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Background

Gastric cancer (GC) still represents the third leading cause of cancer-related death worldwide. Peritoneal relapse (PR) is the most frequent metastasis occurring among patients with advanced gastric cancer. Increasingly more evidence have clarified the tumor immune microenvironment (TIME) may predict survival and have clinical significance in GC. However, tumor-transcriptomics based immune signatures derived from immune profiling have not been established for predicting the peritoneal recurrence of the advanced GC.



Methods

In this study, we depict the immune landscape of GC by using transcriptome profiling and clinical characteristics retrieved from GSE62254 of Gene Expression Omnibus (GEO). Immune cell infiltration score was evaluated via single-sample gene set enrichment (ssGSEA) analysis algorithm. The least absolute shrinkage and selection operator (LASSO) Cox regression algorithm was used to select the valuable immune cells and construct the final model for the prediction of PR. The receiver operating characteristic (ROC) curve and the Kaplan-Meier curve were used to check the accuracy of PRIs. Gene Set Enrichment Analysis (GSEA) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed to explore the molecular pathways associated with PRIs.



Results

A peritoneal recurrence related immune score (PRIs) with 10 immune cells was constructed. Compared to the low-PRIs group, the high-PRIs group had a greater risk. The upregulation of the focal adhesion signaling was observed in the high-PRIs subtype by GSEA and KEGG. Multivariate analysis found that both in the internal training cohort and the internal validation cohort, PRIs was a stable and independent predictor for PR. A nomogram that integrated clinicopathological features and PRIs to predict peritoneal relapse was constructed. Subgroup analysis indicated that the PRIs could obviously distinguish peritoneal recurrence in different molecular subtypes, pathological stages and Lauren subtypes, in which PRIs of Epithelial-Mesenchymal Transitions (EMT) subtype, III-IV stage and diffuse subtype are higher respectively.



Conclusion

Overall, we performed a comprehensive evaluation of the immune landscape of GC and constructed a predictive PR model based on the immune cell infiltration. The PRIs represents novel promising feature of predicting peritoneal recurrence of GC and sheds light on the improvement of the personalized management of GC patients after surgery.
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Introduction

Gastric cancer (GC) ranks the fifth in prevalent lethal malignancies and the third in cancer-related death worldwide (1). Of the patients with advanced-stage GC, most of them develop liver, lymph nodes and peritoneum metastasis within 5 years after radical surgery. Among these metastases, peritoneal dissemination is the most frequent and lethal, especially in the serosa-invasive gastric cancers (2). Although the conventional clinicopathological detections such as medical imaging and cytological examination of peritoneal effusion have been applied to assess the relapse, the prediction of PR is not accurate and sensitivity enough (3). Despite optimal treatment including corrective surgery (CRS), systemic chemotherapy, intraperitoneal chemotherapy and hyperthermia intraperitoneal chemotherapy (HIPEC), they are not adopted as the first-line strategy due to the controversial outcomes after long-term follow-up (4–6). In summary, it is urgently needed to construct an individual approach or model for predicting the PR risk of GC.

The tumor immune microenvironment (TIME) is the environment of malignant tumor progression, in which the host antitumor immune response and normal tissue destruction occur (7–12). Accumulating evidence indicated the key role of immune cells infiltration in the peritoneal metastasis of different cancers including GC (13–16). It is observed that GC patients with peritoneal metastasis had increased levels of alternatively activated macrophages in the peritoneum compared to those without dissemination. The underlying mechanism is that macrophages in the peritoneum of GC patients play a supportive role in peritoneal metastasis by producing EGF and VEGF (17). Besides, Rihito Kanamaru reported that neutrophil extracellular traps (NETs) on peritoneal surface can promote the clustering and growth of free tumor cells disseminated in abdomen, which was assisted by low-density neutrophils in postoperative abdominal cavity. Although several studies have explored the relationship between immune infiltration and prognosis of GC, to date, the probable correlation between peritoneal metastasis and the landscape of immune cells infiltrating has not yet been exclusive (18–20).

