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Background

The tumor microenvironment (TME) plays a crucial role in cancer progression but its complex structure significant variability among patients present considerable challenges for research. Recent studies have demonstrated that macrophage polarization states defined by the expression levels of CXCL9 SPP1 (CS Ratio) are more prognostically relevant than traditional M1/M2 markers. The CS polarization state reflects a highly coordinated network of pro-tumor anti-tumor variables offering a simplified yet effective immune response indicator for the complex TME. The CS Ratio has been shown to correlate with the abundance of anti-tumor immune cells the gene expression programs of tumor-infiltrating cells responses to immunotherapy. Cervical cancer, one of the most common gynecological malignancies, still faces limited therapeutic options. CXCL9, a member of the CXC chemokine family, plays a critical role in immune regulation, inflammation, tumor growth, angiogenesis, and metastasis. Similarly, SPP1, a cytokine, influences immune-related pathways by regulating molecules such as interferon-γ and interleukin-12. However, no studies have systematically investigated the role of the CS Ratio in cervical cancer or its relationship with immunotherapy characteristics. Research in this area could provide critical insights into the role and clinical potential of the CS Ratio in cervical cancer and related tumors.





Methods

The expression ratio of CXCL9 to SPP1 was analyzed in cervical cancer patients using data from the Gene Expression Omnibus (GEO) database, which revealed significant differences. Data for cervical cancer patients were obtained from The Cancer Genome Atlas (TCGA) database. The optimal cutoff value for the CS Ratio was determined using the maxstat package in R, and Kaplan-Meier (KM) survival curves were constructed. Patients were categorized into High and Low groups based on the median CS Ratio. Immune scores were analyzed, and immune cell infiltration was assessed using CIBERSORT. Differences in the CS Ratio were evaluated across patients with varying pathological T stages and FIGO stages. Additionally, receiver operating characteristic (ROC) analysis was performed using the pROC package in R to calculate the area under the curve (AUC). Univariate and multivariate Cox regression analyses were performed to evaluate the potential of the CS Ratio as an independent prognostic factor in cervical cancer. A Cox regression-based nomogram integrating four key features was subsequently developed for the TCGA-CESC cohort. Nomogram performance was assessed using calibration curves and ROC analysis.





Results

The CS Ratio was significantly lower in cervical cancer patients compared to normal controls (P < 0.05). KM survival curves indicated that patients in the CS High group exhibited better prognoses. Immune score analysis revealed significantly higher immune scores (P < 0.05) and lower tumor purity (P < 0.05)in the CS High group compared to the Low group. CIBERSORT analysis revealed significantly higher proportions of CD8+ T cells (P < 0.05) and M1 macrophages (P < 0.05), and a significantly lower proportion of M2 macrophages (P < 0.05), in the CS High group compared to the Low group. The CS Ratio significantly decreased with advancing FIGO stage (P < 0.05). Both univariate (P < 0.05) and multivariate Cox regression analyses (P < 0.05) confirmed the CS Ratio as an independent prognostic factor. ROC analysis demonstrated that the CS Ratio had higher AUC values for predicting 1-year (AUC=0.69), 3-year (AUC=0.66), and 5-year OS (AUC=0.68) than CXCL9 or SPP1 alone. The Cox regression-based nomogram integrating four key features demonstrated predictive capability for 1-, 3-, and 5-year OS in CESC patients (Concordance Index = 0.751; 95% CI: 0.678–0.824; p = 1.50Í10-11). Significant survival differences were observed between the high-risk and low-risk groups based on the nomogram score. ROC analysis yielded high AUC values for survival prediction: 0.85 (95% CI: 0.94-0.75) at 1-year, 0.74 (95% CI:0.84-0.64) at 3-year, and 0.72 (95% CI:0.84-0.61) at 5-year.





