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Recurrent implantation failure (RIF) represents a new challenge in the field of assisted reproductive technology (ART). Considering the known effects of immune cell regulation on embryo implantation process, as well as our gene set variation analysis (GSVA) results that suggested the association between RIF and pathways of oxidative stress and immune responses, we hypothesized that oxidative stress- related genes (OSGs) associated with aberrant immunological factor may represent novel biomarkers for unexplained RIF. We therefore screened out the immune cell coexpressed OSGs by performing CIBERSORT, LM22 matrix and Pearson correlation, followed by constructing an OSG signature by least absolute shrinkage and selection operator (LASSO) regression. Three OSGs (AXL, SLC7A11 and UBQLN1) were then identified to establish a RIF risk signature, which showed high ability to discriminating RIF from fertile control. A nomogram was established, with a free online calculator for easier clinical application. Finally, Chilibot, protein-protein interaction analysis and BioGPS were sequentially applied for the investigation of functional relationships of these three genes with RIF and other OSGs, as well as their expression abundance across different human tissues. In conclusion, we identified an OSG signature that are relevant novel markers for the occurrence of unexplained RIF.
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Introduction

The breakthrough of assisted reproductive technology (ART) in recent years has improved outcomes for millions of struggling couples who fail to conceive. However, recurrent implantation failure (RIF), generally defined as the failure of implantation after more than three replacement cycles of high quality embryos or after transferring a total of more than ten embryos, represents a new challenge in the field of ART and leave couples frustrated (1). The diagnosis of RIF is a difficult reality for both couples and clinical practitioners, since it has led to the waste of precious embryos while treatments are always empirical with limited efficacy (2). Thus, it would help to establish a set of standardized tests for the prediction of RIF occurrence as a preliminary evaluation on each patient before embryo transfer, which would then hopefully direct the personal approach for each individual and prevent the waste of embryos.

RIF is a complex problem with a wide variety of etiologies and mechanisms. However, for unexplained RIF, in which no other conditions are known to be the cause, the endometrial immune dysregulation has been regarded as one of the most important factors. The decidualized endometrial stromal cells are able to suppress the local maternal immune response, which are the prerequisites for protecting embryos from immunological attacks (3), and thus critical to implantation (4). While there are emerging investigation into the endometrial immune profile in RIF, however, translation to clinical practice is limited due to the lack of predictive biomarkers.

Oxidative stress (OS), a state resulted from the imbalanced state between pro-oxidant molecules and antioxidant defense levels, has been recognized to play a key role of a variety of female reproductive disorders, including the occurrence of spontaneous and recurrent miscarriage by negatively affecting embryo implantation (5, 6). Shahin et al. also reported that low-level microwave irradiation may lead to implantation failure by inducing OS in mice (7). Considering the important role of OS-mediated regulation during embryo implantation, it is thus meaningful to search for key OS related biomarkers capable of identifying individuals who are at risk of RIF.

Based on the preliminary results that RIF is associated both with OS and immune dysregulation of the endometrium in this study, we therefore aim to identify the key oxidative stress- related genes (OSGs) of predictive significance for the occurrence of unexplained RIF. Intriguingly, we discovered that that the constructed OS related gene risk signature, which is closely associated with endometrial immune cells, can accurately predicts RIF occurrence. Given the widely accepted consensus of endometrial immune dysregulation as an important contributor to unexplained RIF and the emerging role of OS in the context of embryo implantation, our findings indicate potential clinical implications for this OS related gene signature as predictive biomarkers as well as therapeutic target to improve pregnancy outcomes among patients undergoing ART procedure.



Materials and Methods


Clinical Data Collection and Processing

The RNA sequencing (RNA-seq) expression profiles were downloaded from GEO database (2020.5, https://www.ncbi.nlm.nih.gov/geo/). Data were extracted from GSE111974 providing endometrial RNA expression from patients with RIF and fertile controls. By using data from Ensemble (https://uswest.ensembl.org/index.html) (8), we re-annotated the gene symbols and extracted mRNAs from the original dataset. The expression profiles, including mRNA expressions from 24 normal endometrial tissues and 24 RIF endometrial tissue, were presented by normalized signal intensity. Finally, 14944 mRNAs from 48 samples were extracted.

Principal component analysis (PCA) is a method for reducing the dimensionality of large datasets, increasing interpretability but at the same time minimizing information loss (9). Thus, PCA was then employed to find out the distribution of these mRNAs between RIF and fertile control graphically.