With the goal of improving precise prediction of PR after curative surgery of gastric cancer, in the current study, we applied the algorithm ssGSEA, which has been deemed to be the most accurate method available (21). ssGSEA is a newly proposed computational algorithm for enumeration of immune cell subsets using RNA specimens from multiple tissue types, including solid tumors, and has outperformed other methods regarding noise, unknown mixture content and closely related cell types. This study aims to construct a novel prediction system specific to PR, showing the immune infiltration landscape of patients with or without peritoneal relapse after surgery. As a result, we established a methodology to quantify the PR related immune score (PRIs) with an integrated analysis of the infiltration status of 24 immune cells, which was found to be a robust predictor of PR. Therefore, the PRIs represents novel promising signature for predicting peritoneal recurrence of GC after surgery.



Material and Methods


Search and Collection of Cohort With the Pathological Data of Peritoneal Relapse

To identify gastric cancer gene expression profile data with clinical pathological data of PR, a systematic search was performed on the Gene Expression Omnibus (GEO) data set (https://www.ncbi.nlm.nih.gov/geo/). The search strategy is (((“peritoneum”[MeSH Terms] OR peritoneal[All Fields]) AND (“neoplasm metastasis”[MeSH Terms] OR metastasis[All Fields])) OR ((“peritoneum”[MeSH Terms] OR peritoneal[All Fields]) AND (“recurrence”[MeSH Terms] OR relapse[All Fields])) OR ((“peritoneum”[MeSH Terms] OR peritoneal[All Fields]) AND (“recurrence”[MeSH Terms] OR recurrence[All Fields]))) AND (“stomach neoplasms”[MeSH Terms] OR (((((((gastric cancer[Title] OR gastric adenocarcinoma[Title]) OR gastric tumor[Title]) OR gastric carcinoma[Title]) OR stomach cancer[Title]) OR stomach adenocarcinoma[Title]) OR stomach tumor[Title]) OR stomach carcinoma[Title])). A total of 45 items were obtained from the initial screening. After further manual identification, and under the premise that the number of cases is not less than 100, Finally, the two cohorts GSE62254 and GSE10581 passed the review and their corresponding raw data were downloaded. All 300 samples of GSE62254 and 108 samples of GSE15081 with clear clinical parameters of peritoneal relapse were selected for further analysis. The corresponding clinicopathological parameters are summarized in Table S1.



Analysis of Immune Cell Infiltration

The Single sample gene set enrichment analysis (ssGSEA) method is a further extension of the GSEA method (21), it can define the absolute enrichment score of a certain immune cell marker genes dataset in a particular patient. We used ssGSEA to calculate the immune infiltration score for each immune cell in each patient and normalized enrichment scores were used for subsequent analysis. The markers genes of immune cells were obtained from the work of Jérôme Galon et al. (22) (Table S2). The above is achieved by the R package GSVA (23).



Establishment of the Lasso-Cox Model

The process of establishing and verifying the PRIs model is displayed in Supplement Figure 1A. Firstly, a total of 300 patients of GSE62254 cohort included in the study were randomly assigned to a 1:1 training set and validation set. Secondly, the hazard ratio of PR of immune cells in the training set was calculated using the univariate cox proportional hazard regression model. Then Immune cells that were meaningful for univariate analysis in the training set are included in the penalized Cox regression model with least absolute shrinkage and selection operator (LASSO) Cox regression model for ten-fold cross validations to select the most significant immune cells for PR (24). Finally, a PR-related immune model was constructed based on the immune cells.



ROC Curve

Receiver operating characteristic curve (ROC), area under the curve (AUC) and calibration curve were obtained using R packages “pROC” and “rms”.



KEGG Analysis Based on PRIs

Kyoto Gene and Genomic Encyclopedia (KEGG) analysis was used to determine the biological pathways in which genes associated with PRIs were significantly enriched. Pathways with adv. less than 0.5 were considered meaningful. The above is achieved by the R package clusterProfiler (25).



Gene Set Enrichment Analysis (GSEA)

GSEA v2.2.2 (http://www.broadinstitute.org/gsea) was used to investigate the biological difference between patients with high or low PRIs. C2:CP KEGG gene sets from MSigDB were used as the reference gene sets. All other parameters were set to default.



Construction and Validation of PRIs Related Nomogram

The PRIs and pStage with the stable value of predicting PR were used to construct the final nomogram. R package nomogramEx was used to calculate and plot. DCA was used to identify the clinical benefit of PRI-related nomogram.



Statistical Analysis

Continuous variables were analyzed using Student’s t-tests or nonparametric tests. Categorical variables were analyzed using Chi-squared tests or Fisher’s exact tests. R package survival and survminer was used for survival analysis. R package coxph was used for univariate and multivariate analyses. The ROC curve was plotted by R package survivalROC. All data were analyzed by SPSS and R software (http://www.r-project.org/). The results with P < 0.05 were considered statistically significant.




