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Background

Although breakthroughs have been achieved in gastric cancer (GC) therapy with immune checkpoint inhibitors (ICIs) targeting programmed death-1 (PD-1) and programmed death-ligand 1 (PD-L1), the acquisition of high response rate remains a huge challenge for clinicians. It is imperative to identify novel biomarkers for predicting response to immunotherapy and explore alternative therapeutic strategy for GC.





Methods

The transcriptomic profiles and clinical information of GC patients from The Cancer Genome Atlas (TCGA)-stomach adenocarcinoma (STAD) database was used to screen differentially expressed lncRNAs between the tumor specimens and the paracancerous tissues. The TargetScan, miRDB and miRcode database were then utilized to construct competing endogenous RNA (ceRNA) networks and identify pivotal lncRNAs. An independent dataset from GEO (GSE70880) and 23 pairs of GC specimens of our cohort were subsequently performed for external validity. The relationship between clinical variables and gene expression were evaluated by Kruskal–wallis test and Wilcoxon signed-rank. The prognostic value of the candidate genes was assessed using Kaplan-Meier analysis and Cox regression models. CIBERSORT and Gene set enrichment analysis (GSEA) were used to determine immune cell infiltration. Gastric adenocarcinoma AGS cells and human embryonic kidney 293T (HEK293T) cells with knockdown of LINC01094 were generated by siRNA transfection, followed by detecting the alteration of the target miRNA and PD-L1/PD-L2 by RT-qPCR. Besides, the interaction between lncRNA and the miRNA–PD-L1/PD-L2 axis were verified by dual luciferase reporter assay.





Results

Twenty-two intersecting lncRNAs were identified to be PD-L1/PD-L2-related lncRNAs and LINC01094–miR-17-5p–PD-L1/PD-L2 was constructed as a potential ceRNA network. LINC01094 was increased in tumor specimens than adjacent normal samples and was positively associated with advanced tumor stages and EBV and MSI status. Furthermore, LINC01094 expression was an independent risk factor for poor overall survival (OS) in GC patients. CD8+ T cell exhaustion-related genes were enriched in high-LINC01094 tissues and high-PD-L2 group. A strong positive association of LINC01094 expression was established with M2 macrophages, IL-10+ TAM, as well as PD-L1 and PD-L2 levels, therefore a LINC01094–miR-17-5p–IL-10 network was proposed in macrophages. Using the exoRBase database, LINC01094 was assumed in blood exosomes of GC patients The results of knockdown experiments and luciferase reporter assays revealed that LINC01094 interacted with miR-17-5p and served as a miRNA sponge to regulate the expression of PD-L1 and PD-L2.





Conclusion

LINC01094 dually regulates the expression of PD-L1 and PD-L2 and shapes the immunosuppressive tumor microenvironment via sponging miR-17-5p. LINC01094 may serve as a potential prognostic predictor and therapeutic target in GC.
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1 Introduction

Gastric cancer (GC) remains the third deadly malignant disease because most patients are diagnosed at advanced stage and effective treatments are lacking (1). Although the newly developed immune checkpoint inhibitors (ICIs) have paved the way to a new era in cancer therapy (2), the objective response rate of advanced GC patients with ICI does not exceed 12% (3). Recent randomized controlled trials for nivolumab and pembrolizumab, the ICIs targeting PD-1 and PD-L1 respectively, showed the inconsistent efficacy in GC patients (4). Although CAR-T cell therapy has been developed as a promising option for solid tumor treatment in combination with ICI, systemic administration of the antibody was indicated to have adverse effects and high cost inevitably (5). Hence, the implementation of novel treatment approaches is imperative to improve the outcomes of GC.

PD-L1 expression within the tumor microenvironment (TME) has been associated with response to anti-PD-1 therapies in various malignancies, including GC (6–8). PD-L1 was then suggested as one of the biomarkers for identification of the GC patients that most likely benefit from immunotherapy and targeted therapy (9). Nevertheless, the phase 3 KEYNOTE-062 trial reported conflicting results for the use of PD-L1 as a prognostic or predictive biomarker in gastric adenocarcinoma, since pembrolizumab plus chemotherapy did not improve OS or PFS in patients who had a PD-L1 positivity ≥ 1 or ≥ 10. Therefore, identifying more robust predictive biomarkers for checkpoint-based immunotherapy in GC and exploring new blockade therapeutic approaches are needed to optimize treatment for GC.

