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Editorial on the Research Topic 


Biomarkers, functional mechanisms, and therapeutic potentials in gastrointestinal cancers




1 Introduction

Gastrointestinal cancers are becoming increasingly serious health concerns, with rising incidence rates due to shifts in dietary habits, environmental pollution, and other risk factors (1, 2). The current primary therapeutic approaches for gastrointestinal cancer include surgery, chemotherapy, radiotherapy, and more recently, immunotherapy (3, 4). Although remarkable progresses have been achieved, the treatment of those malignancy diseases still faces significant challenges, including tumor recurrence, metastasis, and drug resistance (5, 6). The advent of cutting-edge research technologies, such as genomics, high-throughput sequencing, proteomics, metabolomics, immunotherapy, nanotechnology, liquid biopsy, robotic surgery, artificial intelligence, organoid modeling, and microbiome analysis, has sparked a rapid transformation in clinical and biomedical research. These cutting-edge approaches have led to discovery of numerous new biomarkers, therapeutic targets, diagnostic tools, treatment strategies, underlying biological pathways, and potential mechanisms for understanding and combating gastrointestinal cancers (7–13).

The latest research findings, utilizing both classical methodologies and innovative approaches, have the potential to deepen and refine our understanding of gastrointestinal cancers. These discoveries shed new light on existing theories, offering fresh perspectives, and even subtly modifying long-established views and conclusions. They may open new avenues of understanding, leading to more targeted and effective treatments with acceptable advance events for patients. The timely collection and prospective reviews on the latest discoveries of new diagnostic/prognostic factors, biomarkers, and risk factors will facilitate the identification of novel clinical indicators and enhance our understanding of the key molecular mechanisms underlying cancer initiation, progression, recurrence, and drug resistance. Furthermore, the exploration of the targeted anti-cancer agents will provide new and effective supports to traditional chemotherapy and radiotherapy in the treatment of gastrointestinal cancers. Overall, these efforts to explore the Research Topic of Biomarkers, Functional Mechanisms, and Therapeutic Potentials in Gastrointestinal Cancers will contribute to improving the prognosis and survival of cancer patients.




2 Identification and exploration of key proteins, genes, and molecular markers

The study on protein level has emerged as a pivotal approach, offering new insights into disease mechanisms, paving the way for innovative diagnostics, and highlighting targeted therapeutic opportunities (14). Gu et al. identified proteins from extracellular vesicles to create a logistic regression classifier that distinguishes gastric adenocarcinoma from healthy samples, particularly identifying advanced stages, highlighting the diagnostic potential of exosome-derived proteins. Xu et al. developed a mass spectrometry method to accurately quantify HER2 protein in advanced gastric adenocarcinoma, overcoming traditional method limitations. With clinical validation, this technology could be a significant tool for gastric cancer detection. Those studies utilize mass spectrometry to identify and quantify specific proteins, enhancing diagnostic accuracy in cancer detection.

The ongoing search for accurate diagnosis and prognosis in gastric cancer has led to the investigation of novel biomarkers. Understanding these biomarkers improves our understanding of the complex nature of the disease and opens the door to more targeted and effective treatment strategies. Zhang et al. created a method for detecting plasma tRF-33, a novel biomarker for gastric cancer. It showed a gradient change across gastric lesions and correlated with various factors, such as differentiation stage, tumor size. It could distinguish between early and advanced stages and was associated with unfavorable outcomes, highlighting its potential as a critical tool for monitoring and managing gastric cancer progression. Wu et al. studied highly mobile group (HMG) proteins in gastric cancer, finding that specific HMGs correlated with survival rates and disease-free survival, and could distinguish cancer from normal tissues. Their expression was also linked to immune cell infiltration levels, highlighting their potential as diagnostic markers, and hinting at a complex relationship with the disease. Ding et al. discovered that increased GLIS3 expression in gastric cancer correlates with altered immune cell infiltration and poor prognosis. Its association with immune checkpoints implies a role in enabling tumors to evade the immune system. GLIS3 knockdown inhibits cancer growth and migration, and a GLIS3-based model accurately predicts survival risk, offering avenues for personalized treatment strategies. Those works uncovers novel biomarkers and genetic expressions, such as plasma tRF-33, HMGs, and GLIS3, that offer significant insights into the diagnosis, monitoring, and prediction of gastric cancer.

Understanding the genetic landscape of cancer is crucial in developing new avenues for diagnosis and treatment. Sun et al. investigated the expression profiles of long noncoding RNA (lncRNA) and mRNA in gastric cancer, identifying differences between early and advanced stages related to genes involved in tumorigenesis, including cell cycle and extracellular matrix organization. Key transcription factors E2F1, E2F4, and STAT2 were found to be associated with regulatory lncRNAs, and high expression of THBS2 may promote cancer progression. The study uncovers complex mechanisms and provides promising directions for future research and treatment.

The identification of prognostic biomarkers and key genes in various digestive system tumors is a critical step towards personalized medicine and targeted therapies. Song et al. found that SKA1-3, a complex of proteins involved in cell division, is a prognostic biomarker for human hepatocellular carcinoma. SKA1 and SKA3 were highly expressed in cancer patients, and this was associated with a worse prognosis. Ji et al., Zhu et al., and Jiang et al. have investigated key genes, such as ALKBH5, ITGB1, and KLHL14, that are associated with the prognosis of gastric cancer and lymphoma. Taken together, those studies provide insights into novel molecular markers and genetic pathways, which could enable novel approaches to prognosis, diagnosis, and treatment of cancers.




3 Machine learning and advanced modeling in cancer diagnose and research

Machine learning and deep learning have emerged as promising approaches to investigate tumors, with the potential to improve our understanding of cancer (15, 16). Zhou and Wang created a diagnostic model for digestive system tumors using gene set variation analysis and machine learning, offering a new approach to cancer screening and individualized treatment. They identified a prognostic model linked to the immune microenvironment and an intuitive assessment tool. Zeng et al. used deep learning algorithms to predict survival rates of gastric adenocarcinoma patients from a large dataset, outperforming traditional models with a good discriminatory ability. The DeepSurv model accurately predicted survival rates at various intervals, demonstrating the potential of deep learning for precise predictions in personalized treatment and clinical decision-making.

Early diagnosis is essential for fighting cancer, and innovative methods are key to progress. Machine learning and advanced modeling are being used to predict and diagnose cancer, with a special focus on discovering and evaluating biomarkers for early detection (17, 18). Zhang et al. found that the platelet-lymphocyte ratio, neutrophil-lymphocyte ratio, and systemic immune-inflammation index were significantly higher in gastric cancer patients, especially in early stages. The systemic immune-inflammation index had the highest diagnostic performance and combining it with the other ratios further improved efficiency. These indicators correlated with clinical progression like distant metastasis, emphasizing their potential in early diagnosis, prognosis evaluation, and treatment planning for gastric cancer. Chen et al. developed a predictive model using clinical data and gastric CT scans to identify patients with deficient mismatch repair in gastric cancer before surgery. Patients with this condition had larger tumors and a lower normalized tumor enhancement ratio in their scans. The study found that factors, like gender, age, tumor size, and this ratio were independent predictors. The model’s strong abilities in discrimination and calibration allow non-invasive identification, aiding treatment decisions for personalized care. Those works showcases the use of biological markers and modeling to improve early gastric cancer diagnosis.

Shu et al. analyzed single-cell sequencing data in esophageal squamous cell carcinoma, and found that SAA1+ malignant epithelial cells are key in metastasis and constructing a prognostic model to predict patient outcomes, thereby informing treatment. This work offers a new theoretical foundation for enhancing cancer treatment and improving patient outcomes. In a study conducted by Qiao et al., an analysis of 516 patients with advanced gastric cancer revealed correlations between the activity of the coagulation system and lymph node metastasis. They identified that platelet count, fibrinogen level, and maximum amplitude (a parameter of thromboelastographic assessing clot strength) were notably higher in those with positive lymph node metastasis. The maximum amplitude was an independent predictor of both metastasis and tumor stage. Those studies shedding light on the critical role of specific cellular characteristics and the coagulation system in esophageal and gastric cancer.




4 Immunotherapy and combination approaches, and an assessment of their effectiveness

Traditional therapy, immunotherapy, and combination therapy have all undergone substantial advancements, and research in these areas continues to be a prominent focus in the field.

Wang et al. conducted a study to investigate the impact of combination immunotherapy on gastrointestinal cancer patients of different age groups. Surprisingly, their findings revealed that younger patients experienced worse outcomes, whereas older patients demonstrated better responses to the treatment. Age did not impact immune-related side effects, indicating safety for older individuals, and these side effects correlated with better treatment success. Zhu et al. described a case of a 63-year-old woman with advanced gastric cancer who achieved complete remission with a combination of Tislelizumab and chemotherapy, highlighting the effectiveness of this approach and the importance of molecular markers in surgical decisions. Jiang et al. reported a case of a 59-year-old man with advanced gastric cancer who responded completely to a therapy combination including Camrelizumab, Apatinib, S-1, and Paclitaxel. The high expression of PD-L1, deficient mismatch repair, and correlations with gut microbiota were notable. Those studies collectively underline the potential of immunotherapy for gastrointestinal cancer, emphasizing factors like age, combined treatments, and molecular and microbial markers.

The identification and development of biomarkers and predictive models are becoming pivotal in the personalized treatment of gastrointestinal cancer. Zhang et al. conducted a review to investigate the predictive value of the neutrophil-to-lymphocyte ratio in survival prognosis for gastric cancer patients treated with immune checkpoint inhibitors. Analyzing data from nine studies and 806 patients, they found that a high ratio was linked with unfavorable overall survival, while a lower ratio was connected to an improved response rate. This research indicated that the neutrophil-to-lymphocyte ratio might be a promising biomarker for forecasting the prognosis and treatment response in gastric cancer patients receiving immune checkpoint inhibitors therapy. Wang et al. developed a prognostic model for locally advanced elderly esophageal cancer patients with positive EGFR who were treated non-surgically. They identified specific treatment, clinical stage, and performance score as key survival factors. The study showed the model’s effectiveness in predicting survival rates and revealed potential therapeutic benefits. Overall, those studies highlight the importance of biomarkers and predictive models in gastrointestinal cancer, offering insights into personalized treatment strategies.

Combination therapies are being actively researched and evaluated for advanced gastrointestinal cancers, with the goal of improving treatment outcomes and tailoring therapeutic strategies to the individual needs of each patient. Qu et al. assessed the efficacy of a combination therapy for advanced gastric adenocarcinoma or gastroesophageal junction adenocarcinoma in 28 patients. They found a response rate of 28.6% and identified male gender, liver metastases, and peritoneal metastases as risk factors. The combination therapy was generally well tolerated, making it as a potential treatment option for these patients. In a related investigation, Wang et al. investigated the combination of neoadjuvant immunotherapy with chemotherapy for locally advanced esophageal squamous cell carcinoma. They found the combined therapy significantly outperformed chemotherapy alone and identified specific immune cells as potential predictive markers for treatment success. Li et al. focused on 121 patients with advanced esophageal squamous cell carcinoma, examining the effects of radioimmunotherapy across various irradiation sites, including the brain. They found that brain irradiation led to stronger immune activation and identified specific blood indicators with predictive value for short-term treatment efficacy. Those studies illuminate the potentials and challenges of combination therapies, highlighting the complex relationships between treatment modalities and patient responses in gastric and esophageal cancers.

The real-world clinical practice and studies provide essential insights that bridge the gap between controlled research settings and everyday healthcare scenarios. In a clinical study conducted in real-world setting, Ohsawa et al. compared the effectiveness and safety of Nivolumab with Paclitaxel in treating patients with recurrent or advanced esophageal squamous cell carcinoma. Nivolumab showed a longer median survival time and fewer severe side effects than paclitaxel, particularly in second-line treatment, endorsing its use in such patients. Kowalchuk et al. studied the impact of post-surgical cardiopulmonary total toxicity burden on patients with esophageal cancer after trimodality therapy. They found that this measure could predict survival and complications, and identified age, chemotherapy toxicity, and radiotherapy techniques as influencing factors. The research suggests that optimizing preoperative care and reducing toxicity can improve outcomes. Collection, those reports in the field of gastrointestinal diseases have offered insights into the pathogenesis, diagnosis, and treatment of these disorders, emphasizing the need for personalized and comprehensive approaches, and contributing to advances in the field.

Understanding the underlying pathogenesis of cancer and identifying precise treatment targets remain central to the advancement of oncology, particularly in the complex landscape of gastrointestinal malignancies. Cachexia, a condition closely associated with cancer-related mortality, leads to progressive organ damage and dysfunction (19). Sui et al. identified increased expression of DUSP1 in the skeletal muscle of patients suffering from cancer cachexia and found that it inhibits muscle cell differentiation. This presents a possible target for treating this condition. Using patient information and statistical techniques, it may be possible to create predictive models to aid medical professionals in disease management. In a systematic review and meta-analysis, Noori et al. explored PD-L1 expression as a predictor of treatment success with ICIs in esophageal cancer. They found that patients with positive PD-L1 expression had a notable increase in survival time when treated with certain agents, providing guidance for patient-specific treatment. These studies highlight the potential of targeted approaches in understanding and treating complex conditions like cancer cachexia and esophageal cancer, pointing towards personalized therapies.




5 A glimpse into the future of therapeutic strategies

In the rapidly evolving field of gastrointestinal cancer treatment, researchers are investigating innovative approaches and novel strategies that could significantly improve therapeutic outcomes. Shi et al. studied the effect of different light strength on photodynamic therapy for gastrointestinal cancer. They found that intense light exposure led to quicker cell death, while weaker light was less effective, leading to possible tumor recurrence. This research provides an important reference for optimizing photodynamic therapy strategies for gastrointestinal tumors. Currently, radical surgical resection remains the primary treatment for esophageal cancer. However, esophageal anastomotic leak poses a serious postoperative complication after esophagectomy. Hu et al. investigated a novel approach for esophageal anastomotic leak treatment, involving the combined transplantation of mesenchymal stem cells and fibrin scaffold, which effectively promoted esophageal anastomotic leak closure and healing. Their porcine model experiment demonstrated the potential therapeutic efficacy of this method in treatment, offering promising prospects for improving patient outcomes and reducing treatment risks. Xiang et al. suggested Agrimol B as a potential drug for colorectal cancer, and Tan et al. reported a new technique for acute intestinal obstruction. Liu et al. found that the size of platelets could be a significant predictor for outcomes in esophageal squamous cell carcinoma. Larger platelets were linked to higher survival rates, and the study offers insights into whether postoperative chemotherapy is beneficial for certain patients.

As genomics technology continues to advance, the analysis of gene expression profiles coupled with the integration of clinical data, medical imaging, and laboratory information opens up new possibilities. The incorporation of these datasets with cutting-edge bioinformatics techniques, including machine learning algorithms, holds the promise of creating highly accurate and robust predictive models, which provide valuable support for medical decision-making. Research efforts will concentrate on the development of personalized therapeutic drugs and strategies to enhance treatment effectiveness and reduce unnecessary treatment risks. In-depth exploration of the mechanisms behind immunotherapies and chemotherapies will facilitate the discovery of new targets and combination treatment approaches. Overall, the medical field will continue its trajectory towards personalized medicine and intelligent healthcare, ultimately delivering more precise and effective medical services to patients.
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Background

Skeletal muscle atrophy is the major hallmark of cancer cachexia. The mechanisms underlying muscle wasting remain elusive in cachectic patients. Our research seeks to identify differentially expressed genes (DEGs) between non-cachectic and cachectic cancer patients and elucidate their functions.



Methods

We screened the DEGs of skeletal muscle between patients with and without cachexia from microarray data. Biological function of DEGs is analyzed through gene enrichment analysis, while an interaction network is constructed to visualize how genes are related. A Spearman’s correlation analysis demonstrated the clinical significance of DUSP1 related to cancer cachexia. Skeletal muscle samples were collected and histomorphology studies were conducted. Function of DUSP1 on myogenesis was clarified by qPCR, western blotting, and immunofluorescence.