Conclusion

The CS Ratio may serve as a more effective prognostic biomarker for cervical cancer patients.
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1 Introduction

Cervical cancer remains the fourth most common cancer among women, with 527,624 new cases and 265,672 deaths reported in 2018 (1). Persistent human papillomavirus (HPV) infection is a primary risk factor for cervical cancer (2). Advances in bioinformatics technology have created opportunities to identify biomarkers that enhance the diagnosis and management of cervical cancer.

Chemokines, a class of signaling cytokines, play a crucial role in the interaction between tumor cells and their microenvironment. Through receptor interactions, chemokines regulate immune infiltration, tumor-associated angiogenesis, host immune responses, and tumor cell proliferation (3, 4). Interferon-gamma (CXCL9), a member of the CXC chemokine family, attracts CXCR3-expressing (CXCR3-a and CXCR3-b) T lymphocytes and is involved in various physiological and pathological processes. The CXCL9-CXCR3 signaling pathway is critical for immune cell migration, differentiation, and activation (5, 6). Overexpression of CXCL9 has been linked to increased T-cell infiltration and improved overall survival (OS) in ovarian cancer (7). Chow et al. demonstrated that CXCL9, produced by CD103+ dendritic cells alongside CD8+ T cells (CXCR3+), is vital for the efficacy of anti-PD-1 therapy in models of melanoma, colon adenocarcinoma, and breast adenocarcinoma (6). Ester et al. showed that HPV E6/E7-induced LIF (via NFκB) suppresses CXCL9 in tumor-associated Macrophages (TAMs) and type I IFN in pDCs, highlighting CXCL9 as a functional biomarker—its reactivation upon LIF blockade recruits CD8+ T cells and sensitizes tumors to immune checkpoint inhibition (ICI) (8). SPP1, a member of the small integrin-binding ligand N-linked glycoprotein (SIBLING) family, also known as osteopontin-like protein or early T-lymphocyte activation 1 protein, specifically binds and activates matrix metalloproteinases (MMPs) in cancers (9). Its biological functions predominantly involve immune responses, biomineralization, and tissue remodeling. SPP1 is also implicated in cell growth, proliferation, migration, apoptosis, and chemotaxis. Previous studies have indicated that SPP1 is overexpressed in various cancers and can serve as a predictor of poor outcomes, including in ovarian cancer (10), glioblastoma (11), hepatocellular carcinoma (12), and gastric cancer (13). Kaidi et al. demonstrated through comprehensive bioinformatics analysis that SPP1 may serve as a promising prognostic biomarker for patients with cervical cancer (14). CXCL9 and SPP1 already have established and arguably opposing roles in cancer biology (15–17). However, the expression patterns, prognostic significance, and underlying molecular mechanisms of CXCL9 and SPP1 in cervical cancer remain unclear. Therefore, this study aims to explore the expression profiles of CXCL9 and SPP1 in cervical cancer tissues and assess their potential clinical value.

Growing evidence underscores the critical role of the TME in tumor progression. TAMs within the TME play a pivotal role in tumorigenesis and progression by promoting invasion, migration, angiogenesis, and suppressing anti-tumor immunity (18, 19). Tumor-associated macrophages (TAMs) exhibit dual phenotypes: M1-like (anti-tumor, pro-inflammatory) and M2-like (pro-tumor, immunosuppressive), with the latter predominating in tumors to promote angiogenesis, metastasis, and immune evasion (20, 21). Recent studies have demonstrated that the expression of CXCL9 and SPP1 (CS) exhibits a strong prognostic association, surpassing traditional M1 and M2 markers, as revealed by single-cell analysis in head and neck squamous cell carcinoma. The ratio of CXCL9 to SPP1 (CS Ratio) has been closely linked to the prognosis of initial macrophages. Furthermore, the polarization of CS macrophages (defined by CXCL9 and SPP1 expression) unveils a highly coordinated network encompassing variables that promote or suppress tumor progression. Despite the complexity of the TME, it orchestrates consistent biological responses that govern human cancer progression, with CS macrophage polarization serving as a critical variable. The CS Ratio characterizes the abundance of anti-tumor immune cells, the gene expression programs of various tumor-infiltrating immune cell types, the communication networks governing tumor control or progression, and the responsiveness to immunotherapy (22). High-risk HPV infection is widely recognized as the etiological factor in nearly all cervical cancers and certain forms of head and neck squamous cell carcinoma (2, 23, 24). The predominant histologic subtype of cervical cancer is squamous cell carcinoma (SCC). HPV serves as a primary etiological agent in both cervical SCC and head and neck SCC (HNSCC). Current research on cervical cancer has revealed distinct functional roles of CXCL9 and secreted SPP1 in tumor pathogenesis (8, 14). In our study, we identified that cervical cancer patients with a high CS Ratio (CS Ratio Hi) exhibited improved prognoses. This suggests that the CS Ratio might influence cancer progression through immune regulation, positioning it as a promising prognostic biomarker in cervical cancer.