Results


Overview of Differential Patients’ Outcomes Between PR+ and PR- Patients in GSE62254 Cohort

In order to clarify the effect of PR on the overall survival (OS) and progression free survival (PFS) of gastric cancer patients after surgery, we verified it in GSE62254 cohort. 300 patients were divided into PR- and PR+ groups according to their PR status after surgery. As expected, patients in PR+ subgroup demonstrated a worse prognosis (Figure 1A) and a higher recurrence rate after surgery (Figure 1B).




Figure 1 | Association between PR status and patients’ outcomes. (A) for OS and (B) for PFS.





Immune Landscape and the TME Characteristics in GSE62254 Cohort

Immune cells infiltration status was calculated using R package “GSVA”. A total of 24 immune-related cells were included to evaluate the immune infiltration status of tumor tissues. Immune infiltration landscape and corresponding clinical parameters are shown in Figure 2A. As can be seen from the heatmap, patients with PR+ conducted different immune infiltration status from patients with PR-, and the infiltration abundance of different immune cells in the same patient is different. To better understand the relationship between various immune cells in gastric cancer tissues, we constructed a correlation analysis among the 24 immune cells (Figure 2B). The results showed that T cells, cytotoxic cells, helper T cells and CD8+T cells were highly correlated. There is also a high correlation between Th2 cells and Treg cells. Besides, Mast cells, eosinophils and IDC cells were highly correlated. Moreover, there is a high correlation between NK cells and Tem cells. Therefore, this suggests that they may be involved in the same biological behavior in the immune microenvironment of gastric cancer that promotes peritoneal recurrence of gastric cancer. In order to verify whether the immune infiltration status of patients with different PR status is different, we divided 24 immune cells into PR+ and PR- groups according to the PR status. As Figure 2C showed, 15 out of 24 immune cells presented different immune infiltration status between PR+ and PR- groups. Consistent with the results of Figure 2B, NK cell and Tem were consistently highly infiltration in PR+ patients, PR+ patients also possessed consistently lower Th2 and TReg cells infiltration, and consistently higher infiltration of mast cell, eosinophils and iDC. Then we verified the infiltration scores of 24 types of immune cells in PR+ and PR- groups in GSE15081, and the results were similarly (Supplement Figure 1B). This makes us realize that immune cells may play an important role in PR, and the infiltration of immune cells can reflect the PR of patients.




Figure 2 | Immune landscape of GC and the TME characteristics. (A) Unsupervised clustering of GC patients from the GSE62254 using ssGSEA score calculated from immune cells. (B) Correlation of the TME immune cells. (C) The Relative immune infiltration score of 24 immune cells between PR- and PR+ gastric tissues. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns: no significance.





Feature Selection and Construction of PRIs Signature

First of all, all 300 patients in GSE62254 cohort were randomly divided into training cohort and validation cohort according to the ratio of 1 to 1. The survminer package in R software was used to calculate the optimal cutoff value for each immune cell in the training cohort (Table S3). Based on the cutoff, the Infiltration fraction score of each immune cell was valued as 0 or 1. Next, univariable analysis of the immune cells in the training cohort was performed to calculate the association between each immune cell and the risk of PR (Figure 3A). Finally, ten-fold cross validation LASSO Cox regression analysis was used to build a PR risk evaluation model (PRIs) in the training cohort using the immune cells associated with peritoneal recurrence (Figures 3B, C) and we constructed an PRIs formula:

	




Figure 3 | Construction and validation of PRIs signature. (A) Forest plots showing associations between different immune cells and PR risk in the training cohort. (B) LASSO coefficient profiles of the fractions of immune cells. (C) Parameter selection for tuning by 10-fold cross validation in the LASSO model. (D–F). PRIs measured by time-dependent receiver–operating characteristic (ROC) curves in the training cohort, validation cohort, entire cohort at 1, 3 and 5 years respectively. (G–I) KM-curve for patients with high and low PRIs in the training cohort, validation cohort, entire cohort respectively.



