA remodeling, and regulation of transcription and cell/cell-matrix adhesion processes (enrichment scores of 3.77, 3.02, and 2.71, respectively) (Figure 3D).




3.4 Altered expression of complement and coagulation pathway genes.

Complement and coagulation cascade was the most enriched KEGG pathway for the ectopic versus eutopic endometrium comparison (Figure 3D). Genes including C7, C2, C3, A2M, and SERPIN superfamily genes involved in this pathway were among the most differentially expressed in endometrial tissue (Figure 4; Supplementary Dataset).

[image: Six forest plots labeled A to F, each displaying log fold change (logFC) with 95% confidence intervals for comparison between EL and EEM across studies. Plots vary in logFC values and direction, with blue squares indicating estimated values and horizontal lines showing confidence intervals. Forest plot show the expression of C1QA (complement C1qA chain) - (A), C3 (complement C3) - (B), C7 (complement C7) - (C), SERPINE1 (serpin family E member 1) - (D), SERPINE2 (serpin family E member 2) - (E), and SERPINA5 (serpin family A member 5) - (F).]
Figure 4 | Differential gene expression across studies for selected genes from the complement and coagulation pathway for the comparison between EL versus EEM. Forest plot showing the expression of C1QA (complement C1q A chain) - (A), C3 (complement C3) - (B), C7 (complement C7) - (C), SERPINE1 (serpin family E member 1) - (D), SERPINE2 (serpin family E member 2) - (E), and SERPINA5 (serpin family A member 5) - (F). Direct and indirect comparisons from meta-analysis are presented in row number five and six. The indirect comparisons had a low impact on the combined comparison outcome due to the analyses being performed on datasets containing comparisons between EL and EEM (Table 2).

Complement genes, including C1QA (logFC = 1.12; 95% CI = 0.77, 1.47), C3 (logFC = 2.40; 95% CI = 1.43, 3.37), and C7 (logFC = 3.36; 95% CI = 2.50, 4.26), were upregulated in endometrial lesions and showed high logFC values. C7 was the gene that showed the highest level of upregulation in endometrial lesions among all examined genes.

Serpins regulate coagulation fibrinolysis processes (19, 20) and were implicated in the development of endometriosis (21–23). Our network meta-analysis showed that serpin genes were differentially expressed between endometrial lesions and eutopic endometrium. In comparison with the above-presented complement genes, serpin family genes were characterized by more heterogeneous expression between investigated datasets. SERPINE1 and SERPINE2 were upregulated (logFC = 1.02; 95% CI = 0.15, 1.90 and logFC = 1.54; 95% CI = 0.80, 2.27, respectively), while SERPINA5 was downregulated in lesions (logFC = −0.85; 95% CI = −1.52, −0.16, Figures 4D–F). Detailed comparisons for each of the subgroups can be found in Supplementary Dataset.




3.5 Mast cell markers

Our data showed an upregulation in the expression of mast cell markers, including CPA3 (logFC = 1.54; 95% CI = 0.96, 2.11), KIT (logFC = 0.74; 95% CI = 0.30, 1.18), MS4A6A (logFC = 0.71; 95% CI = 0.30, 1.11), and markers of mast cell activation, FCGR2B (logFC = 0.78; 95% CI = 0.20, 1.35) and S100A10 (logFC = 0.87; 95% CI = 0.38, 1.35, Figures 5A–E). The expression of MS4A4A and MS4A2 was also higher in lesions (Supplementary Dataset). Higher amounts of mast cells and their increased degranulation have been reported in endometrial tissue of animal models and humans (24–26); mast cells colocalized to the vasculature of ovarian endometriomas, and they were found to promote endometrial cell migration in in vitro assays (27). Chromogranin and tryptase, other known markers for mast cells, were not significantly increased in lesions (Supplementary Dataset). Recent evidence has shown that chromogranin is not necessarily a biomarker of mast cell activation (28). Tryptase is typically assessed in patients’ serum, and its level is dependent on many factors, including genetic features and comorbidities (29), which could explain why in our comparison of tissue expression no difference was observed.

[image: Eight forest plots labelled A to H,each displaying log fold change (logFC) with 95% confidence intervals for comparison between EL and EEM across studies. Plots vary in logFC values and direction,with blue squares indicating estimated values and horizontal lines showing confidence intervals. Forest plot show the expression of CPA3 (mast cell carboxypeptidase A)  - (A), KIT (tyrosine-protein kinase KIT)  - (B), MS4A6A (Membrane Spanning 4-Domains A6A)  - (C), FCGR2B (Fc Gamma Receptor IIb)  - (D), S100A10 (S100 calcium-binding protein A10)  - (E), MMP-9 (Matrix metalloproteinase-9)  - (F), STAT5A (Signal Transducer And Activator Of Transcription 5A)  - (G), and STAT5B (Signal Transducer And Activator Of Transcription 5B)  - (H).]
Figure 5 | Differential gene expression across studies for selected genes, including mast cells markers, JAK/STAT pathway, and extracellular matrix markers. Forest plot showing the expression of CPA3 (mast cell carboxypeptidase A) – (A), KIT (tyrosine-protein kinase KIT) – (B), MS4A6A (Membrane Spanning 4-Domains A6A) – (C), FCGR2B (Fc Gamma Receptor IIb) – (D), S100A10 (S100 calcium-binding protein A10) – (E), MMP-9 (Matrix metalloproteinase-9) – (F), STAT5A (Signal Transducer And Activator Of Transcription 5A) – (G), and STAT5B (Signal Transducer And Activator Of Transcription 5B) – (H). Direct and indirect comparisons from meta-analysis are presented in row number five and six.




3.6 Repurposing JAK and CDK inhibitors for endometriosis therapy.

We used CMap drug repurposing software to find the most probable connections between therapeutic drugs and our network meta-analysis results. A median tau score value of 90 or above is considered the typical threshold for assessing meaningful drug-induced effects. We applied a median tau score cutoff at 95 and selected the top 15 hits. This analysis indicated that the candidates most likely to reverse the endometriosis mRNA profile were cyclin-dependent kinase (CDK) inhibitors, JAK, and topoisomerase inhibitors (Figure 3E).

The JAK/STAT3 pathway is thought to govern migratory and invasive properties of cells. Its prolonged activation in breast cancer was linked with tumor development (30) and resistance to taxane and platinum therapy (31). Our results showed an increase in the expression of STAT5A (logFC = 0.83; 95% CI = 0.57, 1.08) and STAT5B (logFC = 0.57; 95% CI = 0.37, 0.77) in lesions compared with control tissue (Figures 5G, H). JAK3 significantly increased as well, but the logFC value was below 0.5 (Supplementary Dataset).

JAK inhibitor Ruxolitinib reduced epithelial ovarian cancer cell viability (32) and caused growth inhibition of Tam-resistant breast cancer cells in vitro. It was shown to lower mRNA VEGF expression and reduce the number of vessels and overall tumor weight in chorioallantoic assay (31). Ruxotinilib is currently being tested in combination therapy for endometrial cancer (33) but its use in vitro or in preclinical models of endometriosis has not been reported. Tofacitinib, another JAK inhibitor, showed a decrease in endometrial lesion size in mice and reduced proliferation of endometrial cancer cells in vitro (34).





4 Discussion

Understanding the main pathways involved in endometriosis development is necessary for successful biomarker discovery and improved therapy outcomes. Combining data in meta-analysis, we highlight pathogenetic mechanisms that are critical for lesion formation regardless of endometriosis subtypes and patients’ characteristics.



