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Aims: To analyze the correlation between the neutrophil-to-lymphocyte ratio (NLR) and prognosis of advanced gastric cancer (AGC) patients treated by PD-1 antibody-based therapy and to delineate molecular characteristics of circulating neutrophils by single-cell RNA sequencing (scRNA-seq).
Methods: The clinicopathological information of 45 AGC patients receiving PD-1 antibody-based regimens at the Department of Oncology, Ruijin Hospital, was reviewed. Treatment outcomes including objective response rate (ORR), progression-free survival (PFS), and overall survival (OS) were recorded. The correlation between NLR and efficacy of PD-1 antibody-based treatment was analyzed. Single-cell RNA sequencing (scRNA-seq) analysis was performed based on multisite biopsy samples from two AGC patients to explore the molecular characteristics of circulating neutrophils and their pro-tumor mechanisms. Tissue samples from 88 gastric cancer patients who underwent radial gastrectomy were collected for immunochemistry staining.
Results: A high posttreatment NLR was associated with poor outcomes of AGC patients receiving PD-1 antibody-based regimens. scRNA-seq analysis showed that an increased number of circulating neutrophils were found in peripheral blood samples after treatment in which neutrophil cluster 1 (NE-1) was the major subcluster. NE-1 was featured with a neutrophil activation phenotype with the high expression of MMP9, S100A8, S100A9, PORK2, and TGF-β1. NE-1 displayed an intermediate state in pseudotime trajectory analysis with gene function enrichment found in neutrophil activation, leukocyte chemotaxis, and negative regulation of MAP kinase activity. Cellular interaction analysis showed that the chemokine signaling pathway is the major interactional pathway of NE-1 between subclusters of malignant epithelial cells (EP-4) and M2 macrophages (M2-1 and M2-2). In turn, the MAPK signaling pathway and Jak-STAT signaling pathway of EP-4, including IL1B/IL1RAP, OSM/OSMR, and TGFB1/TGFBR2 axes, were identified as interacting pathways between EP-4 and NE-1. The high expression of OSMR in tumor cells was closely correlated with lymph node metastasis of gastric cancer.
Conclusion: The posttreatment NLR could be a poor prognostic marker of AGC patients treated with immune checkpoint inhibitors (ICIs). Subclusters of circulating neutrophils activated by tumor cells and M2 macrophages could participate in gastric cancer progression through signaling interactions with tumor cells.
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INTRODUCTION
Advanced gastric cancer (AGC) is one of the most malignant diseases worldwide. The median overall survival of AGC patients is barely over 12 months (Cunningham et al., 2008; Gao and Wu, 2019; Wang et al., 2019). With the development of immune checkpoint inhibitors (ICIs), the efficacy of PD-1 antibodies has been demonstrated in AGC patients (Sharma et al., 2021). ATTRACTION-2 and REGONIVO trials showed the efficacy of nivolumab and nivolumab plus regorafenib in chemotherapy-refractory late-stage AGC patients, respectively (Kang et al., 2017; Fukuoka et al., 2020). Recently, CheckMate-649 and ORIENT-16 trials demonstrated the superior efficacy of PD-1 inhibitors plus chemotherapy by comparing with chemotherapy alone as the first-line therapy for HER2-negative AGC patients (Xu et al., 2019; Janjigian et al., 2021a). For HER2-positive AGC patients, the results of KEYNOTE-811 trials showed that adding pembrolizumab to chemotherapy plus trastuzumab significantly improved the objective response rate (Janjigian et al., 2021b).
Currently, PD-1 antibodies have been recommended in clinical practices to treat AGC patients based on these evidence reports, although some patients still cannot benefit from PD-1 antibody-based therapy and even suffer a rapid disease progression (Kundel et al., 2020). The objective response rate (ORR) of PD-1 antibody monotherapy in late-stage and treatment-refractory AGC patients is only approximately 10%–20% (Kang et al., 2017). Biomarker investigations of ICIs have been performed aiming to identify patients who are more likely to respond to the treatment (Bai et al., 2020). For gastric cancer patients, a combined positive score (CPS) based on PD-L1 expression, microsatellite status, and Epstein–Barr virus status are now recommended to be detected before ICI treatment.