In the training cohort, the accuracy of PRIs was investigated at time points 2, 3, and 5 years and the AUC is 0.725,0.811,0.846 respectively (Figure 3D), while in the validation cohort is 0.676,0.726,0.750 respectively (Figure 3E). In all 300 patients, the AUC of PRIs at time points 2, 3, and 5 years is 0.689,0.762,0.793 respectively (Figure 3F). In addition, we further applied the obtained PRIs score formula to the external validation cohort, due to the limitation of the external validation cohort itself, we can only get the PR status at time point 3 years. ROC at time point 3 was 0.690, which shows that the PRIs has a significant stability (Supplement Figure 1C). According to the cutoff value (-0.508) obtained through the survminer package, the patients in the training cohort were divided into high and low PRIs groups. Patients with high PRIs accumulate more PR events and had a worse prognosis (Figure 3G). When applying the cutoff value to the validation cohort and all patients in GSE62254, the conclusion is consistent (Figures 3H, I).



Association Between PRIs and Clinicopathological Parameters

It has been reported that the specific clinical factors, including tumor size, histopathology of biopsy sample, and tumor morphology, were significantly correlated with peritoneal relapse. CA19-9, lymphocyte count and NLR were also predictive factors for peritoneal relapse (26), we further explored the association between PRIs and valuable clinicopathological parameters (Figure 4A). As we can see, most of the patients with EMT molecular subtype, diffuse type of Lauren classification or pSTAGE in stage III to IV were considered to be in the high PRIs group and these patients occurred PR more frequently. In the Alluvial diagram, we can more intuitively see that most EMT group patients are considered to be in high-risk group of PR (Figure 4B and Supplement Figure 1D). Moreover, patients possessed PR+ have higher PRIs in patients with EMT molecular subtype (Figure 4C). So more attention should be paid to patients with EMT molecular subtypes, especially these with high PRIs. Similarly, patients with pStage III, IV had a much higher proportion patients proportion that were considered to be at high risk (Figure 4D and Supplement Figure 1E). Further analysis of patients with pstage III and IV showed that patients possessed PR+ had higher PRIs (Figure 4E). The Log-rank text and Kaplan-Meier curves showed within pstage III (Figure 4G) and pstage IV (Figure 4H) patients, patients with high PRIs did occur more peritoneal recurrence. Patients with diffused subtype possessed higher PRIs than intestinal subtype (Figure 4F and Supplement Figure 1F). Within patients with diffused type (Figure 4I) and intestinal type (Figure 4J), peritoneal relapse did occur more frequently in patients with high PRIs. Overall, PRIs showed general applicability in different subgroups.




Figure 4 | Association between PRIs and clinicopathological parameters (A) Summarizing the distribution of PRIs, and clinical characteristics. (B) Alluvial diagram of PR status in groups with different ACRG subtypes and PRIs. (C) Box diagram of PRIs in PR+ and PR- crowd in patients with EMT molecular subtypes. (D) Box diagram of PRIs with different pStage groups. (E) Box diagram for the differences in PRIs among PR+ and PR- people in pStage III and IV. (F) Differences in PRIs among PR+ and PR- people with different lauren types. (G) KM-curve for patients with high and low PRIs in stage III. (H) KM-curve for patients with high and low PRIs in stage IV. (I) KM-curve for patients with high and low PRIs in diffuse subtype. (J) KM-curve for patients with high and low PRIs in intestinal subtype.





Pathway Enrichment Analysis Based on PRI

To elucidate the different biological characteristics between high risk and low risk patients, based on PRIs, we identified 214 genes with a spearman correlation with PRIs greater than 0.5 (Table S4), Further, the KEGG enrichment analysis, which was conducted by a cluster profile in R software, showed that the 214 genes were significantly enriched in MAPK signaling pathway, focal adhesion, cGMP-PKG signaling pathway, etc. (Figure 5A). In addition, visualized specifically enriched genes were presented in each KEGG term (Figures 5C, D). Next, we divided the patients into high and low groups according to PRIs for GSEA analysis, Focal adhesion and leukocyte transendothelial migration pathways were also enriched (Figure 5B). These results may demonstrate that focal adhesion and leukocyte transendothelial migration play a vital role in the occurrence of PR of GC. In order to explore whether immune cells can affect the activation of PR-related pathways, we further analyzed the relationship between the 10 PR-related immune cells and the 39 genes in the PR-related pathways obtained from Figure 5D. As shown in Figure 5E, DC, Mast cell, Tgd and T helper cell possessed strong positive correlation with most genes, while NK.CD56dim cells, Tregs, Th2 cells possessed strong negative correlation with these genes. This indicates that in the microenvironment of gastric cancer tumors, immune cells may regulate PR of gastric cancer by affecting the expression of these genes.