Results

We screened 324 DEGs in skeletal muscle from patients with and without cachexia. The results of the gene enrichment analysis indicated that inflammatory cytokines and immune responses contribute significantly to the pathological condition of cachexia. DUSP1 was one of the key genes in the regulating network. DUSP1 protein and mRNA levels were increased significantly in skeletal muscle tissues from patients with cancer cachexia. DUSP1 expression in cachectic group was found to have negative correlation with SMA, prealbumin and BMI and positive correlation with TNFα, IL6 and weight loss. Significant changes of myogenesis related genes were observed in myocyte after DUSP1 was overexpressed and knocked down.



Conclusion

In skeletal muscle of cachectic patients, DUSP1 expression was observed to be higher and thus DUSP1 promote muscle atrophy by inhibiting myogenesis. DUSP1 is expected to be a specific target in cancer cachexia for preventing and treating muscle atrophy.
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Introduction

Cachexia is a metabolic syndrome with multifunctionality characterized by involuntary weight loss as a result of skeletal muscle wasting and/or degradation of adipose tissue, which approximately 30%–90% of cancer patients suffered from, preferentially at advanced tumor stages (1). Progressive impairment and dysfunction of multiple organs are caused by cachexia that is responsible for approximately 20% of all cancer mortalities (2). Cancer cachexia remains unclear in terms of its pathophysiology, but the consensus is that there is a complex interaction between tumor and patient-derived factors which result in a negative energy balance (3). Accordingly, identifying crucial molecules that contribute to the pathogenic process of cancer cachexia could facilitate the formulation of therapeutic strategies for preventing or alleviating cachexia.

Approximately 40-50% of a person’s body weight is made up of skeletal muscle, which is both the body’s largest tissue mass and its primary protein storage organ (4). An important characteristic of cachexia is the decrease in body weight and skeletal muscle wasting, whether there is a decrease in adipose tissue associated with them or not, altered metabolism and chronic inflammation (5). It is suggested that cachexia appears to be the leading cause of death among cancer patients due to muscle wasting (6). Thus, maintaining muscle mass may increase survival rates. It has been well established at the cellular level that muscle atrophy in cachexia is predominantly caused by myofiber atrophy, the size of which is controlled by the ratio of protein production to breakdown (7). Previous research revealed that expression of genes according to a common program underlies multiple forms of skeletal muscle atrophy (8). It was demonstrated as a standard response that transcriptional activation of ubiquitin ligases occurs in skeletal muscle atrophy resulting from cancer cachexia (9). Hence, it is essential to better understand the pathophysiological basis of skeletal muscle atrophy, which represents a major clinical feature of cachexia.

Dual specificity phosphatase (DUSP) can dephosphorylate and inactivate MAPKs, ERK, p38, and JNK in multiple manners as mitogen-activated protein kinase (MAPK) phosphatases (10). As a member of the MKP family, mitogen-activated protein kinase phosphatase-1 (MKP-1) is another name for DUSP1 (11). DUSP1 participates in numerous biological processes, for instance, inflammation, cellular physiological activity, neuroprotection and neuronal axonal development and by regulating MAPK signaling pathways (12). DUSP1 overexpression in prostate cancer cells promotes apoptosis through inhibiting the MAPK/NF-kB signaling pathway (13). In osteoarthritis, miR-337-3p inhibits the ubiquitination of DUSP1 through negative targeting of SKP2 and inactivates the p38 MAPK pathway (14). In addition, DUSP1 has been proved to acts via MAPK signaling pathway to induce the mRNA destabilization of protein-tristetraprolin to inhibit secretion of pro-inflammatory cytokine from smooth muscle cells (15). However, its roles in skeletal muscle and whether it can regulate the cellular activities of muscle cells in pathological process of cachexia remains unknown.

We aimed to discover the expression level of DUSP1 in cachectic patients and its potential functions in our study by the following three steps: First of all, expression profile data of cachectic and non-cachectic samples in the Gene Expression Omnibus (GEO) was acquired to analyze the differentially expressed genes (DEGs). Subsequently, functional enrichment analysis was then conducted using the protein-protein interaction (PPI) network, GSEA, KEGG and GO. Furthermore, cellular functions and clinical significance of DUSP1 in cachexia were investigated.



Materials and methods


Human tissue specimens

This study enrolled 97 patients diagnosed with a primary gastrointestinal tumor who underwent radical resection at the General Surgery Department, Zhongshan Hospital, Fudan University. Cancer cachexia was diagnosed in 49 patients with a six-month weight loss of more than 5%; there was no significant weight loss among the rest of them during the past six months. For purpose of determining the skeletal muscle area (SMA, cm2), we acquired CT image of the plane of the third lumbar vertebrae for analysis. No radiotherapy or chemotherapy was administered prior to surgery. In all patients, total resections were performed, and histopathological and pathological analysis was performed between 2018.06 and 2020.06. Muscles were derived from the abdominal incision site on rectus abdominis. All tissues were instantly frozen and preserved in liquid nitrogen until use. Regulatory approval of the study was obtained from Zhongshan Hospital, Fudan University (Approval No. B2019-193R). Informed consent was obtained from all participants prior to conducting in the study.



Cell culture and differentiation

Mouse derived C2C12 cells were kindly provided by Prof. Ying Feng from Shanghai Institute of Nutrition and Health, Chinese Academy of Sciences. C2C12 cells were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and maintained in a humidified incubator with 5% CO2 at 37°C. To differentiate C2C12 myoblasts into myotubes, myoblasts were grown in DMEM supplemented with 10% FBS until they reached ~85–90% confluence. The FBS medium was then replaced with DMEM medium supplemented with 2% horse serum. Cells were incubated for 4 additional days to allow for terminal differentiation.



Data acquisition

The transcriptome data and clinical information was obtained from Gene Expression Omnibus (GEO, ID: GSE130563). This dataset included expression data obtained from rectus abdominis biopsies of patients undergoing radical resection surgery with or without cachexia.



Functional enrichment analysis

Differentially expressed genes (DEGs) analysis was conducted through the limma package of R software between cachectic and non-cachectic groups. The significance criteria were | logFC | > 0.4 and P-value < 0.05. Gene Ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were implemented using the clusterProfiler package of R software. Gene set enrichment analysis (GSEA) was implemented by GSEA software (version 4.1.0, www.gsea-msigdb.org/gsea).



Protein-protein interaction network (PPI network)

PPI network of DEGs was constructed through Online program STRING (string-db.org/). Visualization of the interaction results from the tool was constructed through Cytoscape software (v3.7.2).



Transcription factor (TF-gene) and gene-miRNA interaction networks

TF-gene and gene-miRNA networks were constructed based on data from ENCODE ChIP-seq (https://www.encodeproject.org/) and miRTarBase v8.0 (mirtarbase.cuhk.edu.cn/php/download.php), respectively.



Quantitative real-time PCR

We extracted total RNA from muscles by TRIzol Reagent (ThermoFisher), following instructions provided by the manufacture. The cDNA was synthesized according to the reverse transcription kit. Previously, quantitative real-time PCR protocols were described (8). GAPDH was used as normalized controls. Further information regarding primers is provided in Supplementary Table 1. Analysis of gene expression correlations was calculated through the 2-△△Ct method. Each experiment was repeated in triplicate.



Construction of plasmid and small interfering RNAs (siRNAs)

The design and synthesis of the DUSP1 overexpression plasmid pEX-3/DUSP1 and empty plasmid pEX-3 were completed by GenePharma company (Shanghai, China). The design of siRNAs targeting DUSP1 were completed by GenePharma. The Lipofectamine 2000 and Lipofectamine RNAiMAX (Invitrogen, USA) were used in the cell transfection procedure described previously (8).



Immunoblot

Total protein extracts were obtained and analyzed by western blotting in accordance with our previous description (8). DUSP1 (GeneTex, GTX47608, 1:1000), myogenic differentiation 1 (MyoD1) (Sigma, M6190, 1:1000), and myogenin (MyoG) (Abcam, ab124800, 1:500) were used as primary antibodies. The expression of tubulin was used as an endogenous control. Each experiment was repeated in triplicate.



HE staining

Incubation of muscle tissue was conducted in hematoxylin solution (Sigma) for 15 min and rinsed to remove excess stain solution. Then the sections were immersed in eosin B solution (Sigma) for 2 minutes and rinsed twice quickly using distilled water. For dehydration, section was immersed in various concentrations of ethanol and xylane (70%, 95% and 100% ethanol for 30s; xylane for 60s). All microscopy quantifications were performed in three sections per sample. Cross sectional area (CSA) quantification was conducted by ImageJ (National Institutes of Health, USA).



Immunohistochemistry

Isolated muscles were fixed in 4% paraformaldehyde (PFA). Fixation of tissue sections was performed in methanol at -20°C for 10 minutes. The tissue sections were rinsed in phosphate buffered saline (PBS) for three times, incubated in hydrogen peroxide solution (0.3% H2O2 in PBS) for 5 minutes for the removal of endogenous peroxidases, and rinsed again in PBS. After cooling for 1 hour, tissue sections were blocked at room temperature with 5% normal goat serum in blocking buffer for 45 minutes. After that, incubation of slides in dilutions of DUSP1 (1:200) in blocking reagent was performed overnight at 4°C. Then incubation of slides in a second primary antibody was performed for 1 h followed by rinsing in PBS/0.1% Tween-20. All microscopy quantifications were performed using three sections per sample. Percentage of DUSP1 positive fibers was measured using ImageJ.



Immunofluorescence of cultured cells

Incubation of C2C12 cells was performed on etched glass coverslips following the methods in the literature (16). Cells were washed and fixed in cold methanol for 20 minutes after the coverslips were rinsed in PBS. After three PBS washings, the slides were washed in 5% BSA for 30 min for blocking. The Myosin heavy chain (MyHC) (Sigma, M4276) dilution was incubated overnight at 4°C. Following PBS rinse, all coverslips were incubated with secondary antibody and MitoTracker Green FM (YEASEN, Shanghai) fluorescence probe at room temperature for 1 hour. Rinsing coverslips with PBS again. Images were taken by DM2500 Fluorescence Microscope (Leica).



Statistical analysis

Statistical analysis was completed using GraphPad Prism. Data characteristics were expressed as the mean ± standard deviation of independent samples. Differences between groups were determined using a student’s t-test. Spearman correlation coefficients were conducted to assess relationships between continuous variables. t-test and χ2 test were conducted respectively for continuous data and categorical data. P values of less than 0.05 were considered to be significant. * stands for p< 0.05 and ns stands for not significant.




Results


Identification and functional enrichment analysis of DEGs in muscle samples with or without cachexia

Muscle samples from patients with or without cachexia were analyzed for gene expression profile differences. 324 DEGs, including 196 upregulated and 128 downregulated, were illustrated by volcano plot in (Figure 1A). The differences between two groups were statistically significant (|logFC| > 0.4, p < 0.05). Between cachectic and non-cachectic groups, the top ten down-regulated DEGs and top ten up-regulated DEGs were listed (Table 1). With the purpose of providing a better insight of the potential functional implications of 324 DEGs of muscle between cachectic and non-cachectic groups, GO functional enrichment analysis was performed (Figure 1B). Biological process (BP) included neutrophil degranulation, muscle cell migration, platelet-derived growth factor receptor signaling and smooth muscle cell regulation. Cellular components (CC) included membrane region, membrane microdomain, cis-Golgi network and membrane raft. Molecular function (MF) included growth factor binding, pattern binding, polysaccharide binding and transforming growth factor β binding. Specifically, top5 GO terms were displayed (Figures 1C, D).




Figure 1 | 324 DEGs were identified as being statistically significant between groups. (A) Volcano plot of DEGs. (B) GO functional enrichment analysis of DEGs. (C) Top 5 GO terms and related genes. (D) Top 5 GO terms.




Table 1 | Top 10 downregulated mRNAs and 10 upregulated mRNAs in cachectic group compared to non-cachectic group.





GSEA analysis of DEGs in muscle samples with or without cachexia

GSEA analysis was performed to identify putative biological pathways involved in skeletal muscle of cachectic and non-cachectic patients. We found that reactome innate immune system, reactome signaling by interleukins, reactome neutrophil degranulation, reactome cytokine signaling in immune system, FAK/PI3K-AKT-mTOR signaling pathway and naba matrisome were enriched in cachectic muscle group as demonstrated in (Figures 2A-F). These results demonstrated that immune response and inflammatory cytokines might play critical roles in pathological process of cachexia in skeletal muscle.




Figure 2 | Enrichment plots from GSEA. (A–F) Biological pathways involved in skeletal muscle metabolism were illustrated by Gene set enrichment analysis. ES, enrichment score; NES, normalized ES; ADJ P-val, adjusted P-value.





Interaction network of DEGs in muscle samples with or without cachexia

The network of DEGs was built in muscle through STRING between cachectic and non-cachectic samples with a threshold of 0.4. It is shown in Cytoscape-MCODE that the PPI network contains 146 nodes and 233 edges (Figure 3A). The top 10 DEGs were then linked to potential transcription factors/miRNAs through an interaction network we constructed (Figures 3B, C). The genes DUSP1, IER5, and RPL23A were key players in the regulatory network. DUSP1 was associated with transcription factors like ZNF394, ZBTB33, STAT3, SIRT6, MYNN, and KLF1. MiRNAs such as miR-98-5p, miR-4659-3p, miR-101-3p, let-7f-5p, miR-26b-5p, miR-129-5P and let-7a-5p might be regulation factors of DUSP1.




Figure 3 | The PPI network and interaction network of DEGs. (A) The PPI network of DEGs was constructed through Cytoscape. (B) Interaction network linking top 10 DEGs to transcription factor. (C) Interaction network linking top 10 DEGs to miRNAs.





Muscle atrophy and DUSP1 upregulation induced by cachexia

According to the findings above, we deduced that DUSP1 might act as an essential factor of skeletal muscle atrophy in patients with cancer cachexia. To further clarify clinical significance of DUSP1 in muscle fibers, HE staining, and immunohistochemistry were performed in muscle tissues of rectus abdominis from patients with and without cachexia. Quantitative HE staining showed a significant reduction of myofiber cross-sectional area in the muscles of patients in cachectic and non-cachectic groups in the comparison (Figures 4A, B, p<0.05). Patients with cachexia had higher levels of DUSP1 expression in their myofibers compared to patients without cachexia, according to representative images of IHC (Figures 4C, D, p<0.05). Following that, we evaluated the expression of DUSP1 in muscle and tumor tissues of 97 patients with gastrointestinal tumor by qPCR assay. The results showed that cachectic patients exhibited significant DUSP1 upregulation in skeletal muscle tissues (Figure 4E), p<0.05), while no significant difference of DUSP1 expression in tumor tissues was observed between two groups (Figure 4F).




Figure 4 | Expression of DUSP1 was associated with pathological process in cancer cachexia. (A) Morphological evaluation of skeletal muscle between cachectic and non-cachectic patients (hematoxylin–eosin) (Scale bar=100um). (B) Myocyte cross sectional area evaluation between cachectic and non-cachectic patients. (C) Representative images of IHC revealing DUSP1 expression between cachectic and non-cachectic patients. (D) Percentage of DUSP1 positive fibers in skeletal muscle between cachectic and non-cachectic patients. (E) Expression of DUSP1 in muscle tissues between cachectic and non-cachectic patients. (F) Expression of DUSP1 in tumor tissues between cachectic and non-cachectic patients. *p < 0.05; ns, not significant.





Correlation of DUSP1 with cachexia-related characteristics

The clinical significance of DUSP1 was then investigated in the skeletal muscle tissues of patients with gastrointestinal tumor. All the serum determinations of the 97 patients were evaluated before surgery (Table 2). We divided them into cachexia and non-cachexia groups and an analysis of clinical-pathological correlations between groups was conducted. It was showed that cachectic patients had significantly higher level of weight loss, disease stage, IL6, TNFα and free fatty acid (FFA) in the analysis. While they had significantly lower level of BMI, apolipoprotein E, prealbumin and SMA. A correlation matrix illustrated the correlation between cachexia-related clinical-pathological characteristics and DUSP1 expression across all patients. A negative correlation was found between DUSP1 expression and BMI (r=-0.629, p<0.01), prealbumin (r=-0.585, p<0.01), SMA (r=-0.698, p<0.01), and a positive correlation with weight loss (r=0.768, p<0.01), IL6 (r=0.750, p<0.01) and TNFα (r=-0.575, p<0.01), as expected (Figure 5). According to these findings, DUSP1 was strongly associated with the muscle atrophy of cachexia in gastrointestinal neoplasms.