PD-L2, commonly expressed on tumor cells, macrophages, and dendritic cells (10), is another ligand of the PD-1 receptor, and has approximately 2-6-fold higher affinity compared to PD-L1 (11). Overexpression of PD-L2 has been found in many solid malignancies and is independently associated with clinical response to ICI in a variety of tumor types (12–16). Recent studies signify the predictive, prognostic and therapeutic value of PD-L2 for GC immunotherapy, as evidenced by the association of PD-L2 and PD-L2 mRNA expression with tumor progression and poor survival, as well as the infiltration of myeloid dendritic cells, CD4+ T-cells and CD8+ T-cells (17–19). PD-L1 is detected in about 50% of GC patients (20, 21), whereas 28.4% of GC patients express tumor-cell PD-L2, and 16.0% GC patients co-express PD-L1 and PD-L2 (17). Wu et al. indicated that the positive expression rates of PD-L1 and PD-L2 in tumor cells of Helicobacter pylori- and Epstein-Barr virus (EBV)-associated GC were 40.3% and 53.8%, respectively (22). These findings suggest that monotherapy targeting PD-L1 or PD-L2 alone may not be sufficient to show significant benefits for GC patients. Recently, Fan et al. indicated that PD-L1 and PD-L2 are co-regulated by lncRNA PCED1B−AS1 via sponging hsa−miR−194−5p to induce immunosuppression in hepatocellular carcinoma (23). However, systematic analysis of the co-regulatory mechanism for both PD-L1 and PD-L2 expression in GC is scarce.

Competitive endogenous RNA (ceRNA) regulatory networks have been implicated in cancer pathogenesis and progression (24–26), as well as shaping the tumor immune landscape (27, 28), among which long non-coding RNAs (lncRNAs) exert huge influence. It has been documented that lncRNAs regulate multiple target genes simultaneously via sponging miRNAs, and lncRNA/miRNA-based therapeutics have been suggested to be a potential strategy for cancer therapy (29–31). Thus, there is a need to explore the potential interactions of PD-L1/PD-L2 with lncRNA and miRNA. In this study, we performed a comprehensive analysis to identify lncRNA-associated ceRNA networks involved in regulation of PD-L1/PD-L2 and immune cell infiltration in GC. We then performed immune cell infiltration analysis to explore the function of this axis, which may help in developing effective prognostic markers and novel strategies to boost the development of immune checkpoint blockade therapy for GC.




2 Methods and material


2.1 Data collection and processing

We collected the transcriptome data in counts format of 407 STAD samples from TCGA (https://portal.gdc.cancer.gov/), including 375 tumor tissue samples and 32 paracancerous tissue samples. The expression matrix was standardized using log2 (CPM + 1) values. Clinical information including age at diagnosis, sex, TNM stage, pathological grade, molecular subtype and survival time were downloaded from TCGA Pan-Cancer Clinical Data Resource (TCGA-CDR). The GSE70880 dataset (n = 40), comprising mRNA expression microarray data and lncRNA microarray data from 20 gastric tissues and 20 paracancerous tissues based on the GPL19748 platform (Agilent-038314 CBC Homo sapiens lncRNA + mRNA microarray V2.0 (Probe Name version)) was also downloaded.




2.2 Identification of PD-L1/PD-L2-related differentially-expressed lncRNAs

We applied the “limma” R package for the entire lncRNA data to identify the differentially-expressed lncRNAs (DE lncRNAs) between tumor and paracancerous specimens, with screening criteria set at |log fold change (logFC)| > 1 and adjusted p-value < 0.05. The prognostic significance of DE lncRNAs was validated using an external dataset obtained from the GEO database (GSE70880). Then, Spearman’s Rank correlation was performed to assess the correlation of candidate DE lncRNAs with PD-L1 and PD-L2 DE lncRNAs with coefficient > 0.4 and p-value < 0.001. Subsequently, the intersecting DE lncRNAs for PD-L1 and PD-L2 were obtained by VennDiagram R package.




2.3 Target prediction of mRNA and lncRNA

Targetscan (http://targetscan.org/) and miRDB (http://mirdb.org/miRDB/) were used for mRNA target‐gene prediction, and the intersection of results from the two software was selected as the array of predicted target genes of mRNA. Then, target predication for lncRNAs were carried out using miRcode (http://http://www.mircode.org/) and RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid). Only miRNA target genes that were identified by all three methods were selected as the ceRNA prediction result.




2.4 Construction of the ceRNA network

A ceRNA network was constructed based on ceRNA theory as follows: (1) lncRNA-mRNA pairs with SCC > 0.5 and p-value < 0.001 were selected as target pairs, (2) if both the lncRNA and mRNA were negatively co-expressed with a common miRNA, this lncRNA-miRNA-mRNA group was identified as a co-expressed competing triplet (32), and (3) the binding sites of lncRNA-miRNA and miRNA-mRNA were predicted by Targetscan, miRDB, miRcode and RNAhybrid. The PD-L1/PD-L2-related ceRNA networks were then visualized by using Cytoscape 3.6.1 software (33).