Figure 5 | Pathway enrichment analysis based on PRIs. (A) Genes with spearman correlation for PRIs greater than 0.5 were used for KEGG analysis. These genes enriched in KEGG pathways “MAPK signaling pathway,” “Focal adhesion,” “cGMP-PKG signaling pathway,” and “Fas signaling pathway,” etc. Fold enrichment of each KEGG term is indicated by the x-axis and bar color. (B) GSEA terms that are significantly enriched in GSE62254 cohort. “KEGG_ECM_RECEPTOR_INTERACTION”,”KEGG_FOCAL_ADHESION”, “KEGG_LEUKOCYTE_TRANSENDOTHELIAL_MIGRATION”, “KEGG_MISMATCH_REPAIR”,”KEGG_NOTCH_SIGNALING_PATHWAY,” and “KEGG_TGB_BETA_SIGNALING_PATHWAY” was significantly enriched. (C) Hierarchical clustering of gene expression profiles of each KEGG pathways. (D) Chord plots show the relationship between genes and the KEGG pathways. (E) Correlation between the PR-related immune cells and genes in the KEGG pathways. *P < 0.05, **P < 0.01.





Development and Validation of PRIs-Related Nomogram

In order to provide patients with more accurate prediction of PR, we included PRIs and clinical parameters with predictive value for PR in univariate analysis into multivariate analysis. The results showed that both in the internal training cohort and the internal validation cohort, only PRIs and pStage have stable predictive effect (Table 1 and Table S5). Taking the principle of simple for patient measurement into account, our subsequent studies had excluded other clinical parameters. Based on PRIs and pStage, we constructed a PR nomogram (Figure 6A). The calibration curve shows that nomogram has stable predictive value at the time point of 1 year, 3 years and 5 years (Figures 6B–D). The DCA curve showed that combining PRIs and pStage can better provide medical decisions for patients (Figure 6E).


Table 1 | Univariate and multivariate Cox analysis among PRIs and clinical features in training cohort.






Figure 6 | Development and Validation of the PRIs-related Nomogram (A) The peritoneal relapse related nomogram based on two predictors include PRIs and pStage. Each factor corresponds to its own score, and each score is added to obtain a total score. The total scores in 1-year, 3-year, 5-year PR probability represent the peritoneal relapse possibility within 1-year, 3-year and 5-year. (B–D) Calibration curve at the year of 1,3,5. The calibration curve describes the calibration of the fitting model according to the consistency between the predicted peritoneal relapse risk and the actual observations. The X axis represents the predicted peritoneal relapse risk, and the y axis represents the actual peritoneal relapse rate. Solid blue lines indicate the performance of nomogram. (E) Decision curve analysis for the PRIs-related nomogram. The Y axis measures net benefit. The blue line, yellow line, red line represent the PRIs-nomogram, pStage and PRIs separately, green line represents the assumption that all patients occurred peritoneal relapse, and the black line at the bottom represents the assumption that no patient occurred peritoneal relapse. The proportion of all false positive patients was subtracted from the proportion of true positive patients, and the net benefit was calculated by weighting the relative harm of abandoning treatment and the negative consequences of unnecessary treatment. Relative damage is calculated in terms of Pt/(1-Pt). Pt means that the expected benefit of treatment is equal to the expected benefit of avoiding treatment, at this point, the patient will choose treatment. The decision curve shows that even if the threshold probability of the patient or doctor is really small, using the PRIs nomogram in this study to predict peritoneal relapse brings more benefits than other methods.





Potential of PRIs as an Indicator of Immunotherapy Response in Patients With GC

Previous studies have shown that immune checkpoint inhibitory (ICI) genes and immunomodulatory genes can regulate immune infiltration. We further compared the expression patterns of ICI genes (TIM-3, PD-L1 and CTLA-4) and immunomodulatory gene (IL6, IL10, TGFB1) in patients with different PRIs stratification to reveal the complex crosstalk. Compared with patients with low PRIs, patients with high PRIs tend to express high ICI genes and immunomodulatory genes (Supplement Figure 1G). This trend further proves that the higher expression of ICI genes and immunomodulatory genes may be associated with frequent peritoneal recurrence in patients with gastric cancer and PRIs can serve as an indicator of immunotherapy response.