Functional Enrichment Analysis of RIF Associated Genes

Gene Set Variation Analysis (GSVA, https://www.broadinstitute.org/gsea/index.jsp) was applied to assess the underlying changes in pathway activities and biological functions between RIF and fertile controls. GSVA is a non-parametric unsupervised method that transforms the genes of the sample matrix into predefined gene sets without a priori knowledge of experiment design (10). In this study, we used the R package “GSVA” to calculate the score of each patient based on previously defined gene sets of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The gene sets “c5.all.v7.1.symbols.gmt” and “c2.cp.kegg.v6.2.symbols.gmt”, downloaded from the Molecular Signature Database (MSigDB, http://software.broadinstitute.org/gsea/msigdb/index.jsp), were selected and combined as the reference. Subsequently, the R package “limma” was used to build linear models for comparing the GSVA scores between RIF patients and fertile controls. Pathways with adjusted P value < 0.25 and | log2FC| ≥ 0.1 were considered as significantly altered.



Filtering of OSGs

OSGs were extracted from the GO_ OXIDATIVE_STRESS gene set in Molecular Signatures Database v7.1 website (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). The mRNAs levels of these OSG were filtered for further analysis.



Immune Cell Composition Analysis

Based on the gene expression profile of a sample, CIBERSORT enables the characterization of the cellular composition of complex tissues, such as solid tumor. This robust and novel method has been shown to perform better than other methods when dealing with background noises, unknown contents and closely associated cell types (11). LM22, a leukocyte gene signature matrix containing a total of 547 genes, was developed and validated to distinguish 22 human hematopoietic cell subtypes, including seven T cell types, naive and memory B cells, plasma cells, natural killer (NK) cells and myeloid subsets (12). The immune cell compositions in RIF and fertile controls, were evaluated using CIBERSORT in combination with the LM22 matrix. Only cases with a P< 0.05 of CIBERSORT outputs were selected for further analysis. The correlation between the expression of OSGs and immune infiltration, as well as among different immune cell types were calculated by Pearson correlation. Sankey diagram was employed to show the relationship between the pair of OSGs and immune cell, with P value < 0.05 and | Pearson correlation coefficient | > 0.6.



Identification of an OSG Signature for Predicting RIF

To explore if the immune-cell co-expressed OSGs could prompt the prediction of RIF, a predicting model was constructed based on the immune-cell co-expressed OSGs by applying the “glmnet” package, version 3.0-2 (https://cran.r-project.org/) in R language. Least absolute shrinkage and selection operator (LASSO) regression was performed to further select the optimal predictive features. A multivariable logistic regression model and a nomogram were constructed by integrating the features with non-zero coefficients in LASSO regression in order to prevent model overfitting. The RIF prediction model was then built according to the regression coefficient-weighted mRNA expression and a predicted score formula was established as follows:

	

In the formula, N, Expi, Coei indicates the number of selected mRNAs, the expression value of each mRNA and the multivariate Cox regression coefficient, respectively. Next, model sensitivity and specificity were evaluated by receiver operating characteristic (ROC) analyses. A nomogram, as the visualization of linear prediction model, was constructed based on all the significant factors for RIF prediction. In order to facilitate clinical use, a free online calculator for the final nomogram was designed by DEnorm package (version 5.0.1, https://cran.r-project.org/) and published in “https://www.shinyapps.io/”.



Chilibot and Protein-Protein Interaction Analysis

Chilibot analysis was then performed (http://www.chilibot.net) (13). Within the range of user-defined terms, Chilibot determined those already known relationships by searching for their co-occurrence in the same sentence across the abstracts of Pubmed. As a result, much closer relations can be identified by Chilibot analysis compared to a plain Pubmed search, followed by the association of the same sentence coexistence to a stimulatory, or inhibitory, or noninteractive relationship (14). Based on the above principle, a “two-list analysis” was performed, with the first list containing the term “Recurrent Implantation Failure” and the second list containing OSG list. In addition, protein-protein interaction (PPI) analysis was employed to demonstrate the functional networks of OSGs. By collecting, scoring and integrating all publicly available sources, the Search Tool for the Retrieval of Interacting Genes (STRING, version 11.5, http://string-db.org) database provides references for studying the mechanism of disease occurrence or progression and provides a basis for exploring the functional PPI (15). Cytoscape 3.5.0 (version 3.7.2; https://cytoscape.org/) was used to construct and visualize the results from the PPI network, with the criteria set as a combined score of > 0.15.



Visualization of Core Gene Expressions Across Different Human Tissues

Providing comprehensive resources about gene and protein function, the BioGPS (http://biogps.org/#goto=welcome) is a free online extensible and customizable gene annotation portal tool, and thus was applied to identify the expressions of newly identified core genes across different human tissues.