This study analyzed cervical cancer RNA sequencing data sourced from TCGA and GEO databases. The CS Ratio was defined as the expression level of CXCL9 divided by the expression level of SPP1. We compared the expression differences of CXCL9 and SPP1 between normal cervical tissues and cervical cancer samples. Furthermore, we evaluated their expression in public databases, their correlation with cancer prognosis, immune scores, immune cell infiltration, disease staging, univariate and multivariate Cox analyses, and ROC analysis to explore the potential of the CS Ratio as a prognostic biomarker in cervical cancer.

Transcriptome sequencing data from the TCGA database revealed that the CS Ratio is a significant and independent prognostic biomarker for cervical cancer patients. By categorizing patients into High and Low CS Ratio groups based on the median CS Ratio, we found that patients in the CS Ratio Hi group had better prognoses, higher immune scores, and stronger correlations with T cells and M1 macrophages. Moreover, patients with a high CS Ratio exhibited significantly lower T-stage and overall stage classifications.




2 Materials and methods



2.1 RNA sequencing data collection and analysis

Expression data for CXCL9 and SPP1, along with clinical information from 304 cervical cancer tissues, were sourced from TCGA public database (https://portal.gdc.cancer.gov/). We selected samples from the TCGA database for the analysis of CXCL9 and SPP1 expression in tumor tissues, while the combined analysis of TCGA and Genotype Tissue Expression (GTEx) databases was used for the normal tissue samples. Cervical cancer microarray data were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo), specifically GSE6791 (platform: GPL570) and GSE9750 (platform: GPL96).




2.2 Differential expression analysis and enrichment analysis

Differentially expressed genes (DEGs) between the CS Ratio High and Low groups were identified using the “limma” R package. A cutoff threshold of |log2-fold change (FC)| > 2 and adjusted p-value (FDR) < 0.05 was applied. Heat maps and volcano plots were generated to visualize results of the differential expression analysis.

We performed enrichment analysis on the identified DEGs.For functional enrichment analysis, gene sets were downloaded from the Molecular Signatures Database (https://www.gsea-msigdb.org/gsea/msigdb), including c5.go.mf.v7.4.symbols.gmt, c5.go.bp.v7.4.symbols.gmt, and c5.go.cc.v7.4.symbols.gmt subsets. These gene sets provided the background for mapping the DEGs, and enrichment analysis was performed using the R package clusterProfiler. P value of < 0.001 and a FDR of < 0.001 were considered statistically significant. Additionally, the latest gene annotations for KEGG pathways were acquired via the KEGG REST API. We performed the same background mapping and enrichment analysis using the clusterProfiler package, setting minimum and maximum gene set sizes to 5 and 5000, P value of < 0.001 and a FDR of < 0.001 were considered statistically significant.

GSEA software was obtained from the GSEA website (https://www.gsea-msigdb.org/gsea/index.jsp). Samples were divided into High and Low groups according to the median CS Ratio, and the c2.cp.kegg.v7.4.symbols.gmt subset was downloaded from the Molecular Signatures Database to evaluate relevant pathways and molecular mechanisms. This analysis was based on gene expression profiles and phenotypic grouping, with the minimum gene set size set to 5 and the maximum to 5000, involving 1000 permutations; P value of < 0.001 and a FDR of < 0.001 were considered statistically significant.