The neutrophil-to-lymphocyte ratio (NLR), which is a mini-invasive, low-cost, and real-time method, is now identified as a surrogate biomarker correlating with the outcome of ICI treatment and has been reported in several kinds of tumors, including lung cancer, renal cancer, and melanoma (Ocana et al., 2017). A high NLR before or during treatment indicated a poorer outcome of cancer patients treated with ICIs (Valero et al., 2021). Gou et al. (2021) reported that a pretreatment-elevated NLR was significantly associated with inferior PFS and OS in AGC patients receiving anti-PD-1 inhibitors. However, these previous studies were mainly focused on correlation analysis. The underlying molecular mechanisms of elevated circulating neutrophils in promoting cancer progression during ICI treatment are still under investigation.
Biological functions and molecular features of tumor-infiltrating immune cells including tumor-associated neutrophils (TANs) are investigated, and a sophisticated interaction between tumor cells and host microenvironment has been recognized (Hanahan, 2022). Tumor-associated neutrophils play important roles in regulating tumor angiogenesis, extracellular matrix remodeling, metastasis, and immunosuppression (Jaillon et al., 2020). The correlation between elevated circulating neutrophils and patient outcomes suggested that neutrophils in peripheral blood may also possess pro-tumor activity, which has not been fully explored in gastric cancer.
In the present study, we aimed to further investigate the prognostic value of the NLR level and delineate the molecular characteristics of circulating neutrophils by single-cell RNA sequencing (scRNA-seq) in AGC patients receiving PD-1 antibody-based regimens.
MATERIALS AND METHODS
Patients and samples
The clinicopathological information of 45 gastric cancer patients who underwent systemic therapy from July 2020 to December 2021 at the Department of Oncology, Ruijin Hospital was collected retrospectively. All patients were pathologically confirmed as having gastric adenocarcinoma with distant metastases treated with PD-1 antibody-based therapy. The treatment results including objective response rate (ORR) and progression-free survival (PFS) were recorded. The NLR at the time of baseline (T0), before the second cycle (T1), and first imaging assessment of efficacy (usually at 9 weeks, T2) was calculated based on the results of patients’ routine blood tests.
For scRNA-seq, multisite biopsy samples from patient 1 (P1) and patient 2 (P2) in this cohort were obtained before and after treatment, including samples from stomach tumor (ST), peripheral blood (PB) and pleural fluid (PL), and ascites (AS). Written informed consent was provided before biopsy. Paraffin-embedded specimens from 88 gastric cancer patients who underwent radial gastrectomy were collected. All samples were pathologically confirmed as gastric adenocarcinoma. Clinicopathological data were reviewed and are listed in Supplementary Table S1. The protocol was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, People’s Republic of China.
Tissue dissociation and preparation
The fresh tumor tissue was stored in the sCelLiVE™ Tissue Preservation Solution (Singleron), and all the samples were transported to the Singleron laboratory at 2°C–8°C. The specimens were washed with Hank’s Balanced Salt Solution (HBSS) three times and minced into 1–2-mm pieces. Then, the tissue pieces were digested with 2 mL sCelLiVE™ Tissue Dissociation Solution (Singleron) at 37°C for 15 min in a 15-mL centrifuge tube with sustained agitation. After digestion, 40-μ sterile strainers were used to filter the samples, and the samples were centrifuged at 1,000 rpm for 5 min. Then, the supernatant was discarded, and the sediment was resuspended in 1 mL PBS (HyClone). The PBMCs were isolated by density gradient centrifugation using Ficoll-Paque Plus medium (GE Healthcare) and washed with Ca/Mg-free PBS. To remove the red blood cells, 2 mL GEXSCOPE™ red blood cell lysis buffer (Singleron) was added and incubated at 25°C for 10 min. The solution was then centrifuged at 500 × g for 5 min and suspended in PBS. The blood samples were centrifuged at 400 g for 5 min at 4°C, and the supernatant was discarded. After removing the red blood cells, PBMCs were isolated by centrifugation at 400 × g for 10 min at 4°C. The supernatant was discarded, and the PBMCs were resuspended in phosphate-buffered saline to obtain a single-cell suspension. The sample was stained with trypan blue (Sigma) and microscopically evaluated.