Table 2 | Clinical characteristics of 97 participants.






Figure 5 | Spearman correlation matrix for variables. Yellow indicates positive correlations and blue indicates inverse correlations. Correlation strength is indicated by color intensity.





DUSP1 inhibited myoblast differentiation in vitro

Due to the importance of myogenesis in maintaining muscle mass, we next investigated how myogenesis is impacted by DUSP1. C2C12 myoblast were transfected with three independent siRNAs before differentiation. Two siRNAs effectively knocked down target genes (Figure 6A). The expression of MyoD1 and MyoG increased significantly as a consequence of knockdown of DUSP1 showed in western blotting and qPCR (Figures 6B, C). Considering that mitochondrial function might be involved in muscle physiology, immunofluorescence of mitochondria and MyHC in myocyte was performed. The result indicated that mitochondrial morphology revealed fusion-dominant and myogenic differentiation was enhanced after the knockdown of DUSP1 (Figure 6D). To further investigate DUSP1’s function in myocytes, we transfected C2C12 with DUSP1 overexpression vectors in order to upregulate expression of DUSP1 before differentiation. The expression of DUSP1 increased about four-fold as a consequence of transfecting of DUSP1 overexpression vector showed in qPCR (Figure 6E). When DUSP1 is overexpressed, in both qPCR and western blotting experiments, MyoD1 and MyoG are significantly down-regulated (Figures 6F, G). The result of immunofluorescence indicated that mitochondrial morphology revealed fission-dominant and myogenic differentiation was weakened after the overexpression of DUSP1 (Figure 6H).




Figure 6 | DUSP1 suppressed myoblast differentiation in vitro. (A) Relative DUSP1 expression with or without DUSP1 knockdown. (B, C) Expression of markers in myocyte without or with knockdown of DUSP1 by qPCR and Western blot analysis. (D) Representative images of the C2C12 myotube without/with knockdown of DUSP1. Myotube was stained with MyHC and MitoTracker. (Scale bar=100μm). (E) Relative DUSP1 expression with or without DUSP1 overexpression. (F, G) Expression of markers in myocyte without or with overexpression of DUSP1 by qPCR and Western blot analysis. (H) Representative images of the C2C12 myotube without/with overexpression of DUSP1. Myotube was stained with MyHC and MitoTracker. *p < 0.05; ns, not significant.






Discussion

It has been established that muscle atrophy results in a greater risk of adverse outcomes in cachectic patients with gastrointestinal tumor. Due to this, identifying drivers of the muscle atrophy in patients is of utmost importance. In this study, microarray data targeting skeletal muscle from patients with and without cancer cachexia were screened and analyzed. As a result, 128 downregulated and 196 upregulated DEGs differed significantly between cachectic and non-cachectic groups. DUSP1 was one of the most highly expressed genes and act an essential role in regulatory network. In fact, our study found several intriguing correlations between cachexia-related characteristics and DUSP1 expression, providing suggestion that it has functional relevance in vivo. Then, in vitro experiments showed that DUSP1 could prevent myogenesis by inhibiting myocyte differentiation.

Muscle atrophy attributed to cancer cachexia is perceived as the result of dysfunction in multiple signaling pathways regulating protein synthesis and proteolysis (17). Specifically, it has been demonstrated that factors derived from tumors induce skeletal muscle atrophy by activating NF-kB and proteolysis of specific muscle mediated by ubiquitin proteasome pathway (UPS) in studies with mouse Lewis lung carcinoma (LLC) and C26-colon carcinoma (C26) (18). Besides proteolysis, impaired myogenesis and regulatory dysfunction are implicated in cachexia-induced loss of skeletal muscle (19). Since protein turnover is so low that a small imbalance can lead to significant muscle loss, cachexia-induced muscle atrophy is hard to treat and results in a much higher mortality (20–22). Therefore, we aimed to identify some DEGs that had played crucial roles in the muscle atrophy in patients with cachexia. Microarray data including 5 non-cachectic patients and 17 cachectic patients from GEO database were analyzed. Among 324 DEGs, 196 of them were upregulated and 128 of them were downregulated in rectus abdominis biopsies of patients with cachexia. With the result of GSEA analysis and DEGs interaction network, we concluded that DUSP1 might be crucial in the pathological process of muscle atrophy in cachectic patients.

It was well established that the ubiquitin proteasome pathway critically contributes to the initiation and development of cancer cachexia. As consequence of activation, increased expression of muscle atrophy F-box (MAFbx/FbxO32) in muscles leads to a higher skeletal muscle degradation. In addition, MyHC, MyoD, and MyoG, related to myogenesis, were downregulated and myostatin (Mstn) was upregulated (23, 24).

DUSP1 belongs to superfamily of protein tyrosine phosphatases that includes 10 MAPK phosphatases (MKPs) that inhibit MAPK signaling through dephosphorylation of MAPKs (25). It has been established that DUSP1,among the 10 family members, plays a regulatory role in a variety of cellular responses, especially in inflammation. Prior reports have indicated that DUSP1 regulates oral cancer-associated inflammation and leukocyte infiltration (26). However, to date, the role of DUSP1 in muscle atrophy of cancer cachexia remains unclear. As far as we know, it has been documented that DUSP1 could influence the differentiation of skeletal myocyte via negatively modulating the ERK/MAPK pathway (27). But the expression and function of DUSP1 in muscle atrophy during cancer cachexia has not been reported. A significant upregulation of DUSP1 was found in skeletal muscle of cachectic patients in our study. DUSP1 expression in cachectic group was found to have negative correlation with SMA, prealbumin and BMI and positive correlation with TNFα, IL6 and weight loss. These findings indicated that DUSP1 gene contributes significantly to the muscle atrophy during cancer cachexia. Our study then confirmed that upregulation of DUSP1 inhibited MyoD1, MyoG and MyHC expression in myocyte, along with the mitochondrial fission. Inhibition of myocyte differentiation induced by malfunction of mitochondria was reported to be an effector of muscle atrophy in cancer cachexia (28). Previously, our study has observed some abnormal mitochondrial fission in skeleton muscle cells of cachectic patients, which provided additional insights into the dynamics of mitochondria in cachectic muscle atrophy (8). By overexpressing and knocking down DUSP1, our study clarified that DUSP1 induces muscle atrophy by inhibiting myogenesis in skeletal muscle. Consistent with our previous study, these indicated that myogenesis-related genes might be important regulators of the muscle synthesis in cancer cachexia. Previous research has proved that angiotensin II could lead to weight loss through increased protein breakdown, reduced protein synthesis in skeletal muscle through ERK/MAPK pathway (29). It is deserved to explore whether angiotensin II could be regulated by DUSP1 through ERK/MAPK pathway in further research.

There are limitations to this study. Although expression of DUSP1 did not reveal significant deference in tumor tissues between patients with and without cachexia, we cannot confirm whether DUSP1 in skeletal muscle was regulated by tumor-derived factors. Further research will be needed to investigate the connections between tumor-derived factors and DUSP1.



Conclusions

In conclusion, our study screened gene expression profiles of skeletal muscle in patients with and without cancer cachexia. Numerous DEGs have been identified and DUSP1 was one of the highly expressed genes. Clinical studies showed that DUSP1 expression was found to have negative correlation with SMA, prealbumin and BMI and positive correlation with TNFα, IL6 and weight loss. In vitro experiments demonstrated that DUSP1 hindered myogenesis through modulation of differentiation related genes. As a result of our findings, DUSP1 was expected to be a specific target for preventing and treating cachectic muscle atrophy in patients with gastrointestinal tumor.
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Background

Spindle and kinetochore-associated complex subunits 1–3 (SKA1–3) stabilize the kinetochore-attached spindle microtubules in metaphase. Due to the dysregulation in multiple cancers, SKA1–3 is considered a predictor for the prognosis of the patients. However, the potential clinical applications of SKA1–3, particularly in hepatocellular carcinoma (HCC) prognosis and progression, have completely unknown yet.



Methods

For the analysis of SKA1–3 expression and applications in clinics in HCC patients, several databases, such as STRING, UALCAN, GEO, and TCGA, were searched. In addition, the underlying mechanisms of SKA for the regulation of HCC occurrence, development, and progression were also explored.



Results

Compared to the normal controls, HCC patients showed dramatically elevated SKA1–3 expression at the mRNA level, and the values of the area under the curve (AUC) were 0.982, 0.887, and 0.973, respectively. Increased SKA1–3 expression levels were associated with the clinical stage, age, body mass index, tumor grade, tissue subtype, and Tp53 mutation status in HCC patients. The analyses of Kyoto Encyclopedia of Genes and Genome (KEGG) and Gene ontology (GO) demonstrated that SKA1–3 are enriched mainly in the Fanconi anemia, homologous recombination, spliceosome, DNA replication, and cell cycle signaling pathways. The hub genes, such as CDK1, CCNB1, CCNA2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11, were identified in protein–protein interactions (PPIs). The expression levels of hub genes were increased in HCC patients and predictive of a poor prognosis. Finally, the expression levels of SKA1–3 were determined using the GEO database.



Conclusions

SKA1–3 are potential prognostic biomarkers of and targets for HCC. In addition, SKA1–3 may affect HCC prognosis via the Fanconi anemia pathway, homologous recombination, spliceosome, DNA replication, and cell cycle signaling pathway.





Keywords: spindle and kinetochore-associated complex subunit (SKA), liver hepatocellular carcinoma, enrichment analysis, biomarker, bioinformatics analysis



Introduction

Liver cancer is the most common cancer worldwide and has high morbidity and mortality rates (1). The patients who were diagnosed as liver cancer worldwide increased from 471,000 in 1990 to 1,007,800 in 2016 (1). Hepatocellular carcinoma (HCC) is considered the most frequently identified primary liver cancer. Patients with similar pathological types may have different underlying molecular etiologies, leading to different responses to treatment (2). The commonly used cancer treatments, such as surgical resection, radiation therapy, chemotherapy, and immune checkpoint therapy, have limited efficacy against HCC (3–6). Therefore, new therapies are required for advanced HCC to improve patient outcomes; in particular, multimodal therapies are required that can improve the tumor response in HCC patients.

Spindle and kinetochore-associated complex subunits (SKAs) stabilize the centromere-attached spindle microtubules during mid-mitosis, which promotes the completion of mitosis. SKAs include SKA1–3 and play important roles in non-neoplastic diseases, such as obsessive-compulsive disorder (4); they also predict the development of post-traumatic stress disorder (5). SKA1–3 affect the occurrence and development of several cancers and is a poor prognosis marker in lung cancer, esophageal carcinoma, and kidney renal papillary cell carcinoma (KIRP) (6).

The SKA1 expression level is increased in non-small cell lung cancer and is associated with cancer progression by regulating cell proliferation, migration, and invasion (7). The SKA2 expression level is upregulated in esophageal carcinoma tissues compared with the adjacent normal tissues. Through enhancing the AKT signaling pathway activity and elevating the expression of certain epithelial–mesenchymal transition-associated markers, such as N-cadherin and Snail, SKA2 could significantly participated in the regulation of esophageal carcinoma cells proliferation, migration, and invasion (8). SKA3 is a target of KIRP and predicts a poor prognosis due to its effects on the RAS/MAPK, PI3K/Akt, hormone estrogen receptor, hormone androgen receptor, DNA damage, and cell cycle (9). Therefore, SKA1–3 are useful prognostic biomarkers and potential therapeutic targets for several cancers.

Previous studies have found that SKA2 accelerates HCC progression via Wnt/β-catenin signaling upregulation (10). However, the potential clinical applications of SKA1–3, particularly for HCC prognosis and development, are yet to be fully elucidated. Thus, we performed a comprehensive analysis using several databases and web tools to investigate SKA expression and its relationships with clinical outcomes and prognosis in HCC patients.



Methods


The analysis using the cancer genome atlas

As a landmark cancer genomics program for the molecular characterization of more than 33 cancer types, 20,000 matched normal samples and primary cancer were contained in TCGA (http://cancergenome.nih.gov/).



The analysis using GEPIA and UALCAN

As two opened databases, GEPIA(http://gepia.cancer-pku.cn/) and UALCAN (http://ualcan.path.uab.edu/) are frequently used to analyze the gene expression of the data from TCGA. For the analysis of SKA1–3 and their hub genes expression in HCC and normal samples, the evaluation of the associations of the SKA1–3 with HCC patients’ clinicopathological characteristics (tumor grade, cancer stage, body mass index, age, and stage), and the determination of the SKA1–3’s prognostic values for HCC prognosis, the GEPIA and UALCAN databases were applied.



The analysis using cBioPortal

To analyze the clinical and genomic data comprehensively, we employed the cBioPortal database (www.cbioportal.org/) to integrates the data sourced from other databases, such as the International Cancer Genome Consortium and TCGA. Meanwhile, we also analyzed and evaluated the SKA1–3 expression at the mRNA level with the cBioPortal database (RNA Seq v2 RSEM).



The analysis of biological functions

The data for gene expression from 535 HCC patients in HTSeq-fragments per kilobase per million (FPKM) were obtained from TCGA website. The Pearson correlation coefficients (p < 0.001, |r| > 0.4) were applied to screen the co-expressed of genes with SKA1–3. For exploring the potential signal pathways and biological functions mediated by SKA1-3, the package “clusterProfiler” was applied to perform the Kyoto Encyclopedia of Genes and Genome (KEGG) and Gene ontology (GO) analyses of co-expressed genes. The categories of the molecular function (MF), cell composition (CC), and biological process (BP) were contained in the analysis of GO. The data of gene expression from TCGA was analyzed by GSEA. The value of P less than 0.05 was considered as significant difference.

Based on the string database, we constructed a PPI network of the gens co-expressed with SKA. The significant difference was set as the combined score more than 0.7. Then, the Cytoscape 3.6.1 software was applied to import the PPI network. The CytoHubba plug-in was used to screen the hub genes, and the first 10 genes were defined as hub genes.



The analysis using GEO

The GEO database (https://www.ncbi.nlm.nih.gov/geo/) was created by the National Center for Biotechnology Information in 2000 and contains the data for high-throughput gene expression. GEO is an international public database that collects and organizes microarray data, next-generation sequencing data, and other forms of high-throughput genomic data uploaded by researchers worldwide, including those related to tumors and non-tumor diseases. We searched the GEO database to obtain the relevant data.



Statistical analysis

The data with normal distribution were showed as means ± standard deviation. The intergroup comparisons were conducted by Student’s t-test. The values at different time points from same individual or group were compared using the paired samples t-test. The data with non-normal distribution were compared by the rank sum test. The P value less than 0.05 was set as the significant difference. All analyses were performed using R 3.6.3(http://www.R-project.org) and R online site(www.xiantao.love/products).




Results


SKA1–3 expression in human cancers

The RNAseq data with level 3 HTSeq-FPKM format was downloaded from the ALL (Pan-Cancer) project of TCGA (http://cancergenome.nih.gov/). Then, the log2-transformation was performed to the RNAseq data in the FPKM format. SKA1–3 expression between the adjacent normal and tumor tissues is shown in Figure 1. Compared with the normal tissues, SKA1 expression was significantly higher in tumor tissues, except in the case of kidney chromophobes. Except for kidney renal clear cell carcinoma, KIRP, and prostate adenocarcinoma, we observed that tumor tissues exhibited significantly high expression of SKA2 compared to that of normal tissues. Additionally, except for pheochromocytoma and paraganglioma, dramatically high expression of SKA3 in tumor tissues was also discovered compared to that in normal tissues. In HCC, SKA1–3 expression levels were all higher in cancer tissues than normal tissues (Figure 2).




Figure 1 | The SKA1/2/3 expression levels in different types of human cancers. (A) SKA1, (B) SKA2 (C) SKA3 (ns, p≥0.05 *P<0.05, **P<0.01, ***P<0.001).