4.1 Endometrium of women with endometriosis differs from healthy controls

We detected differences in gene expression between the endometrium of healthy women and those suffering from endometriosis, thus showing that endometriosis can also affect eutopic endometrium (Figure 2C). CCL21 was upregulated, while BIRC3, LEFTY1, and CEL were downregulated in EEM versus EH. Increased expression of CCL21 could suggest that this gene takes part in inducing early inflammatory changes in eutopic endometrium in women with endometriosis and that it continues its role in established lesions (Supplementary Dataset). Baculoviral IAP repeat containing 3 (BIRC3) has not been studied in the context of endometriosis. However, its mutations are often present in endometrioid adenocarcinoma and endometrial cancer (35). In the latter, the lower protein levels of Birc3 correlate with worse patient survival (36). One could speculate that the decreased Birc3 expression in EEM may contribute to the transformation of the endometrium into lesions. Endometrial bleeding associated factor (EBAF/LEFTY1) partakes in the regulation of cyclical exfoliation of endometrium and in decidualization (37). Healthy endometrium does not express LEFTY1 during the implantation window, while the endometrium of women suffering from endometriosis as well as infertility showed its expression (38). Our results agree with that finding and suggest that the higher LEFTY1 expression in the EEM group could contribute to endometriosis-related infertility. The CEL gene encodes carboxyl ester lipase, which partakes in cholesterol and lipid-soluble vitamin ester hydrolysis. Its role so far is implicated in diabetes and hereditary pancreatitis (39–41) and progression of atherosclerosis. The CEL gene has not yet been studied in the context of endometriosis.




4.2 The complement and coagulation cascade in lesion formation.

We further focused on delineating the expression profile that can differentiate ectopic endometrium from eutopic endometrium from women with and without endometriosis (Figure 2). Gene ontology analyses highlighted crucial events accompanying lesion formation. Those were immune system activation, angiogenesis, regulation of transcription, response to hormones and cytokines, cell adhesion, and ECM-cell surface interactions (Figure 3). The importance of immune system deregulation in endometriosis has been reported previously; various inflammatory phenotypes have been associated with increased risk of endometriosis (1–3). Our result showed that the complement system and platelet coagulation are the two most enriched pathways in endometriosis (Figure 3D). Both processes are essential in the natural endometrium growth and shedding cycle. The fact that both pathways are the most enriched agrees with the current theory that women prone to endometriosis are likely to have a different, dysregulated peritoneal microenvironment. The complement system is a mediator of tissue growth and regeneration (42) and its activation has for a long time been implicated in the development of autoimmune disease (43, 44) and in promoting tumor growth (45). Its dysregulation could therefore provide means for immunosurveillance escape and facilitate the implantation of lesions. Its importance in the development of endometriosis has been suspected since the 80’s (46) and confirmed more recently (47, 48). Higher amounts of C1, C3, and C5 have been detected in serum (49) and peritoneal fluid of women with endometriosis (50, 51). Various complement proteins were shown to be present in epithelial cells of endometrial lesions and ovarian cancer tumors. Its local synthesis and deposition have been correlated with the progression of various cancer types (52).

Our data revealed an increased mRNA expression of C1q, C2, and C6, but especially C3 and C7, in the lesions (Figures 4A–C; Supplementary Dataset). C7, a complement cascade member responsible for initiation of the membrane attack complex, was the most overexpressed gene with the highest fold change in our comparison between diseased and control tissue, suggesting its significant role in lesion formation (Figures 2A–C). C7 was found to contribute to inflammation and tissue damage in endometriosis (53); it has previously been shown to be overexpressed in ovarian cancer (2) and stromal cells of endometriomas (3).

C3, a major effector at which all complement pathways converge, was one of the most differentially expressed genes in endometriosis (Figure 4B; Supplementary Figure S1). C3 dysregulation is involved in most, if not all, inflammatory diseases; it has been found upregulated in cancer, cardiac and neurological diseases, asthma, and obesity (54–58). Patients with inflammatory bowel disease had a higher expression of C3 in their intestinal tissue, and this is thought to contribute to chronic inflammation and tissue injury (59). Local C3 deposition has been suggested as a prognostic factor for gastric cancer (60). A similar situation could occur in endometriosis; increased C3 expression could contribute to inflammation-driven peritoneal tissue injury, which in turn would facilitate lesion implantation. Glandular epithelial cells found in endometrial lesions were shown to produce C3 locally (61). The activity of both complement cascade members C3 and C4 was higher in the serum of women with endometriosis than in those without (62). Increased amounts of C1, C3, and C5 were detected in serum (49) and peritoneal fluid of women with endometriosis (50, 51). Similarly, in lesion-bearing mice, C3 was increased in their peritoneal fluid. Animals with C3 knockdown formed smaller endometrial cysts and, on average, fewer of them (61).

C3 seems pivotal to endometriosis pathology, and given its strong upregulation and presence both in tissue (Figure 4B) and well in peritoneal fluid of endometriosis sufferers, it poses an interesting target for early diagnosis and therapy. It has already been proposed as an endometriosis serum biomarker (63). However, due to the observed discrepancies between tissue and plasma levels of C3, further investigation is necessary. In gastric cancer, C3 tissue deposition showed a negative correlation with plasma levels, highlighting the need for additional research to determine whether C3 is a suitable biomarker for endometriosis. As far as treatment is concerned, C3 inhibitors have entered clinical trials in anti-ovarian cancer therapy (64) and treatment against inflammatory bowel disease (59). Our results indicate that the biomarker and therapeutic potential of C3 should be studied in endometriosis in more depth.

Our results revealed strong enrichment in the coagulation cascade and showed a dysregulation of SERPIN superfamily genes in endometrial lesions (Figures 3D, 4D–F; Supplementary Figure S1), suggesting an imbalance in the coagulation-fibrinolysis processes (19, 20).

SERPINE1 and SERPINE2 were increased in endometrial lesions (Figures 4D, E). SERPINE1-encoded PAI-1 inhibits fibrinolysis and contributes to thrombosis/fibrosis. PAI-1 was shown to stimulate angiogenesis and facilitate tumor growth and metastasis in primary neuroblastoma tumors (65) and in ovarian cancer, its increased expression was correlated with tumor cell proliferation and overall poor prognosis. The inhibition of PAI-1 suppressed ovarian cancer cell growth (66). Its role in endometriosis has also been suggested; by inhibiting peritoneal fibrinolysis, PAI-1 is thought to contribute to the formation of endometriotic adhesions. PAI-1 was found to be increased in deep infiltrating endometriosis as compared to other subtypes and eutopic endometrium (67). Moreover, endometriosis patients treated with dopamine receptor 2 agonist—quinagolide, showed decreased expression of tissue PAI-1 accompanied by a decrease in lesion size or its complete disappearance (68). Our results further support the importance of PAI-1 in lesion maintenance.

SERPINE2 was implicated in modulating DNA damage response (69) and favoring cancer cell invasion (70). Its pro-metastatic activity has been linked to extracellular matrix remodeling and an increase in matrix metalloproteinase 9 (MMP-9) expression (71, 72). High SERPINE2 levels in the endometrium during the secretory phase suggest its involvement in tissue remodeling during implantation (73). In a mouse model of endometriosis, SERPINE2 showed upregulated expression (74); its role in human endometriosis remains unstudied.

Reduction in SERPINA5 expression was linked with an aggressive tumor phenotype and poor prognosis in endometrial and ovarian serous carcinomas (75, 76). The delivery of SERPINA5 through exogenous exosomes decreased the migratory potential of endometrial cancer cells (76). Similarly, overexpression of SERPINA5 resulted in decreased invasion and angiogenesis in breast cancer (77). Decreased SERPINA5 expression was correlated with downstream activation of MMP9 in ovarian serous carcinomas (78). Our meta-analysis revealed lower SERPINA5 and higher MMP9 expression in endometrial lesions (Figure 4F). Moreover, ECM interactions were indicated in enrichment analysis (Figures 3A, B, D). Taken together, our results suggest that the imbalance in the coagulation pathway may be affecting extracellular matrix remodeling and contributing to the metastatic-like potential of endometriotic cells, thereby promoting lesion formation.




4.3 JAK/STAT3 pathway inhibition

Our search for associations between the endometriosis gene signature and CMap reference perturbagens highlighted the role of inhibitors of JAK, CDK, and topoisomerase as possible therapy candidates (Figure 3E). JAK/STAT3 pathway dysregulation correlated with an increased proliferation and angiogenesis in cancer (79) and with various immunodeficiency syndromes (80, 81).