Single-cell RNA sequencing
Single-cell suspensions at a concentration of 1×105 cells/mL in PBS (HyClone) were prepared. They were then loaded onto microfluidic devices, and scRNA-seq libraries were constructed according to Singleron GEXSCOPE® protocol by GEXSCOPE® Single-Cell RNA Library Kit (Singleron Biotechnologies) (Dura et al., 2019). Individual libraries were diluted to 4 nM and pooled for sequencing. Pools were sequenced on Illumina HiSeq X with 150-bp paired end reads.
Primary analysis of raw read data
Raw reads were processed using FastQC and fastp to remove low-quality reads. Poly-A tails and adaptor sequences were removed using Cutadapt. After quality control, the reads were mapped to the reference genome GRCh38 (Ensembl version 92 annotation) using STAR. Gene counts and UMI counts were acquired using featureCounts software (Liao et al., 2014). Expression matrix files for subsequent analyses were generated based on gene counts and UMI counts.
Quality control, dimension reduction, and clustering
Cells were filtered by gene counts between 200 and 5,000 and UMI counts below 30,000. Cells with over 50% mitochondrial content were removed. After filtering, 80,680 cells were retained for the downstream analyses, with an average of 832 genes and 2,356 UMIs per cell. We used functions from Seurat v3.1.2 for dimension reduction and clustering (Satija et al., 2015). All gene expressions were normalized and scaled using NormalizeData and ScaleData. The top 2,000 variable genes were selected using FindVariableFeatures function for PCA. The cells were separated into 37 clusters using FindClusters, with the top 20 principal components and resolution parameter set at 1.2. For subclustering of epithelial cells, macrophages, M2 macrophages, and neutrophils, we set the resolution at 0.3, 0.5, 0.3, and 1.2, respectively. Uniform manifold approximation and projection (UMAP) algorithm was applied to visualize cells in a two-dimensional space. Harmony v1.0 was used to integrate samples and perform downstream analysis.
Differentially expressed gene analysis
Genes expressed in more than 10% of the cells in a cluster and with an average log(Fold Change) greater than 0.25 were selected as differentially expressed genes (DEGs) using the FindMarkers function in Seurat v3.1.2 based on the Wilcox likelihood-ratio test with default parameters.
Cell type annotation
The cell type identity of each cluster was determined with the expression of canonical markers found in the DEGs using the SynEcoSys® database. Heatmaps displaying the expression of markers used to identify each cell type were generated using the DoHeatmap function in Seurat v3.1.2.
Pathway enrichment analysis and pseudotime trajectory analysis
To investigate the potential functions of cellular subclusters, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were conducted using the “clusterProfiler” R package 3.16.1 (Yu et al., 2012). Pathways with a p_adj value less than 0.05 were considered significantly enriched. Gene Ontology gene sets including molecular function (MF), biological process (BP), and cellular component (CC) categories were used as references. Pseudotime trajectory analysis was performed using the Monocle2 package (V.2.18.0).
scRNA-seq-based CNV detection
The InferCNV package was used to detect the CNVs in subclusters of epithelial malignant cells. Immune non-malignant cells were used as baselines to estimate the CNVs of malignant cells. Genes expressed in more than 20 cells were sorted based on their loci on each chromosome. The relative expression values were centered to 1, using a standard deviation of 1.5 from the residual-normalized expression values as the ceiling. A slide window size of 101 genes was used to smoothen the relative expression on each chromosome, to remove the effect of gene-specific expression.
Cell–cell interaction analysis
CellCall v0.0.0.9000 was used to analyze the intercellular interaction based on the receptor–ligand interaction between two cellular clusters and infer the signaling pathways of the internal regulation (Zhang et al., 2021). The fraction of ligand–receptor gene interactions between cellular clusters was assessed by integrating the L2 norm of the receptor–ligand interaction and the activity fraction of downstream transcription factors (TFs), which was calculated by the inbuilt GSEA algorithm. Finally, ligand–receptor TFs with a significant interaction between cellular clusters were selected by the hypergeometric test and a p-value less than 0.05. Visualization was performed using the inbuilt plotting functions in CellCall.