Figure 2 | The expression of SKA1/2/3 in HCC in TGCA. SKA, spindle and kinetochore-associated; HCC, Hepatocellular carcinoma; the cancer genome atlas, TGCA (ns, p≥0.05, ***P<0.001).





SKA1–3 mRNA expression in UALCAN

Analysis of the cBioPortal and TCGA databases showed increased frequencies of SKA1–3 mRNA expression in HCC of 4%, 11%, and 9%, respectively (Figures 3 and 5), with AUC values of 0.982, 0.887, and 0.973, respectively (p < 0.05; Figure 4).




Figure 3 | Expression of SKA1/2/3 in cBioPortal database in HCC patients; SKA, spindle and kinetochore-associated; HCC, Hepatocellular carcinoma.






Figure 4 | Expression of SKA1/2/3 in TGCA database. (A) is SKA1, (B) is SKA2, (C) is SKA3 SKA1/2/3, spindle and kinetochore associated complex subunit 1/2/3; AUC, area under curve; Cl, confidence level.



High SKA1–3 levels were closely related to the cancer stage, weight, tumor grade, Tp53 mutation status, tumor histology, and HCC prognosis. The significant correlations of the elevated SKA1–3 expression with the HCC patient’s prognosis and clinicopathological features were observed from the UALCAN database. Additionally, a association of the high SKA1 expression with the tumor histology, Tp53 mutation status, tumor grade, weight, and cancer stage, was also discovered. Meanwhile, we also observed the close relation between the elevated SKA2 expression and the tumor histology, Tp53 mutation status, tumor grade, weight, age, and cancer stage, as well as the correlation between the increased SKA3 expression with the tumor histology, Tp53 mutation status, tumor grade, weight, and cancer stage (p < 0.05; Table 1).


Table 1 | The relationships between SKA1/2/3 expression and clinicopathological features in HCC patients in the UALCAN database.



In addition, compared to those low SKA1- and SKA3-expressed HCC patients, the SKA1- and SKA3-expressed patients exhibited a worse prognosis (p < 0.01; Figures 5A, C). However, no significant association of the SKA2 expression with the HCC prognosis was observed (p > 0.05; Figure 5B).




Figure 5 | The relationship of SKA1 (A), SKA2 (B), SKA3 (C) with OS in HCC patients in TGCA database. SKA, spindle and kinetochore associated; OS, overall survive.



And we testify in TGCA database, we found the higher expression of SKA1-3 in tumor group, pathological stage III and IV group, tumor status and AFP more than 400ng/ml group. But there was no significant difference in gender. The expression of SKA2-3 in age less than 60 years was higher than older than 60 years. The expression of SKA1-2 in BMI less than 25Kg/m2 was higher than heavier than 25Kg/m2. The expression of SKA1 and SKA3 in tumor free group were lower than the group with tumor, as well as the patient with vascular invasion (Table 2).


Table 2 | The relationships between SKA1/2/3 with clinicopathological parameters in HCC patients.





Genes co-expressed with SKA1–3

In TCGA transcriptome data, the numbers of the gene positively correlated with SKA1, SKA2, and SKA3 were 2,757, 1,381, and 2,815, and the numbers of the gene negatively correlated with SKA1, SKA2, and SKA3 were 89, 12, and 82 respectively. Figures 6A–C showed the top 10 co-expressed genes correlated with SKA1–3 positively and negatively. Moreover, the 1,113 intersections among SKA1–3 co-expressing genes are shown in a Venn diagram (Figure 6D).




Figure 6 | The top 10 genes with positive and negative co-expression of SKA1 (A), SKA2 (B), SKA3 (C) in TCGA database according to Heat map and Venn map. (D) Intersection co-expression genes of SKA1/2/3. Note: |r| >0.4 and P<0.001. SKA, spindle and kinetochore associated. ***P<0.001.





GO and KEGG analyses

Next, for exploration of the SKA1–3 functions in HCC, we conducted the analyses of GO and KEGG in the genes co-expressed with SKA1–3. The main BPs affected by the SKA1–3 co-expressed genes included DNA replication, chromosome segregation, nuclear division, and organelle fission. The main CCs in associated with the SKA1–3 co-expressed genes included centromeric region, chromosome, condensed chromosome, spindle, and chromosomal region. The main MFs influenced by the SKA1–3 co-expressed genes included DNA-dependent ATPase activity, DNA helicase activity, helicase activity, acting on DNA, and catalytic activity (Figure 7). The results from KEGG analysis indicated that the SKA1–3 co-expressed genes regulated the Fanconi anemia pathway, homologous recombination, cell cycle signaling pathway, spliceosome, and DNA replication (Figure 8). Our results suggest that in HCCs, SKA1–3 participate in the Fanconi anemia pathway, homologous recombination, spliceosome, DNA replication, and cell cycle signaling pathway.




Figure 7 | GO analysis of SKA1 (A), SKA2 (B), SKA3 (C) co-expression genes, and intersection co-expression genes among with SKA1/2/3 (D). GO, Gene ontology.






Figure 8 | KEGG pathway enrichment analysis of SKA1 (A), SKA2 (B), SKA3 (C) co-expression genes, and intersection co-expression genes among with SKA1/2/3 (D). SKA, spindle and kinetochore associated complex subunit. KEGG, Kyoto Encyclopedia of Genes and Genome.





Analysis of hub genes in the PPI network

Ten representative hub genes, such as CDK1, CCNB1, CCNA2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11, were identified using the analysis of PPI network (Table 3). TCGA analysis demonstrated that the expression levels of CDK1, CCNB1, CCNA2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11 were significantly elevated in the patients with HCC (p < 0.05; Figure 9) and associated with the disease-free progression and overall survival (OS) of HCC patients (Figures 10 and 11).


Table 3 | The correlations between the representative 10 Hub genes with SKA1/2/3 in HCC patients.






Figure 9 | Hub gene expression was increased in HCC in TGCA database. The expressions of CDK1, CCNB1, CCAN2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11 were shown. ***P<0.001.






Figure 10 | The hub gene related to the overall survival (OS) of HCC patients in TGCA database. The expressions of CDK1 (A). CCNB1 (B), CCAN2 (C), TOP2A (D), BUB1 (E), AURKB (F), CCNB2 (G), BUB1B (H), NCAPG (I), and KIF11 (J) were shown.






Figure 11 | The hub gene related to the disease specific survival (DSF) of HCC patients in TGCA database. The expressions of CDK1 (A). CCNB1 (B), CCAN2 (C). TOP2A (D), BUB1 (E), AURKB (F), CCNB2 (G), BUBIB (H), NCAPG (I), and KIF11 (J) were shown.






External validation


SKA1–3 mRNA expression levels in the GEO database

For the validation of the results of SKA1–3 expression, we downloaded GSE84402 (5) datasets from GEO (http://www.ncbi.nlm.nih.gov/geo/) and generated the expression profiling arrays using GPL570 (HG-U133_Plus_2) Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix, Santa Clara, CA, USA). In addition, the GSE84402 dataset was obtained, which included 28 specimens from 14 paired HCC and corresponding non-cancerous tissues. Similar to TCGA analysis, SKA1–3 expression levels were higher in tumor than normal tissues (Figure 12).




Figure 12 | The expression of  SKA1 (A), 2 (B), 3 (C) in HCC patients in GEO database (GSE 884402). (*P<0.05, **P<0.01, ***P<0.001).






Discussion

As a key component in the motor-binding microtubules (11), SKA aberrantly expression results in spindle checkpoint defects, which play a key role in cell cycle regulation and tumorigenesis (12). Several studies have demonstrated that SKA1–3 are involved in apoptosis and tumorigenesis, and their abnormal expression or activation is common in malignant tumors. As a result, SKAs are significantly correlated with malignant tumors (13).

High SKA1 expression was significantly correlated with tumor size, cellular differentiation, and a poor prognosis in pancreatic ductal adenocarcinoma. In addition, SKA1 in pancreatic ductal adenocarcinoma acts as a tumor promoter, and SKA1 overexpression promoted cell proliferation, migration, and invasion in vitro and in vivo (14). SKA1 knockdown inhibited cell proliferation, invasion, migration, and cell cycle arrest in human adenoid cystic carcinoma (15). SKA1 was found to be significantly overexpressed in esophageal squamous cell carcinoma cells, and suppression of the SKA1 expression could significantly inhibit the cell cycle progress, cell migration and proliferation, and promote the cell apoptosis (16).

A recent study reported that the mRNA level and immunohistochemical staining of SKA2 were significantly increased in HCC tissues compared with normal tissues (17). Due to the direct targeting of miR-140-3p to SKA2, overexpression of SK2 could partially suppress the inhibitory effect of miR-140-3p restoration in breast cancer cells (18). Another study demonstrated that miR-301, the locus of which is in the intron of the SKA2 gene, is responsible for centromere assembly, and that the two genes are co-expressed in primary breast cancer samples (19). The association of SKA2 with the metastasis of breast cancer was verified by the inhibition of the metastasis and migration of breast cancer observed after the blocking the SKA2 expression, and the underlying mechanism of this association is the E-cadherin translocation from the cytoplasm to the nucleus (20).

SKA3 is significantly particapted in the processes of chromosome cohesion maintenance and silencing of spindle checkpoint during mitosis (21). In the female patients with early breast cancer, the close association of the elevated SKA3 expression with a poor prognosis was observed (22). The inhibition of cell proliferation, induction of cell cycle arrest in the G1/S phase, as well as in vitro and in vivo tumorigenesis, were significantly connected to the downregulation of SKA3. In addition, SKA3 downregulation led to decreased cyclin D1 expression and retinoblastoma phosphorylation, and increased p21 level, suggesting that SKA3 mediates HCC cell cycle and progression (23). In lung adenocarcinoma, SKA3 promoted metastasis by binding to EGFR and activating the PI3K/AKT signaling pathway (24). The analyses of GSEA and RNA-Seq showed the significant participation of SKA3 in the regulation of the PI3K/Akt signaling pathway and the progression of cell cycle in cervical cancer. Western blot analysis showed that elevated SKA3 expression is significantly and positively associated with the increased expression of p-Rb, E2F1, CDK4, cyclin D1, CDK2, cyclin E2, and p-Akt in HeLa cells (25). In addition, SKA3 knockdown inhibited epithelial–mesenchymal transition (26).

In summary, SKA1–3 expression is correlated with cell apoptosis, proliferation, and cell cycle progression and connected to cancer patients’ poor prognosis. However, the expression patterns and roles of SKA1–3 in HCC are unclear. In the present study, the expression, correlations with clinicopathological features, and underlying mechanisms of SKAs in HCC were explored.

In the present study, SKA1–3 expression was upregulated in HCC patients, which was associated with clinical stage, age, body mass index, tumor grade, tissue subtype, and Tp53 mutation status. Furthermore, increased SKA1–3 mRNA levels were associated with OS (SKA2: hazard ratio = 1.22; 95% confidence interval = 0.86–1.72; p = 0.263). Therefore, SKA1–3 could be used as novel targets of anticancer therapy. The main BPs associated with the genes co-expressed with SKA1–3 included DNA replication, chromosome segregation, nuclear division, and organelle fission. The main CCs in associated with the SKA1–3 co-expressed genes included centromeric region, chromosome, condensed chromosome, spindle, and chromosomal region. The main MFs influenced by the SKA1–3 co-expressed genes included DNA-dependent ATPase activity, DNA helicase activity, helicase activity, acting on DNA, and catalytic activity. The analysis of KEGG demonstrated that the genes co-expressed with SKA1–3 were involved in regulating the Fanconi anemia pathway, homologous recombination, spliceosome, DNA replication, and cell cycle signaling pathway.

Ten representative hub genes, such as CDK1, CCNB1, CCNA2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11, were identified using the analysis of PPI network. The elevated expression of CDK1, CCNB1, CCNA2, TOP2A, BUB1, AURKB, CCNB2, BUB1B, NCAPG, and KIF11 was observed by TCGA analysis in HCC (p < 0.05), and these elevated expressions were significantly connected to the disease-free progression and OS of HCC patients (27). The spindle rotation can be blocked by CDK-1 through the inhibition of the interaction between dynein with LIN-5-ASPM-1 and microtubules at the meiotic spindle poles, while through suppression of the CDK-1, APC could promote the spindle rotation (28). Due to the participation of CCNB1 in the cell cycle of HCC through the regulation of DNA replication, CCNB1 can be used for the diagnosis of early-stage HCC (29). Immunohistochemical analysis showed significantly high level of CCNA2 was observed in the tissues from breast cancer patients compared to that from normal controls (29). By regulating the p-ERK1/2/p-SMAD2/Snail pathway, TOP2A could enhanced the process of epithelial–mesenchymal transition and subsequently promote the metastasis of HCC (27). In addition, the HCC patients with the invasion into vascular, dramatically elevated BUB1B and CCNB1 expressions were observed (p < 0.05 for both) (30). Additionally, in comparison to the normal controls, the sarcoma tissues and cells exhibited obviously high BUB1, BUB1B, and BUB3 expression (31). High AURKB expression was significantly related to poor prognosis in neuroblastoma patients (32). AURKB knockdown promotes apoptosis in carboplatin-resistant cells in vitro (32). Knockdown of CCNB2 mRNA could inhibit cell proliferation, reduce breast cancer cell migration, block the G2/M cell cycle transition, and increase cell apoptosis (33). NCAPG silencing inhibited cell proliferation and induced apoptosis in endometrial cancer cells via inhibiting the Wnt/β-catenin pathway (34). Because of the depletion of KIF11 could suppress the growth of cells and tumors in vitro and in vivo, it’s believed that KIF1I could predict the prognosis of HCC (35)

We examined tissue samples from patients using the GEO database and found that SKA1–3 mRNA levels were higher in HCC tissues than in adjacent tissues. However, we did not perform in vitro or in vivo experiments. The potential application of SKA1-3 for the development and pathogenesis of HCC, as well as the related oncogenic signaling pathways were analyzed in our present study to develop multi-targeted and SKA1–3-targeted therapies.

Our study had some limitations. First, we used only the GEO database to validate our findings. Second, additional HCC samples are required to determine the interactions between SKAs and the mechanisms regulating HCC development and progression. Third, further research is needed to identify SKA functions at the cellular level.

SKA1–3 mRNA levels were dramatically increased in HCC samples and were significantly correlated with the clinical stage, age, body mass index, tumor grade, tissue subtype, Tp53 mutation status, and prognosis of HCC patients. SKA1–3 can be used to predict the prognosis of HCC patients and treat HCC. Our results will provide novel insight underlying the molecular mechanism of HCC and new therapeutic strategies related to SKA regulation. However, the verification of our present findings and development of clinical applications of SKA as promising treatment targets and prognostic biomarkers should be done in further using experimental studies.
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Early diagnosis of gastric adenocarcinoma (GAC) can effectively prevent the progression of the disease and significantly improve patient survival. Currently, protein markers in clinical practice barely meet patient needs; it is therefore imperative to develop new diagnostic biomarkers with high sensitivity and specificity. In this study, we extracted extracellular vesicles (EV) from the sera of 33 patients with GAC and 19 healthy controls, then applied data-independent acquisition (DIA) mass spectrometry to measure protein expression profiles. Differential protein expression analysis identified 23 proteins showing expression patterns across different cancer stages, from which 15 proteins were selected as candidate biomarkers for GAC diagnosis. From this subset of 15 proteins, up to 6 proteins were iteratively selected as features and logistic regression was used to distinguish patients from healthy controls. Furthermore, serum-derived EV from a new cohort of 12 patients with gastric cancer and 18 healthy controls were quantified using the same method. A classification panel consisting of GSN, HP, ORM1, PIGR, and TFRC showed the best performance, with a sensitivity and negative predictive value (NPV) of 0.83 and 0.82. The area under curve (AUC) of the receiver operating characteristic (ROC) is 0.80. Finally, to facilitate the diagnosis of advanced stage GAC, we identified a 3-protein panel consisting of LYZ, SAA1, and F12 that showed reasonably good performance with an AUC of 0.83 in the validation dataset. In conclusion, we identified new protein biomarker panels from serum EVs for early diagnosis of gastric cancer that worth further validation.