Our meta-analysis revealed an increased expression of both STAT5A and STAT5B in lesions compared with control tissue (Figures 5G, H). Others have shown that phosphorylation of STAT3 was upregulated in endometriosis lesions (82) and activated STAT3 increased proliferation of endometrial stromal cells (83).

Interestingly, increased C3 expression was shown to trigger the JAK/STAT3 pathway in gastric cancer, which led to a subsequent increase in cell proliferation. C3 inhibition with CR1 decreased that activation (60). Our results present a similar picture; complement C3 as well as the JAK/STAT3 pathway seems to play a role in the development of endometriosis. This association needs further investigation.




4.4 Proposed pathways crosstalk in endometriosis

It has been proposed that both the complement system and coagulation pathways are tightly linked; coagulation factors have been reported to cleave and activate complement members C3 and C5 (84). On the other hand, C3 was shown to protect clots from fibrinolysis (85). Increased amounts of C3 protein were shown to provoke mast cell activation, and various mast cell mediators were implicated in the regulation of coagulation and fibrinolysis in anaphylaxis (86). Our meta-analysis revealed that endometrial lesions had a higher expression of mast cell markers, including KIT, CPA3, MS4A6A, FCGR2B, and S100A10 (Figures 5A–E). An increased mast cell burden was detected previously in animal and human endometrial tissue (27). Moreover, our results showed that endometrial lesions had a higher level of STAT5A and STAT5B (Figures 5G, H), members of the JAK/STAT3 pathway, which regulate mast cells (87). Targeting mast cells with JAK inhibitors for alleviation of symptoms of endometriosis was proposed almost two decades ago (88) but not much research has been carried out on the topic since. Our current results fill this gap and suggest the use of JAK inhibitors as immunomodulators in endometriosis. Interestingly, a cooperation between mast cells, complement, and coagulation pathways has been reported in an inflammatory disease—chronic spontaneous urticaria (89). Our analysis indicates that there exists an interplay between the complement and coagulation pathways, mast cell activation, ECM remodeling, and the JAK/STAT3 pathway (summarized in Figure 6). To the best of the author’s knowledge, this relationship has not yet been studied in endometriosis, and our results warrant a further in-depth look into those processes.

[image: Schematic representation of proposed key molecular processes contributing to lesion development. The diagram illustrating interactions in immune response and inflammation. The complement and coagulation cascade is central, mast cells  activation, JAK/STAT3 pathway, and ECM remodeling. Arrows show the directional change in gene expression in endometriosis lesions compared with control endometrium.]
Figure 6 | Schematic representation of proposed key molecular processes contributing to lesion development. This diagram illustrates the complex interplay between the complement system, coagulation cascade, extracellular matrix remodeling, and immune signaling pathways in the context of lesion formation. Coagulation factors cleave and activate complement components C3 and C5, initiating pro-inflammatory responses. Complement factor C3 also functions to stabilize clots by protecting them from fibrinolysis. The coagulation cascade is tightly regulated by members of the serpin superfamily, which modulate extracellular matrix remodeling through the induction of matrix metalloproteinase-9 (MMP-9) expression. Complement activation further engages the JAK/STAT signaling pathway, particularly STAT5, promoting mast cell activation. Activated mast cells, in turn, influence coagulation dynamics. Pharmacologic inhibition of the JAK/STAT pathway using JAK inhibitors can suppress STAT3 signaling and reduce mast cell degranulation, thereby modulating both inflammatory and thrombotic processes. These mechanisms highlight the therapeutic potential of JAK inhibitors in the context of endometriosis. Genes names in green signify differentially expressed genes, arrows show the directional change in gene expression in endometriosis lesions compared with control endometrium. Created in BioRender.com.




4.5 Strengths and limitations

Our network meta-analysis enabled us to arrive at a consensus endometriosis signature. The use of publicly deposited endometriosis transcriptomic data collected on three different continents, spanning various age groups, and ethnicities, as well as various types and stages of endometriosis, enabled a comprehensive, unbiased, and multi-demographic comparison of endometriotic and control tissue.

The following limitations should be considered when interpreting our results. Our meta-analysis included only nine datasets because most of the studies lacked a control group, included therapeutic intervention, or performed RNA isolation on processed tissue. Secondly, only published studies where the absence of endometriosis was excluded by laparoscopy were included in this meta-analysis. Therefore, publication bias may have occurred, although none was indicated by the funnel plot.




4.6 Conclusions and clinical implications

We highlight the role of complement and coagulation cascade in endometriosis and propose an interplay between both those processes and mast cells, ECM interaction, and the JAK/STAT3 pathway that needs further investigation. We underscore the significance of C3 and call for further research into its diagnostic and therapeutic potential. Furthermore, we propose JAK inhibitors discovered in drug repurposing analysis and validated in vitro as potential therapy candidates.

Our results show differences in expression in eutopic endometrium from patients with and without endometriosis. Those should be further explored to understand if they contribute to endometrial seeding. Detected gene differences may be potential biomarkers that could be used in the less invasive endometriosis biopsy and should be further studied.






Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

MG: Conceptualization, Writing – review & editing, Supervision, Funding acquisition, Writing – original draft, Visualization, Data curation, Methodology, Project administration, Formal Analysis. AR: Formal Analysis, Writing – original draft, Visualization, Data curation. MS: Data curation, Writing – original draft. JC: Methodology, Writing – original draft. KS: Methodology, Writing – original draft. WF: Supervision, Writing – review & editing, Methodology, Writing – original draft.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research is part of the project No. 2022/47/P/NZ5/02484 co-funded by the National Science Centre and the European Union Framework Programme for Research and Innovation Horizon 2020 under the Marie Skłodowska-Curie grant agreement No. 945339. For the purpose of Open Access, the author has applied a CC-BY public copyright licence to any Author Accepted Manuscript (AAM) version arising from this submission;”. The authors would like to acknowledge Medical University of Lodz – Digital Medicine Center (MULDiMediC) project (2023/ABM/02/00009) financed by Medical Research Agency in Poland for access to its computational resources.

[image: ]





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1619434/full#supplementary-material





Abbreviations

EM, endometriosis; EH, endometrium from healthy controls; EEM, endometrium from women with endometriosis; EL, endometrial lesions; DEGs, differentially expressed genes; GEO, Gene Expression Omnibus.




References

	 Vallvé-Juanico, J, Houshdaran, S, and Giudice, LC. The endometrial immune environment of women with endometriosis. Hum Reprod Update. (2019) 25:565–92. doi: 10.1093/humupd/dmz018, PMID: 31424502


	 Suryawanshi, S, Huang, X, Elishaev, E, Budiu, RA, Zhang, L, Kim, SH, et al. Complement pathway is frequently altered in endometriosis and endometriosis-associated ovarian cancer. Clin Cancer Res. (2014) 20:6163–74. doi: 10.1158/1078-0432.CCR-14-1338, PMID: 25294912


	 Rekker, K, Saare, M, Eriste, E, Tasa, T, Kukuškina, V, Mari Roost, A, et al. High-throughput mRNA sequencing of stromal cells from endometriomas and endometrium. Reproduction. (2017) 154:93–100. doi: 10.1530/REP-17-0092, PMID: 28495852


	 Staal, AHJ, van der Zanden, M, and Nap, AW. Diagnostic delay of endometriosis in the Netherlands. Gynecologic Obstetric Invest. (2016) 81:321–4. doi: 10.1159/000441911, PMID: 26742108


	 Nnoaham, KE, Hummelshoj, L, Webster, P, D’Hooghe, T, De Cicco Nardone, F, De Cicco Nardone, C, et al. Impact of endometriosis on quality of life and work productivity: a multicenter study across ten countries. Fertility Sterility. (2011) 96:366–73.e8. doi: 10.1016/j.fertnstert.2011.05.090, PMID: 21718982