2.5 Validation in clinical samples

A total of 23 pairs of specimens, including gastric adenocarcinoma tissues and adjacent normal tissues were recruited from Cancer Hospital of Shantou University Medical College. Total RNA was extracted from the tissues with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The HiScript III 1st Strand cDNA Synthesis Kit (#R312, Vazyme, Nanjing, China), The HiScript III SuperMix for qPCR (+gDNA wiper) cDNA Synthesis Kit (#R323, Vazyme) and ChamQ Universal SYBR qPCR Master Mix (#Q711, Vazyme) were utilized to measure the expression of lncRNA and mRNA, of which the primers sequences were listed in Supplementary Table 1. The mean value of relative gene concentrations in each triplicate were calculated using 2−ΔCt by normalizing with β-actin. The research protocol was approved by the Ethics Committee of the Cancer Hospital of Shantou University Medical College (2022048) and written informed consent was obtained from all participants.




2.6 Cell transfection and reverse transcription-quantitative polymerase chain reaction

The siRNA specifically targeting LINC01094 (siLINC01094) and its corresponding control (siNC) were designed and purchased from Gene Pharma Co. (Shanghai, China) and transfected using Lipofectamine 3000 (Thermo Fisher Scientific, USA). The sequence information for the above vectors or oligonucleotides was presented in Supplementary Table 2. Total RNA was extracted from the cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The complementary DNA for mRNA analysis was synthesized using the HiScript III SuperMix for qPCR (+gDNA wiper) cDNA Synthesis Kit (#R323, Vazyme), The complementary DNA for lncRNA analysis was synthesized using the HiScript III 1st Strand cDNA Synthesis Kit (#R312, Vazyme). RT-qPCR was conducted on ABI7500 Real-time PCR System (Applied Biosystems, Foster City, CA, USA) to detect the relative expression level of LINC01094, PD-L1 and PD-L2. The results were calculated using 2ΔΔCT method. The primer sequences are listed in Supplementary Table 1.




2.7 Dual luciferase reporter assay

The putative binding sites between LINC01094 and miR-17-5p, miR-17-5p and PD-L1, and miR-17-5p and PD-L2 were predicted using TargetScan and RNAhybrid (Supplementary Figure 1). The HEK293T cells were used for luciferase reporter assay. The fragments including the 3’UTR regions (3’UTR-WT) or mutant 3’UTR regions (3’UTR-Mut) of LINC01094, and PD-L1 and PD-L2 were inserted into pmirGLO luciferase vector respectively (GenePharma, Shanghai, China), followed by transfection of miR-17-5p mimic and the mimic control. At 48 h posttransfection, cells were collected and detected for the firefly and Renilla luciferase activities using Dual Luciferase Reporter Assay kit (Yeasen Technology, Shanghai, China) by multimode reader (BioTek Synergy H1, USA).




2.8 Clinicopathological and survival analysis

Patients were divided into high-level and low-level groups according to the median expression level. Wilcoxon rank‐sum and Kruskal-Wallis tests were used to examine the link between the candidate lncRNA and clinical characteristics. The Kaplan-Meier analysis with log-rank test and Cox regression models were performed to assess the prognostic value of candidate lncRNAs for GC. Survival curves were visualized using the R package “survival” (http://cran.r‐project.org/web/packages/survival/index.html).




2.9 Immune cell infiltration analysis

CIBERSORT (cell-type identification by estimating relative subsets of RNA transcripts) is a bioinformatics algorithm to calculate cell composition from gene expression profiles of complex tissues (34). Combination of CIBERSORT and LM22 (leukocyte signature matrix) is used to calculate the content of 22 types of human leukocyte subsets. We used the R package “CIBERSORT” to calculate the number of immune cells in each sample of the cohort in TCGA-STAD. Immune score represents the content of immune cells. The optimal cutoff point for immune cell expression was determined by the R package survminer (https://CRAN.R-project.org/package=survminer). Furthermore, the Wilcoxon test was used to compare the difference in cell content between high- and low-PD-L2 expression groups.




2.10 IL-10+ TAM infiltration and CD8+ T cell function analysis

Gene set variation analysis (GSVA) was used to calculate sample-wise enrichment scores for 12 IL-10+ TAM-associated gene signatures (35). Then, the correlation of IL-10+ TAMs with LINC01094 and PD-L1, as well as PD-L2 expression, was evaluated by correlation modules. To explore CD8+ T cell function signaling pathway enrichment, GSEA (36) was performed between low and high LINC01094 expression groups using the R package “clusterProfiler” (37) and “GSEAbase”. A ranked list was prepared using the log2 fold change of all expressed genes. IL-10+ TAM-associated gene and custom exhausted CD8+ T cell gene set were listed in Supplementary Table 3 (38).




2.11 Exosome-derived lncRNA analysis

ExoRBase is a web-accessible database, which provides circular RNA, lncRNA and mRNA information from RNA-seq data analyses of human exosomes (31). We searched the profile of LINC01094 expression levels in cerebrospinal fluid, urine and blood of different cancers, and downloaded lncRNAs expression profiles from 9 GC blood samples.