Keywords: proteomics, serum, extracellular vesicle, gastric adenocarcinoma, biomarker



Introduction

Gastric adenocarcinoma (GAC) is a highly invasive cancer with the third highest mortality rate world-wide (1–3). Although technology advancements have reduced the overall incidences and mortality of GAC (2), it remains one of the most common cancers (4). This situation is partly due to lack of sensitive methods to identify GAC at early stages, leading to unnoticed tumor progression and poor patient prognosis. Thus, early diagnosis of GAC has the potential to greatly improve the chance of patient survival (5).

Diagnostic methods used in clinical practice include upper gastrointestinal (UGI) radiography, endoscopy, histopathology and liquid biopsy. Endoscopy-guided biopsy and pathology is the “gold standard”, and is necessary for confirming the malignancy, stage, and tissue of origin (6). However, due to its invasive nature and poor patient compliance, extensive use of endoscopy in screening GAC is impractical. On the other hand, the emerging technology of liquid biopsy features non-invasiveness and low cost and has the potential to provide diagnostic information prior to the onset of symptoms, could provide a promising tool for screening gastric cancer at early stages. As potentially valuable diagnostic tools, individual protein markers provide relatively low sensitivity and specificity at present. For example, the sensitivity of CA72-4, CEA and CA125 in detecting GAC are all below 40%, but the sensitivity of combining the three proteins can rise to 66% (7). Still, sensitivity at this level remains too low to satisfy clinical demands. Discovering more efficient protein panels holds the promise to improve the sensitivity of detecting cancer at an early stage.

Previous studies have shown that EV is involved in many processes in the onset and development of gastric cancer (8–10). These vesicles carry RNAs, proteins as well as metabolites, which may reflect the pathological state of cancer cells. EV can transport specific proteins and nucleic acids into target cells in the tumor microenvironment, affecting tumor cell proliferation and metastasis, inhibiting immune surveillance and incurring drug resistance (11). In addition, the membrane structure of EV can preserve the molecular components. Due to its versatile functionalities, EV has caught tremendous attentions in cancer field.

In this study, we extracted EV from sera of GAC patients and healthy subjects, and applied LC-MS/MS technology to capture protein expression profiles. From this dataset we further screened reliable diagnostic protein biomarkers for GAC, aiming to explore the clinical usefulness of serum EV.



Materials and methods


Collection of serum samples

Peripheral blood samples were collected from healthy controls and GAC patients at Shanghai Tenth People’s Hospital. Cohort 1 consisted of 19 controls and 33 patients, while Cohort 2 consisted of 18 controls and 12 GAC patients. The demographic data and staging information are listed in Table 1. To prepare serum samples, venal blood was drawn and placed at room temperature for 30 minutes, then centrifuged at 2000 × g for 10 min. Serum was collected and stored at -80°C until use.


Table 1 | Clinical information (X denotes information unavailable).





Isolation of EV from serum samples

EV was isolated from serum samples using ultracentrifugation (UC). Briefly, 500 μL of serum was centrifuged at 2500 × g for 10 min (4°C) followed by another centrifugation at 10000 × g for 30 min to pellet cell debris. The supernatant was then filtered through a 0.22-μm cellulose acetate centrifuge filter (Costar, USA), and the filtrate was diluted with PBS into a final volume of 5 mL. Crude EVs were pelleted by ultracentrifugation at 110,000 × g (P70AT rotor, Hitachi, Japan) for 5 h. Afterwards, the pellets were resuspended with PBS and ultracentrifuge at 110,000 × g for 70 min. The final EV pellets were resuspended with 50 μL of PBS and stored at -80°C for further analysis.



Characterization of EVs

For transmission election microscopy (TEM), 10 μL of PBS-diluted EV samples were added on top of the copper grids and incubated for 10 min at room temperature. The grids were washed with 6 μL of ultrapure water and negatively stained with 3% phosphotungstic acid for 10 min. Then, the grids were washed with ultrapure water and air-dried. Imaging was performed on a H-7700 transmission election microscope (Hitachi, Japan).

To analyze particle size, EV samples were diluted 10 times with PBS and analyzed with Zetasizer Nano S instrument (Malvern, UK) according to manufacturer’s instruction.

EV samples were lysed with RIPA buffer (150 mM NaCl, 0.5% SDC, 0.1% SDS, 50 mM Tris/HCl, 1% Triton-X 100, pH 7.6) and 20 μL of each lysed sample was separated on 12% SDS-PAGE. For immunoblotting, proteins were transferred onto a nitrocellulose membrane and incubated with anti-CD9 antibody (1:1000; Cat. #ab92726, Abcam, UK) and anti-Hsp70 antibody (1:1000; Cat. #ab181606, Abcam, UK) followed by anti-rabbit IgG secondary antibody (1:10000; Cat. #09-0034, Yeason, China). For silver staining, samples were washed with 50% methanol, 5% methanol and pure water successively, and then reduced by 0.0005% dithiothreitol (DTT; Cat. #43217, Sigma-Aldrich, USA) followed by incubation with 0.1% silver nitrate in the dark for 20 min. Finally, 3% sodium carbonate with 0.01% formaldehyde was applied for visualization.



Protein digestion

BCA kit (Cat. #23225, Thermo Science, USA) was used to determine the protein concentration in isolated EVs samples. From each sample, 20 μg protein was vacuum dried and resuspended in denaturing solution (7 M urea, 2 M thiourea, 10 mM DTT, 1 × protease inhibitor [Cat. # P8340, Sigma-Aldrich, USA]). The samples were then reduced for 30 min at 55°C, alkylated with 15 mM iodoacetamide (Cat. # I1149, Sigma-Aldrich, USA) in the dark for 20 min, diluted with 50 mM ammonium bicarbonate solution and digested with trypsin (1:50; Cat. # V5113, Promega, USA) overnight at 37°C. The resulting peptides were desalted with C18 column and vacuum dried for mass spectrometry analysis.



LC-MS/MS analysis

Protein digests were analyzed on an EASY-nLC 1000 LC (Thermo Science, USA) coupled with Q-Exactive mass spectrometer (Thermo Science, USA). The mobile phases consisted of buffer A (2% ACN, 0.1% formic acid) and buffer B (98% ACN, 0.1% formic acid). Tryptic peptides were resuspended in buffer A and spiked with iRT peptides (Omicsolution, China). Equivalent to 1 μg of protein digest from each sample was loaded onto a C18 column (Cat. #164534, Thermo Science, USA) linked with a pre-column (Cat. #164535, Thermo Science, USA) and separated at a flow rate of 250 nL/min. A 120 min gradient from 3% to 8% buffer B in 5 min, 8% to 28% in 95 min, 28% to 95% in 10 min, 95% for 5 min, 95% to 3% in 2 min and 3% for 3 min was used. The MS instrument was operated in the positive polarity and profile mode with a nano-electrospray through a heated ion transfer tube with a temperature setting of 275°C. For data dependent acquisition (DDA), one full scan MS from 400 to 1400 m/z followed by 12 MS2 scan were continuously acquired. MS spectra were acquired with resolution of 70000 for a maximum injection time (IT) of 100 ms with an automatic gain control (AGC) target value of 3e6. MS2 spectra were obtained in the higher-energy collisional dissociation (HCD) mode using a normalized collision energy of 27%, resolution at 17500, maximum IT of 60 ms, AGC target of 5e5 and isolation window at 2.0 m/z. For data independent acquisition (DIA), isolation window for MS2 was set to 20 Da with 1 Da overlap over a precursor mass window of 450~950 m/z, and other parameters were set to be the same as DDA method.



Analysis of proteomic data

Qualitative analysis of DDA raw files was performed by Proteome Discoverer (version 2.0) software searching against the UniProtKB database (2020 release, Homo sapiens) including the 11 synthetic iRT peptides. A maximum of 2 missed cleavages were allowed for trypsin digestion with fixed carbamidomethylation (+57.0251 Da) of cysteine and oxidation (+15.9949 Da) of methionine. The mass tolerance allowed was 15 ppm for precursor ions and 0.05 Da for fragmentation ions. A false discovery rate (FDR) of 1% was set at both peptide and protein levels.

Skyline (version 20.2.0.343) software was used for independent proteome spectral library construction. Briefly, fasta and pdresult files were imported with the following parameters: structural modifications: carbamidomethyl (C), oxidation (M), acetyl (N-term); minimum length: 6; maximum length: 30. The retention time of iRT was calibrated and the isolation scheme was set based on the isolation window of DIA MS parameter. Target list was added to obtain information of peptides and proteins. Finally, the peptides with reversed sequence were added as decoy peptides for the control of false discovery rate.

DIA raw files were imported into skyline and analyzed based on the aforementioned DDA spectral library, and filtered by a mProphet scoring model trained with decoy peptides. Q value and dot products were set to 0.01 and 0.65 respectively for selecting peptides with high confidence. Afterwards, the decoy peptides were removed. The exported files were used for statistical analysis.



Statistical and bioinformatic analysis

RStudio (version 1.3.1073) was used to perform all the statistical analysis, including evaluation of data quality, data preprocessing, differential expression analysis, principal component analysis (PCA), construction of classification models. For differential expression analysis, p value < 0.05 were considered statistically significant, and fold change > 1.5 or < 0.67 were considered as up- or down-regulated, respectively. Venn diagram and functional annotation were generated with FunRich (version 3.3.1) software.




Results


Study design and characterization of EV

The design for EV-based GAC biomarker discovery is shown in Figure 1A. DIA-based quantitative mass spectrometry (12) analysis of 52 samples from the first cohort was conducted and candidate biomarkers was screened through differential protein expression analysis. Logistic regression classification was applied to identify a panel of candidate proteins whose expression were associated with GAC. These biomarkers were further validated by a second cohort of 30 samples.




Figure 1 | Design and quality assessment of isolated serum EV. (A) Flow chart displaying the study design of this study. (B) Western blot of EV samples showing Hsp70 and CD9, and SDS-PAGE of EV samples followed by silver stain. Input: serum; UC, ultracentrifugation. (C) Particle size distribution of isolated serum EV. (D) Representative TEM image of isolated EV. Scale bar: 200 nm.



EV was isolated from the serum using ultracentrifugation (UC). Western blot analysis detected classical EV markers Hsp70 and CD9 in UC fractions, indicating successful enrichment of EV (Figure 1B). Particle analysis of randomly selected EV samples showed that the majority of the isolated EV particles ranged between 10~100 nm (Figure 1C), which is consistent with the range distribution of exosomes. Furthermore, the morphology of the EV particles as visualized by TEM showed a typical cup-shaped structure with the size between 50~200 nm (Figure 1D).



Proteomic analysis of the EV

For quantitative proteomic profiling, EV samples from 19 healthy subjects and 33 GAC patients were analyzed using DIA-based mass spectrometry. To assess the quality of our data as the result of a complex procedure of sample collection and handling, we interspersed quality control (QC) samples during mass spectrometry data acquisition. The distribution of the correlation coefficients of all the QC samples was between 0.71 and 0.92 (Figure 2A), indicating reasonable reproducibility. Signal intensity of mass spectrum spanned a dynamic range of six orders of magnitude, with the majority of precursor mass accuracy within ± 5 ppm (Figures 2B, D), indicating that our analysis achieved high accuracy and depth.




Figure 2 | Quality control of the serum EV proteome study from cohort 1. (A) Correlation coefficient map of QC samples. (B) Distribution of mass error of the identified peptides. (C) Numbers of identified proteins in each of the 52 samples in cohort 1. (D) Dynamic range of quantified proteins using LFQ (label-free quantification) intensity values.



In total, we identified 448 proteins and quantified 352 proteins from 52 EV samples from cohort 1 (Figure 2C). We also performed EV enrichment on cohort 2 of 12 GAC patients and 18 healthy controls, followed by quantitative proteomic analysis, resulting in quantification of 321 proteins. A total of 249 proteins were quantified in both cohorts (Supplemental Figure 1A). Gene ontology analysis showed that more than 65% of these proteins localized in extracellular region and exosomes (Supplemental Figure 1C), further confirming the successful enrichment of EV.



Proteomic profiles of serum EV samples from cohort 1

Comparing the EV proteome profiles of GAC patients and healthy controls from cohort 1, we found a total of 26 significantly changed proteins, among which 13 were up-regulated and 13 down-regulated (Figure 3A). The fold change of up-regulated proteins had a wider range compared to that of down-regulated proteins (Figure 3B). The heatmap of differentially expressed proteins displayed distinct patterns, with gender, age and TNM stages of GAC were displayed together (Figure 3C). GO analysis showed that the differentially expressed proteins mainly involved in protein activation cascade, hydrogen peroxide catabolic process, regulated exocytosis, hemostasis, acute-phase reaction, response to bacterium (Figure 3D). Regulated exocytosis is highly correlated with the secretion of EVs, and contains up-regulated proteins including apolipoprotein B (APOB), haptoglobin (HP), hemoglobin subunit alpha (HBA1) and hemoglobin submit beta (HBB). On the other hand, the majority of the down-regulated proteins involved in complement and coagulation cascade including von Willebrand factor (VWF), coagulation factor XIII A chain (F13A1) and component 6 (C6).




Figure 3 | Proteomic profiles of serum EV proteins between heathy subjects and GAC patients. (A) Volcano plot of statistical significance value against log2-fold change between GAC patients (N=33) and heathy controls (N=19) from cohort 1, showing differentially expressed proteins in blue (down) or red (up) circles. (B) Violin plot showing fold changes of up- and down-regulated proteins. (C) Heat map of 26 differentially expressed proteins between GAC patients and healthy subjects. Intensities of proteins were log2-transformed. Different color in protein names indicates different biological processes derived from these proteins. (D) Gene Ontology (GO) analysis of differentially expressed proteins between GAC patients and healthy controls.





Discovery of a serum EV biomarker panel for GAC diagnosis

To identify biomarkers with an increased accuracy to differentiate GAC from normal subjects, we performed multi-group differential protein expression analysis using the proteomic data from cohort 1. In addition to comparing GAC patients with healthy controls, patients with early-stage GAC (stage I + II, N=17) and late-stage GAC (stage III + IV, N=16) were also compared to heathy controls (Figures 4A, B), and the proteins with high consistency of expression trend were selected as candidate markers. Venn diagram showed the aforementioned three comparisons (Supplemental Figure 2). In total, there are 23 intersecting proteins, of which 15 are EV proteins (Figure 4C). These 15 proteins were then used as candidate serum EV biomarkers for GAC diagnosis (Table 2).




Figure 4 | Discovery and validation of serum EV biomarkers for GAC diagnosis. (A) Volcano plot of significance value against log2-fold change between stage I + II GAC patients (N=17) and heathy controls (N=19) from cohort 1, with significantly changed proteins shown in blue or red circles. (B) Volcano plot of significance value against log2-fold change between stage III + IV GAC patients (N=16) and heathy controls (N=19) from cohort 1. (C). Box-whisker and dot plots showing distribution of intensity values of 15 candidate proteins across three groups from cohort 1: healthy controls (N=19), GAC stage I + II (N=17) and GAC stage III + IV (N=16). (D) Principal component (PC) analysis of healthy control and GAC samples from cohort 1 (left) and cohort 2 (right) using 5 candidate proteins (GSN, HP, TFRC, ORM1 and PIGR). (E) ROC curves of the 5-protein logistic regression classifier for GAC diagnosis in cohort 1 and cohort 2. AUC, area under the curve. (F) Classification error matrix of the 5-protein logistic regression classifier from E in cohort 1 and cohort 2. The number of samples is noted in each box.




Table 2 | Expression data of 15 candidate protein markers.



For construction of GAC diagnostic models, panels containing 2 to 6 proteins were randomly selected from the 15 candidate proteins through an exhaustive method, and resulting in a total of 9828 combinations. Using cohort 1 as the training set, we built a logistic regression classification model for each panel and calculate the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). To reduce the false negative predictions, we set the sensitivity greater than 0.9 and retained 2774 classifiers.