Statistical Analysis

Quantitative data were presented as the mean ± standard deviation. Statistical differences between two groups were examined by the Wilcoxon test. All statistical tests were conducted using R programming language. P < 0.05 was considered statistically significant.




Results


Identification of OSGs Associated Pathways via GSVA

A workflow of this study was shown in Figure 1. PCA was employed to figure out the distribution of the endometrial mRNAs from RIF and fertile control graphically (Figure 2A). As Figure 2A shown, the RNA expression from all samples clearly shows two different distributed clusters, from RIF patients and fertile control respectively, suggesting that there may be significant differences between RIF patients and the fertile controls in terms of RNA expression level and biological function. To reflect the functional characteristics of RIF endometrial tissue, GSVA was employed and 475 pathways were significantly activated in RIF according to GSVA results (Table S1), with results shown as volcano plot (Figure 2B). Among these pathways, there are 15 signaling found to be related to immune response and oxidative stress reaction (Figures 2C, D), indicating that immune response and oxidative stress regulation may be differentially activated in the endometrium of between RIF patients and the fertile controls. We thus ask if there are certain OSGs that regulate immune cells can serve as predictive biomarkers for the occurrence of RIF.




Figure 1 | Flow chart of data preparation, processing, analysis.






Figure 2 | GSVA analysis displaying immune related pathway differences. (A) Principal components analysis of lncRNAs between normal and recurrent implantation failure (RIF) sample. (B) Volcano plot showed the differences in pathway activities scored by GSVA between normal and RIF sample. Differences in pathway activities scored by GSVA between normal and RIF sample. (C) Bubble plot showed the analysis result. (D) Heatmap exhibited the differences of the pathway.





Identification of Immune Cell Landscapes of RIF and Immune Cell Regulated OSG

To investigate the immune landscapes and characterize the cell compositions of RIF, CIBERSORT in combination with the LM22 matrix was employed. The distribution of 22 immune cell types in RIF was shown in a barplot (Figure 3A) and heatmap (Figure 3B), indicating that many of them were significantly altered. To further identify the co-expression patterns among these significantly altered immune cells, we performed Pearson correlation analysis to evaluate their potential underlying relationships and discovered that there were extensive correlations among the content of different immune cell, suggesting that immune cells are mostly altered as a whole in RIF (Figure 3C). Meanwhile, a total of 453 OSG were extracted from the GO_ OXIDATIVE_STRESS gene set in Molecular Signatures Database (Table S2). We next analyzed the correlation between the immune related OSGs and the infiltration of immune cell subtypes in RIF. The correlation values of immune cells and the OSGs were shown in Figure 3D. The 8 OSGs (TP53INP1, FABP1, BNIP3, AXL, SLC7A11, ENDOG, UBQLN1, and NCF1) that are immune-cell correlated with P value < 0.05 and | Pearson correlation coefficient | > 0.7 were selected.




Figure 3 | Distribution of immune cells between normal and recurrent implantation failure sample using CIBERSORT for all eligible samples in the derivation cohort. (A) Barplot showed the fractions of immune cells in individual samples. (B) Heatmap showed normalized absolute abundance for each cell type in individual samples. (C) Correlation heatmap showed gene co-expression patterns among significantly altered immune cells. (D) Sankey diagram showed the relationships between the immune cells and their co-expressed OSGs.





Construction of the OSG Signature for RIF Prediction

To further select immune cell regulated OSGs that prompt the prediction of RIF, LASSO regression was used to select appropriate parameters by determining interpretable prediction rules in high dimension data. Three mRNAs, as AXL, SLC7A11 and UBQLN1, were identified (Figures 4A, B). Subsequently, the predicted score formula was constructed by generalized linear model and shown as follow:




Figure 4 | Assessment of the recurrent implantation failure (RIF) predictive value of OSGs. (A) Log (Lambda) value of OSG. in least absolute shrinkage and selection operator (LASSO) model. (B) The most appropriate log (Lambda) value in the LASSO model. (C) Nomogram was developed by integrating the risk signature. (D) Receiver operating characteristic (ROC) curves for the RIF prediction according to the nomogram and each gene expression. (E) The calibration curve of the model. (F) The user-friendly free online calculator to facilitate the use of the nomogram.



Risk score= (-2.4140 × expression level of AXL) + (-1.1539 × expression level of SLC7A11) + (3.5932 × expression level of UBQLN1)

Pearson analysis further confirm strong correlations (all >0.7) between AXL and T cells, SLC7A11 and NK cells, UBQLN1 and dendritic cells (Table 1).