Immunohistochemistry staining (IHC)
Immunohistochemistry staining was performed on 4-μm-thick slices. Slides were incubated with primary antibodies including OMSR (1:100, Abmart), LRP6 (1:100, HuaAn Biotechnology), and SERPINF1 (1:50, Abmart), respectively. The slides were then incubated with the HRP-labeled secondary antibody and were visualized with diaminobenzidine. OSMR and LRP6 proteins were localized on the tumor cell membrane, and SERPINF1 was localized in the cytoplasm of stromal cells. The expression status was determined by the product score of the average percentage and intensity of positive cells under five random high-power fields. The score of percentage was as follows: <5% (0), 5%–25% (1), 25%–50% (2), 50%–75% (3), and >75% (4); for intensity: no staining (0), light brown (1), brown (2), and dark brown (3). OSMR (score of ≤ 3 and > 3), LRP6 (score of ≤ 6 and > 6), and SERPINF1 (score of ≤ 4 and > 4) were defined as low and high expression, respectively. The high expression of both SERPINF1 and LRP6 was identified as SERPINF1–LRP6 high, otherwise SERPINF1–LRP6 low.
Statistical analysis
The correlation of the NLR with clinicopathological characteristics and treatment response of gastric cancer was analyzed with the one-way ANOVA test. The log-rank test in the Kaplan–Meier method and Cox proportional hazards model were used to analyze prognostic factors. The chi-squared test was used to analyze the categorical variables. A p-value < 0.05 was considered statistically significant. All tests were performed using SPSS 22.0 software (SPSS Inc.).
RESULTS
Posttreatment NLR indicated poor outcomes of AGC patients treated with PD-1 antibody-based therapy
The clinical information of 45 stage IV AGC patients (33 male and 12 female patients) is listed in Table 1. PD-1 antibodies were administrated as second- or third-line therapy combined with anti-angiogenic agents for most patients. The median number of treatment cycles was five (range: 2 to 26). The median NLR at T0, T1, and T2 was 3.86, 2.83, and 3.45, respectively. No significant difference in the NLR at three timepoints was found among patients with different clinical characteristics including the number of metastatic organs, previous lines of treatment, and combination strategies.
TABLE 1 | Clinicopathological characteristics of gastric cancer.
[image: Table 1]NLR-T2 of patients with progressive disease (PD) was significantly higher than that of patients with stable disease (SD) and partial response (PR) (PD vs. SD, 8.74 ± 8.24 vs. 3.60 ± 2.40, p = 0.003; PD vs. PR, 8.74 ± 8.24 vs. 3.15 ± 1.47, p = 0.023; Figure 1A). The correlation between NLR-T1 and patient ORR and between NLR-T0 and patient ORR was not identified (Figures 1B, C). The median PFS of all patients was 2.8 months (0.4–30.1 months). A cutoff value of 5 of the NLR was selected according to the previous reference (Valero et al., 2021). Kaplan–Meier analysis showed that patients with high NLR-T1 had poorer PFS than those with low NLR-T1 (2.1 vs. 10.5 months, p = 0.001; Figure 1D), as well as for patients with high NLR-T2 (2.2 vs. 10.6 months, p = 0.001; Figure 1E). Multivariable analysis showed that high NLR-T2 was the independent prognostic factor of patient PFS (HR = 3.09, 95% CI 1.31–7.28, p = 0.010).
[image: Figure 1]FIGURE 1 | Correlation between NLR and outcomes of AGC patients receiving PD-1 antibody-based therapy. (A) NLR-T2 and patients’ objective response; (B) NLR-T1 and patients’ objective response; (C) NLR-T0 and patients’ objective response; (D) patients with high NLR-T1 had poorer PFS than those with low NLR-T1; and (E) patients with high NLR-T2 had poorer PFS than those with low NLR-T2.