2.3 Immune cell infiltration characterization

Expression data for the CXCL9 and SPP1 genes in cervical cancer patients were extracted and transformed using the log2(x+1) method for each expression value. The ratio of the two genes was defined as the CS Ratio. Additionally, gene expression profiles from cervical cancer patients were obtained and mapped to Gene Symbols. We further employed the R package IOBR, specifically its deconvo_CIBERSORT function, to reassess the levels of various immune cell types in each tumor based on gene expression profiles. Specifically, the analysis included naive B cells, memory B cells, plasma cells, CD8+ T cells, naive CD4+ T cells, resting memory CD4+ T cells, activated memory CD4+ T cells, follicular helper T cells, regulatory T cells (Tregs), γδ T cells, resting natural killer (NK) cells, activated NK cells, monocytes, M0 macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils.

We extracted gene expression profiles from cervical cancer patients, mapped gene identifiers to official Gene Symbols, and recalculated immune infiltration scores (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) using the TIMER algorithm implemented in the IOBR R package. Patients were stratified into two groups based on CS Ratio (high vs low) to examine the association between CS Ratio levels and infiltration patterns of these six immune cell subtypes. Furthermore, the R package ESTIMATE was utilized to calculate Stromal, Immune, and Estimate Scores for each patient in the tumors based on gene expression. Using TCGA data, the correlation between immune cell infiltration and the CS Ratio High and Low groups was evaluated using the ESTIMATE method.

Additionally, tumor purity data for each patient obtained from prior studies was integrated with gene expression data. The correlation between tumor purity and CS Ratio in cervical cancer patients was analyzed. Survival data were acquired from TCGA, and the optimal cut-off value for tumor purity was calculated using the maxstat R package, with the minimum group size set at >25% and maximum group size at <75%. Patients were stratified into high- and low-purity groups based on this cut-off. Prognostic differences between groups were analyzed using the survfit function from the survival R package, with significance assessed by the Cox method.




2.4 Enrichment analysis of differential gene sets in CS ratio HL groups

We performed Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis using the ClusterProfiler package. Functional analyses focused on biological processes (BP), cellular components (CC), and molecular functions (MF). KEGG pathway analysis revealed biological pathways associated with the DEGs. The significance threshold for enrichment was set at p < 0.05. GSEA software was obtained from the GSEA website, and samples were divided into two groups based on the CS Ratio. The c2.cp.kegg.v7.4.symbols.gmt subset was downloaded from the Molecular Signatures Database to evaluate relevant pathways and molecular mechanisms. The minimum and maximum gene set sizes were set to 5 and 5000, respectively, with 1000 permutations, and a p-value < 0.05 was considered statistically significant.




2.5 Survival prognosis analysis

Survival data for patients were acquired from TCGA. The optimal cutoff value for the CS Ratio was calculated using the maxstat package in R, with the minimum sample size for grouping set to greater than 25% and the maximum sample size set to less than 75%. The optimal cut-off value was ultimately determined as: 0.920384. Based on this optimal cutoff, patients were categorized into High and Low groups. The survival differences between these two groups were analyzed further using the survfit function from the survival package in R, and the log-rank test was employed to assess the significance of prognosis differences among the different groups.




2.6 Correlation with clinical staging and independent prognostic factors

The expression differences of the CS Ratio in cervical cancer patients across various clinical T stages and overall stages were calculated using R. Non-paired Wilcoxon rank-sum tests and signed rank tests were employed for pairwise significance analysis, while the Kruskal-Wallis test was applied for multi-group sample comparisons. The median CS Ratio served as a threshold to categorize patients into CS Ratio Hi and Low groups, exploring the correlations between these groups and the patients’ clinical pathological features. We calculated the AUC using ROC analysis implemented in the pROC package. Specifically, patient follow-up times and CS Ratios were utilized to perform ROC analyses at 365, 1095, and 1825 days using the ROC function from pROC. The ci function was used to evaluate AUC and confidence intervals to derive the final AUC results.