Table 1 | Correlations between critical OSGs and immune cells.



To make it easier for application, AXL, SLC7A11 and UBQLN1 levels were incorporated into a multivariable logistic regression model to build a predictive model for RIF and presented as a nomogram (Figure 4C). On the nomogram graph, each mRNA expression level represents a score, and the total score maps the RIF probability.

We next drew the ROC curves (Figure 4D) and calibration curves (Figure 4E) for the OSG signature. Figure 4D reports the corresponding ROC curve for the expression values: AXL, SLC7A11, UBQLN1 and the 3- OSG risk score, shows an AUC of 0.691, 0.7552, 0.7986 and 0.8663, respectively. The curves clearly showed that all of the three genes relatively high sensitivity and specificity values, but the signature based on them had the best predictive value (AUC=0.8663) in distinguishing RIF patients from fertile controls.

Calibration plot showed the mean predicted probability of outcome against the observed proportion of outcomes for 48 groups based on the calculated RIF risk score. A locally weighted regression, indicated by dashed line, was plotted to demonstrate the general trend and the ideal result. Using a bootstrap approach, the bias-corrected line was produced to estimate predicted and observed values based on a nonparametric smoother applied to a sequence of predicted values. Overall, the apparent and bias-corrected lines were well aligned and shifted slightly from the ideal 45-degree line, indicating good predictive performance. The bias- corrected line and apparent line crossed with the ideal line at around 35% of the predicted value. When the predicted risk is less than 35%, these two lines were above the ideal line, indicating that the predicted risk will be a bit overestimated. In contrast, when the predicted risk is greater than 35%, the two lines are both below the ideal line, suggesting that the risk will be a bit underestimated.

In order to facilitate clinical application, an online app based on the nomogram was established to distinguish RIF patients from fertile controls (Figure 4E). By simply inputting the endometrial mRNA expression levels of AXL, SLC7A11and UBQLN1 of a patient, clinicians who adopt the nomogram can quickly calculate the patient’s probability of RIF occurrence, as well as checking the confidence interval of the predicted results in the online app (Figure 4F): https://linnuanstu2009.shinyapps.io/dynnomapp/?_ga=2.24486970.1046640858.1591781847-159983587.1588641469.



Chilibot and Protein-Protein Interaction Analysis

The molecular mechanisms underlying the functional interaction of RIF with OSGs, including the screened out AXL, SLC7A11and UBQLN1, were investigated with Chilibot analysis. According to Chilibot analysis, no direct and strong relationship between RIF with these three genes has been reported so far, while there are 28 OSGs previously found to be associated with RIF. In addition, PPI analysis revealed the correlation among the 3 genes and 28 OSGs (Figure 5A), suggesting that AXL, SLC7A11and UBQLN1 as potential RIF markers is innovative and their interaction to RIF may be mediated via molecular pathways involving other OSGs.




Figure 5 | The functional annotation of the three key OSGs. (A) PPI analysis revealed the correlation among the 3 genes and 28 OSGs. BioGPS showed the expression level of (B) AXL, (C) SLC7A11 and (D) UBQLN1 on normal human tissues by BioGPS.





Comparison of the Expression Level of Core Genes on Normal Human Tissues by BioGPS

We used BioGPS to identify the hub gene expression in normal tissues. This data set demonstrated a survey across various normal human tissues (platform: U133plus2 Affymetrix microarray) (16). The above mentioned three key biomarkers were imported in the BioGps database for organ positioning. The results showed that AXL (Figure 5B), SLC7A11 (Figure 5C) and UBQLN1 (Figure 5D) were all moderately abundant in uterus, suggesting the feasibility of detecting these three genes in endometrium as biomarkers for RIF prediction in ART practice.




Discussion

During embryo implantation, a localized uterine tissue reaction called decidualization, profoundly influences the differentiation and trafficking of several leukocyte subtypes. Thus, aberrant immunological factors has been generally believed as an important source of the occurrence of recurrent miscarriage and implantation failure, evidenced by the fact that there is local immune overactivation in the endometrium in 56.6% of the patients who experienced unexplained RIF (17). Liu et al. found that the dysregulation of uterine immune activity and the exacerbation of oxidative stress can lead to a reduced implantation sites (18). Consistently in this study, our GSEA result based on the endometrial RNAseq of 24 RIF and 24 fertile women showed that the occurrence of unexplained RIF is correlated to both OS and immune dysregulation. We thus ask if the OSGs that are associated with immune cells can serve as predictive biomarkers for the occurrence of unexplained RIF. Using LASSO regression, a prediction model for RIF based on three OSGs (UBQLN1, SLC7A11 and AXL) is constructed with good differential performance, and potentially underlie the pathophysiology of RIF with association of immune cells activities, especially dendritic cells, NK cells and T lymphocytes.