2.12 Statistical analysis

R software (Version 3.6.0) and corresponding R packages were utilized for statistical analysis. Candidate prognostic factors with a p-value < 0.1 in univariate Cox regression analysis were incorporated into multivariate Cox regression analysis. Spearman’s correlation was performed to analyze correlations. For continuous variables, Student’s t-test (two tailed) was applied to assess intergroup differences for the normally distributed data. The Wilcoxon matched-pair signed-rank test was used to explore the difference in gene expression between.





3 Results


3.1 Basic characteristics of patients

A flow diagram of this study is shown in Figure 1. In total, 375 microarray profiles obtained from the dataset in TCGA-STAD are available for analysis. The clinical characteristics of patients are summarized in Supplementary Table 4.




Figure 1 | Study flowchart.






3.2 DElncRNAs in STAD with different PD-L1/PD-L2 expressions

Compared with normal tissue, a total of 2268 lncRNAs were confirmed to be differentially expressed in GC samples. Specifically, 1377 lncRNAs were upregulated and 891 were downregulated (Figure 2A). Among them, 29 lncRNAs were positively correlated with the expression of PD-L1 and 85 of that had positive coefficients with PD-L2 (Supplementary Table 5). Subsequently, 22 intersecting lncRNAs from the two relevant lncRNA groups were identified to be PD-L1/PD-L2-related lncRNAs (Figure 2B), as displayed in Figure 2C.




Figure 2 | PD-L1- and PD-L2-co-associated DElncRNAs in GC. (A), Volcano plots of differentially-expressed lncRNAs between GC and normal samples. Blue nodes represent down-regulated DElncRNAs, while orange nodes represent up-regulated DElncRNAs. (B), Venn diagram showing the overlap for lncRNAs of PD-L1 and PD-L2. (C), Correlation between PD-1/PD-L2 and their 22 co-related lncRNAs. Darker blue represents stronger correlation. * p = 0.05, ** p = 0.01, *** p = 0.001.






3.3 Identification of a PD-L1/PD-L2-related lncRNA-mediated ceRNA network in GC

Targetscan and miRDB were used to predict potential miRNA-PD-L1/PD-L2 relationships, and 13 miRNAs were selected as PD-L1/PD-L2 target genes as a result of the intersection of the two software (Figures 3A, B). The miRcode online website was used to predict the downstream target miRNAs of the 22 intersecting DElncRNAs. As a result, five lncRNAs (LINC01094, LINC01272, LINC00877, PIK3CD-AS1 and SIRPG-AS1) and their associated miRNAs were identified (Figure 3C). Then, two intersecting miRNAs (Figure 3D), namely miR-17-5p and miR-20b-5p, was identified between target miRNAs from DElncRNA–miRNA pairs (Figure 3C) and miRNAs–PD-L2/PD-L2 pairs (Figure 3B) by Venn diagram analysis. A network of three lncRNAs, two miRNAs and PD-L1/PD-L2 was constructed (Figures 3E, F).




Figure 3 | Identification of a PD-L1/PD-L2-related lncRNA-miRNA axis in GC. Ellipses denote miRNAs, diamonds denote lncRNAs, and hexagons denote mRNA. (A), Venn diagram of PD-L1/PD-L2-interacting miRNAs by Targetscan and miRDB. (B), PD-L1/PD-L2 targeted miRNAs. (C), DElncRNAs targeted miRNAs. (D), Venn diagram of common miRNAs of DElncRNAs, PD-L1 and PD-L2. (E), Co-expression network of lncRNA–miR-17-5p–PD-L1/PD-L2. (F), Co-expression network of lncRNA–miR-20b-5p–PD-L1/PD-L2.



As shown in Figure 2C, the correlations between LINC01094 and PDL1/PDL2 were 0.58 and 0.51, LINC01272 and PDL1/PDL2 were 0.34 and 0.46, PIK3CD-AS1 and PDL1/PDL2 were 0.44 and 0.51, respectively. Therefore, we choose LINC01094 with the highest correlation as the next step of research. Correlation analysis of ENCORI online website demonstrated that the correlation coefficient of LINC01094 with miR-17-5p and miR-20b-5p were -0.267 and -0.122 (Supplementary Figure 2A-B). Notably, miR-17-5p showed stronger correlation with PD-L2 than miR-20b-5p (Supplementary Figure 2E-F). Considering the interaction of miR-17-5p and PD-L1 has been previously described (39), miR-17-5p was filtrated as the potential node and a ceRNA network of LINC01094–miR-17-5p–PD-L1/PD-L2 was then constructed. Using the LncATLAS website, the intracellular localizations of LINC01094 was inspected to present in the cytoplasm, suggesting its role in gene expression regulation as expected (Supplementary Figure 3).