	 Ghai, V, Jan, H, Shakir, F, Haines, P, and Kent, A. Diagnostic delay for superficial and deep endometriosis in the United Kingdom. J obstetrics gynaecol. (2020) 40:83–9. doi: 10.1080/01443615.2019.1603217, PMID: 31328629


	 Requadt, E, Nahlik, AJ, Jacobsen, A, and Ross, WT. Patient experiences of endometriosis diagnosis: A mixed methods approach. BJOG. (2024) 131:941–51. doi: 10.1111/1471-0528.17719, PMID: 37961031


	 Quesada, J, Härmä, K, Reid, S, Rao, T, Lo, G, Yang, N, et al. Endometriosis: A multimodal imaging review. Eur J Radiol. (2023) 158:110610. doi: 10.1016/j.ejrad.2022.110610, PMID: 36502625


	 Lessey, BA, and Kim, JJ. Endometrial receptivity in the eutopic endometrium of women with endometriosis: it is affected, and let me show you why. Fertility Sterility. (2017) 108:19–27. doi: 10.1016/j.fertnstert.2017.05.031, PMID: 28602477


	 Wu, XG, Chen, JJ, Zhou, HL, Wu, Y, Lin, F, Shi, J, et al. Identification and validation of the signatures of infiltrating immune cells in the Eutopic endometrium endometria of women with endometriosis. Front Immunol. (2021) 12:671201. doi: 10.3389/fimmu.2021.671201, PMID: 34539624


	 Sean, D, and Meltzer, PS. GEOquery: a bridge between the gene expression omnibus (GEO) and bioConductor. Bioinformatics. (2007) 23:1846–7. doi: 10.1093/bioinformatics/btm254, PMID: 17496320


	 Balduzzi, S, Rücker, G, Nikolakopoulou, A, Papakonstantinou, T, Salanti, G, Efthimiou, O, et al. netmeta: an R package for network meta-analysis using frequentist methods. J Stat Software. (2023) 106:1–40. doi: 10.18637/jss.v106.i02


	DAVID functional annotation bioinformatics microarray analysis. Available online at: https://david.ncifcrf.gov/ (Accessed September 23 2024).


	 Zhou, Y, Zhou, B, Pache, L, Chang, M, Khodabakhshi, AH, Tanaseichuk, O, et al. Metascape provides a biologist-oriented resource for the analysis of systems-level datasets. Nat Commun. (2019) 10:1523. doi: 10.1038/S41467-019-09234-6, PMID: 30944313


	 Shannon, P, Markiel, A, Ozier, O, Baliga, NS, Wang, JT, Ramage, D, et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303, PMID: 14597658


	clue.io. Available online at: https://clue.io/ (Accessed September 23 2024).


	 Sundqvist, J, Falconer, H, Seddighzadeh, M, Vodolazkaia, A, Fassbender Hons, A, Kyama, C, et al. Endometriosis and autoimmune disease: association of susceptibility to moderate/severe endometriosis with CCL21 and HLA-DRB1. Fertility Sterility. (2011) 95:437–40. doi: 10.1016/j.fertnstert.2010.07.1060, PMID: 20797713


	 Knific, T, Fishman, D, Vogler, A, Gstöttner, M, Wenzl, R, Peterson, H, et al. Multiplex analysis of 40 cytokines do not allow separation between endometriosis patients and controls. Sci Rep. (2019) 9:1–12. doi: 10.1038/s41598-019-52899-8, PMID: 31723213


	 Al-Horani, RA. Serpin regulation of fibrinolytic system: implications for therapeutic applications in cardiovascular diseases. Cardiovasc Hematol Agents Med Chem. (2014) 12:91–125., PMID: 25374013


	 Bianchini, EP, Auditeau, C, Razanakolona, M, Vasse, M, and Borgel, D. Serpins in hemostasis as therapeutic targets for bleeding or thrombotic disorders. Front Cardiovasc Med. (2020) 7:622778. doi: 10.3389/fcvm.2020.622778, PMID: 33490121


	 Li, Y, Liu, H, Ye, S, Zhang, B, Li, X, Yuan, J, et al. The effects of coagulation factors on the risk of endometriosis: a Mendelian randomization study. BMC Med. (2023) 21:195. doi: 10.1186/S12916-023-02881-Z, PMID: 37226166


	 Wang, L, Ling, J, Zhu, X, Zhang, Y, Li, R, Huang, J, et al. The coagulation status in women of endometriosis with stage IV. BMC Women’s Health. (2024) 24:1–6. doi: 10.1186/s12905-024-03227-4, PMID: 38961373


	 Casalechi, M, Tripodi, A, Reis, FM, Carullo, G, Mondini, I, Di Stefano, G, et al. The link between inflammation and hemostasis in endometriosis: a call for research. J Endometriosis Uterine Disord. (2023) 3:100040. doi: 10.1016/j.jeud.2023.100040


	 Paula, R, Oliani, AH, Vaz-Oliani, DCM, D’Ávila, SCGP, Oliani, SM, and Gil, CD. The intricate role of mast cell proteases and the annexin A1-FPR1 system in abdominal wall endometriosis. J Mol Histol. (2015) 46:33–43. doi: 10.1007/s10735-014-9595-y, PMID: 25201101


	 Borelli, V, Martinelli, M, Luppi, S, Vita, F, Romano, F, Fanfani, F, et al. Mast cells in peritoneal fluid from women with endometriosis and their possible role in modulating sperm function. Front Physiol. (2020) 10:1543. doi: 10.3389/FPHYS.2019.01543, PMID: 31998139


	 McCallion, A, Nasirzadeh, Y, Lingegowda, H, Miller, JE, Khalaj, K, Ahn, SH, et al. Estrogen mediates inflammatory role of mast cells in endometriosis pathophysiology. Front Immunol. (2022) 13:961599. doi: 10.3389/FIMMU.2022.961599, PMID: 36016927


	 Li, T, Wang, J, Guo, X, Yu, Q, Ding, S, Xu, X, et al. Possible involvement of crosstalk between endometrial cells and mast cells in the development of endometriosis via CCL8/CCR1. Biomedicine Pharmacotherapy. (2020) 129:110476. doi: 10.1016/j.biopha.2020.110476, PMID: 32768961


	 Hanjra, P, Lee, CCR, Maric, I, Carter, M, Olivera, A, Metcalfe, DD, et al. Chromogranin A is not a biomarker of mastocytosis. J Allergy Clin Immunol In Pract. (2017) 6:687. doi: 10.1016/j.jaip.2017.08.022, PMID: 29033257


	 Waters, AM, Park, HJ, Weskamp, AL, Mateja, A, Kachur, ME, Lyons, JJ, et al. Elevated basal serum tryptase: disease distribution and variability in a regional health system. J Allergy Clin Immunology: In Pract. (2022) 10:2424–2435.e5. doi: 10.1016/j.jaip.2021.12.031, PMID: 35032694


	 Qin, JJ, Yan, L, Zhang, J, and Zhang, WD. STAT3 as a potential therapeutic target in triple negative breast cancer: a systematic review. J Exp Clin Cancer Res. (2019) 38:195. doi: 10.1186/S13046-019-1206-Z, PMID: 31088482


	 Kim, JW, Gautam, J, Kim, JE, Kim, JA, and Kang, KW. Inhibition of tumor growth and angiogenesis of tamoxifen-resistant breast cancer cells by ruxolitinib, a selective JAK2 inhibitor. Oncol Lett. (2019) 17:3981. doi: 10.3892/ol.2019.10059, PMID: 30930994


	 Yunianto, I, Currie, M, Chitcholtan, K, and Sykes, P. Potential drug repurposing of ruxolitinib to inhibit the JAK/STAT pathway for the treatment of patients with epithelial ovarian cancer. J Obstet Gynaecol Res. (2023) 49:2563–74. doi: 10.1111/jog.15761, PMID: 37565583


	Study details | VSV-hIFNbeta-NIS with or without ruxolitinib phosphate in treating stage IV or recurrent endometrial cancer | ClinicalTrials.gov. Available online at: https://clinicaltrials.gov/study/NCT03120624 (Accessed September 6 2024).


