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Pediatric sepsis is a serious condition causing organ failure owing to immune dysregulation, linked to high morbidity and mortality, highlighting the need for quick detection and treatment. This study aims to identify key genes involved in pediatric sepsis using three gene expression datasets from the Gene Expression Omnibus. We first identified differentially expressed genes (DEGs) with R, then conducted a gene set enrichment analysis, and integrated DEGs with important module genes from weighted gene coexpression network analysis. We also screened adult sepsis datasets to find genes specific to pediatric cases, ultimately validating XCL1 as a key gene. This study suggests that XCL1 is crucial in understanding pediatric sepsis etiology and its molecular mechanisms.
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1 Introduction

Sepsis is a life-threatening condition affecting all ages, marked by abnormal immune responses and organ dysfunction, posing a significant public health challenge (1). Globally, pediatric sepsis occurs in 22 cases per 100,000 person-years, and neonatal sepsis at 2,202 cases per 100,000 live births, totaling around 1.2 million cases annually (2, 3). The pediatric sepsis mortality rate is 25%, mainly due to refractory shock or organ dysfunction, with many deaths occurring within the first 48–72 h (4). Timely detection, appropriate resuscitation, and meticulous care are essential for optimizing the prognosis of children with sepsis (5).

Historically, sepsis was believed to primarily result from sustained inflammatory response to infection. However, clinical research aimed at treating sepsis by targeting key inflammatory molecules, either selectively or non-selectively, has not achieved significant progress (6). Most research revealed that sepsis development involves not only a prolonged and intense inflammatory response but also immunosuppression (7). This process involves a complex molecular network formed by interactions among cytokines, chemokines, and neuroendocrine factors.

In recent years, advanced analytical methods that leverage biological networks have emerged to extract key information from a broad range of histological data and to uncover the interactions present within this information (8). The main types are gene regulation, protein interactions, and coexpression networks. Weighted gene coexpression network analysis (WGCNA) helps reveal connections between gene clusters with similar expression in transcriptomic data and disease phenotypes, aiding in identifying molecular markers or therapeutic targets in complex diseases (9).

This study established a WGCNA network utilizing data from the Gene Expression Omnibus (GEO), encompassing peripheral whole blood samples from children with sepsis and healthy controls. Through the application of coexpression networks and diverse bioinformatics methodologies, this research elucidated modules and hub genes correlated with the prognosis of pediatric sepsis, with the objective of identifying potential biomarkers closely associated with clinical outcomes.



2 Materials and methods


2.1 Data sources and gene expression profiles

We searched the GEO database for high-throughput functional genomics studies on pediatric sepsis, finding relevant microarray datasets from children with sepsis and healthy controls, including GSE26378, GSE26440, GSE13904, and GSE131761 (10–13). The limma package was used for statistical analysis, error detection, data cleaning, and organization, improving data management. The robust multi-array average (RMA) method normalized data, and limma identified DEGs with p < 0.05 and log2 fold-change ≥1.

GSE26378, GSE26440, and GSE13904 are pediatric sepsis datasets, while GSE131761 is for adults. An analysis of four gene expression datasets was conducted, with clinical details given in Supplementary Table S1. The analysis included GSE26378, GSE26440, and GSE13904, excluding GSE131761, to identify sepsis-related genes in children (10–13).



2.2 WGCNA analysis and module identification

The WGCNA method improves gene set expression analysis using the WGCNA R package for constructing gene networks. Cluster analysis identifies outliers, while an automated system creates coexpression networks. Modules undergo functional assessment via hierarchical clustering and dynamic tree cutting, with Module Membership (MM) and Gene Significance (GS) evaluated for clinical associations. Central modules have high MM correlation and a p-value of 0.05, with MM over 0.80 and GS above 0.1 indicating strong connectivity and significance. Gene information for these modules supports further research.

Genes within the clinically significant gene module network with a GS value exceeding 0.2 and an MM value greater than 0.80 are classified as hub genes. Genes identified as overlapping are chosen as candidates for pivotal roles. The Venn R package is employed to produce significant gene diagrams.



2.3 Supplementary method

Supplementary data provide the details on the methods for identifying DEGs, conducting functional enrichment analysis, and performing GeneMANIA analysis (14).