3.4 Validation of the upregulation of LINC01094 in GEO dataset and clinical samples

An independent dataset from GEO database (GSE70880) and twenty-three pairs of GC samples we collected were performed for external validity. As expected, LINC01094 was upregulated in GC tissues in comparison with the adjacent normal tissues in the GSE70880 datasets (Figure 4A). Similarly, the RT-qPCR results of our cohort showed LINC01094 levels were dramatically higher in tumor specimens than adjacent normal samples (Figure 4B). Furthermore, the expression levels of PD-L1 and PD-L2 were significantly higher in high-LINC01094 group (n = 11) than low-LINC01094 group (n = 12) (Figures 4C, D).




Figure 4 | (A), Boxplot of LINC01094 expression in 20 pair GC and adjacent tissues (GSE70880 data set). (B), Relative LINC01094 expression detected by RT-qPCR in 23 paired gastric cancer and noncancerous tissues. Results are presented as 2-ΔΔCt in tumor tissues relative to adjacent tissues. (C, D), Relative expression levels of PD-L1 (C) and PD-L2 (D) in low and high LINC01094 expression groups in gastric tumors. *p < 0.05.






3.5 Validation of the regulatory interactions among LINC01094-miR-17-5p-PD-L1/PD-L2

In view of the hypothesis that LINC01094 functioned as a miR-17-5p decoy and miR-17-5p doubly targeted the 3’UTR of PD-L1 and PD-L2 in GC, RT-qPCR was performed to determine the alteration of PD-L1 and PD-L2 after LINC01094 silencing. As (Figures 5A–C) showed that, LINC01094, PD-L1 and PD-L2 mRNA expression was significantly reduced in AGS cells and HEK293T cells transfected with siLINC01094.




Figure 5 | LINC01094 sponges miR-17-5p to enhance the expression of PD-L1 and PD-L2. A-C, The effect of LINC01094 knockdown on the relative mRNA expression of LINC01094 (A), PD-L1 (B) and PD-L2 (C) in HEK-293T and AGS cells. D-F, The relative luciferase activities were determined between co-transfection with miR-17-5p mimic or miR-17-5p mimic-NC in HEK-293T cells, among which cells co-transfected with luciferase reporter gene driven by either the wild type of LINC01094 (LINC01094-WT) or the mutated LINC01094 (LINC01094 -MUT) were shown in (D), cells co-transfected with reporter gene driven by either the wild-type or mutant 3′UTR of PD-L1 (PD-L1-WT, PD-L1-MUT) and PD-L2 (PD-L2-WT, PD-L2-MUT) were displayed in (E, F) respectively. The p value among groups was calculated by Student’s t-test. N.S. represents No significance, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.



Subsequently, the luciferase reporter assay was used to verify the interaction between LINC01094 and miR-17-5p and PD-L1/PD-L2 in HEK293T. We introduced mutation into the potential binding sequences of LINC01094 and then showed that miR-17-5p mimics specifically suppressed the luciferase activity driven by wildtype, but not mutant LINC01094 sequences (p < 0.05, Figure 5D), demonstrating the direction interaction between these two non-coding RNA molecules. Furthermore, the luciferase activity driven by miR-17-5p mimic was significantly decreased compared to the control in PD-L1-3’URT-WT and PD-L2-3’URT-WT group (p < 0.05, Figures 5E, F), indicating that the prediction binding site of miR-17-5p strongly contributes to PD-L1 and PD-L2. These data suggested that LINC01094 could regulate both PD-L1 and PD-L2 expression by sponging miR-17-5p.




3.6 Upregulation of LINC01094 correlates with the clinicopathological characteristics, molecular subtypes and prognosis of GC

Regarding the clinical value of the hub lncRNA, stratified analysis was performed to validate whether LINC01094 could distinguish clinicopathological characteristics, as well as survival differences in GC patients. Clinical feature analysis showed that GC patients with advanced clinical stage (p = 0.018), pathological grade (p = 4.03e-06) and T stage (p = 0.003) had higher levels of LINC01094 (Figures 6A–C), while no significant correlation was found for lymph node metastasis or distant metastasis (Figures 6D, E, p > 0.05). Additionally, higher LINC01094 levels were found in the Epstein-Barr virus (EBV) and micro satellite instability (MSI) subtypes  (all p ≤ 0.001, Figures 6F, G).




Figure 6 | Correlations of LINC01094 with clinicopathological characteristics, molecular subtypes and prognosis of GC. (A–E), Association analysis between LINC01094 levels and clinical stage (A), histologic grade (B), T stage (C), N stage (D), M stage (E), (F, G), Association of LINC01094 with molecular subtypes, EBV (F), MSI (G). (H), Kaplan-Meier curves for the overall survival of patients in the high- and low LINC01094 expression groups in TCGA-STAD cohort.