	 Kotlyar, AM, Mamillapalli, R, Flores, VA, and Taylor, HS. Tofacitinib alters STAT3 signaling and leads to endometriosis lesion regression. Mol Hum Reprod. (2021) 27:gaab016. doi: 10.1093/MOLEHR/GAAB016, PMID: 33693775


	BIRC3 mutation - my cancer genome. Available online at: https://www.mycancergenome.org/content/alteration/birc3-mutation/ (Accessed September 23 2024).


	 Uhlén, M, Zhang, C, Lee, S, Sjöstedt, E, Fagerberg, L, Bidkhori, G, et al. A pathology atlas of the human cancer transcriptome. Science. (2017) 357:660–73. doi: 10.1126/SCIENCE.AAN2507, PMID: 28818916


	 Li, H, Li, H, Bai, L, and Yu, H. Lefty inhibits in vitro decidualization by regulating P57 and cyclin D1 expressions. Cell Biochem Funct. (2014) 32:657–64. doi: 10.1002/cbf.3069, PMID: 25339094


	 Tabibzadeh, S, Mason, JM, Shea, W, Cai, Y, Murray, MJ, and Lessey, B. Dysregulated expression of ebaf, a novel molecular defect in the endometria of patients with infertility. J Clin Endocrinol Metab. (2000) 85:2526–36. doi: 10.1210/jc.85.7.2526, PMID: 10902804


	 El Jellas, K, Dušátková, P, Haldorsen, IS, Molnes, J, Tjora, E, Johansson, BB, et al. Two new mutations in the CEL gene causing diabetes and hereditary pancreatitis: how to correctly identify MODY8 cases. J Clin Endocrinol Metab. (2022) 107:e1455–66. doi: 10.1210/clinem/dgab864, PMID: 34850019


	 Johansson, BB, Fjeld, K, El Jellas, K, Gravdal, A, Dalva, M, Tjora, E, et al. The role of the carboxyl ester lipase (CEL) gene in pancreatic disease. Pancreatology. (2018) 18:12–9. doi: 10.1016/j.pan.2017.12.001, PMID: 29233499


	 Wu, H, Shu, M, Liu, C, Zhao, W, Li, Q, Song, Y, et al. Identification and characterization of novel carboxyl ester lipase gene variants in patients with different subtypes of diabetes. BMJ Open Diabetes Res Care. (2023) 11:e003127. doi: 10.1136/bmjdrc-2022-003127, PMID: 36634979


	 Rutkowski, MJ, Sughrue, ME, Kane, AJ, Ahn, BJ, Fang, S, and Parsa, AT. The complement cascade as a mediator of tissue growth and regeneration. Inflammation Res. (2010) 59:897. doi: 10.1007/s00011-010-0220-6, PMID: 20517706


	 Thurman, JM, and Yapa, R. Complement therapeutics in autoimmune disease. Front Immunol. (2019) 10:450903. doi: 10.3389/fimmu.2019.00672, PMID: 31001274


	 Java, A, and Kim, AHJ. The role of complement in autoimmune disease-associated thrombotic microangiopathy and the potential for therapeutics. J Rheumatol. (2023) 50:730–40. doi: 10.3899/jrheum.220752, PMID: 36642429


	 Reis, ES, Mastellos, DC, Ricklin, D, Mantovani, A, and Lambris, JD. Complement in cancer: untangling an intricate relationship. Nat Rev Immunol. (2018) 18:5–18. doi: 10.1038/nri.2017.97, PMID: 28920587


	 Bartosik, D, Damjanov, I, Viscarello, RR, and Riley, JA. Immunoproteins in the endometrium: clinical correlates of the presence of complement fractions C3 and C4. Am J obstetrics gynecology. (1987) 156:11–5. doi: 10.1016/0002-9378(87)90194-3, PMID: 3541614


	 Rahal, D, Andrade, F, and Nisihara, R. Insights into the role of complement system in the pathophysiology of endometriosis. Immunol Lett. (2021) 231:43–8. doi: 10.1016/j.imlet.2021.01.005, PMID: 33460705


	 Agostinis, C, Balduit, A, Mangogna, A, Zito, G, Romano, F, Ricci, G, et al. Immunological basis of the endometriosis: the complement system as a potential therapeutic target. Front Immunol. (2021) 11:599117. doi: 10.3389/FIMMU.2020.599117, PMID: 33505394


	 Karadadas, E, Hortu, I, Ak, H, Ergenoglu, AM, Karadadas, N, and Aydin, HH. Evaluation of complement system proteins C3a, C5a and C6 in patients of endometriosis. Clin Biochem. (2020) 81:15–9. doi: 10.1016/j.clinbiochem.2020.04.005, PMID: 32325082


	 Sikora, J, Wróblewska-Czech, A, Smycz-Kubańska, M, Mielczarek-Palacz, A, Cygal, A, Witek, A, et al. The role of complement components C1q, MBL and C1 inhibitor in pathogenesis of endometriosis. Arch Gynecology Obstetrics. (2018) 297:1495–501. doi: 10.1007/s00404-018-4754-0, PMID: 29572748


	 Aslan, C, Ak, H, Askar, N, Ozkaya, AB, Ergenoglu, AM, Yeniel, AO, et al. Overexpression of complement C5 in endometriosis. Clin Biochem. (2014) 47:496–8. doi: 10.1016/j.clinbiochem.2013.11.020, PMID: 24316322


	 Ajona, D, Pajares, MJ, Corrales, L, Perez-Gracia, JL, Agorreta, J, Lozano, MD, et al. Investigation of complement activation product c4d as a diagnostic and prognostic biomarker for lung cancer. J Natl Cancer Institute. (2013) 105:1385–93. doi: 10.1093/jnci/djt205, PMID: 23940286


	 Bae, SJ, Jo, Y, Cho, MK, Jin, JS, Kim, JY, Shim, J, et al. Identification and analysis of novel endometriosis biomarkers via integrative bioinformatics. Front Endocrinol. (2022) 13:1–16. doi: 10.3389/fendo.2022.942368, PMID: 36339397


	 Kolev, M, Das, M, Gerber, M, Baver, S, Deschatelets, P, and Markiewski, MM. Inside-out of complement in cancer. Front Immunol. (2022) 13:931273. doi: 10.3389/fimmu.2022.931273, PMID: 35860237


	 Hertle, E, Van Greevenbroek, MMJ, and Stehouwer, CDA. Complement C3: an emerging risk factor in cardiometabolic disease. Diabetologia. (2012) 55:881. doi: 10.1007/s00125-012-2462-z, PMID: 22282163


	 Dalakas, MC, Alexopoulos, H, and Spaeth, PJ. Complement in neurological disorders and emerging complement-targeted therapeutics. Nat Rev Neurol. (2020) 16:601–17. doi: 10.1038/s41582-020-0400-0, PMID: 33005040


	 Vedel-Krogh, S, Rasmussen, KL, Nordestgaard, BG, and Nielsen, SF. Complement C3 and allergic asthma: a cohort study of the general population. Eur Respir J. (2021) 57:2000645. doi: 10.1183/13993003.00645-2020, PMID: 32817007


	 Thurman, JM, Laskowski, J, and Nemeno, RA. Complement and cancer—A dysfunctional relationship? Antibodies. (2020) 9:1–16. doi: 10.3390/antib9040061, PMID: 33167384


	 Zhang, H, Mo, Y, Wang, L, Zhang, H, Wu, S, Sandai, D, et al. Potential shared pathogenic mechanisms between endometriosis and inflammatory bowel disease indicate a strong initial effect of immune factors. Front Immunol. (2024) 15:1339647. doi: 10.3389/fimmu.2024.1339647, PMID: 38660311


	 Yuan, K, Ye, J, Liu, Z, Ren, Y, He, W, Xu, J, et al. Complement C3 overexpression activates JAK2/STAT3 pathway and correlates with gastric cancer progression. J Exp Clin Cancer Res. (2020) 39:9. doi: 10.1186/S13046-019-1514-3, PMID: 31928530


	 Agostinis, C, Zorzet, S, Balduit, A, Zito, G, Mangogna, A, Macor, P, et al. The inflammatory feed-forward loop triggered by the complement component C3 as a potential target in endometriosis. Front Immunol. (2021) 12:693118/FULL. doi: 10.3389/FIMMU.2021.693118/FULL, PMID: 34489939


	 Kamer-Bartosińska, A, Szyłło, K, Tchórzewski, H, Lewkowicz, P, and Lewy, J. Evaluation of peripheral blood neutrophils activity in women with endometriosis. Ginekologia polska. (2001) 72:431–6.