3 Results


3.1 Identification of DEGs in these datasets

Figure 1A identified differentially expressed genes (DEGs) in the GSE26378, GSE26440, and GSE13904 datasets using p < 0.05 and |log2 (fold-change)| > 1, revealing their roles in immune responses, especially neutrophil activation and cytokine production (Supplementary Figures S1–S3). By analyzing the overlapping regions of DEGs through a Venn diagram, we identified 357 common gene regions (Figure 1B). Subsequently, GO and KEGG analyses were conducted on these overlapping genes. The findings demonstrated that these genes were primarily enriched in the biological processes associated with T-cell differentiation and PD-L1 expression (Figure 1C, Supplementary Figure S4).
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FIGURE 1
Identification of DEGs in three datasets: (A) volcano and heatmaps of differential genes in three GEO datasets, (B) a Venn diagram of the DEGs, and (C) KEGG analysis of the DEGs.




3.2 Identification of coexpression gene modules in pediatrics sepsis

We used weighted WGCNA to find coexpression gene modules in the pediatric sepsis dataset GSE26378, selecting a soft-threshold power of β = 16 for a scale-free network with a scale independence value of above 0.85 (Figures 2A,B). Samples from the GSE26378 dataset was classified into the pediatric sepsis group and the control group, with no outliers detected (Figure 2C). Hierarchical clustering and dynamic branch cutting techniques were employed on the gene dendrogram, leading to the identification of 17 modules (Figures 2D,E). The heatmap displays the topological overlap matrix (TOM) of the analyzed genes. The analysis demonstrated a high degree of independence among the modules associated with gene expression (Figure 2E). The brown module (indicative of positive correlation) and coral2 module (indicative of negative correlation) were significantly correlated with pediatric sepsis and selected for further examination (Figure 2F). In terms of module membership, these two modules encompass 35 genes significantly linked to pediatric sepsis.
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FIGURE 2
A WGCNA analysis of the pediatric sepsis and health conditions in the GSE26378 dataset: (A,B) an analysis of network topology for various soft thresholds (β), (C) a clustering dendrogram of all samples, (D) the gene dendrograms obtained by average linkage hierarchical clustering, (E) a heatmap depicts a TOM of genes selected for weighted coexpression network analysis, (F) module–trait relationships, (G) a Venn diagram of key module genes vs. DEGs, (H) a Venn diagram of the DEGs from GSE131761 and the 16 hub genes, and (I) GeneMANIA was used to analyze the function and correlation of hub 5 genes of pediatric sepsis.


At the same time, we used the same method to analyze the hub modules and genes of two other GSE datasets (GSE26440 and GSE13904). As shown in Supplementary Figures S5, S6, in the GSE26440 dataset, hub modules lightpink4 and darkorange2 contained a total of 345 genes, while in the GSE13904 dataset, hub modules antiquewhite4 and palevioletred3 contained a total of 287 genes. Further, based on the 357 DEGs obtained previously, the hub genes came from the three datasets, and a Venn analysis revealed 16 intersected genes, including CD160, XCL1, and CLIC3 (Figure 2G).



3.3 Identification of pediatric sepsis–related hub genes

Furthermore, to examine the specificity of these 16 genes in pediatric sepsis, we also used another adult sepsis dataset (GSE131761), whose patient clinical information was also presented in Supplementary Table S1. In the GSE131761 dataset, 559 genes were upregulated and 628 were downregulated in adult sepsis (Supplementary Figure S7).

After an intersection analysis of the 1,187 DEGs and 16 hub genes of pediatric sepsis, ultimately, 5 specific hub genes of pediatric sepsis were found, namely XCL1, CD160, KLRC3, TGFBR3, and PYHIN1 (Figure 2H). In addition, another adult sepsis dataset (GSE46955) was also used to analyze the hub genes. The difference analysis of the five core genes showed that only XCL1 and CD160 had no significant difference in adult sepsis and healthy people, so XCL1 and CD160 were candidates for the hub genes in pediatric sepsis (Supplementary Figure S8). Finally, a GeneMANIA analysis revealed that XCL1 had the most interaction among the five genes involved in a variety of cell signal transduction, including cytokine receptor binding, leukocyte migration, cytokine activity, and cellular chemotaxis (Figure 2I).




4 Discussion

Sepsis is a dysregulated response to infections and is common in children with various illnesses. Pediatric sepsis has a better prognosis than in adults, but risks remain (15). Children undergo rapid growth and immune changes from birth to adolescence, affecting their responses to respiratory infections (16). Treatment guidelines for sepsis underscore the necessity for the prompt administration of antibiotics in children exhibiting a high suspicion of sepsis, to enhance prognosis (17). Identifying diagnostic markers and immune cell patterns in pediatric sepsis is crucial for optimizing prognosis and understanding its immune impact. This endeavor will deepen our comprehension of the impact of pediatric sepsis on the immune system.