Kaplan-Meier curves indicated that GC patients with higher LINC01094 levels had worse survival (log-rank, p = 0.023; Figure 6H). Other variables, including age, gender, clinical stage, histological grade, molecular subtypes and LINC01094 expression level were assessed using univariate Cox regression analysis. Afterwards, those with a p-value < 0.05 were incorporated into the multivariate Cox regression model (Table 1). Ultimately, LINC01094 was identified as an independent prognostic factor for GC patients (HR = 1.74, 95% CI = 1.09-2.77, p = 0.02) (Table 1).


Table 1 | Univariate and multivariate Cox analysis of OS related prognostic factors in patients with GC.






3.7 LINC0104–PD-L1/PD-L2 axis correlates with immune cell infiltration in GC

To understand the role of the LINC01094–PD-L1/PD-L2 axis in immune regulation in GC, we investigated the correlation of LINC01094 and PD-L1, as well as PD-L2, with immune cell infiltration. CIBERSORT showed the proportion of 22 immune cell subsets in the 375 TCGA-STAD samples, among which macrophages, CD4+ and CD8+ T cells are the main components of the immune microenvironment of gastric cancer tumors, (Figure 7A), indicating that these three types of cells play an important role in the occurrence and development of gastric tumors. Therefore, we further analyzed LINC01094, PD-L1 and PD-L2 with these cells. Spearman analysis indicated that LINC01094 expression level was positively correlated with M2 macrophages (Figure 7B, r = 0.47, p = 6.92E-22). Likewise, the high-PD-L2 group had a significantly higher proportion of M1 and M2 macrophages, as well as activated CD4+ memory T cells (Figure 7C). The activated CD4+ memory cells, helper T cells, M1 macrophages, resting NK cells and neutrophils were the most prevalent population in the high-PD-L1 expression group (Figure 7D). Of note, no significant associations were observed between the number of CD8+ T cells with PD-L1 (Figure 7C) and PD-L2 (Figure 7D), as well as LINC01094 (Figure 7B) expression (all p > 0.05).




Figure 7 | Correlations of LINC0104–PD-L1/PD-L2 with immune cell infiltration in GC. (A), Immune cell abundance estimated by the CIBERSORT algorithm for 22 immune cell subsets. (B), Relationship between LINC01094 expression and tumor immune cell infiltration proportions. (C), Correlation matrix of immune cell content between the PD-L1 high- and low-expression group. (D), Correlation matrix of immune cell content between the PD-L2 high- and low-expression group. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.






3.8 LINC01094–PD-L2 is associated with CD8+ T cell dysfunction

It is well known that tumor-reactive CD8+ T cells are in a dysfunctional state during the course of tumorigenesis, with the term “exhaustion” being used to describe this phase (40). Therefore, we investigated the relationship between LINC01094, PD-L1, PD-L2 and functional status of CD8+ T cells by means of GSEA. The mRNA-seq data of 375 GC patients in TCGA were divided into high- and low-groups according to the median expression levels of LINC01094, PD-L1 and PD-L2. The results revealed that the CD8+ T cell dysfunction gene set was significantly up-regulated in the high-LINC01094 group (Figure 8A, NES = 0.39, p.adjust = 0.01), and high-PD-L2 group (Figure 8B, NES = 0.41, p.adjust = 0.0013). However, no significant association was found between the exhausted CD8+ T cell gene set and PD-L1 expression (Figure 8C, NES = 0.29, p.adjust = 0.13), suggesting that both LINC01094 and PD-L2, rather than PD-L1, contribute to orchestrate CD8+ T cell dysfunction in GC.




Figure 8 | Associations of LINC01094–PD-L1/PD-L2 with CD8+ T cell dysfunction and IL-10+ TAMs. (A), GSEA analysis of high-LINC01094 and low-LINC01094 group based on the genes related to CD8+ T cell dysfunction. (B), GSEA analysis of high-PDL2 and low-PDL2 groups based on the genes related to CD8+ T cell dysfunction. (C), GSEA analysis of high-PDL1 and low-PDL1 groups based on genes related to CD8+ T cell dysfunction. (D), Correlations of IL-10+ TAMs with PDL1, PDL2 and LINC01094. (E), Scatter plot of the correlation between the expression of LINC01094 and IL-10. (F), Expression of lncRNAs in plasma exosomes of 9 individual GC patients.






3.9 LINC01094–PD-L1/PD-L2 correlates with IL-10+ TAM infiltration

Since IL-10+ TAM infiltration has been revealed to yield regulatory T cell infiltration and CD8+ T cell dysfunction (37), we sought to find out the correlation between LINC01094–PD-L1/PD-L2 expression and the relative abundance of IL-10+ TAMs in the TCGA-STAD cohort. Using signature scores calculated by the geomean of expression counts of related genes, we found that PD-L1, PD-L2 and LINC01094 were positively correlated with IL-10+ TAM infiltration, the correlation coefficient was 0.44 (p = 3.83E-19), 0.65 (p = 4.28E-46) and 0.61 (p = 3.19E-40), respectively (Figure 8D).