Discussion

The presence of PR is related to poor prognosis in patients with GC. Although conventional imaging techniques have been applied to assess the metastasis, variation of sensitivity and specificity leads to limitation. Computed tomography (CT) is currently the primary imaging modality with a relatively low sensitivity for peritoneal metastasis of GC (27). Endoscopic ultrasonography (EUS) is invasive, highly operator-dependent and has a low detection rate of distant metastasis (28). The continuous technical improvements have shown that it can enhance high contrast resolution and characteristic soft-tissue of magnetic resonance imaging (MRI), especially the diagnostic value of small liver metastases (≤10mm) and peritoneal implantation (29–31). However, MRI is usually associated with higher costs, longer acquisition time and a lower robustness with no major oncology guidelines to recommend preoperative evaluation of GC (32–35). In contrast, the predictive value of 18F FDG PET/CT was high in several metastasis from GC including peritoneal metastasis, however, its limited usability and high costs would only make PET an alternative imaging modality (36). Besides, the peritoneal metastasis associated with serum biomarker, including CEA, CA125, CA199 and CA724 could only suggest the potential of metastasis with low specificity (37). Overall, a predictive approach or model for the PR risk after curative surgery of GC is urgently needed, making decision for the convenient scheme and dosage for GC patients with high risk of PR.

Multiple types of immune cells in TME promote tumor metastasis, either because they establish an immunosuppressive microenvironment within primary lesions or because they contribute to conditioning the pre-metastatic niche (38). These include Treg cells, myeloid-derived suppressor cells (MDSCs) (39), conventional CD11b+Ly6G+ neutrophils (40, 41) as well as macrophages (42). Instead, CD8+ T cells could directly suppress peritoneal metastasis by secreting cytokines including IFN-γ and GZMB (43–45), and Th1 CD4+ T cells T cells indirectly suppress metastasis by preventing vessel normalization (46). While Ly6G-neutrophils (47) and NK cells (48, 49) could develop innate anti-metastatic effects. Considering that recurrence and metastasis are the key factors affecting OS of patients with GC, several predictive models based on tumor- infiltration immune cells scores have been established to quantify the immune contexture and provide a statistical parameter for the prognosis of GC patients (16, 18, 19, 50). However, insufficient attention has been paid to the direct prediction of highly malignant event of PR for patients with GC.

Then, we established the PR risk immune predictive model (PRIs) of GC using LASSO-Cox regression algorithm (24). To the best of our knowledge, this study was the first bioinformatics model to predict the risk of PR for GC patients after surgical surgery. The final formula of the PRIs was composed of 10 types of immune cells including Th2 cells, mast cells, DCs, NK.CD56dim cells, Tregs, Tgd, Th17 cells, Neutrophils, αDCs and T helper cells. Similar to the previous research, CD56dim NK cells and neutrophils could directly exert the function of preventing PR (47–49, 51, 52). Besides, αDCs, as the important cells processing and presenting antigens to T cells (53), could elevate IL-1β and decreased IL-10 production to affect the metastatic ability of GC cells further (54–56). Zhao et al. reported a positive feedback that effects through TGFβ1 and IL-9 allowing cross-talk between Tregs and mast cells recently (57). The cross-talk suggests the underlying mechanism of nodes metastasis mediated by mast cells, which is in line with the findings of a previous study and ours (58). However, some inconsistency inevitably exists in this study, such as the suppressive roles of Tregs, Th2 and Th17 cells on PR (53, 59–61). The possible explanation is that CD4+ T helper cells are complex and heterogeneous at different developmental stages in GC (62). In the immune response, different subsets of CD4+ T helper cells communicate with other immune cells in TME to regulate the metastasis of GC, so the dynamic process and procedure may have effect on the multiple roles of T helper cells. Hence, to some extent, the integrated analysis of TME may better elucidate comprehensive interactions between the clinical characteristics of GC and infiltrating immune cells. With the help of ssGSEA algorithms, the results showed the PR risk of patients with high PRIs was higher than that of patients with low PRIs. Importantly, multivariate analysis demonstrated that PRIs was an independent predictor for PR, which was also verified by the nomogram integrated of PRIs, pStage and other clinical parameters. These results not only effectively certificated the efficacy and accuracy of our proposed immune predictive model, but also revealed the potential biological relationship between PR and immune infiltration landscape in GC.