WGCNA identifies genes with similar expression profiles and organizes them into modules, suggesting interconnected functions and shared signaling pathways (18). WGCNA improves coexpression analysis by removing strict thresholds, preserving key biological information (19).

We used blood gene expression data linked to pediatric sepsis to create a coexpression network, identifying modules associated with sepsis and highlighting the gene XCL1, which was significantly elevated in affected children. This discovery not only offers new insights into the pathogenesis of pediatric sepsis but also establishes a foundation for future investigations into related diagnostic and therapeutic strategies.

XCL1 is produced by T, NK, and NKT cells during infections and inflammation, playing a key role in these processes and linked to diseases such as infections, autoimmune disorders, and tumors (20). Some research studies show XCL1 expression increases in various infections, notably in activated CD8+ T cells during chronic tuberculosis in mice, indicating a link to pathogenesis (21, 22). In a model of experimental pneumococcal meningitis, XCL1 and other cytokines have been detected during the acute phase of infection (23). Furthermore, XCL1 expression is similarly elevated in mice with chronic infections such as cytomegalovirus and herpes simplex virus (24, 25). In autoimmune diseases, XCL1 expression is also heightened. It can be identified in the synovial tissue of patients with rheumatoid arthritis, with elevated levels observed in tissue samples from sarcoidosis and Crohn's disease (26–28). The increased expression of XCL1 is crucial to the development and pathogenesis of inflammatory neurological diseases, including multiple sclerosis and HTLV-1-associated myelopathy (HAM) (25). These findings underscore the significant role of XCL1 in a range of infections and autoimmune diseases.

The methodology of the study involved an independent analysis of three data sets, highlighting the need to address batch effects when integrating multiple datasets to avoid biased results. Integration can be achieved using methods like ComBat or Harmony, with changes in batch effects visualized through principal component analysis (PCA) or t-distributed stochastic neighbor embedding (t-SNE). Conclusions are drawn from data integration without batch correction, indicating potential technical variations. Future research should validate key findings through independent cohorts or sensitivity analysis.

Our research findings suggested that XCL1 was the hub gene in pediatric sepsis. This study is not without limitations, as the conclusions remain invalidated through animal models or clinical samples. In addition, the conclusions of this study are based on a retrospective public data set analysis, which has not been validated in an independent cohort, especially in prospective children with sepsis, and may be limited by the heterogeneity of the original data (e.g., treatment regimens, ethnic differences) and technical bias (e.g., interplatform batch effects). We hope to obtain a multicenter pediatric SEPSIS cohort through international cooperation (such as the European Sepsis database and American PHIS database). Subsequent validation experiments should cover different age stages (neonates/children), pathogen types (bacteria/viruses), and sepsis phenotypes (shock/non-shock) to assess the broad applicability of markers.

In the future, we will undertake systematic investigations, including the assessment of XCL1 expression levels in children with sepsis and the correlation with clinical characteristics (e.g., disease severity), thereby exploring the function of XCL1 in pediatric sepsis. By employing in vitro cell models and small animal models, we will comprehensively explore the biological roles of XCL1 in pediatric sepsis, analyzing how XCL1 modulates the immune response and pathological progression of sepsis through the activation and chemotaxis of immune cells, including T cells, NK cells, and macrophages.



5 Conclusions

The pathogenesis of sepsis is intricate and not yet completely elucidated; however, it is marked by a sustained, excessive inflammatory response and a disturbance in intraorganismal homeostasis that is difficult to restore. To identify molecular targets reflective of pediatric sepsis pathology, it is crucial to reevaluate our research methodologies and promote interdisciplinary collaboration, particularly between medicine and fields such as computer science, to advance innovation in the diagnosis and prevention of pediatric sepsis.



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 authors.



Author contributions

YS: Conceptualization, Data curation, Methodology, Project administration, Writing – original draft. DY: Resources, Supervision, Validation, Visualization, Writing – original draft. ZY: Conceptualization, Data curation, Formal analysis, Resources, Writing – review & editing. XZ: Investigation, Methodology, Project administration, Software, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This project is supported by a special fund of the Emergency Department of Zhoushan Hospital.



Acknowledgments

The authors acknowledge the doctors in the Emergency Department of Zhoushan Hospital for their help during the study.