Previous studies have documented that lncRNA can upregulate IL-10 expression and induce M2 macrophage polarization via competitively binding to miRNA (41–43). To explore a potential ceRNA mechanism of LINC01094 in regulating IL-10+ TAM infiltration, we analyzed the correlation between LINC01094 and IL-10 expression and discovered a positive correlation between LINC01094 and IL-10 expression in TCGA-STAD dataset (Figure 8E, r = 0.48, p = 5.05e-23). Then, using the Targrescan database, we predicted miR-17-5p also had potential binding sites for IL-10 (Supplementary Figure 1).




3.10 LINC01094 is present in exosomes of GC

Tumor-derived exosomal ncRNAs mediate the communication between tumor and immune cells, and contribute to M2 polarization (44). Assuming that LINC01094 is also transferred from exosomes from GC cells to macrophages, we investigated the expression level of LINC01094 using the exoRBase database. As Supplementary Figure 4 showed that LINC01094 was exist in the exosomes of many cancers, and in some cancers with large sample sizes, such as breast cancer, pancreatic cancer and liver cancer. Although only 9 GC samples were included in the database, the data showed that LINC01094 was highly expressed in plasma exosomes of at least some GC patients (Figure 8F), suggesting that GC exosomal LINC01094 may be a potential mechanism underlying M2 macrophage polarization during tumor progression.





4 Discussion

Anti-PD-1 immunotherapies are believed to inhibit both PD-1/PD-L1 and PD-1/PD-L2 pathways simultaneously. However, immune-related adverse events associated with PD-1/PD-L1 blockade by ICIs, such as pneumonitis, are observed in clinical trials (45). Therefore, our finding of LINC01094 or miR-17-5p that could dual-targeting PD-L1 and PD-L2, rather than ICIs, might be a novel molecular target for immunotherapy with broad prospects. The lncRNA-associated ceRNA hypothesis is herein proposed to explain the regulatory mechanism for PD-L1 and PD-L2 in GC.

In the study, LINC01094 was identified as a hub lncRNA dual targeting both PD-L1 and PD-L2 in relation to poor prognosis and clinicopathological characteristics of GC. Based on the bioinformatics for miRNA binding sites and verified with dual-luciferase reporter assays, the LINC01094–miR-17-5p–PD-L1/PD-L2 interaction network was constructed. In view of the fact that both the LncATLAS data and in vitro cell experiments showed LINC01094 is mainly located in the cytoplasm (46, 47), we suggest that the dual targeting PD-L1 and PD-L2 of LINC01094 is due to LINC01094 acting as a ceRNA by sponging miR-17-5p. Furthermore, current data showed that LINC01094 expression was correlated with some clinicopathological features of GC, such as tumor stage, pathologic grade, and clinical stage, and EBV infection and MSI. It can thus be inferred that LINC01094 might act as a predictive and prognostic biomarker for GC patients, in particular for the specific molecular subtypes of EBV and MSI. This finding broadly supports the work of other studies linking LINC01094 with the progression of gliomas, glioblastoma, ovarian cancer, clear cell renal cell carcinoma, pancreatic cancer, colorectal cancer, and breast cancer (48–53). Additionally, A small molecule inhibitor targeting LINC01094 or miR-17-5p may be used as a potential immunotherapy strategy either alone or in combination with immunosuppressants.

The tumor immune microenvironment, comprising a vast variety of immune cells, has been shown to orchestrate tumor immunity and influence response to immune checkpoint blockade therapies (55). Generally, tumor-associated macrophages (TAMs) are the most abundant immune cells in solid tumors, consisting of antitumor M1-like and pro-tumor M2-like TAMs (56). The profiles of PD-L1 and PD-L2 in GC have been associated with immune cell infiltration (19). Consistent with the literature, we found that high expression of both PD-L1 and PD-L2 correlates with accumulation of activated memory CD4+ T cells and M1 macrophages. Interestingly, the present study only detected significant M2 macrophages accumulation in the high PD-L2 group, while no difference in enrichment for the M2 macrophage gene set was found between high- and low-PD-L1 groups, suggesting a difference in immunosuppression of the TME between PD-L1 and PD-L2. Similarly, we revealed that LINC0104 expression is strongly correlated with gene markers related to M2 macrophages, similar to that of Ye et al., who found that LINC01094 is correlated with macrophage infiltration in GC (54). It is worth noting that although no significant association was found between the number of CD8+ T cells and LINC01094, PD-L1 or PD-L2, the number of exhausted CD8+ T cells was high in the high LINC01094 and high PD-L2 groups. Together, these findings imply that PD-L2, rather than PD-L1, may play a primary role in LINC01094-induced M2 macrophage infiltration and CD8+ T cell dysfunction.