The SLC7A11 (Solute Carrier Family 7 Member 11) gene belongs to the solute transport family and encodes a heteromeric, sodium-independent and highly specific cystine/glutamate xCT transporter, which is believed to be involved in regulating ferroptosis in the diseases characterized by iron deposition and reactive oxygen species production, such as ischemia/reperfusion-induced acute lung injury and cardiomyopathies (19–21). It has been reported that the expression of SLC7A11 is promoted to enhance cell resistance in intestines when cells are under oxidative stress (19). Given that a recent endometrial proteome approach during the window of implantation reveals that the pathway of ferroptosis is altered in RIF patients (22), the ferroptosis- related SLC7A11 gene may be critically involved in the pathogenesis of RIF. AXL (AXL Receptor Tyrosine Kinase) encodes a protein member of the Tyro3-Axl-Mer (TAM) receptor tyrosine kinase subfamily. The molecular system of AXL and its ligand GAS6, is traditionally considered as a negative regulator of the immune response and participate in the development and progression of a variety of inflammatory diseases (23–25). Consistently, we found that AXL is a protective factor in the development of RIF. In addition, the induction of OS by Gas6/AXL signaling was recently found to be placenta- specific while no OS changes were observed in the other maternal rat organs (26), suggesting that AXL may be critically involved in the immune responses at the feto-maternal interface by regulating OS. UBQLN1(Ubiquilin 1) encodes an ubiquitin-like protein (ubiquilin) and plays important roles in the regulation of oxidative stress-induced apoptotic signaling pathway (27), as well as a variety of protein degradation mechanism and pathways including ubiquitin-proteasome system (UPS) and autophagy, which is found to be activated during murine and human endometrial stromal cell decidualization (28). Thus, UBQLN1 may serve as a potential critical gene underlying RIF. Meanwhile, these three genes are coexpressed with several certain subtypes of immune cells including dendritic cells, NK cells and T lymphocytes, all of which have been widely believed to play important roles during the process of implantation. Human uterine natural killer (uNK) cells are the most abundant lymphocyte population at the onset of decidualization, constituting 70% of total uterine leukocytes (29). Adequate activated uNK cells mainly produce immunoregulatory and angiogenic cytokines, which are important for maternal tolerance during the implantation window (30, 31). Similarly, a failure of maternal dendritic cells (DC) to monitor the maternal/fetal interface has major implications for afferent fetomaternal tolerance mechanisms (32). These specialized antigen-presenting cells are capable of either inducing an adaptive immune response followed by fetal loss or promoting immune tolerance at the fetomaternal interface during the early phase of human pregnancy (33–35). A local T helper cell homeostasis has been observed during the implantation window and is fundamental to the establishment of maternal tolerance (17, 36). The immune switch, from a type 1 T helper (Th1) pro-inflammatory environment to a type 2 T helper (Th2) anti- inflammatory environment, allows development of local mechanisms promoting immunotrophism, as well as down-regulation of inflammation and cytotoxic pathways (37).

A previous study constructed a 303-gene signature for predicting RIF. However, to the best of our knowledge, we are the first to identify an OSG risk signature with correlation to endometrial immune cells. This finding indicates the aberrant immunological factors, which have been widely considered as source of unexplained RIF, may potentially interrupt embryo implantation associated with OSG regulation. The genes as well as the signature underlying oxidative stress and immune response, may serve as potential novel markers for RIF.

In conclusion, the present study highlights 3 genes (SLC7A11, AXL and UBQLN1), known to be associated with both oxidative stress and immune cells in the endometrium, as novel relevant markers for RIF. The risk signature built based on these three genes represents valuable novel prediction model of RIF occurrence.



Data Availability Statement

Publicly available datasets were analyzed in this study. This data can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE111974 Gene Expression Omnibus (GEO) GSE111974.



Author Contributions

Software, formal analysis, data curation, review and editing: J-zL. Conceptualization, methodology, writing, funding acquisition: NL; All authors have read and agreed to the published version of the manuscript.



Funding

The present study was supported by Guangdong Science and Technology Special Fund (grant no. [2021] 88-40).