	 Hasan, A, Rahim, A, Afzal, M, Naveed, AK, Ayub, S, and Jahan, S. Serum albumin and C3 complement levels in endometriosis. J Coll Physicians Surgeons–Pakistan : JCPSP. (2019) 29:702–5. doi: 10.29271/jcpsp.2019.08.702, PMID: 31358086


	Our science - modulating the complement cascade to develop novel therapeutics | Apellis pharmaceuticals. Available online at: https://apellis.com/our-science/science-of-c3/ (Accessed September 6 2024).


	 Isogai, C, Laug, WE, Shimada, H, Declerck, PJ, Stins, MF, Durden, DL, et al. Plasminogen activator inhibitor-1 promotes angiogenesis by stimulating endothelial cell migration toward fibronectin. Cancer Res. (2001) 61:5587–94. doi: 10.1158/0008-5472.CAN-01-0711, PMID: 11454712


	 Mashiko, S, Kitatani, K, Toyoshima, M, Ichimura, A, Dan, T, Usui, T, et al. Inhibition of plasminogen activator inhibitor-1 is a potential therapeutic strategy in ovarian cancer. Cancer Biol Ther. (2015) 16:253–60. doi: 10.1080/15384047.2014.1001271, PMID: 25587663


	 Alotaibi, FT, Peng, B, Klausen, C, Lee, AF, Abdelkareem, AO, Orr, NL, et al. Plasminogen activator inhibitor-1 (PAI-1) expression in endometriosis. PLoS One. (2019) 14:e0219064. doi: 10.1371/JOURNAL.PONE.0219064, PMID: 31315131


	 Gómez, R, Abad, A, Delgado, F, Tamarit, S, Simón, C, and Pellicer, A. Effects of hyperprolactinemia treatment with the dopamine agonist quinagolide on endometriotic lesions in patients with endometriosis-associated hyperprolactinemia. Fertility Sterility. (2011) 95:882–88.e1. doi: 10.1016/j.fertnstert.2010.10.024, PMID: 21055747


	 Zhang, J, Wu, Q, Zhu, L, Xie, S, Tu, L, Yang, Y, et al. SERPINE2/PN-1 regulates the DNA damage response and radioresistance by activating ATM in lung cancer. Cancer Lett. (2022) 524:268–83. doi: 10.1016/j.canlet.2021.10.001, PMID: 34648881


	 Smirnova, T, Bonapace, L, Macdonald, G, Kondo, S, Wyckoff, J, Ebersbach, H, et al. Serpin E2 promotes breast cancer metastasis by remodeling the tumor matrix and polarizing tumor associated macrophages. Oncotarget. (2016) 7:82289–304. doi: 10.18632/oncotarget.12927, PMID: 27793045


	 Chen, Wj, Dong, Kq, Pan, X, Gan, Ss, Xu, D, Chen, Jx, et al. Single-cell RNA-seq integrated with multi-omics reveals SERPINE2 as a target for metastasis in advanced renal cell carcinoma. Cell Death Dis. (2023) 14:1–13. doi: 10.1038/s41419-023-05566-w, PMID: 36646679


	 Fayard, B, Bianchi, F, Dey, J, Moreno, E, Djaffer, S, Hynes, NE, et al. The serine protease inhibitor protease nexin-1 controls mammary cancer metastasis through LRP-1-mediated MMP-9 expression. Cancer Res. (2009) 69:5690–8. doi: 10.1158/0008-5472.CAN-08-4573, PMID: 19584287


	 Lee, RK, Fan, CC, Hwu, YM, Lu, CH, Lin, MH, Chen, YJ, et al. SERPINE2, an inhibitor of plasminogen activators, is highly expressed in the human endometrium during the secretory phase. Reprod Biol Endocrinol. (2011) 9:38. doi: 10.1186/1477-7827-9-38, PMID: 21426587


	 Pelch, KE, Schroder, AL, Kimball, PA, Sharpe-Timms, KL, Davis, JW, and Nagel, SC. Aberrant gene expression profile in a mouse model of endometriosis mirrors that observed in women. Fertility Sterility. (2010) 93:1615–27.e18. doi: 10.1016/j.fertnstert.2009.03.086, PMID: 19473656


	 Bijsmans, ITGW, Smits, KM, De Graeff, P, Wisman, GBA, van der Zee, AGJ, Slangen, BF, et al. Loss of SerpinA5 protein expression is associated with advanced-stage serous ovarian tumors. Modern Pathol. (2010) 24:463–70. doi: 10.1038/modpathol.2010.214, PMID: 21102419


	 Song, Y, Ye, L, Tan, Y, Tong, H, Lv, Z, Wan, X, et al. Therapeutic exosomes loaded with SERPINA5 attenuated endometrial cancer cell migration via the integrin β1/FAK signaling pathway. Cell Oncol. (2022) 45:861–72. doi: 10.1007/s13402-022-00687-4, PMID: 35951287


	 Asanuma, K, Yoshikawa, T, Hayashi, T, Akita, N, Nakagawa, N, Hamada, Y, et al. Protein C inhibitor inhibits breast cancer cell growth, metastasis and angiogenesis independently of its protease inhibitory activity. Int J Cancer. (2007) 121:955–65. doi: 10.1002/ijc.22773, PMID: 17450526


	 Sieben, NLG, Oosting, J, Flanagan, AM, Prat, J, Roemen, GMJM, Kolkman-Uljee, SM, et al. Differential gene expression in ovarian tumors reveals Dusp 4 and Serpina 5 as key regulators for benign behavior of serous borderline tumors. J Clin Oncol. (2005) 23:7257–64. doi: 10.1200/JCO.2005.02.2541, PMID: 16087957


	 Buchert, M, Burns, CJ, and Ernst, M. Targeting JAK kinase in solid tumors: emerging opportunities and challenges. Oncogene. (2016) 35:939–51. doi: 10.1038/onc.2015.150, PMID: 25982279


	 Banerjee, S, Biehl, A, Gadina, M, Hasni, S, and Schwartz, DM. JAK–STAT signaling as a target for inflammatory and autoimmune diseases: current and future prospects. Drugs. (2017) 77:521. doi: 10.1007/s40265-017-0701-9, PMID: 28255960


	 Sarapultsev, A, Gusev, E, Komelkova, M, Utepova, I, Luo, S, and Hu, D. JAK-STAT signaling in inflammation and stress-related diseases: implications for therapeutic interventions. Mol Biomedicine. (2023) 4:40. doi: 10.1186/s43556-023-00151-1, PMID: 37938494


	 Kim, S, Lee, Y, and Koo, JS. Differential expression of lipid metabolism-related proteins in different breast cancer subtypes. PLoS One. (2015) 10:1–15. doi: 10.1371/journal.pone.0119473, PMID: 25751270


	 Bian, Y, Yuan, L, Yang, X, Weng, L, Zhang, Y, Bai, H, et al. SMURF1-mediated ubiquitylation of SHP-1 promotes cell proliferation and invasion of endometrial stromal cells in endometriosis. Ann Transl Med. (2021) 9:362. doi: 10.21037/atm-20-2897, PMID: 33842583


	 Amara, U, Flierl, MA, Rittirsch, D, Klos, A, Chen, H, Acker, B, et al. Molecular intercommunication between the complement and coagulation systems. J Immunol. (2010) 185:5628–36. doi: 10.4049/jimmunol.0903678, PMID: 20870944