We then used Cohort 2 as the testing set to assess the classification accuracy of the models, and found a five-protein panel containing glycine N-acyltransferase (GSN), transferrin receptor protein 1 (TFRC), alpha-1-acid glycoprotein 1 (ORM1), haptoglobin (HP), and polymeric immunoglobulin receptor (PIGR) that showed the best classification performance. This panel of classifiers showed an accuracy, sensitivity, NPV and AUC of 0.97, 0.93 and 0.93 respectively in the training set (Figures 4E, F). In the validation set, the sensitivity, NPV and AUC were all above 0.8, indicating that the classifier maintained a good classification performance on new data set. The parameter of the logistic regression model is displayed in Table 3. Principal component analysis (Figure 4D) also confirmed the effectiveness of the five proteins in distinguishing GAC from healthy samples.


Table 3 | The five-protein logistic regression classifier for GAC diagnosis.





Discovery of a serum EV biomarker panel for diagnosis of advanced stage GAC

Since lymph node is a frequent tumor metastatic site, lymph node metastasis (LNM) is highly informative in selection of treatment strategies (13, 14). At present, the most commonly used blood-based diagnostic markers for GAC in clinic usage are the universal tumor markers carcinoembryonic antigen (CEA), carcinoembryonic antigen (CA19-9, CA72-4, CA24-2, CA50, CA125), and alpha-fetoprotein (AFP) (15–17). Therefore, we used CEA, CA19-9, and AFP as a panel to construct a classifier for diagnosis of advanced GAC, since these proteins are routinely measured in our patients. Based on the patient information in cohort 1, we combined patients in stage I and II as non-LNM group, and patients in stage III + IV as LNM group. In order to distinguish LNM from non-LNM groups, logistic regression was applied using cohort 1 as training set and cohort 2 as validation set, which resulted in a sensitivity, NPV and AUC of 0.66, 0.50 and 0.75 in validation set (Figures 5C, D, G and Table 4).




Figure 5 | Discovery and validation of serum EV biomarkers for diagnosis of advanced stage GAC. (A) Volcano plot of significance values against log2-fold change between stage III + IV (N=16) and stage I + II (N=17) GAC patients from cohort 1, showing significantly changed proteins in blue or red circles. (B) Box-whisker and dot plots showing distribution of intensity values of 6 candidate proteins across three groups from cohort 1: healthy controls (N=19), stage I + II (N=17) and stage III + IV GAC patients (N=16). (C) Principal component (PC) analysis of healthy and GAC samples from cohort 1 (left) and cohort 2 (right) using clinically used serum proteins (CEA, AFP and CA19-9) for diagnosis of advanced GAC. (D) ROC curves of the 3-protein (CEA, AFP and CA19-9) logistic regression classifier for diagnosis of advanced GAC. (E) Principal component (PC) analysis of healthy controls and GAC samples from cohort 1 (left) and cohort 2 (right) using 3 serum EV proteins (LYZ, SAA1 and F12) for diagnosis of advanced GAC. (F) ROC curves of the 3-protein (LYZ, SAA1 and F12) logistic regression classifier for diagnosis of advanced GAC. (G) Classification error matrix of the 3-protein logistic regression classifier from D in cohort 1 and cohort 2. (H) Classification error matrix of the 3-protein logistic regression classifier from F in cohort 1 and cohort 2. In both (G, H), the number of samples is noted in each box.




Table 4 | The three-protein logistic regression classifier for diagnosis of advanced stage in GAC.



In contrast, we used our EV proteomic data to discover potential biomarkers for diagnosis of advanced GAC. We performed differential protein expression analysis comparing patients with stage III + IV (LNM) to that of stage I + II (non-LNM), as shown in Figure 5A. We identified 6 differentially expressed proteins including 3 up-regulated proteins and 3 down-regulated proteins (Figure 5B and Table 5), among which serum amyloid A (SAA1) and immunoglobulin heavy constant alpha 2 (IGHA2) play key roles in receptor-mediated endocytosis. These 6 proteins were used as candidate biomarkers, from which 2 to 5 proteins were randomly selected as panels to construct logistic regression classifiers. Fifty-six classifiers were constructed and trained with cohort 1 to evaluate the classification performance. Then 15 panels were retained with a cutoff of 0.9 for sensitivity and NPV. Applying these classifiers to cohort 2, we found an EV protein panel consisting of lysozyme (LYZ), SAA1, and coagulation factor XII (F12) that showed the best performance, with a sensitivity of 1, NPV of 1 and AUC of 0.83 (Figures 5E, F, H and Table 6).


Table 5 | Expression data of 6 candidate protein markers for diagnosis of advanced GAC.




Table 6 | The three-protein logistic regression classifier for diagnosis of advanced GAC.






Discussion

Based on analysis of protein expression in serum EV and exhaustive feature selection, this study identified a 5-protein panel consisting of GSN, PIGR, TFRC, ORM1, and HP that classifies GAC samples from healthy controls with high accuracy, warranted for further validation. These proteins have been reported in literature and have shown various connections to cancer. GSN is a tumor suppressor down-regulated in gastric cancer cells and gastric tumor tissues, and is a potential therapeutic target (18). TFRC is highly expressed in H. pylori-positive tissues and is a potential indicator for gastrointestinal metaplasia (19). The expression of PIGR is associated with the prognosis of gastric adenocarcinoma, esophageal carcinoma, endometrial carcinoma, hepatocellular carcinoma, and other tumors (20). ORM1 plays an important role in acute phase reaction and inflammatory response, and is highly expressed in plasma of multiple cancers, including gastric cancer (21). HP is the main glycoprotein in the acute phase response, and abnormal glycosylation is associated with several cancers and inflammatory diseases (22). Our study showed that a logistic regression model utilizing these five proteins largely improved the accuracy of distinguishing GAC from healthy subjects.

Immunohistochemistry (IHC) provides valuable information on protein expression profiles in tumor tissues. Although no IHC experiment is conducted in this study, incidentally, we found that in Human Protein Atlas (HPA) database, there are IHC data on all of the marker proteins discovered in our study, in normal and gastric cancer tissues. The data shows that the expression of GSN (https://www.proteinatlas.org/ENSG00000148180-GSN/pathology/stomach+cancer#ihc) is down-regulated in gastric cancer tissues, while TFRC (https://www.proteinatlas.org/ENSG00000072274-TFRC/pathology/stomach+cancer#ihc) and PIGR (https://www.proteinatlas.org/ENSG00000162896-PIGR/pathology/stomach+cancer#ihc) are upregulated in gastric cancer tissues.

The model based on the panel of LYZ, SAA1, and F12 has the potential to identify advanced GAC. Comparing to known protein biomarkers in clinical use, the sensitivity, NPV and AUC of our panel are clearly improved. These three proteins have also been documented in literature. Elevated concentration of SAA1 is associated with occurrence, recurrence and survival of gastric cancer (21). LYZ is associated with incidence of colorectal cancer and lymph node metastasis (23). F12 is a plasma protease which promotes the production of inflammatory bradykinin by activating the kallikrein-kinin system (24). Nevertheless, the specificity and PPV of this model were dramatically decreased in testing data set. We could not rule out the possibility of overfitting due to limited sample size, and further studies with much increased sample size could be the key to address this issue.

In addition to the relatively small sample size, limitation of this study includes the apparent age discrepancy between patients and healthy controls in cohort 1. To rule out the possibility of protein expression changes due to aging, we removed some patients with extremely high ages in cohort 1 to make the median age matching that of the control group and performed differential protein expression analysis. The result shows that the protein markers in our model remains differentially expressed (STable 1). In addition, there were essentially no age difference between case and control groups in the validation cohort. Thus, we have strong reason to believe that the age difference between the two groups in cohort 1 was not the major contributing factor for the differential protein expression, which is the basis for our selection of marker proteins. In conclusion, the abnormal expression of these marker proteins appears to have strong association with the growth and progression of GAC tumors, and has the predictive value for identifying GAC at early stage. Further validation of these proteins with increased sample size is warranted.
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Supplementary Figure 1 | Proteome data assessment of the two cohort. (A) Venn diagram of identified proteins in training cohort (cohort 1) and testing cohort (cohort 2). (B) Venn diagram of the identified proteins with the Vesiclepedia database. (C) Gene ontology analysis of shared EV proteins between training cohort and testing cohort.

Supplementary Figure 2 | Venn diagrams of differentially expressed proteins obtained in multi-group differential protein expression analysis for cohort 1. (A) Venn diagram of down-regulated proteins. (B) Venn diagram of up-regulated proteins. GC, GAC patients; HH, healthy individuals; S1, GAC patients of stage I + II; S2, GAC patients of stage III + IV.
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Background

This study aimed to examine whether MPV is a useful prognostic marker and investigated whether MPV is a risk factor that helps identify patients with locally advanced-stage ESCC who will most likely benefit from adjuvant chemotherapy.



Methods

Patients (n =1690) with histologically confirmed ESCC were diagnosed with locally advanced stage (pT3-4N0M0 and pT1-4N+M0) at Sichuan Cancer Hospital from 2009 to 2017. Clinicopathological factors and platelet-related values were tested for their associations with survival using univariate and multivariate Cox regression analyses. The optimal cut-off value for continuous variables was determined using the ‘maxstat’ R package. The KM curve continuous variable analysis was performed to identify the optimal cut-off value for MPV. Cumulative survival rates were determined using the Kaplan–Meier estimator and compared using the log-rank test. The survival analysis was performed using the ‘survival’ R package. All statistical analyses were performed using R software 4.1.3 (https://www.r-project.org/), and a two-sided p-value <0.05 was considered to indicate statistical significance.



Results

Multivariate analysis indicated that low MPV was an important risk factor for overall survival in locally advanced ESCC, independent of classic clinicopathological factors. The optimal cut-off value of MPV (11.8 fL) was used to stratify high-risk patients. Patients with low mean platelet volumes had a worse prognosis than those with larger platelet volumes, according to Kaplan–Meier analysis and the log-rank test. Patients diagnosed with a pathological lymph node-positive stage with a low MPV (≤11.8 fL) benefited from postoperative chemotherapy, but not those with a high-level MPV (>11.8 fL).



Conclusion

MPV served as an independent predictor of prognosis of locally advanced-stage ESCC and predicted a survival benefit conferred by postoperative adjuvant chemotherapy in lymph node-positive ESCC.





Keywords: esophageal squamous cell cancer, lymph node positive, mean platelet volume, adjuvant chemotherapy, prognosis



Introduction

Esophageal cancer is one of the most lethal malignancies that accounted for 604000 new cases and 544000 deaths in 2018 worldwide (1). In China, esophageal squamous cell carcinoma (ESCC) is the predominant histological type, and its incidence and mortality rate rank sixth and fourth, respectively (2). Surgical resection is the mainstay treatment of non-distant metastatic ESCC. Although neoadjuvant chemoradiotherapy is recommended in locally advanced (T3–4N0M0 or lymph node-positive) ESCC to improve survival (3), many patients still undergo surgery as their initial treatment (4). The overall prognosis is bleak. Surgery alone is unsatisfactory for patients who have not receive preoperative therapy. The five-year survival rates were only 15 percent for patients with lymph node positive patients. Therefore, postoperative chemotherapy is recommended to control distant micro metastatic disease (5). However, uncontrolled trials and retrospective comparisons reported different outcomes, not all locally advanced ESCC who have not receiving neoadjuvant therapy patients derive a survival benefit from adjuvant chemotherapy, even with lymph node stratification (6–8). Because of the inconsistent results, the issue of postoperative adjuvant therapy still not be addressed. Suggesting that a reliable and widely available predictive marker is required beyond the current staging system.

The mean platelet volume (MPV) is a precise measurement of platelet size, which reflects changes in the levels of platelet stimulation or rates of platelet production (9). Altered MPV levels, which are found in many solid malignancies, provide important prognostic information for cancer patients (10–12). Studies on the relationship between MPV levels and prognosis of ESCC are rare and report divergent results (13, 14). Besides, most of the studies on MPV and tumor describe its relationship with poor prognosis. Little has been done to explore the possibility that MPV may influence the decision making of treatment. Therefore, the aim of this study was to evaluate whether the MPV serves as a useful prognostic marker as well as a risk factor to help identify patients with locally advanced-stage ESCC who will most likely benefit from adjuvant chemotherapy.



Patients and methods


Patients

Patients (n = 3210) with esophageal cancer underwent esophagectomy at Sichuan Cancer Hospital (Chengdu, China) from January 2009 to December 2017. The inclusion criteria were as follows: (1) Post-histologically confirmed ESCC with non-distant metastasis patients without previous anticancer therapy, (2) non-cervical esophageal cancer, (3) complete tumor resection (R0), (4) optional adjuvant chemotherapy, (5) pathological lymph node-positive (pT1-4N+M0); (6) pathological T3 or T4N0M0 staging (pT3-4N0M0), and (7) complete clinical and follow-up data. The exclusion criteria were as follows: (1) Patients with pathological T1-2N0M0 stage, (2) other malignancies or perioperative mortality, and (3) Patients received post-operative adjuvant radiotherapy, (4) follow-up <3 months. We retrospectively analyzed patients (n = 1690) with locally advanced-stage (pT3-4N0M0 and pT1-4N+M0) ESCC. The final clinical follow-up examination was completed on December 31, 2019, and the median follow-up was 60 months. The Institutional Ethics Committee of Sichuan Cancer Hospital approved this study.



Diagnosis and treatment

After acquiring a detailed history and performing a complete physical examination, venous blood was taken from patients for routine hematological analyses. The conventional staging procedures were based on neck, chest, and abdomen computed tomography (CT) with contrast, radio nucleotide bone scan, brain magnetic resonance imaging, endoscopic ultrasound and barium swallow. Positron emission tomography (PET)/CT was optional for suspicious distant metastases. McKeown or Ivor-Lewis esophagectomy was administered to patients with no distant metastases confirmed by imaging. Postoperative adjuvant chemotherapy was selected for patients with traditional high-risk pathological factors (e.g., lymph node involvement, T3-4 advanced stage, vascular or nerve invasion, or poor histological differentiation). Surgery alone (Surgery) was performed on 948 patients, and 742 patients received adjuvant chemotherapy (S+CT), typically initiated 4–6 weeks after surgery. Chemotherapy regimens were mainly dual drugs containing Carboplatin or Cisplatin, or fluorouracil alone, depending on a patient’s physical condition.



Analysis of blood samples and data collection

We used an automated blood cell counter to measure complete blood counts and platelet-related values of EDTA-treated blood specimens (Sysmex XE-2100, Japan). Data of patients were acquired for sex, age, and Karnofsky Performance Status (KPS) score. Platelet-related variables in preoperative routine hematological tests included as follows: platelet count(PLT), platelet distribution width(PDW), MPV, and platelet hematocrit(PCT). Pathological characteristics such as tumor location, tumor length, tumor grade, vascular or nerve invasion, T stage, N stage, and survival time were obtained from patients’ postoperative medical records. Overall survival (OS) was defined as the length of time from surgery to censoring or death.



Statistical analysis

The significance of differences between categorical variables were compared using the chi-squares test or Fisher’s exact test when appropriate. Cox proportional hazard models were used to calculate hazard ratios (HRs) with 95% confidence intervals (CIs) and estimate the association between clinicopathological, platelet-related factors with OS. Univariate analysis was carried out using Cox regression analysis with the clinicopathological and platelet-related characteristics. Variables with a P value <0.1 in the univariate analysis results was used in multivariate analysis. Kaplan–Meier method was used to analyze cumulative survival rates and generate survival curves. All statistical analyses were performed using R software 4.1.3 (https://www.r-project.org/), and a two-sided p-value <0.05 was considered to indicate statistical significance. OS was the primary study endpoint.