Acknowledgments

The authors thank GEO dataset for the availability of the data.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.902268/full#supplementary-material



References

1. Macklon, N. Recurrent Implantation Failure Is a Pathology With a Specific Transcriptomic Signature. Fertility Sterility (2017) 108(1):9–14. doi: 10.1016/j.fertnstert.2017.05.028

2. Lin, N, and Lin, JZ. Identification of Long Non-Coding Rna Biomarkers and Signature Scoring, With Competing Endogenous Rna Networks- Targeted Drug Candidates for Recurrent Implantation Failure. Hum Fertility (Cambridge England) (2021), 1–10. doi: 10.1080/14647273.2021.1956693

3. Parhizkar, F, Motavalli-Khiavi, R, Aghebati-Maleki, L, Parhizkar, Z, Pourakbari, R, Kafil, HS, et al. The Impact of New Immunological Therapeutic Strategies on Recurrent Miscarriage and Recurrent Implantation Failure. Immunol Lett (2021) 236:20–30. doi: 10.1016/j.imlet.2021.05.008

4. Coughlan, C, Ledger, W, Wang, Q, Liu, F, Demirol, A, Gurgan, T, et al. Recurrent Implantation Failure: Definition and Management. Reprod Biomed Online (2014) 28(1):14–38. doi: 10.1016/j.rbmo.2013.08.011

5. Jiang, Y, Shi, H, Liu, Y, Zhao, S, and Zhao, H. Applications of Melatonin in Female Reproduction in the Context of Oxidative Stress. Oxid Med Cell Longev (2021) 2021:6668365. doi: 10.1155/2021/6668365

6. Agarwal, A, Aponte-Mellado, A, Premkumar, BJ, Shaman, A, and Gupta, S. The Effects of Oxidative Stress on Female Reproduction: A Review. Reprod Biol Endocrinol (2012) 10:49. doi: 10.1186/1477-7827-10-49

7. Shahin, S, Singh, VP, Shukla, RK, Dhawan, A, Gangwar, RK, Singh, SP, et al. 2.45 Ghz Microwave Irradiation-Induced Oxidative Stress Affects Implantation or Pregnancy in Mice, Mus Musculus. Appl Biochem Biotechnol (2013) 169(5):1727–51. doi: 10.1007/s12010-012-0079-9

8. Howe, KL, Achuthan, P, Allen, J, Allen, J, Alvarez-Jarreta, J, Amode, MR, et al. Ensembl 2021. Nucleic Acids Res (2020) 49(D1):D884–D91. doi: 10.1093/nar/gkaa942

9. Jolliffe, IT, and Cadima, J. Principal Component Analysis: A Review and Recent Developments. Philos Trans Ser A Math Phys Eng Sci (2016) 374(2065):20150202. doi: 10.1098/rsta.2015.0202

10. Hänzelmann, S, Castelo, R, and Guinney, J. Gsva: Gene Set Variation Analysis for Microarray and Rna-Seq Data. BMC Bioinf (2013) 14(1):7. doi: 10.1186/1471-2105-14-7

11. Schelker, M, Feau, S, Du, J, Ranu, N, Klipp, E, MacBeath, G, et al. Estimation of Immune Cell Content in Tumour Tissue Using Single-Cell Rna-Seq Data. Nat Commun (2017) 8(1):2032. doi: 10.1038/s41467-017-02289-3

12. Chen, B, Khodadoust, MS, Liu, CL, Newman, AM, and Alizadeh, AA. Profiling Tumor Infiltrating Immune Cells With Cibersort. Methods Mol Biol (Clifton NJ) (2018) 1711:243–59. doi: 10.1007/978-1-4939-7493-1_12

13. Chen, H, and Sharp, BM. Content-Rich Biological Network Constructed by Mining Pubmed Abstracts. BMC Bioinf (2004) 5:147. doi: 10.1186/1471-2105-5-147

14. D'Arcangelo, D, Giampietri, C, Muscio, M, Scatozza, F, Facchiano, F, and Facchiano, A. Wipi1, Bag1, and Pex3 Autophagy-Related Genes Are Relevant Melanoma Markers. Oxid Med Cell Longev (2018) 2018:1471682. doi: 10.1155/2018/1471682

15. Szklarczyk, D, Gable, AL, Lyon, D, Junge, A, Wyder, S, Huerta-Cepas, J, et al. String V11: Protein-Protein Association Networks With Increased Coverage, Supporting Functional Discovery in Genome-Wide Experimental Datasets. Nucleic Acids Res (2019) 47(D1):D607–d13. doi: 10.1093/nar/gky1131