	 Pryzdial, ELG, Leatherdale, A, and Conway, EM. Coagulation and complement: Key innate defense participants in a seamless web. Front Immunol. (2022) 13:918775. doi: 10.3389/fimmu.2022.918775, PMID: 36016942


	 Guilarte, M, Sala-Cunill, A, Luengo, O, Labrador-Horrillo, M, and Cardona, V. The mast cell, contact, and coagulation system connection in anaphylaxis. Front Immunol. (2017) 8:846. doi: 10.3389/fimmu.2017.00846, PMID: 28798744


	 Morales, JK, Falanga, YT, Depcrynski, A, Fernando, J, and Ryan, JJ. Mast cell homeostasis and the JAK–STAT pathway. Genes Immun. (2010) 11:599. doi: 10.1038/gene.2010.35, PMID: 20535135


	 D’cruz, OJ, and Uckun, FM. Targeting mast cells in endometriosis with janus kinase 3 inhibitor, JANEX-1. Am J Reprod Immunol. (2007) 58:75–97. doi: 10.1111/j.1600-0897.2007.00502.x, PMID: 17631002


	 Yanase, Y, Takahagi, S, Ozawa, K, and Hide, M. The role of coagulation and complement factors for mast cell activation in the pathogenesis of chronic spontaneous urticaria. Cells. (2021) 10:1759. doi: 10.3390/CELLS10071759, PMID: 34359930


	 Li, Xy, Wang, X, Gu, Zy, Sun, Tt, Leng, Jh, and Yu, Q. Combined proteomics and transcriptomics identifies serpin family C member 1 associated protein as a biomarker of endometriosis. Ann Med. (2023) 55:2243825. doi: 10.1080/07853890.2023.2243825, PMID: 37572646


	 Bane, K, Desouza, J, Shetty, D, Choudhary, P, Kadam, S, Katkam, RR, et al. Endometrial DNA damage response is modulated in endometriosis. Hum Reprod. (2021) 36:160–74. doi: 10.1093/humrep/deaa255, PMID: 33246341


	 Gabriel, M, Fey, V, Heinosalo, T, Adhikari, P, Rytkönen, K, Komulainen, T, et al. A relational database to identify differentially expressed genes in the endometrium and endometriosis lesions. Sci Data. (2020) 7:284. doi: 10.1038/S41597-020-00623-X, PMID: 32859947


	 Akter, S, Xu, D, Nagel, SC, Bromfield, JJ, Pelch, K, Wilshire, GB, et al. Machine learning classifiers for endometriosis using transcriptomics and methylomics data. Front Genet. (2019) 10:766. doi: 10.3389/FGENE.2019.00766, PMID: 31552087


	 Crispi, S, Piccolo, MT, D’avino, A, Donizetti, A, Viceconte, R, Spyrou, M, et al. Transcriptional profiling of endometriosis tissues identifies genes related to organogenesis defects. J Cell Physiol. (2013) 228:1927–34. doi: 10.1002/jcp.24358, PMID: 23460397


	 Khan, MA, Sengupta, J, Mittal, S, and Ghosh, D. Genome-wide expressions in autologous eutopic and ectopic endometrium of fertile women with endometriosis. Reprod Biol Endocrinol. (2012) 10:84. doi: 10.1186/1477-7827-10-84, PMID: 23006437


	 Burney, RO, Talbi, S, Hamilton, AE, Kim, CV, Nyegaard, M, Nezhat, CR, et al. Gene expression analysis of endometrium reveals progesterone resistance and candidate susceptibility genes in women with endometriosis. Endocrinology. (2007) 148:3814–26. doi: 10.1210/en.2006-1692, PMID: 17510236


	 Hever, A, Roth, RB, Hevezi, P, Marin, ME, Acosta, JA, Acosta, H, et al. Human endometriosis is associated with plasma cells and overexpression of B lymphocyte stimulator. Proc Natl Acad Sci U S A. (2007) 104:12451–6. doi: 10.1073/pnas.0703451104, PMID: 17640886







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Golinska, Rycerz, Sobczak, Chrzanowski, Stawiski and Fendler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1619434-i001.jpg





OEBPS/Images/fimmu-16-1619434-g001.jpg
c
o
=
@
3]
b=
=
c
)
=

Screening

Included

Databases identified
through GEO searching
(n=122)

Duplicate databases
(n=18)

Databases identified for

screening
(n=104)

Databases excluded due to
lack of abstracts and/or
articles (n =12)

Original datasets
(n=92)
Animal datasets (n = 7)
Lack of group with
endometriosis (n = 18)
Only adenomyosis (n = 7)
Without control group (n = 6)
Single cell (n = 6)
Without raw data (n = 5)
Without mRNA (n = 4)
Only cells/organoids (n = 13)
Serum (n=1)
Datasets assessed for
eligibility (n = 9)





OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Complement and coagulation
cascade cross-talk in endometriosis
and the potential of Janus Kinase
inhibitors—a network meta-analysis





OEBPS/Images/fimmu-16-1619434-g006.jpg
Complement cascade

Coagulation cascadi/\ %

C3T1,C1QAT,C2T,
cé6t,C71

Z. " / JAK/STAT3 pathway
- Mast cells

SERPINE1 T, SERPINE2 T, S, O I.I

SERPINA3 T, SEPINAS | T o e

STATSAT
STATSB T

Serpin
superfamliy

ECM remodelling

KITT MS4A6A T , o
CPA31,FCGR2B 1 JAK inhibitors

S100A10T F!






OEBPS/Images/fimmu-16-1619434-g004.jpg
A

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

Cc

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

E

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

logFC [95% CI]

1.25 [0.95, 1.54]

0.84 [0.16, 1.51]

0.38 [-0.45, 1.21]

1.60 [1.03, 2.17]

1.13 [0.76, 1.49]

1.04 [-0.09, 2.17]

1.12 [0.77, 1.47]

logFC [95% ClI]

4.01[3.65, 4.38]

3.62 [1.12, 6.12]

0.62 [-0.30, 1.54]

4.47 [4.17, 4.77]

3.27 [2.35, 4.19]

4.62[1.53, 7.72]

3.38 [2.50, 4.26]

logFC [95% ClI]

1.65 [1.26, 2.04]

-0.22 [-1.64, 1.20]

0.51 [-0.56, 1.57]

2.83 [2.61, 3.05]

1.51 [0.74, 2.28]

1.83 [-0.69, 4.36]

1.54 [0.80, 2.27]

[ T T T T

0.5 1 1.5
Log Fold Change (logFC)

S S—

0 1 2 3 4 5 6
Log Fold Change (logFC)

Log Fold Change (logFC)

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

D

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

F

Comparison
Gabriel, 2020
Crispi, 2013
Khan, 2012
Hever, 2007
Direct
Indirect

Combined

logFC [95% CI]
1.90 [1.45, 2.35]
1.19 [-0.43, 2.81]
1.52[0.29, 2.75]
4.90 [3.88, 5.92]
2.45 [1.44, 3.47]
1.86 [-1.36, 5.08]

2.40 [1.43, 3.37]

logFC [95% CI]
1.93 [1.40, 2.47]
0.26 [-1.04, 1.56]
-0.19 [-0.63, 0.25]
1.75 [0.66, 2.84]
0.94 [0.02, 1.85]
1.96 [-1.02, 4.95]

1.02 [0.15, 1.90]

logFC [95% CI]
-1.36 [-1.96, -0.76]
-0.72 [-2.09, 0.64]

0.45 [-0.53, 1.43]
-1.67 [-2.52, -0.82]
-0.91 [-1.60, -0.21]
-0.19 [-2.54, 2.15]

-0.85 [-1.52, -0.18]

-1

0

1 2 3 4
Log Fold Change (logFC)

1 2 3
Log Fold Change (logFC)

T
4

-2.5

2

T | I T T

<15 -1 05 0 05 1
Log Fold Change (logFC)

T 1
15 2





OEBPS/Images/fimmu-16-1619434-g002.jpg
A

40

—Logyo P

204

EL vs EEM

® Ns ® Log:FC @ pvalue ® p- value and log; FC

ges2

SPARCL1 GLDNs

SGPL1 < TMED2}CSNK2A2
1 111CA,S0D3

WA DI

—Logyo P

ELvs EH
©® NS ® Log:FC @ pvale ® p-valueandlog; FC
Vol CLDNs
4 { .
0 i carf
] fes2
[ e
30 Ticed  SPARCLY
MIPEP, £ZBED4 HLA-DPB1-HLA.DRA
EN1§F§DP7L PEX7 EGFL7, CBX7
204 e fo,, SCSFIR
- 5. " CAVI
104

C

EEMvs EH

® NS ® Log:FC @ pvaue ® p-valueand log; FC

o

cat
10 20

0

0.0
Log, fold change

25

total = 7664 variables

—

Log, fold change

total = 7664 variables

{ B % g ~Fo M~ N o~ O~ N
Ixméﬁ‘—zoEJUowﬁmooﬂ%E‘-N&"—O
“8sFovsa0f DRESL °rgigive
o = o050
23 FTNg § < 250<
%)

AQP1

FOS
FOSB

Log, fold change

total = 7664 variables.