Finally, univariable and multivariable Cox analyses were performed using clinical information obtained from the TCGA database, evaluating the significance of CS Ratio combined with relevant clinical parameters. Subsequently, based on the TCGA-CESC cohort, a nomogram was constructed via the Cox method using the R package rms, integrating survival time, survival status, and data from four features to assess their prognostic significance in the samples. The performance of these nomograms was evaluated through calibration curves and ROC curves.





3 Results



3.1 Abnormal expression of CXCL9 and SPP1 in cervical cancer patients

The CS Ratio was significantly lower in tumor tissues from cervical cancer patients compared to those from normal individuals, GSE6791 (Figure 1A) and GSE9750 (Figure 1B). Analysis of TCGA data revealed a significantly lower CS Ratio in tumor tissues from cervical cancer patients compared to normal cervical tissues (Figure 1C).

[image: Bar graphs labeled A, B, and C show CS Ratio comparisons between tumor and normal samples across three datasets: GSE6791, GSE9750, and TCGA-CESC. In all graphs, normal samples have higher CS Ratios than tumor samples, with P-values of 0.0004, 0.0003, and 0.0459, respectively.]
Figure 1 | Differential expression of the CS ratio in cervical cancer and normal tissues. The CS Ratio demonstrated distinct expression patterns between cervical cancer tissues and normal cervical tissues across two independent cervical cancer patient cohorts, (A) GSE6791 and (B) GSE9750. (C) Differential gene expression analysis of cervical cancer tissue versus normal cervical tissue samples from the TCGA database revealed significant differences.




3.2 Correlation of CS ratio with the tumor immune microenvironment in cervical cancer patients

Patients with cervical cancer were grouped according to CS ratio High and Low. Patients in the CS High group exhibited a higher immune score (Figure 2A). Tumor purity refers to the proportion of tumor cells in the TME. Previous studies have shown that tumor purity is a potential prognostic tumor indicator (25, 26). Furthermore, patients in the CS High group had lower tumor purity. This result was consistent with the immune score findings (Figure 2B). Patients with cervical cancer were grouped according to Tumor Purity High and Low. It could be observed that the Tumor Purity Low group demonstrated better prognosis (Supplementary Figure 1).

[image: Box plots showing various scores and proportions related to immune cell activity across different conditions. Panel A displays StromalScore, ImmuneScore, and EstimateScore. Panel B presents TumorPurity. Panel C illustrates proportions of various immune cell types, while Panel D shows B cell, CD4, CD8, neutrophil, macrophage, and DC proportions. Red and blue colors indicate low and high CS Ratios, respectively. Statistical significance is annotated with p-values.]
Figure 2 | Comparisons of high and low CS Ratio groups. Cervical cancer patients were stratified into High and Low CS Ratio groups based on the median CS Ratio. Comparisons between these groups included (A) stromal scores, immune scores, ESTIMATE scores, (B) tumor purity, and (C, D) immune cell proportions.

Patients with cervical cancer were grouped according to CS ratio High and Low for CIBERSORT analysis. We could observe that the CS High group had a higher proportion of CD8+ T cells and M1 macrophages, while the proportion of M2 macrophages was lower (Figure 2C). Furthermore, we assessed the associations between CS Ratio and immune cell infiltration levels (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) using the TIMER algorithm. We could observe that in cervical cancer patients, the CS High group had a higher proportion of B cell, CD4+ T cell, CD8+ T cell, Neutrophil, and DC (Figure 2D). The results could be mutually validated with those from CIBERSORT.




3.3 The CS ratio related differential gene set and enrichment analysis

To analyze significant DEGs, cervical cancer patients were stratified into High and Low groups based on the median value of the CS Ratio. The results of the significant DEGs were visualized in a volcano plot (Figure 3A) and a heatmap (Figure 3B).
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Figure 3 | Differential analysis based on CS Ratio levels. (A) Patients were divided into two groups based on CS Ratio levels, and differential analysis results were visualized through a volcano plot. (B) A heatmap was generated to show the top 100 DEGs positively and negatively correlated with the CS Ratio. (C) Functional enrichment analysis of DEGs included results from Gene Ontology (GO) enrichment analysis.