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.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fped.2025.1518908/full#supplementary-material



References

1. Vincent JL. Current sepsis therapeutics. EBioMedicine. (2022) 86:104318. doi: 10.1016/j.ebiom.2022.104318

2. Schlapbach LJ, Watson RS, Sorce LR, Argent AC, Menon K, Hall MW, et al. International consensus criteria for pediatric sepsis and septic shock. JAMA. (2024) 331:665–74. doi: 10.1001/jama.2024.0179

3. Sanchez-Pinto LN, Bennett TD, DeWitt PE, Russell S, Rebull MN, Martin B, et al. Development and validation of the Phoenix criteria for pediatric sepsis and septic shock. JAMA. (2024) 331:675–86. doi: 10.1001/jama.2024.0196

4. Thadani S, Goldstein S, Conroy AL. Phoenix criteria for pediatric sepsis and septic shock. JAMA. (2024) 331:2049–50. doi: 10.1001/jama.2024.8199

5. Xiang L, Ren H, Wang Y, Zhang J, Qian J, Li B, et al. Clinical value of pediatric sepsis-induced coagulopathy score in diagnosis of sepsis-induced coagulopathy and prognosis in children. J Thromb Haemost. (2021) 19:2930–7. doi: 10.1111/jth.15500

6. Gu Y, Li Z, Li H, Yi X, Liu X, Zhang Y, et al. Exploring the efficacious constituents and underlying mechanisms of sini decoction for sepsis treatment through network pharmacology and multi-omics. Phytomedicine. (2024) 123:155212. doi: 10.1016/j.phymed.2023.155212

7. Leise BS, Fugler LA. Laminitis updates: sepsis/systemic inflammatory response syndrome-associated laminitis. Vet Clin North Am Equine Pract. (2021) 37:639–56. doi: 10.1016/j.cveq.2021.08.003

8. Gupta OP, Deshmukh R, Kumar A, Singh SK, Sharma P, Ram S, et al. From gene to biomolecular networks: a review of evidences for understanding complex biological function in plants. Curr Opin Biotechnol. (2022) 74:66–74. doi: 10.1016/j.copbio.2021.10.023

9. Lin W, Wang Y, Chen Y, Wang Q, Gu Z, Zhu Y. Role of calcium signaling pathway-related gene regulatory networks in ischemic stroke based on multiple WGCNA and single-cell analysis. Oxid Med Cell Longev. (2021) 2021:8060477. doi: 10.1155/2021/8060477

10. Wong HR, Cvijanovich NZ, Allen GL, Thomas NJ, Freishtat RJ, Anas N, et al. Corticosteroids are associated with repression of adaptive immunity gene programs in pediatric septic shock. Am J Respir Crit Care Med. (2014) 189:940–6. doi: 10.1164/rccm.201401-0171OC

11. Wong HR, Cvijanovich N, Lin R, Allen GL, Thomas NJ, Willson DF, et al. Identification of pediatric septic shock subclasses based on genome-wide expression profiling. BMC Med. (2009) 7:34. doi: 10.1186/1741-7015-7-34

12. Wong HR, Cvijanovich N, Allen GL, Lin R, Anas N, Meyer K, et al. Genomic expression profiling across the pediatric systemic inflammatory response syndrome, sepsis, and septic shock spectrum. Crit Care Med. (2009) 37:1558–66. doi: 10.1097/CCM.0b013e31819fcc08

13. Martínez-Paz P, Aragón-Camino M, Gómez-Sánchez E, Lorenzo-López M, Gómez-Pesquera E, Fadrique-Fuentes A, et al. Distinguishing septic shock from non-septic shock in postsurgical patients using gene expression. J Infect. (2021) 83:147–55. doi: 10.1016/j.jinf.2021.05.039

14. Franz M, Rodriguez H, Lopes C, Zuberi K, Montojo J, Bader GD, et al. GeneMANIA update 2018. Nucleic Acids Res. (2018) 46:W60–4. doi: 10.1093/nar/gky311

15. Souza DC, Jaramillo-Bustamante JC, Cespedes-Lesczinsky M, Quintero EMC, Jimenez HJ, Jabornisky R, et al. Challenges and health-care priorities for reducing the burden of paediatric sepsis in Latin America: a call to action. Lancet Child Adolesc Health. (2022) 6:129–36. doi: 10.1016/S2352-4642(21)00341-2

16. Molloy EJ, Bearer CF. Paediatric and neonatal sepsis and inflammation. Pediatr Res. (2022) 91:267–9. doi: 10.1038/s41390-021-01918-4

17. Wong HR. Pediatric sepsis biomarkers for prognostic and predictive enrichment. Pediatr Res. (2022) 91:283–8. doi: 10.1038/s41390-021-01620-5