Increased number of circulating neutrophils with high activity was detected in posttreatment peripheral blood samples
A total of 80,680 cells from 12 samples were identified. The number of cells in each sample is given in Supplementary Table S2. Endothelial cells, epithelial cells, myeloid cells, myofibroblasts, pleural mesothelial cells, pericytes, plasma cells, platelets, T cells, plasmacytoid dendritic cells, and B cells were annotated by established marker genes (Supplementary Figures S1B, C). Myeloid cells of all samples were then divided into neutrophils, monocytes, macrophages, and dendritic cells (Supplementary Table S3). Neutrophils were mainly detected in peripheral blood (PB) samples of both patients and ascites (AS) samples of P2, while tumor-infiltrating neutrophils were barely detected in stomach tumor (ST) samples of two patients. The proportion and number of neutrophils were both increased in posttreatment PB samples (Figure 2A; Supplementary Table S4). Neutrophils were further divided into seven cellular subclusters. Neutrophil cluster 1 (NE-1) was the major subcluster in PB samples, and NE-2 was mainly detected in AS samples of P2 (Figure 2B).
[image: Figure 2]FIGURE 2 | Cellular constitution of myeloid cells in peripheral blood samples and cellular subcluster analysis of neutrophils. (A) Cellular constitution of myeloid cells in peripheral blood samples; (B) cellular subcluster of neutrophils in peripheral blood and ascites samples; (C) dot plots of GO analysis of high-expression DEGs of neutrophil cluster 1 (NE-1) and cluster 2 (NE-2); and (D) net plots of GO analysis of high-expression DEGs of NE-1 and NE-2.
Biological functions of high-expression DEGs of NE-1 and NE-2 were analyzed by GO enrichment analysis. Neutrophil activation, neutrophil activation involved in immune response, neutrophil degranulation, and neutrophil-mediated immunity were the top enriched biological processes (BPs) of both NE-1 and NE-2 (Figure 2C). For molecular functions (MFs), cadherin binding, actin binding, and actin filament binding were the top three MFs enriched in NE-1, while GDP binding, cytokine–receptor binding, and ubiquitin protein ligase binding were the top three MFs enriched in NE-2 (Figure 2C). Cancer-promoting genes including MMP9, S100A8, S100A9, PORK2, and TGF-β1 were identified as high-expression DEGs in NE-1 (Figure 2D; Supplementary Table S5).
Circulating neutrophil subcluster NE-1 displayed an intermediate differentiation state with high chemotaxis ability
To further explore the features of neutrophil subclusters, the pseudotime trajectory of neutrophils was constituted. NE-1 and NE-3 displayed intermediate states, while NE-2/NE-5 and NE-4/NE-6 were at two ends of the trajectory, respectively (Figure 3A). Genes with significant expression changes were clustered into seven groups. Genes of clusters 5, 6, and 7 were enriched at the intermediate stage. Pathway enrichment analysis revealed that genes of cluster 5 were associated with leukocyte chemotaxis, genes of cluster 6 were associated with homotypic cell–cell adhesion, and genes of cluster 7 were associated with the negative regulation of MAP kinase activity (Figure 3B). Dynamic expression of the top changed genes in these three clusters, including CXCR2, ICAM3, MMP9, S100A9, FN1, ITGB2, S100A8, and VNN2, could be identified (Figure 3C).
[image: Figure 3]FIGURE 3 | Pseudotime trajectory analysis revealed molecular states of circulating neutrophils. (A) Constitution of the pseudotime trajectory of neutrophils in peripheral blood and ascites samples; (B) cluster analysis and function enrichment of genes with significant expression changes; and (C) dynamic expression of top changed genes of neutrophils.
Subclusters of malignant epithelial cells and M2 macrophages participated in neutrophil activation
Malignant epithelial cells (EPs) were identified by inferred CNV algorithm and were divided into 13 cellular subclusters (Supplementary Figure S2; Supplementary Table S6). The distribution of subclusters in P1 and P2 was different, while subcluster 4 of malignant epithelial cells (EP-4) was found in both patients, especially as a new subcluster of P2 after treatment (Figure 4A). The DEGs of EP-4 are listed in Supplementary Table S7. The top three enriched BPs of high-expression DEGs of EP-4 were neutrophil activation, neutrophil-mediated immunity, and neutrophil degranulation. The top three enriched MFs of EP-4 were cadherin binding, actin binding, and actin filament binding (Figure 4B).