The differentially expressed genes were subjected to enrichment analysis. The results of Gene Ontology (GO) analysis (Figure 3C). As illustrated, DEGs were predominantly enriched in immune regulation and cellular activation (lymphocytes, T cells). In terms of biological processes (GOBP), the DEGs were primarily related to immune system processes, including the regulation of immune system processes and cellular activation, as well as the modulation of immune responses. Various cellular components (GOCC) were enriched by the DEGs, including intrinsic components of the cell membrane, cell surfaces, and membrane sides. Additionally, the DEGs enriched a variety of molecular functions (GOMF), such as molecular transducer activity, signaling receptor binding, immune receptor binding, cytokine receptor binding, cytokine activity, and chemokine activity.

KEGG pathway enrichment analysis (Figure 4A) revealed that DEGs were significantly enriched in pathways related to interactions between cytokines and their receptors, interactions between viral proteins and cytokines and their receptors, Th1 and Th2 cell differentiation, the NF-κB signaling pathway, the Jak-STAT signaling pathway, PD-L1 expression and PD-1 checkpoint pathways in cancer, chemokine signaling pathways, and T cell receptor signaling pathways.

[image: Panel A displays a bubble chart showing pathways like “Cell adhesion molecules” and “T cell receptor signaling pathway,” with varying sizes indicating counts and colors representing groups. Panel B features an enrichment plot with pathways like “Chemokine signaling pathway,” displaying enrichment scores based on rank.]
Figure 4 | Enrichment analysis based on CS Ratio levels. (A) Functional enrichment analysis of DEGs included results from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. (B) Gene Set Enrichment Analysis (GSEA) was performed to compare the CS High subgroup with the CS Low subgroup in cervical cancer patients.

To identify potential mechanisms of the CS Ratio in cervical cancer, we performed Gene Set Enrichment Analysis (GSEA) (Figure 4B) using the KEGG pathway database, which revealed several signaling pathways significantly correlated with CS Ratio levels. Some of the pathways among the top 15 enrichment scores (ES) are shown in the figure. The DEGs were enriched in immune-related pathways, such as the chemokine signaling pathway (ES = -0.7307, NP = 0.0000), NK cell-mediated cytotoxicity (ES = -0.7607, NP = 0.0000), T cell receptor signaling pathway (ES = -0.7404, NP = 0.0000), antigen processing and presentation (ES = -0.8292, NP = 0.0000), Jak-STAT signaling pathway (ES = -0.6641, NP = 0.0000), B cell receptor signaling pathway (ES = -0.6858, NP = 0.0000), and interactions between cytokines and cytokine receptors (ES = -0.7379, NP = 0.0000). These findings suggest that a high CS Ratio may promote chemokine and tumor immune-related signaling pathways in cervical cancer.




3.4 Relationship between CS ratio and clinical pathological features and prognostic value in cervical cancer patients

The relationship between gene expression and overall survival (OS) in cervical cancer patients was evaluated. Kaplan-Meier analysis (Figure 5A) showed that using the median CS Ratio as a threshold to categorize patients into High and Low groups revealed significant prognostic differences. The hazard ratio (HR) for CS Ratio in cervical cancer patients was 0.34, indicating that a high CS Ratio is associated with better overall survival.
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Figure 5 | Relationship between CS Ratio and clinical pathological parameters. (A) Kaplan-Meier survival curves were generated to evaluate overall survival (OS) in cervical cancer patients based on the optimal cutoff value of the CS Ratio. (B) CS Ratio expression was also compared across different FIGO stages (Stage I to Stage IV). Time-dependent ROC curves were created to evaluate the predictive performance of a survival model incorporating the CS Ratio (C) and CXCL9 (D) and SPP1 (E) expression levels. The x-axis represents the false positive rate, while the y-axis represents the true positive rate.