Results


Patients’ clinicopathological characteristics

The clinicopathological characteristics of patients are summarized in Table 1. Patients with ESCC (n = 1690) receiving esophagectomy met the inclusion criteria and were diagnosed with locally advanced-stage disease. The median age was 62 years, and their median survival was 38.7 (95% CI 36–42.6) months (sFigure 1). 65.1% (1101/1690) had lymph node metastasis (pT1-4N+M0), 34.9% (589/1690) were diagnosed with pT3-4N0M0 stage. Male patients accounted for 83% (1403/1690) of the group, and 53.4% (902/1690) of patients had mid-thoracic esophageal cancer. Tumors longer than 4 cm were present in 57.6% (973/1690) of patients. The percentages of patients with T1-2 and T3-4 were 15.6% (263/1690) and 84.4% (1427/1690), respectively, and 19.5% (330/1690) and 22.2% (375/1690) were pathologically diagnosed with vascular or nerve invasion after surgery, respectively. 43.9% (742/1690) of patients received adjuvant chemotherapy after surgery.


Table 1 | Clinico-pathological characteristics of local advanced stage ESCC by MPV levels.





Univariate and multivariate analyses for OS

Univariate and multivariate analyses were carried out using Cox proportional hazards model with the following variables: age, sex, KPS, tumor length and grade, tumor location, T and N stage, nerve and vascular invasion, dissected lymph node numbers, MPV group, PCT, PDW and PLT (Table 2). A multivariate analysis was performed with the statistically significant parameters from the univariate analysis. These analyses demonstrated that age, sex, tumor length, tumor grade, vascular invasion, nerve invasion, T stage, N stage, dissected lymph node numbers, and MPV were independent prognosis predictors for OS (Figure 1). While the KPS score, tumor location, PCT, PDW, PLT were not associated with survival. The association between MPV and survival of ESCC therefore requires further investigation.


Table 2 | Univariate and multivariate analyses of predictive factors associated with overall survival.






Figure 1 | Forest plot of predictive factors associated with overall survival from the multivariate analysis. *P < 0.05, **P < 0.01, ***P < 0.001.





Optimal MPV cut-off value

According to KM curve continuous variable analysis, the optimal cut-off value for MPV was 11.8 fL (sFigure 2). The correlation between MPV levels (≤11.8 fL and >11.8 fL) and clinicopathological parameters are displayed in Table 1. The MPV level was significantly associated with sex (p<0.001) and tumor length (p=0.013). Survival analysis revealed patients with locally advanced ESCC with MPV >11.8 fL had a better prognosis than those with MPV ≤11.8 fL, the median survival was 49.3 months (95% CI, 42.1–56.5) in the MPV >11.8 fL group and 35 months (95% CI, 31.3–38.9) in the MPV ≤11.8 fL group, respectively (p<0.001) (Figure 2).




Figure 2 | Kaplan–Meier curves for overall survival (OS) of the patients according to the mean platelet volume (MPV) cutoff value (11.8fL) in the locally advanced cohort (pT3-4N0M0+pT1-4N+M0).





Survival comparisons according to MPV

The survival of patients diagnosed with locally advanced ESCC who received adjuvant chemotherapy (n = 742) or not (n = 948) was analyzed using the Kaplan–Meier method (sFigure 3A). We found that adjuvant chemotherapy increased the OS of patients in both diagnosed with stage pT3-4N0M0 or pT1-4N+M0. Median survival of locally advanced stage was 46.3 months (95% CI, 39.9–55.6) in the surgery followed by chemotherapy group and 35.5 months (95% CI, 31.5–39.3) in surgery alone group, respectively (p<0.001). Patients with pT3-4N0M0 stage had a median survival of 65.4 months (95% CI, 49.4–84.4) in receiving surgery alone group and median survival exceeded the current follow up time (sFigure 3B). Patients with pT1-4N+M0 stage receiving adjuvant chemotherapy or surgery alone had a survival of 31.1 months (95% CI, 27.9–36.1) and 27.6 months (95% CI, 24.1–32.7) respectively (sFigure 3C).

Since patients with lower MPV values had a poor prognosis. We therefore asked if low MPV serves as an important predictor to guide postoperative adjuvant chemotherapy in locally advanced ESCC. In the high MPV group (MPV >11.8 fL), OS did not significantly differ according to adjuvant chemotherapy(P=0.058) (Figure 3A). In the low MPV group (MPV ≤11.8 fL), OS was 41.5 months (95% CI, 36.1–49.6) of patients receiving adjuvant chemotherapy and 30.5 months (95% CI, 27.3–35.1) for those who underwent surgery alone. Patients with low MPV values who received adjuvant chemotherapy lived significantly longer than those who underwent surgery alone (Figure 3B).




Figure 3 | (A) OS curves for patients with Surgery(S) and Surgery followed by chemotherapy(S+CT) of MPV value over 11.8fL. (B) OS curves for patients with S and S+CT of MPV value over less than 11.8fL.



We next asked who benefited the most from adjuvant chemotherapy according to MPV values. For this purpose, we conducted more detailed Kaplan–Meier analysis according to pathological stage pT3-4N0M0 or pT1-4N+M0. Adjuvant chemotherapy provided a survival benefit for patients with pT3-4N0M0 regardless of the MPV value (Figures 4A, B). The OS curves did not differ after stratification according to MPV >11.8 fL, and adjuvant chemotherapy did not improve outcomes for patients with pT1-4N+M0 stage (Figure 4C). However, for patients with pT1-4N+M0 stage, considering preoperative MPV <11.8 fL, median survival was 22.8 months (95% CI, 19.4–27.9) in the surgery-alone group and 30.4 months (95% CI, 26.5–34.9) in the surgery-combined adjuvant chemotherapy group. Adjuvant chemotherapy prolonged median survival in the low MPV group by 7.6 months (P=0.006) (Figure 4D).




Figure 4 | (A) OS curves for patients with p T3-4N0M0 stage with S and S+CT of MPV value over 11.8f. (B) OS curves for patients with p T3-4N0M0 stage with S and S+CT of MPV value less than 11.8fL. (C) OS curves for patients with pT1-4N+M0 stage with S and S+CT of MPV value over 11.8fL. (D) OS curves for patients with p T1-4N+M0 stage with S and S+CT of MPV value less than 11.8fL.






Discussion

In the present study, we analyzed the survival of patients with locally advanced pathological stages T3-4N0M0 and T1-4N+M0. This subset of patients had variable prognoses. The results of salvage chemotherapy were controversial (6–8). Previous results on the efficacy of adjuvant chemotherapy conflict or include a limited number of cases (15–17). Thus, whether adding chemotherapy to surgery for ESCC remains under investigation. Moreover, this problem may be explained by the absence of a reliable marker to predict patient population that will experience an absolute benefit conferred by adjuvant chemotherapy.

Several studies identified high-risk clinicopathological factors for esophageal cancer (18, 19). Here we show that sex and age, T and N stage, nerve and vascular invasion, tumor length and grade, dissected lymph node numbers, as well as MPV, confer significant prognostic value. Moreover, the MPV had highly statistically significant coefficient compared with traditional pathological risk factors such as tumor grade, tumor location, tumor length, and nerve and vascular invasion. As a routinely available and inexpensive means of hematological analysis, the significance of the MPV in esophageal cancer deserves further investigation.

We identified here the optimum cut-off value (11.8 fL) of the MPV to stratify increased risks. Patients with low MPV values (≤11.8 fL) experienced a 14.3-month reduction in OS compared with patients with high MPV values (>11.8 fL). Consistent among most studies, a low MPV is a negative factor for survival of patients with solid tumors (11–13). However, the results of a study with a background similar to that of the present study show a completely different meaning of the MPV (14). To the best of our knowledge, the present study analyzed the largest sample size to investigate the prognostic and predictive values of the MPV. Specifically, we found that the reduction but not elevation of MPV was significantly associated with poor survival in locally advanced ESCC.

The underlying mechanisms of low MPV values associated with poor prognosis in cancer is unknown. Related to the physiology of platelet production, MPV is inversely associated with the platelet count, and differences in the MPV compensate for variations in platelet numbers and describe a constant platelet mass (20). Multiple studies show that elevated platelet counts occur in advanced cancers (21, 22). This may be explained by elevated platelet numbers that are triggered by the release of specific growth factors from a tumor. Furthermore, ongoing inflammation associated with cancer development and exacerbation is well documented (23). In contrast, platelets generated in this way limit the activity of natural killer cells and shield tumor cells from recognition by the immune system (24, 25). Moreover, tumor-educated platelets release platelet-derived growth factor, vascular endothelial growth factor, and transforming growth factor–β1 to suppress the antitumor immune response (26, 27). In particular, we do not know whether decreased platelet size is the cause or consequence of tumor progression. Pretreatment small MPV was associated with worse clinicopathologic features (larger tumor) in renal cell carcinoma (28). Our analysis found that low MPV was related with a longer tumor length. A longer tumor length in esophageal cancer has a worse prognosis. Sufficient tumors maybe a prerequisite for affecting the platelet volume. These interesting but unclear relationships are really worthy of our further exploration.

There are other possible explanations. For example, platelet surface molecules bind and transport tumor-derived secreted membrane vesicles to promote metastasis (29). Tumor-educated smaller platelets exhibit stronger prothrombotic capacity, leading to an increased risk of venous thromboembolism and death (30). Increased platelet wear or shear forces in advanced stages of disease may lead to a decrease in the MPV. There are few studies on the mechanism of MPV changes in ESCC. The altered transcriptome of the bone marrow megakaryocyte lineage or changes in cytokines levels in serum are worthy of attention. Thus, there is an urgent requirement for laboratory studies on the mechanism underlying the change in platelet size in locally advanced ESCC.

Chemotherapy kills not only cancer cells but also contributes to an immunosuppressive environment (31, 32), representing a double-edged sword. Thus, the risk-to-benefit ratio should be considered. Detailed knowledge and screen of patients may reduce or avoid damage caused by adjuvant chemotherapy. Furthermore, the outcomes of adjuvant chemotherapy in ESCC are conflicting. Most reports show a benefit for disease-free survival but not OS (6, 8, 15, 17). Here we analyzed the survival of patients with ESCC with locally advanced-stage disease, specifically pT3-4N0M0 and pT1-4N+M0. Kaplan–Meier analysis of OS shows that these patients benefited from adjuvant chemotherapy. Considering the conflicting results of previous clinical trials, it is difficult to determine the patients who will benefit from adjuvant therapy and how to mitigate its adverse effects. Here we found that a combined low MPV (≤11.8 fL) of patients diagnosed with a lymph node-positive stage significantly benefited from postoperative adjuvant chemotherapy. Conversely, adjuvant chemotherapy did not confer a survival benefit upon patients with a lymph node-positive stage with high MPV values.

The median survival of patients with ESCC with an earlier stage (pT3-4N0M0) is >5 years. Adjuvant chemotherapy prolongs the survival of such patients regardless of their MPV values, and to make matters more complex, the prognostic and predictive significance of MPV appears suboptimal. Here we show that 547 of 589 of patients were actually pT3N0M0 stage (AJCC 8th IIA stage). This may possibly be explained by the very weak ability of early-stage tumors to affect platelets. Platelets in their early stage have not been educated by tumors, and platelet size cannot reflect tumor progression or the response to antitumor therapy. To our knowledge, there are no studies comparing the differences in platelet function between patients with early or advanced ESCC. Our present findings therefore suggest that platelet functions of these patients may differ according to disease stage.

The present study has certain limitations. First, selection bias is indeed an inherent weakness of retrospective studies. Our analysis was based on data obtained from a single institution, the results may be affected by unit-specific practices. Using this MPV cut-off value for clinical decision making requires data support and validation from more centers. Second, the changes of MPV values are likely to provide us with more prognostic and predictive information, and we did not follow up the MPV after surgery and chemotherapy. Therefore, △MPV of patients before and after treatment might be a good indicator for prognosis and prediction of esophageal cancer. Furthermore, most analyzed cases included patients treated before 2017, when the prevailing treatment model prioritized surgery, which differs from the current treatment mode of concurrent radiotherapy and chemotherapy followed by surgery. However, >50% of patients undergo surgery as their initial treatment in the real world. Therefore, our work promises to significantly assist clinical decision-making.



Conclusion

Our results show that low MPV served as a negative prognostic factor in locally advanced-stage ESCC. Moreover, as a high-risk factor, low MPV may contribute to rigorous screening for lymph node-positive staging of patients with ESCC who receive adjuvant chemotherapy.
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Background

In the past decade, considerable research efforts on gastric cancer (GC) have been expended, however, little advancement has been made owing to the lack of effective biomarkers and treatment options. Herein, we aimed to examine the levels of expression, mutations, and clinical relevance of HMGs in GC to provide sufficient scientific evidence for clinical decision-making and risk management.



Methods

GC samples were obtained from The Cancer Genome Atlas (TCGA). University of California Santa Cruz (UCSC) XENA, Human Protein Atlas (HPA), Gene Expression Profiling Interactive Analysis (GEPIA), Kaplan-Meier Plotter, cBioPortal, GeneMANIA, STRING, LinkedOmics, and DAVID databases were employed. The “ggplot2” package in the R software (×64 3.6.3) was used to thoroughly analyze the effects of HMGs. qRT-PCR was performed to assess HMG levels in GC cell lines.



Results

A total of 375 GC tissues and 32 paraneoplastic tissues were analyzed. The levels of HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, and HMGN4 expression were increased in GC tissues relative to normal gastric tissues. HMGA1, HMGA2, HMGB1, HMGB2, and HMGB3 were highly expressed in GC cell lines. The OS was significantly different in the group showing low expressions of HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN2, HMGN3, and HMGN5. There was a significant difference in RFS between the groups with low HMGA2, HMGB3, and high HMGN2 expression. The levels of HMGA2, HMGB3, and HMGN1 had a higher accuracy for prediction to distinguish GC from normal tissues (AUC value > 0.9). HMGs were tightly associated with immune infiltration and tumor immune escape and antitumor immunity most likely participates in HMG-mediated oncogenesis in GC. GO and KEGG enrichment analyses showed that HMGs played a vital role in the cell cycle pathway.



Conclusions

Our results strongly suggest a vital role of HMGs in GC. HMGA2 and HMGB3 could be potential markers for prognostic prediction and treatment targets for GC by interrupting the cell cycle pathway. Our findings might provide renewed perspectives for the selection of prognostic biomarkers among HMGs in GC and may contribute to the determination of the optimal strategy for the treatment of these patients.
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Introduction

Gastric cancer (GC) is a common and lethal malignancy of the digestive system. GC is highly aggressive and poses a major health burden worldwide (1). According to the latest data published by GLOBOCAN in 2020, 10,89,103 new cases of GC were diagnosed globally, and it is estimated that 768,793 people suffer from GC, accounting for 7.7% of the overall cancer mortality rate (2). Although the diagnosis and therapeutic strategies for GC are continuously optimized, the current treatment for GC is focused on surgery combined with chemotherapy and radiotherapy (3). Although considerable research efforts in GC have been made in the last few decades, little advancement has been made because of the lack of effective biomarkers and treatment options. Therefore, identifying new specific molecular biomarkers for the diagnosis and prognosis of GC patients is necessitated, which may help facilitate the development of targeted diagnostic and therapeutic strategies (4).

High-mobility groups (HMGs) of proteins occur widely in eukaryotic cells. These are the most abundant group of chromatin proteins, second only to eukaryotic histones, and are critical to eukaryotic gene regulation (5). These play an essential role in the chromatin structure and function as well as the regulation of gene expression (6, 7). Based on the molecular mass, sequence similarity, and DNA structural properties, HMGs can be further divided into three subfamilies (8, 9)— HMGA, HMGB, and HMGN. The HMGA subfamily includes HMGA1 and HMGA2; HMGB subfamily includes HMGB1, HMGB2, and HMGB3, and the HMGN subfamily includes HMGN1, HMGN2, HMGN3, HMGN4, and HMGN5.

Since the discovery of HMGA1 in human cervical cancer (HeLa) cells in 1983 (10), increasing evidence suggests that the HMGA1 protein is a master modulator and plays a critical role in the normal development and tumor progression of various malignancies (11–13). The AT-hook DNA-binding domain defines the HMGA family, comprising HMGA1 and HMGA2 proteins, and these mediate the binding to AT-rich regions of chromatin (14, 15). Upon binding to DNA, the DNA structure is altered and the assembly of transcriptional complexes or “enhanced progeny” is coordinated to regulate gene expression (16, 17). Previous studies have shown that HMGA1 and HMAG2 are involved in regulating several cellular processes, including gene transcription, cell cycle progression, embryonic development, tumor transformation, differentiation, aging, viral integration, and DNA repair, owing to their interaction with other proteins, binding to the DNA, and regulation of gene expression (5, 18–21). Previous findings suggest that both HMGA1 and HMGA2 serve as useful biomarkers and therapeutic targets for malignancy (22, 23).