[image: Figure 4]FIGURE 4 | Cellular subcluster analysis of malignant epithelial cells and M2 macrophages. (A) Cellular subcluster of malignant epithelial cells in primary lesion and pleural fluid samples; (B) dot plot of GO analysis of high-expression DEGs of malignant epithelial cell cluster 4 (EP-4); (C) cellular constitution of macrophages and subclusters of M2 macrophages; and (D) dot plots of GO analysis of high-expression DEGs of M2 macrophage cluster 1 (M2-1) and cluster 2 (M2-2).
In all non-peripheral blood samples, macrophages accounted for a major part (Figure 2A). The proportion of M2 macrophages in most samples was significantly higher than that of M1 macrophages (Figure 4C). M2 macrophages could be subdivided into eight cellular subclusters (Supplementary Table S8). M2 macrophage cluster 1 (M2-1) was only found in samples of P1, while M2-2 was found in samples of both patients (Figure 4C). The DEGs of M2-1 and M2-2 are listed in Supplementary Table S9 and Supplementary Table S10, respectively. The top three enriched BPs of high-expression DEGs of M2-1 were neutrophil activation, neutrophil degranulation, and neutrophil activation involved in immune response. Meanwhile, the high-expression DEGs of M2-2 were enriched in the regulation of leukocyte differentiation and positive regulation of leukocyte activation (Figure 4D).
Crosstalk among circulating neutrophils, M2 macrophages, and malignant epithelial cells attributed to tumor progression
Cellular interactions among neutrophils, M2 macrophages, and malignant epithelial cells were analyzed (Supplementary Figure S3). The results of receptor–ligand interaction analysis showed that receptors of NE-1 could correspond to ligands from EP-4, M2-1, and M2-2. Ligands from NE-1 also interacted with receptors of EP-4 (Figure 5A). M2-1, M2-2, and EP-4 interacted with NE-1 via CXCL8-CXCR1/2, CXCL2-CXCR1/2, and CXCL3-CXCR1/2 axes, respectively. Meanwhile, NE-1 could interact with EP-4 via OSM-OSMR, IL1B-IL1RAP, OSM-IL6ST, and TGFB1-TGFBR2 axes. KEGG enrichment analysis showed that ligand–receptor interactions between NE-1 and EP-4 were enriched in the MAPK signaling pathway and Jak-STAT signaling pathway (Figure 5B). M2-2 could interact with EP-4 via SERPINF1-LRP6, HGF-MET, HGF-ERBB2, IGF1-INSR, and HGF-EPHA2 axes. Using the Sankey diagram, transcript factors ATF2, MAX, and MYC were found to participate in NE-1/EP-4 regulation. NFKBIA was the transcript factor that participated in EP-4/NE-1 and M2-2/NE-1 regulation (Figure 5C).
[image: Figure 5]FIGURE 5 | Cellular interaction analysis among neutrophils, malignant epithelial cells, and M2 macrophages. (A) Cell network of NE-1, EP-4, M2-1, and M2-2 was analyzed using CellCall; (B) heatmap of ligand–receptor interactions among NE-1, EP-4, M2-1, and M2-2. Signaling pathways involved in ligand–receptor interactions were analyzed KEGG enrichment analysis; (C) Sankey diagram displayed transcript factors downstream of the signaling pathway.
The expression of OSMR and LRP6 in tumor cells and SERPINF1 in stromal cells was detected by IHC. OSMR, LRP6, and SERPINF1 were expressed in most gastric cancer samples. The low expression of OSMR was detected in 15 cases (17%; Figures 6A, B) and high expression in 73 cases (83%; Figures 6C, D). The high expression of OSMR was significantly correlated with the N stage (p = 0.010; Table 2). A total of 53 samples with either or both SERPINF1- and LRP6-low expression were identified as SERPINF1–LRP6-low expression (Figures 6E, F), while SERPINF1–LRP6-high expression was detected in 35 samples (Figures 6G, H). SERPINF1–LRP6-high expression was also significantly correlated with the N stage (p = 0.018; Table 2).