For all cervical cancer patients from TCGA, the correlation between the CS Ratio and clinicopathological characteristics of cervical cancer patients is shown (Figure 5B). However, neither CXCL9 nor SPP1 showed a significant correlation with Clinical Stage (Supplementary Figure 2). Univariate and multivariate COX regression analyses were performed to evaluate the association of CS ratio with OS in cervical cancer patients, while adjusting for clinical factors including age and clinical stage. In univariate COX analysis, a lower CS Ratio was significantly associated with poorer survival (HR=0.415, 95% CI: 0.246-0.701, P<0.001, Table 1). In multivariate COX analysis, even after adjusting for other confounding factors, CS Ratio maintained its independent prognostic value in CESC patients (HR=0.361, 95% CI: 0.186-0.700, P=0.003, Table 1). ROC analysis related to the CS Ratio demonstrated promising AUC values for predicting 1-year [AUC (95% CI) =0.69 (0.79-0.59)], 3-year [AUC (95% CI) =0.66 (0.76-0.57)], and 5-year OS [AUC (95% CI) =0.68 (0.79-0.57)] in cervical cancer patients (Figure 5C). Notably, these AUC values exceeded those obtained for CXCL9 (Figure 5D) and SPP1 (Figure 5E) individually. CXCL9 (Figure 5D) and SPP1 (Figure 5E) exhibit prognostic significance in cervical cancer patients. However, after adjusting for clinical factors, CXCL9 and SPP1 lost their prognostic significance (Supplementary Figure 3). Additionally, a prognostic model was constructed in the TCGA cohort to predict the 1-, 3-, and 5-year overall survival (OS) of CESC patients (Figure 6A). The overall Concordance Index of the model was 0.751, 95% CI (0.678-0.824), p=1.50x10-11. The calibration curve demonstrated the accurate predictive ability of this model for 1-year, 3-year, and 5-year survival rates (Figure 6B). Notably, significant survival differences were observed between the high-risk and low-risk groups based on the nomogram score (Figure 6C). To evaluate the performance of the nomogram, we accessed its predictive ability in TCGA-CESC. Our results indicated high area under the curve scores for predicting the 1-year [AUC (95% CI) =0.85 (0.94-0.75)], 3-year [AUC (95% CI) =0.74 (0.84-0.64)], and 5-year [AUC (95% CI) =0.72 (0.84-0.61)] survival of CESC patients (Figure 6D). These findings underscore the reliable predictive and prognostic capability of the CS Ratio.


Table 1 | Univariate and multivariate Cox regression analyses were performed to assess the relationship between the CS Ratio and clinicopathological variables in cervical cancer patients.
	Charactersitics
	Total (N)
	Univariate-cox analysis
	Multivariate-cox analysis


	Hazard ration (95%CI)
	P value
	Hazard ratio (95% CI)
	P value



	Age
	283
	1.015 (0.098-1.034)
	0.092
	1.02 (0.998-1.042)
	0.07


	Clinical stage (Stage II and Stage Ill and Stage IV vs. Stage I)
	277
	1.479 (0.919-2.383 )
	0.107
	1.725 (0.968-3.07 4)
	0.064


	Cervical carcinoma corpus uteri involvement indicator (PRESENT vs. ABSENT)
	114
	2.79 (1.037-7.491)
	0.042
	 
	 


	Lymphovascular invasion indicator (PRESENT vs. ABSENT)
	145
	9.228 (2.162-39.390)
	0.003
	 
	 


	Disease type (Non-Squamous Cell Neoplasms vs. Squamous Cell Neoplasms)
	283
	1.06 (0.806-1.394)
	0.679
	 
	 