M2 polarization is a complex pathological process associated with immune evasion and poor prognosis in some malignancies (57). Various signaling pathways and multiple cytokines can drive M2 polarization, including IL-4, TGF-β, and IL-10 (58–61). Interestingly, when TAMs are polarized to be M2-like by IL-10, autocrine secretion of IL-10 increases, facilitating tumor growth, invasion and metastasis (62). In some cases, the secretion of IL-10 from TAMs is believed to induce PD-L1 upregulation in malignant cells (63). Consistently, a significant association between PD-L1 and IL-10+ TAM infiltration was confirmed in the present study, with associations between IL-10+ TAM and PD-L2 as well as LINC01094 being particularly strong. Moreover, the finding that LINC01094 has the highest degree of correlation with IL-10+ TAMs indicated that LINC01094 might be the most prominent regulator for the induction of IL-10+ TAM infiltration in GC. IL-10+ TAM infiltration in GC tissue has been proven to yield an immune escape tumor microenvironment featured by regulatory T cell infiltration and CD8+ T cell dysfunction. In particular, IL-10+ TAM infiltration is higher in EBV-positive tumors and PD-L1-positive cells (38). These existing findings provides rational explanation for the results of our work to link abnormal expression of LINC01094 with CD8+ T cell dysfunction. The field of CAR-T cell therapy is expanding swiftly and establishing a novel frontier in the treatment of hematological malignancies and other forms of cancer, however, hurdles persist due to immunosuppression and the poor ability of T cells to penetrate the tumor (64). Based on the findings of the current research, we hypothesized that CAR-T cells targeting LINC01094 might exhibit potentially enhanced toxicity against GC. Therefore, reduce the expression of LINC01094 may enhance the efficacy of CAR-T cells due to a more permissive microenvironment.

Exosome-encapsulated ncRNAs have been implicated in intercellular communication between tumor cells and TAMs, in which tumor-derived exosomal lncRNA-mediated M2 macrophage polarization is involved (44). For instance, colorectal cancer cell-derived exosomes transport lncRNA RPPH1 into macrophages to induce macrophage M2 polarization and promote colorectal cancer metastasis (65). Consistent with the literature, our data obtained from the exoRBase database suggested that LINC01094 really existed in plasma exosomes albeit differentially expressed among 9 GC patients. Interestingly, we found miR-17-5p have potential binding sites for IL-10. This result implied that LINC01094 might transported by exosomes from GC cells into macrophages, thereby sponging miR-17-5p to modulate IL-10 secretion. Therefore, plasma exosomal LINC01094 can be a novel biomarker for GC prognosis. However, the existence of a LINC01094/miR-17-5p/IL-10 axis in macrophages and its implication in macrophage polarization will be a focus of further investigation.

To the best of our knowledge, this is the first study to identify lncRNA dual-targeting of PD−L1 and PD−L2 and correlating with prognosis in GC. However, there are several limitations that should be noted. LINC01094-mediated crosstalk between IL-10+ TAMs CD8+ T cells and GC cells in tumor progression is not well understood, future validation experiments are then warranted to confirm the implication of LINC01094/miR-17-5p/IL-10 axis in shaping the immunosuppressive landscape, including macrophage polarization and CD8+ T cell dysfunction. Moreover, the available data regarding exosome-packaged LINC01094 in GC patients is limited. Further investigation on LINC01094 levels in GC cell-derived exosomes and exploration of its biological function are needed.




5 Conclusion

In summary, our findings suggest LINC01094 could dually targets PD-L1 and PD-L2 via sponging miR-17-5p, which might shape immunosuppressive tumor microenvironment in GC. Given the implications of this analysis, it is essential that future research focuses on examining the prognostic significance and exploring the therapeutic potential of LINC01094 in the context of GC immunotherapy.
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Glossary

ceRNA: competing endogenous RNAs

circRNA: Circular RNA

CTLA-4: Cytotoxic T lymphocyte associated antigen 4

DElncRNAs: differentially expressed lncRNAs

EBV: Epstein-Barr virus

GC: Gastric cancer

GEO: Gene expression omnibus

GSEA: Gene set enrichment analysis

HER2: Human epidermal growth factor receptor. ICIs, Immune checkpoint inhibitors

IFN-γ: Interferon-γ

IL-10: Interleukin-10

IL-10+ TAM: IL-10 positive tumor-associated macrophages

LncRNA: Long Non-coding RNAs

mRNA: Messenger RNA

miRNA: MicroRNA

MSI: microsatellite instability

NK cell: Natural killer cell

OS: Overall survival

PD-1: Programmed cell death 1

PD-L1: Programmed cell death ligand 1

PD-L2: Programmed cell death ligand 2

STAD: Stomach adenocarcinoma

TAM: Tumor-associated macrophages

TCGA: The Cancer Genome Atlas

TGF-β: Transforming growth factor β

TME: Tumor microenvironment
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