We also uncovered a significant difference regarding the PRIs value in GC molecular subtypes and Lauren classification, with a higher value in the EMT subtype and diffuse type than other subtypes. Interestingly, it was also found that most patients with EMT subtype were allocated to the high risk subgroup with a higher percentage of relapse to peritoneum. Besides, the PRIs value was significantly higher in the III-IV pstage GC patients, and the PR subgroup in the III-IV pstage patients indeed had a higher PRIs. In addition, the Kaplan-Meier survival analysis showed a significantly better PR-free survival curve for patients with III stage and non-diffuse type than those with IV stage and diffuse type. Therefore, the results of biological function and clinical significance based on our PRIs value were basically consistent with the expert consensus (37). suggesting that our methodology to evaluate the risk of PR is a more predictive biomarker of gastric cancer.

Since the high-throughput sequence technology has been well improved currently, we further investigated the gene and pathway enrichment for in-depth understanding the underlying mechanism of our results. In previous researches, a large number of studies have elucidated the MAPK signaling, focal adhesion pathway, cGMP-PKG signaling pathway and etc. were closely or partially related to peritoneal metastasis of GC (63–67). Similar to the findings, the present study observed that 214 genes positively associated with PRIs enriched mainly in MAPK and focal adhesion pathway (Figure 5A), suggesting the major role of these two pathways taking on the peritoneal relapse of GC. Consistent with the results of our team before, several key molecules responsible for focal adhesion, including the family of integrin receptors and caveolin-1 (CAV-1) (68–70), involved in the peritoneal metastasis of GC, which were also shown in Figure 5D. Furthermore, by applying GSEA pathway enrichment, we also demonstrated the focal adhesion pathway, ECM receptor interaction, leukocyte transendothelial migration and TGF-β signaling pathway enriched almost in the patients with high PRIs (Figure 5B). In line with our findings, a previous research has indicated that peritoneal fibrosis induced by TGF-β provide a favorable environment for the dissemination of gastric cancer cells (67). In addition, the impaired cell-cell adhesion and enhanced cell-extracellular matrix (ECM) adhesion due to ECM remodeling and accumulation, has been recognized as an advancing factor of GC metastasis (71). This resource may offer mechanistic insights into the peritoneal metastasis of GC, suggesting the complex process is not only related to alteration of adhesive protein of tumors, but is also associated with microenvironment around the malignant tumor cells.

In particularly, patients with higher PRIs have higher expression levels of ICI genes (TIM-3, PD-L1 and CTLA-4). However, it is still controversial that PD-L1 expression is a favorable or adverse prognostic factor in GC according to previous researches (72–77). As illustrated before, TGF-β, IL-6, IL-10 and TIM3 could directly or indirectly promote EMT or peritoneal metastasis which was in line with our findings (78, 79), and it is reasonable to speculate that antibodies targeting these molecules may be a preferable choice for PR high risk subgroup. In fact, the experimental results have indicated the effect of anti-TIM-3 on the TME in variety tumors. A recent study illustrated the percentage of IFN-γ producing CD8+ T cells increased following anti-Tim-3 treatment to MC38 tumor bearing C57B6 mice, suggesting the enhancement of CD8+ T cell function in TME (80). Moreover, extensive data in preclinical tumor models and on-going I/II phase clinical trials in multiple tumors have shown the restoration of anti-tumor immunity by targeting Tim-3 (81), especially in combination with PD-1 blockade (82–84). Hence, based on our analysis about expression of immune related genes, emerging role of ICIs on application in the patients with GC, especially for the ones with high PR risk, are warranted to explore in the future.

Nevertheless, there are a few limitations that should be acknowledged. First, the study was based on publicly available datasets, and it was not possible to obtain the complete clinicopathologic parameters. This indicates the possibility that some patients with acute infection or immune system disorders, were inevitably included in this study. Ideally, such patients should have been excluded. Second, the public datasets in this study were based on two different platforms, though the RMA express were normalized, caution should be exerted when applying the conclusion of this study to samples tested using platforms other than GPL96 or GPL570. Finally, as all patients in the study were collected retrospectively, the potential bias due to unbalanced clinic characteristics with treatment heterogeneity could not be ignored. Thus, the results of our study should be validated in a prospective cohort of patients further.

In conclusion, this study illustrates the utility of immune cells infiltration in the prediction of PR of gastric cancer after surgery. The proposed PRIs model might provide more clinical information for shedding light on the improvement of personalized management of GC patients.
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