EL vs EEM

7

%
7

CsQsCeCS:
HISOR

g
%%
SIASIESS
6 %

<
K

Y
&
S

120
(8.7%)

988
(71.2%)

QS
@6‘0

Q,
o
CY)

2
S

B

/7

Q,
5
20
%
&
%

Q

5%

%
>

u:f“’

73

7
<

[oNeNaNe?
HRORIR:
S
5

EEM vs EH

EL vs EH






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1619434-g003.jpg
A

Positive regulation of angiogenesis
Positive regulation of gene expression

Protein homodimerization activity

=== Biological Processes
~ Molecular Functions
= Cellular compartment

Cell adhesion —{ s
Inflammatory response —{ s
=
[

Protein binding
Identical protein binding
ECM structural component

Extracellular exosome
Extracellular region

c response to
hormone
’ »-..

o®

®
®
inflammatory
response
Complement and 3
coagulation | L8
cascades gk, /a8
U oy
y

Extracellular space
Cell surface

TSI
"_ N ! /
a \\\ | ‘i | posilive
\ regulation of

response to

o |
0 50 100 150 200 250 750 800

counts external stimulus
positive
regulation of
locomotion
regulation of l" PN
B cell-cell adhesion
B count

= -log10(p-value)

Tube morphogenesis

Gland development

Cellular response to cytokine stimulus

Response to hormone

Negative regulation of cell population proliferation
Tissue morphogenesis

Cell population proliferation

Complement and coagulation cascade| I

Platelet activation and degranulation I

Inflammatory response DNA remodeling and regulation of transcription- NN
Positive regulation of locomotion Integrin mediated signaling and cell-matrix adhesion | I
NABA Core Matrisome
) 1 2 3 4 5
Enrichment Score

o =
Do O B
% 0ne Yoka £
8 g 2 9 é g ; g % 2 name median_tau_score y

RBM15B 9946

CDKN1B 99.32

JAK3-inhibitor-V1 99.15

aminopurvalanol-a 99.12

purvalanol-a 98.88

Cell Cycle Inhibition GOF 98.85

BPHL 98.67

CDKN1A 97.94

teniposide 97.83

CD-437 97.81

SN-38 97.39

clofarabine 97.22

LDN-193189 97.10

etoposide 97.02

HOXB13 96.76

topotecan 96.61

DNAsynthesis inhibitor 96.57

ADCY3 96.56

Ribonucleotide reductase inhibitor  96.45
pynvinium-pamoate 96.44






OEBPS/Images/fimmu-16-1619434-g005.jpg
ACompanson logFC [95% CI] B Comparison  logFC [95% CI]

Gabriel, 2020  1.86 [1.56, 2.17] —— Gabriel, 2020 1.24 [0.98, 1.50] —
Crispi, 2013 0.98 [0.03, 1.93] - Crispi, 2013 0.85 [0.03, 1.67] -
Khan, 2012 0.68[0.12,1.23] — = — Khan, 2012 -0.13[-0.64,0.38] — =
Hever, 2007 1.96 [1.38, 2.55] —_— Hever, 2007 1.65 [1.43, 1.87] —_—
Direct 1.42[0.82, 2.02] — Direct 0.96 [0.45, 1.48] ——
Indirect 2.99 [0.87, 5.11] . Indirect 1.70 [-0.17, 3.57] .
Combined 1.54 [0.96, 2.11] —_— Combined 1.01[0.52, 1.51] ——
— T 1 T T T T 1
0 05 1 15 2 25 3 35 4 45 5 05 0 0.5 1 1.5 2 25 3
Log Fold Change (logFC) Log Fold Change (logFC)
C Comparison  logFC [95% CI] D Comparison  logFC [95% CI]
Gabriel, 2020  1.29 [0.98, 1.60] e Gabriel, 2020  0.50 [0.31, 0.69] e
Crispi, 2013 0.39 [-0.11, 0.90] . Crispi, 2013 1.04 [-0.25, 2.33] -
Khan, 2012 -0.29 [-0.85, 0.27] —_— Khan, 2012 -0.16 [-0.79, 0.47] —_—
Hever, 2007 1.09 [0.69, 1.48] —— Hever, 2007 2.17 [1.53, 2.81] e
Direct 0.69 [0.27, 1.11] —— Direct 0.83 [0.23, 1.43] ——
Indirect 0.88 [-0.52, 2.28] - Indirect 0.17 [-1.84, 2.18] —e-
Combined 0.71[0.30, 1.11] ———— Combined 0.78 [0.20, 1.35] -
T T T T T | T T T T T T T T
-1 -0.5 [} 0.5 1 1.5 2 25 2-15-1-05 0 05 1 15 2 25 3
Log Fold Change (logFC) Log Fold Change (logFC)
E Comparison logFC [95% CI] F Comparison logFC [95% CI]
Gabriel, 2020  0.65 [0.35, 0.94] — Gabriel, 2020  0.66 [0.09, 1.23] _—
Crispi, 2013 0.26 [-0.59, 1.10] . Crispi, 2013 0.28 [-1.65, 2.22] .
Khan, 2012 0.74 [-0.47, 1.94] —_— Khan, 2012 0.56 [-0.00, 1.13] —
Hever, 2007 1.79 [1.26, 2.32] e Hever, 2007 0.59 [0.17, 1.02] e
Direct 0.92[0.41, 1.43] e Direct 0.59 [0.18, 1.00] e
Indirect 0.40 [-1.17, 1.96] . Indirect 0.97 [-0.71, 2.65] .
Combined 0.87 [0.38, 1.35] — Combined 0.61[0.21, 1.01] .
f T T T T T 1 T T T 1
-1 -0.5 0 0.5 1 15 2 25 <15 -1 05 0 05 1 15 2 25
Log Fold Change (logFC) Log Fold Change (logFC)
GCOmparison logFC [95% ClI] H Comparison  logFC [95% CI]
Gabriel, 2020  1.06 [0.90, 1.23] e Gabriel, 2020  0.75 [0.62, 0.88] ———
Crispi, 2013 0.50 [-0.04, 1.05] . Crispi, 2013 0.14 [-0.21, 0.50] -
Khan, 2012 0.08[-0.67,0.84) — = Khan, 2012 0.40[-0.18,0.98] ——*
Hever, 2007 0.72 [0.47, 0.96] —— Hever, 2007 0.52[0.31, 0.73] e
Direct 0.76 [0.50, 1.03] e Direct 0.52[0.31, 0.73] e
Indirect 1.44 [0.62, 2.26] . Indirect 1.02 [0.37, 1.67] .
Combined 0.83 [0.57, 1.08] —— Combined 0.57 [0.37, 0.77] ——
T T 1 r T 1
-0.5 o 0.5 1 1.5 2 25 0 0.5 1 1.5

Log Fold Change (logFC) Log Fold Change (logFC)