	BMI
	246
	0.951 (0.908-0.996)
	0.032
	0.967 (0.924-1.012)
	0.148


	CS Ratio
	283
	0.415 (0.246-0.701)
	< 0.001
	0.361 (0.186-0.700)
	0.003







[image: Panel A shows a nomogram for predicting probabilities based on age, BMI, clinical stage, and CS ratio. Panel B displays a calibration plot comparing observed versus predicted probabilities for three different time points. Panel C presents a survival probability plot over time, highlighting high-risk and low-risk groups with shaded confidence intervals. Panel D features ROC curves for three time points, illustrating sensitivity versus 1-specificity with calculated AUC values.]
Figure 6 | Establishment and assessment of the nomogram survival model (A) A nomogram was established to predict the prognosis of TCGA-CESC patients. (B) Kaplan–Meier analyses for the two CESC groups based on the nomogram score. (C) Receiver operator characteristic (ROC) analysis of the nomogram in the TCGA-CESC cohorts. (D) Utilization of calibration curves to verify the agreement between predicted and actual 1-year, 3-year and 5-year outcomes.





4 Discussion

Cancer mortality rates are rapidly rising worldwide and have become a leading cause of death in various countries. In this study, we are the first to analyze the relationship between the CS Ratio and cervical cancer patients, focusing on prognosis, immune scoring, clinical staging, CIBERSORT analysis, and survival prediction models.

Previous studies have established the potentially opposing roles of CXCL9 and SPP1 in cancer biology (15–17). It has been illustrated that the expression of CXCL9 and SPP1 in macrophages at the single-cell level in head and neck squamous cell carcinoma is largely mutually exclusive, with CS polarity serving as a predictive factor (22). Therefore, we investigated the correlation between CS Ratio and patient clinical factors using transcriptome sequencing data from databases. Both cervical cancer and head and neck squamous cell carcinoma are associated with a significant number of HPV infections, which are closely linked to the tumor microenvironment. Research has demonstrated that HPV-positive head and neck squamous cell carcinoma patients respond more favorably to treatment and experience improved prognoses. Thus, for cervical cancer patients, who have a stronger association with HPV, the CS Ratio may also serve as a predictive indicator and an independent prognostic factor.

Accumulating evidence indicates that infiltration of immune effector cells (particularly CD8+ T cells, NK cells, and DC cells) into TME can enhance therapeutic responses to ICIs (27–29). We are the first to demonstrate the correlation between CS Ratio and immune cells, as well as immune scores in cervical cancer patients, and to investigate the prognostic implications for patients stratified by CS Ratio. Additionally, ROC curve analysis indicated that the CS Ratio possesses greater long-term predictive capability than CXCL9 or SPP1 (1/3/5-year AUC = 0.68, 0.66, 0.67). These results suggest that the CS Ratio may serve as a more reliable prognostic biomarker for cervical cancer patients. Our study establishes a foundation for a detailed investigation of the relationship between CS Ratio and the tumor-associated immune microenvironment.

In our study, we first demonstrated that patients with a high CS Ratio in cervical cancer exhibit better prognoses, positively correlating with CD8+ T cells and M1 macrophages, with a correspondingly lower proportion of M2 macrophages. Comparisons in immune scores indicated that patients in the CS Ratio High group had higher immune scores and lower tumor purity. CIBERSORT analysis revealed a higher proportion of CD8+ T cells and M1 macrophages in the CS Ratio High group, whereas M2 macrophages showed a significantly lower proportion. Moreover, our analysis indicated a significant decrease in CS Ratio with advancing Stage and T stage. Univariate and multivariate Cox analyses affirmed that CS Ratio could serve as an independent prognostic factor.

In summary, our findings formally establish the role of the CS Ratio in cervical cancer patients, indicating that a high CS Ratio enhances anti-tumor immunity and is associated with significantly extended survival. These results emphasize the potential key role of the CS Ratio in macrophage classification and immune cell infiltration. However, the specific molecular mechanisms underlying the antitumor effects of CS Ratio in cervical cancer patients and its exact functional roles require further exploration and validation through both in vitro and in vivo experiments. In summary, CS Ratio may function as a more effective prognostic and predictive indicator for cervical cancer patients.
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