16. Wu, C, Jin, X, Tsueng, G, Afrasiabi, C, and Su, AI. Biogps: Building Your Own Mash-Up of Gene Annotations and Expression Profiles. Nucleic Acids Res (2016) 44(D1):D313–6. doi: 10.1093/nar/gkv1104

17. Lédée, N, Petitbarat, M, Chevrier, L, Vitoux, D, Vezmar, K, Rahmati, M, et al. The Uterine Immune Profile May Help Women With Repeated Unexplained Embryo Implantation Failure After in Vitro Fertilization. Am J Reprod Immunol (2016) 75(3):388–401. doi: 10.1111/aji.12483

18. Liu, G, Dong, Y, Wang, Z, Cao, J, and Chen, Y. Restraint Stress Alters Immune Parameters and Induces Oxidative Stress in the Mouse Uterus During Embryo Implantation. Stress (2014) 17(6):494–503. doi: 10.3109/10253890.2014.966263

19. Xie, Y, Hou, W, Song, X, Yu, Y, Huang, J, Sun, X, et al. Ferroptosis: Process and Function. Cell Death Differ (2016) 23(3):369–79. doi: 10.1038/cdd.2015.158

20. Ma, S, Sun, L, Wu, W, Wu, J, Sun, Z, and Ren, J. Usp22 Protects Against Myocardial Ischemia-Reperfusion Injury Via the Sirt1-P53/Slc7a11-Dependent Inhibition of Ferroptosis-Induced Cardiomyocyte Death. Front Physiol (2020) 11:551318. doi: 10.3389/fphys.2020.551318

21. Fang, X, Cai, Z, Wang, H, Han, D, Cheng, Q, Zhang, P, et al. Loss of Cardiac Ferritin H Facilitates Cardiomyopathy Via Slc7a11-Mediated Ferroptosis. Circ Res (2020) 127(4):486–501. doi: 10.1161/CIRCRESAHA.120.316509

22. Bielfeld, AP, Pour, SJ, Poschmann, G, Stühler, K, Krüssel, J-S, and Baston-Büst, DM. A Proteome Approach Reveals Differences between Fertile Women and Patients with Repeated Implantation Failure on Endometrial Level Does hCG Render the Endometrium of RIF Patients? Int J Mol Sci (2019) 20(2):425. doi: 10.3390/ijms20020425

23. Di Stasi, R, De Rosa, L, and D'Andrea, LD. Therapeutic Aspects of the Axl/Gas6 Molecular System. Drug Discovery Today (2020) 25(12):2130–48. doi: 10.1016/j.drudis.2020.09.022

24. Li, M, Xue, W, Li, X, Song, Y, Liu, X, and Qin, L. Axl Is Related to Inflammation in Hemodialysis Patients. Mol Immunol (2021) 133:146–53. doi: 10.1016/j.molimm.2021.02.024

25. Wang, ZY, Zhen, ZD, Fan, DY, Wang, PG, and An, J. Axl Alleviates Neuroinflammation and Delays Japanese Encephalitis Progression in Mice. Virol Sin (2021) 36(4):667–677. doi: 10.1007/s12250-020-00342-y

26. Hirschi, KM, Tsai, KYF, Davis, T, Clark, JC, Knowlton, MN, Bikman, BT, et al. Growth Arrest-Specific Protein-6/Axl Signaling Induces Preeclampsia in Rats†. Biol Reprod (2020) 102(1):199–210. doi: 10.1093/biolre/ioz140

27. Ko, HS, Uehara, T, and Nomura, Y. Role of Ubiquilin Associated With Protein-Disulfide Isomerase in the Endoplasmic Reticulum in Stress-Induced Apoptotic Cell Death. J Biol Chem (2002) 277(38):35386–92. doi: 10.1074/jbc.M203412200

28. Rhee, JS, Saben, JL, Mayer, AL, Schulte, MB, Asghar, Z, Stephens, C, et al. Diet-Induced Obesity Impairs Endometrial Stromal Cell Decidualization: A Potential Role for Impaired Autophagy. Hum Reprod (2016) 31(6):1315–26. doi: 10.1093/humrep/dew048

29. Moffett-King, A. Natural Killer Cells and Pregnancy. Nat Rev Immunol (2002) 2(9):656–63. doi: 10.1038/nri886

30. Croy, BA, Esadeg, S, Chantakru, S, van den Heuvel, M, Paffaro, VA, He, H, et al. Update on Pathways Regulating the Activation of Uterine Natural Killer Cells, Their Interactions With Decidual Spiral Arteries and Homing of Their Precursors to the Uterus. J Reprod Immunol (2003) 59(2):175–91. doi: 10.1016/S0165-0378(03)00046-9