[image: Figure 6]FIGURE 6 | Representative images of OSMR, SERPINF1, and LRP6 expression in gastric cancer samples by IHC. (A,B) Low expression of OSMR in tumor cells; (C,D) high expression of OSMR in tumor cells; (E) low expression of LRP6 in tumor cells; (F) low expression of SERPINF1 in stromal cells; (G) high expression of LRP6 in tumor cells; and (H) high expression of SERPINF1 in stromal cells.
TABLE 2 | Correlations of OSMR and SERPINF1–LRP6 with clinicopathological characteristics of gastric cancer.
[image: Table 2]DISCUSSION
In the present study, the correlation between an elevated NLR and clinical outcome of AGC patients treated with PD-1 antibody-based therapy was reviewed and analyzed. Then, scRNA-seq analysis was performed based on pre- and posttreatment samples to explore the underlying role of elevated circulating neutrophils during tumor progression. The results showed that an elevated subcluster of circulating neutrophils expressed high-activity phenotypes including neutrophil activation and chemotaxis. High expression of pro-tumor genes was detected in this subcluster. Close interactions among subclusters of circulating neutrophils, M2 macrophages, and malignant epithelial cells were found and could participate in gastric cancer progression during ICI treatment.
NLR as a prognostic biomarker has been identified in multiple kinds of tumors. In a study on gastric cancer, Sun et al. (2016) reviewed 19 studies including 5,421 patients with different stages who were treated with chemotherapy and/or surgical resection and showed that an elevated pretreatment NLR was a negative prognostic biomarker for patients’ outcomes. For ICI treatment, the value of NLR as a prognostic biomarker in gastric cancer is under investigation. A total of 71 gastric cancer patients were enrolled in a pan-cancer investigation which assessed the correlation between pretreatment NLR and efficacy of ICI treatment. The confidence interval of the hazard ratio of pretreatment NLR crossed 1.0 for the gastric cancer subgroup (Valero et al., 2021). A retrospective study showed that NLR was an independent prognosis biomarker of AGC patients who received anti-PD-1 treatment (Gou et al., 2021). In the present study, we found that the posttreatment NLR was significantly correlated with ORR and PFS of PD-1 antibody-based therapeutics of AGC patients.
Currently, both pre- and posttreatment NLRs were reported to be associated with patient prognosis in different studies. For metastatic renal cell carcinoma, NLR at 6 weeks after treatment was indicated as a stronger predictor than NLR at baseline (Lalani et al., 2018). Pretreatment NLR was associated with the outcome of lung cancer and melanoma treated using ICIs (Capone et al., 2018; Fukui et al., 2019). All these studies including the present study were retrospective investigations. The heterogeneous phenomenon about pre- and posttreatment NLR may contribute to the different sample sizes, tumor types, and therapeutics. Despite heterogeneity, combined with our results, NLR could be a convenient method to indicate early the outcome of AGC patients treated with PD-1 antibody-based therapy.
The impact of TANs infiltrating into the tumor microenvironment on tumor initiation and progression has been recognized in the past few years, which can promote malignant behaviors of tumor cells by producing reactive oxygen species, cytokine, proteinase, and angiogenesis factors (Coffelt et al., 2016; Mollinedo, 2019). However, the role of circulating neutrophils during the progression of ICI treatment of gastric cancer was barely investigated. In the present study, a subcluster of neutrophils with high-activity phenotypes accounted for a major proportion of PB samples after treatment, which also highly expressed well-known tumor-promoting genes of gastric cancer including MMP9, S100A8, S100A9, PORK2, and TGF-β1 (Verma et al., 2015; Zhang et al., 2018; Sprenkeler et al., 2022). This subcluster of circulating neutrophils (NE-1) also possessed a high chemotaxis revealed by pseudotime trajectory analysis. These results indicated that elevated circulating neutrophils could promote tumor progression via the endocrine pathway by releasing pro-tumor factors and could be the major source of TANs.