18. Al-Jumayli M, Brown SL, Chetty IJ, Extermann M, Movsas B. The biological process of aging and the impact of ionizing radiation. Semin Radiat Oncol. (2022) 32:172–8. doi: 10.1016/j.semradonc.2021.11.011

19. Wan Q, Tang J, Han Y, Wang D. Co-expression modules construction by WGCNA and identify potential prognostic markers of uveal melanoma. Exp Eye Res. (2018) 166:13–20. doi: 10.1016/j.exer.2017.10.007

20. Lei Y, Takahama Y. XCL1 and XCR1 in the immune system. Microbes Infect. (2012) 14:262–7. doi: 10.1016/j.micinf.2011.10.003

21. Ordway D, Higgins DM, Sanchez-Campillo J, Spencer JS, Henao-Tamayo M, Harton M, et al. XCL1 (lymphotactin) chemokine produced by activated CD8T cells during the chronic stage of infection with Mycobacterium tuberculosis negatively affects production of IFN-gamma by CD4T cells and participates in granuloma stability. J Leukoc Biol. (2007) 82:1221–9. doi: 10.1189/jlb.0607426

22. Rosas-Taraco AG, Higgins DM, Sánchez-Campillo J, Lee EJ, Orme IM, González-Juarrero M. Intrapulmonary delivery of XCL1-targeting small interfering RNA in mice chronically infected with Mycobacterium tuberculosis. Am J Respir Cell Mol Biol. (2009) 41:136–45. doi: 10.1165/rcmb.2008-0363OC

23. Klein M, Paul R, Angele B, Popp B, Pfister HW, Koedel U. Protein expression pattern in experimental pneumococcal meningitis. Microbes Infect. (2006) 8:974–83. doi: 10.1016/j.micinf.2005.10.013

24. Dorner BG, Smith HR, French AR, Kim S, Poursine-Laurent J, Beckman DL, et al. Coordinate expression of cytokines and chemokines by NK cells during murine cytomegalovirus infection. J Immunol Baltim. (2004) 172:3119–31. doi: 10.4049/jimmunol.172.5.3119

25. Araki-Sasaki K, Tanaka T, Ebisuno Y, Kanda H, Umemoto E, Hayashi K, et al. Dynamic expression of chemokines and the infiltration of inflammatory cells in the HSV-infected cornea and its associated tissues. Ocul Immunol Inflamm. (2006) 14:257–66. doi: 10.1080/09273940600943581

26. Middel P, Thelen P, Blaschke S, Polzien F, Reich K, Blaschke V, et al. Expression of the T-cell chemoattractant chemokine lymphotactin in Crohn’s disease. Am J Pathol. (2001) 159:1751–61. doi: 10.1016/S0002-9440(10)63022-2

27. Wang C-R, Liu M-F, Huang Y-H, Chen H-C. Up-regulation of XCR1 expression in rheumatoid joints. Rheumatol Oxf Engl. (2004) 43:569–73. doi: 10.1093/rheumatology/keh147

28. Petrek M, Kolek V, Szotkowská J, du Bois RM. CC and C chemokine expression in pulmonary sarcoidosis. Eur Respir J. (2002) 20:1206–12. doi: 10.1183/09031936.02.00289902



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Identification of the key genes in children with sepsis by WGCNA in multiple GEO datasets

		1 Introduction



		2 Materials and methods



		2.1 Data sources and gene expression profiles



		2.2 WGCNA analysis and module identification



		2.3 Supplementary method











		3 Results



		3.1 Identification of DEGs in these datasets



		3.2 Identification of coexpression gene modules in pediatrics sepsis



		3.3 Identification of pediatric sepsis–related hub genes











		4 Discussion



		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Pediatrics

Identification of the key genes in
children with sepsis by WGCNA in
multiple GEO datasets









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fped-13-1518908-g002.jpg
Mean Connectivity

Scale Free Topology »

Modol Fitsigned R"2

steeoss

Diseaso ste
i

B Differential gene : GSE26378
6

5 Hub genes : GSE26378
(maroonvcoral2)

26440
(uamovangczohgmpmk‘)

Hub genes : GSE13904
(antiquewhited+palevioletred3)

Networks.

« Physical Iteractions.

edicted
= Codocalization

= Genatic Iteractions.

- Pathw:

- Shared protein domains

Functions
= cytokine receptor binding

= chemokine receptor binding
«myeloid leukocyte migration
ukocyte chemotay





OPS/images/logo.jpg
& frontiers | Frontiers in Pediatrics





OPS/images/fped-13-1518908-g001.jpg
“LogioPvabe)

GSE26378

- Lozt cori
Gse3504