31. Eriksson, M, Meadows, SK, Wira, CR, and Sentman, CL. Unique Phenotype of Human Uterine Nk Cells and Their Regulation by Endogenous Tgf-Beta. J Leukoc Biol (2004) 76(3):667–75. doi: 10.1189/jlb.0204090

32. Collins, MK, Tay, C-S, and Erlebacher, A. Dendritic Cell Entrapment Within the Pregnant Uterus Inhibits Immune Surveillance of the Maternal/Fetal Interface in Mice. J Clin Invest (2009) 119(7):2062–73. doi: 10.1172/JCI38714

33. Blois, SM, Ilarregui, JM, Tometten, M, Garcia, M, Orsal, AS, Cordo-Russo, R, et al. A Pivotal Role for Galectin-1 in Fetomaternal Tolerance. Nat Med (2007) 13(12):1450–7. doi: 10.1038/nm1680

34. Blois, SM, Alba Soto, CD, Tometten, M, Klapp, BF, Margni, RA, and Arck, PC. Lineage, Maturity, and Phenotype of Uterine Murine Dendritic Cells Throughout Gestation Indicate a Protective Role in Maintaining Pregnancy. Biol Reprod (2004) 70(4):1018–23. doi: 10.1095/biolreprod.103.022640

35. Kämmerer, U, Schoppet, M, McLellan, AD, Kapp, M, Huppertz, HI, Kämpgen, E, et al. Human Decidua Contains Potent Immunostimulatory Cd83(+) Dendritic Cells. Am J Pathol (2000) 157(1):159–69. doi: 10.1016/S0002-9440(10)64527-0

36. Gellersen, B, Brosens, IA, and Brosens, JJ. Decidualization of the Human Endometrium: Mechanisms, Functions, and Clinical Perspectives. Semin Reprod Med (2007) 25(6):445–53. doi: 10.1055/s-2007-991042

37. Maekawa, R, Taketani, T, Mihara, Y, Sato, S, Okada, M, Tamura, I, et al. Thin Endometrium Transcriptome Analysis Reveals a Potential Mechanism of Implantation Failure. Reprod Med Biol (2017) 16(2):206–27. doi: 10.1002/rmb2.12030




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.


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 © 2022 Lin and Lin. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Three Oxidative Stress-Related Genes That Associate Endometrial Immune Cells Are Considered as Potential Biomarkers for the Prediction of Unexplained Recurrent Implantation Failure

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Clinical Data Collection and Processing

          



          		

            Functional Enrichment Analysis of RIF Associated Genes

          



          		

            Filtering of OSGs

          



          		

            Immune Cell Composition Analysis

          



          		

            Identification of an OSG Signature for Predicting RIF

          



          		

            Chilibot and Protein-Protein Interaction Analysis

          



          		

            Visualization of Core Gene Expressions Across Different Human Tissues

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Identification of OSGs Associated Pathways via GSVA

          



          		

            Identification of Immune Cell Landscapes of RIF and Immune Cell Regulated OSG

          



          		

            Construction of the OSG Signature for RIF Prediction

          



          		

            Chilibot and Protein-Protein Interaction Analysis

          



          		

            Comparison of the Expression Level of Core Genes on Normal Human Tissues by BioGPS

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-902268-g004.jpg





OEBPS/Images/fimmu.2022.902268_cover.jpg
’ frontiers | Frontiersin Immunology

Three Oxidative Stress-Related
Genes That Associate Endometrial
Immune Cells Are Considered as
Potential Biomarkers for the
Prediction of Unexplained Recurrent
Implantation Failure





OEBPS/Images/fimmu-13-902268-g002.jpg





OEBPS/Images/fimmu-13-902268-g005.jpg





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-902268-g003.jpg
i






OEBPS/Images/M1.jpg
Predicted score =






OEBPS/Images/table1.jpg
Immune cell Gene

P value Correlation coefficient
T cells gamma delta AXL <0.001 -0.79164
NK cells activated SLC7A11 <0.001 0.774499
Dendritic cells activated UBQLN1 <0.001

-0.70291





OEBPS/Images/fimmu-13-902268-g001.jpg
GSE111974

Fertile control

GSVA

==

Immune-related Oxidative stress

v v

Immune cell Oxidative stress-

component l related genes(OSGs)

Coexpression

—t—

LASSO GLM
L

OSG signature

ROC l Calibration