The interaction between tumor cells and host immune microenvironment plays an important role in tumor progression and treatment resistance. Tumor cells can also participate in recruiting and activating neutrophils (Mantovani et al., 2011; Coffelt et al., 2016). EP-4, a common subcluster of malignant epithelial cells in both patients, displayed a high neutrophil-activating phenotype, which might attribute to the activation and infiltration of circulating neutrophils. PD-1 antibodies mainly target immune cells infiltrating into the tumor microenvironment (Wei et al., 2017). Tumor-infiltrating CD8+ T cells, which are the major therapeutic target of PD-1 antibodies, are not found in non-peripheral blood samples of the two patients in this study (Supplementary Figure S1B). On the other hand, dendritic cells and macrophages, which are reported to interact with PD-1 antibodies, can be found in non-peripheral blood samples (Shergold et al., 2019; Mayoux et al., 2020). M2 macrophage infiltration is a negative factor that can impair treatment efficacy of PD-1 antibodies (Camelliti et al., 2020). In the present study, M2 macrophages accounted for a significant proportion of tumor-infiltrated immune cells, and two major subclusters of M2 macrophages possessed a neutrophil-activating phenotype. Therefore, both tumor cells and M2 macrophages could promote the activation and infiltration of circulating neutrophils into the tumor microenvironment during treatment.
Cell–cell interaction analysis further revealed the molecular pathways of interactions among circulating neutrophils, tumor cells, and M2 macrophages. Subclusters of tumor cells and M2 macrophages regulate NE-1 via chemokine signaling pathways including CXCL8-CXCR1/2, CXCL2-CXCR1/2, and CXCL3-CXCR1/2 axes. These axes not only lead to neutrophil recruitment but also participate in tumor promotion by activating neutrophils to increase the expression of pro-tumor factors like MMP-9 from neutrophils (Bonecchi et al., 2022). OSM and IL1B provided by NE-1 could regulate the Jak-STAT signaling pathway and MAPK signaling pathway of EP-4, respectively. OSM was found to participate in regulating malignant behaviors of multiple tumors including gastric cancer (Yu et al., 2019). IHC analysis showed that the high expression of OMSR was detected in gastric cancer samples and was correlated with lymph node metastasis. The activation of the Jak-STAT pathway in tumor cells after PD-1 antibody treatment could stimulate MDM2 expression and induce treatment resistance (Arasanz et al., 2021). In addition to neutrophils, subclusters of M2 macrophages also participated in regulating the activation of tumor cells. Co-expression of stromal SERPINF1 and tumor cell LRP6, which is one of the ligand–receptor interactions of M2 macrophages and tumor cells, was correlated with lymph node metastasis in gastric cancer samples. High expression of SERPINF1 was detected in gastric cancer patients with poor prognosis and was correlated with immune cell infiltration (Lee et al., 2022; Wang et al., 2022). The interaction between SERPINF1 and LRP6 has not been reported in gastric cancer. LRP6 is a receptor interacting with the Wnt/β-catenin signaling pathway and participated in regulating cell proliferation and migration of tumor cells (Alrefaei and Abu-Elmagd, 2022). The expression of LRP6 had no correlation with the clinical characteristics of gastric cancer patients, while its co-expression with SERPINF1 was correlated with the cancer malignant phenotype, which indicated the role of SERPINF1–LRP6 interaction during tumor progression. Therefore, by using bioinformatics analysis and IHC detection, these results indicated that interactions among circulating neutrophils, tumor cells, and M2 macrophages can promote disease progression of gastric cancer and may attribute to resistance of PD-1 antibody-based treatment.
CONCLUSION
Posttreatment NLR could be an early prognostic biomarker of AGC patients receiving PD-1 antibody-based therapy. Circulating neutrophils could be activated by both tumor cells and M2 macrophages; in turn, circulating neutrophils and M2 macrophages could regulate critical tumor-promoting pathways, which could attribute to tumor progression after PD-1 antibody treatment of AGC patients.
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