The high mobility group protein B (HMGB) family (including HMGB1, HMGB2, and HMGB3) regulates DNA replication, transcription, recombination, and repair mechanisms and functions as cellular factors mediating responses to infection, injury, and inflammation (24, 25). The high-mobility group protein B1 (HMGB1) was originally thought of as a ubiquitous nuclear protein involved in the maintenance of nucleosome integrity and promoting gene transcription. However, since then, HMGB1 has been reevaluated as a quintessential damage-associated molecular pattern (DAMP) protein along with its exogenous counterpart, the pathogen-associated molecular pattern (PAMP), the alarm system of the body, functions to prevent disruption of homeostasis (26). HMGB1 is an oncogene in GC, and GC patients with high HMGB1 expression have a poor prognosis (27, 28). Knocking down HMGB1 inhibits the growth and invasion of GC cells through the NF-κB pathway both in vitro and in vivo (29). HMGB2 down-regulates the NF-κB axis to reduce inflammatory damage (30), and miR-329 inhibits melanoma progression by down-regulating HMGB2 via the β-catenin pathway (31). HMGB2 is a confirmed downstream target of miR-23b-3p (32) and lncRNA MALAT1 (33). HMGB3 is localized in the nucleus, cytoplasm, and chromosome and primarily expressed in embryonic and bone marrow hematopoietic stem cells, whereas in the normal adult tissues, its expression is low to negligible (34). Aberrant expression of HMGB3 is closely associated with the development of many tumors; HMGB3 is highly expressed in various cancers [including breast cancer (35), gastric cancer (36), nasopharyngeal carcinoma (37), and esophageal cancer (38)] and is associated with the incidence of advanced tumors and a low survival rate of these patients. HMGB3 is not only involved in tumorigenesis, malignant proliferation, metastasis, and cell cycle regulation but also in regulating the development of chemoresistance (39, 40). Taken together, previous findings suggest that HMGB1, HMGB2, and HMGB3 are potential tumor diagnostic and prognostic marker proteins (41).

The high mobility group nucleosome binding protein (HMGN) family is a class of non-histone chromatin-building proteins localized in the nuclei of almost all mammals and most vertebrates. These can change the structure of chromatin, enhance the transcription and replication of chromatin templates, and participate in cellular activities like DNA replication and expression, cell differentiation, organ development, and gene expression regulation (42–45). The HMGN family comprises five proteins— HMGN1, 2, 3, 4, and 5 (44). HMGN1 and HMGN2 affect DNA damage repair and organ development and maturation by regulating the expression of genes or proteins (46, 47), and are also implicated in tumor immune responses (48, 49). HMGN3 is closely related to the occurrence of type 2 diabetes in humans and chemotherapeutic resistance in liver cancer (to vinblastine, topotecan, paclitaxel, adriamycin, etc.); thus, HMGN3 is a preventive target for type 2 diabetes (50) and can enhance the efficacy of chemotherapy in patients with liver cancer (51). HMGN4 and HMGN2 are similar, and both code an intronless gene (52). HMGN4 is relatively poorly studied and has only been reported in thyroid tumors (53) and breast cancer (54). HMGN5 not only binds to nucleosomes to regulate the chromosomal structure and function, thus affecting DNA replication and repair but also plays a role in tumor development, with its overexpression being crucial in tumor cell invasion and metastasis (55). The regulation of autophagy HMGN5 is key in the development of chemoresistance and provides a novel target for improving osteosarcoma therapy (56). Therefore, the HMGN family is a potential tumor diagnostic and prognostic marker protein and an emerging novel target for the clinical treatment of tumors.

To date, no study has systematically evaluated the function of the HMGs in GC using bioinformatic methods. Herein, we aimed to examine the level of expression, mutational profile, and clinical significance of HMGs in GC, thereby providing reliable scientific evidence for clinical decision-making and risk management.



Materials and methods


Gene expression difference analysis

Genes expression difference analysis was performed using the R software (×64 3.6.3). The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression Project (GTEx) databases were utilized. Pan-Cancer TPM data [TOIL workflow processed (57)] were obtained from the University of California Santa Cruz (UCSC) Xena Browser (https://xenabrowser.net/datapages/). RNA-seq data of TCGA-STSD in FPKM format were used. The RNA-seq data in the FPKM format was converted to the TPM format and log2 transformation was performed. Differential expressions between GC and normal tissues were visualized using the “ggplot2” package in R, using an independent sample t-test for group comparisons. P values < 0.05 were considered statistically significant.



Cell culture

Normal gastric epithelial cells (GES-1) and GC (AGS, HGC-27, MGC-803, BGC-823, MKN-45, and MKN-28) cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All GC cell lines were grown in RPMI1640 (Wisent Corporation, Nanjing, China) medium containing 10% fetal bovine serum FBS (Wisent Corporation, Nanjing, China), 100U/ml penicillin, and 100μg/ml streptomycin (Beyotime, Shanghai, China) at 37℃ in a humidified atmosphere containing 5% CO2.



Quantitative real-time polymerase chain reaction (qRT-PCR) analysis

Following the manufacturer’s guide, total RNA was extracted from GC cells using an RNA-Quick Purification Kit (RN001, Esunbio, Shanghai, China). The extracted RNA was used to reverse transcribed to the corresponding cDNA using Hifair® III 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA digester plus) (Yeasen, Shanghai, China), and qRT-PCR analysis was performed using the Hieff® qPCR SYBR Green Master Mix (High Rox Plus)(Yeasen, Shanghai, China). Thermal cycling conditions were as follows: denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 sec, and extension at 60°C for 30 sec. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control and the results were normalized to its expression. Fold changes in mRNA expression were calculated using the comparative Ct method (ΔΔCt). Primer pairs for target genes used in the qRT-PCR assay are listed in Table 1.


Table 1 | Sequences of primer pairs for target genes used in the qRT-PCR.





The human protein atlas (HPA)

The images of immunohistochemistry staining for GC and normal tissues were obtained from HPA (https://www.proteinatlas.org/). HPA provides a diverse protein landscape by integrating various histological techniques, including mass spectrometry-based proteomics, transcriptomics, and systems biology, to map all human proteins in cells, tissues, and organs. For protein expression analysis, in HPA, sections from cancer tissue microarrays were immunohistochemically stained and corresponding slides were scanned to generate digital images. These were analyzed.



Gene expression profiling interactive analysis (GEPIA)

GEPIA 2 (http://gepia2.cancer-pku.cn/#index) is a multi-dimensional cancer genomic dataset comprising a large amount of data from TCGA and GTEx databases. GEPIA 2 (Expression DIY platform) was adopted to evaluate the association between HMGs and the clinical stage, and Pearson’s correlation coefficient was employed to assess statistical results.



Kaplan-Meier plotter

The Kaplan-Meier plotter assesses the impact of several genes on the prognosis of different cancer types (http://kmplot.com). The GC samples were categorized into two groups according to the levels of HMG expression. Overall survival (OS) was defined as the time to death or the last follow-up after the initial diagnosis of GC, whichever occurred earlier. Recurrence-free survival (RFS) was the time to recurrence after diagnosis. The hazard ratio (HR) and P-values were determined. P values < 0.05 were considered statistically significant.



The receiver operating characteristic (ROC) curves

The ROC curve is a comprehensive index reflecting the continuous variables of sensitivity and specificity, and their interrelationship is suggested by conformation analysis. The ROC curve analysis was performed for the RNA-seq data in TCGA-STSD FPKM format (FPKM format was converted to TPM format and log2 transformation was performed) using the R software (×64 3.6.3). The ROC curves for markers of imaging for OS were constructed, and the areas under the ROC curves (AUC) were evaluated empirically using the trapezoid rule utilizing the “pROC” and “ggplot2” R packages. The pROC package (version 1.17.0.1) was used for analysis and the ggplot2 package (version 3.3.3) was used for visualization.



cBioPortal

cBioPortal was employed to perform gene variation analysis in GC (http://www.cbioportal.org/), including amplification, mutation, and copy number variants. An overview of the genetic alterations in each HMGs was provided to visualize the complete details of each mutation type per sample.



GeneMANIA

GeneMANIA (http://www.genemania.org) is a database that generates hypotheses on gene functions, analyzes gene lists, and prioritizes genes for functional testing based on functions with high accuracy according to prediction algorithms. We used it to weigh the predictive value of the indicated HMGs.



STRING

STRING (https://string-db.org/) provides information on protein interactions, including direct physical interactions among proteins and indirect functional correlations between proteins. The purpose was to achieve a thorough and objective worldwide network and propose a unique set of computational projections. Protein-protein interaction (PPI) network analysis was performed using STRING to collect and integrate the manifestations and potential interactors of HMGs.



Immune infiltration analysis

The recognition and infiltration of immune cells in tumors play an essential function in cancer detection and elimination. The “GSVA” package in R software (×64 3.6.3) (58) and the ssGSEA algorithm, along with RNA-seq data in TCGA-STSD FPKM format (FPKM format was converted to TPM format and log2 transformation was performed) were used for immune infiltration analysis and visualization of the results. The immune cells (59) included activated dendritic cells (aDCs), B cells, CD8 T cells, cytotoxic cells, DCs, eosinophils, immature dendritic cells (iDCs), macrophages, mast cells, neutrophils, NK CD56bright cells, NK CD56dim cells, NK cells, plasmacytoid dendritic cells (pDCs), T cells, T helper, Tcm (T central memory), Tem (T effector memory), Tfh (T follicular helper), Tgd (T gamma delta), Th1 cells, Th17 cells, Th2 cells, and Treg cells. The correlation between HMGs and immune cells was assessed by Spearman’s correlation analysis. The subgroup comparisons of HMGs and immune infiltrates were statistically analyzed using Weltch’s t-test.



Heat map correlational analyses

The association of each of the two HMGs and the most relevant genes among the HMGs as well as the association between HMGs and immune checkpoints were estimated by Spearman’s correlation coefficient. Statistical analysis was performed using the R software (×64 3.6.3) and plots were drawn. A heat map was drawn to show the top 50 genes that were significantly relevant to HMGs. The immune checkpoints included PDCD1 [ENSG00000188389]; CD274 [ENSG00000120217]; PDCD1LG2 [ENSG00000197646]; CTLA4 [ENSG00000163599]; LMTK3 [ENSG00000142235]; LAG3 [ENSG00000089692]; TIGIT [ENSG00000181847]; HAVCR2 [ENSG00000135077], and SIGLEC15 [ENSG00000197046]. A P-value under 0.05 was regarded as a significant correlation.



Gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) analyses

GO and KEGG enrichment analyses were performed using the DAVID database (https://david.ncifcrf.gov/). GO terms include three classifications, namely biological processes (BPs), cellular components (CCs), and molecular functions (MFs). The DAVID database provides calculations for significantly enriched pathways. The plots for GO and KEGG analyses were graphed using the R package, ggplot2 (×64 3.6.3).




Results


Levels of mRNA expression of HMGs in human cancers

The levels of mRNA expression of each subfamily of the HMG family in cancer and para-cancerous tissues were characterized utilizing TCGA database (Figure 1). The results showed that compared to para-cancerous tissues, the mRNA expression of all members of the HMG family was higher in most cancers except for HMGN5 which showed a consistently low expression across most cancer tissues.




Figure 1 | mRNA expression levels of HMGs in different human cancer types. The numbers of Normal group (N) and Tumor group (T) in different types of cancer were: ACC (Adrenocortical Carcinoma): N: 128, T: 77; BLCA (Bladder Urothelial Carcinoma): N: 28, T: 407; BRCA (Breast Invasive Carcinoma): N: 292, T: 1099; CESC (Cervical Squamous Cell Carcinoma and Endocervical Adenocarcinoma): N: 13, T: 306; CHOL (Cholangio Carcinoma): N: 9, T: 36; COAD (Colon Adenocarcinoma): N: 349, T: 290; DLBC (Lymphoid Neoplasm Diffuse Large B-cell Lymphoma): N: 444, T: 47; ESCA (Esophageal Carcinoma): N: 666, T: 182; GBM (Glioblastoma Multiforme): N: 1157, T: 166; HNSC (Head and Neck Squamous Cell Carcinoma): N: 44, T: 520; KICH (Kidney Chromophobe): N: 53, T: 66; KIRC (Kidney Renal Clear Cell Carcinoma): N: 100, T: 531; KIRP (Kidney Renal Papillary Cell Carcinoma): N: 60, T: 289; LAML (Acute Myeloid Leukemia): N: 70, T: 173; LGG (Brain Lower Grade Glioma): N: 1152, T: 523; LIHC (Liver Hepatocellular Carcinoma): N: 160, T: 371; LUAD (Lung Adenocarcinoma): N: 347, T: 515; LUSC (Lung Squamous Cell Carcinoma): N: 338, T: 498; MESO (Mesothelioma): N: 0, T: 87; OV (Ovarian Serous Cystadenocarcinoma): N: 88, T: 427; PAAD (Pancreatic Adenocarcinoma): N: 171, T: 179; PCPG (Pheochromocytoma and Paraganglioma): N: 3, T: 182; PRAD (Prostate Adenocarcinoma): N: 152, T: 496; READ (Rectum Adenocarcinoma): N: 318, T: 93; SARC (Sarcoma): N: 2, T: 262; SKCM (Skin Cutaneous Melanoma): N: 818, T: 469; STAD (Stomach Adenocarcinoma): N: 210, T: 414; TGCT (Testicular Germ Cell Tumors): N: 165, T: 154; THCA (Thyroid Carcinoma): N: 338, T: 512; THYM (Thymoma): N: 446, T: 119; UCEC (Uterine Corpus Endometrial Carcinoma): N: 101, T:181; UCS (Uterine Carcinosarcoma): N: 78, T: 57; UVM (Uveal Melanoma): N: 0, T: 79. (*p< 0.05; **p<0.01; ***p<0.001; NS, no statistically significant difference).





Levels of mRNA and protein expression of HMGs in GC

To test the levels of mRNA expression of HMGs in GC, we analyzed the transcriptomic data from TCGA database (Figures 2A, B) comprising 375 GC tissues and 32 para-cancerous tissues. The expression of HMGN5 decreased slightly compared to the para-cancerous tissues, while that of other HMGs increased significantly (p<0.05).




Figure 2 | mRNA expression levels of HMGs in GC: (A) Scatter diagram; (B) Box plot.



Immunohistochemistry is based on the principle of specific binding of antigens and antibodies which aids the visualization of expression and localization of a protein. It intuitively reveals the expression of the protein in the tissue. The protein levels of HMGs in GC (images of immunohistochemistry staining for GC and normal tissues were collected from HPA) were investigated (Figure 3). Except for the absence of information on HMGN4, the protein levels of HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, and HMGN3 were elevated, while that of HMGN5 was similar in GC tissues compared to para-cancerous tissues.




Figure 3 | Protein expression levels of HMGs in GC. Images of immunohistochemistry staining for GC and normal tissues were collected with HPA. The greater the antigen content (representing the level of protein expression) and the higher the distribution density, the stronger the positive result color rendering. According to the degree of color rendering of positive markers, they are classified as: blue, negative; light yellow, weakly positive; brown, moderately positive; and dark brown, strongly positive. (scale bar = 200 μm).





Relative expression of HMGs in GC cell lines

Subsequently, we performed qRT-PCR analysis to verify the expression of HMGs across GC cell lines (Figure 4). The results demonstrated that the expressions of HMGA1, HMGA2, HMGB1, HMGB2, and HMGB3 were high in GC cell lines (AGS, HGC-27, MGC-803, BGC-823, MKN-45, and MKN-28) compared to the normal gastric epithelial cells (GES-1), consistent with previous predictions using TCGA cohort. However, the mRNA levels of both HMGN1 and HMGN2 were low in the GC cell lines, contrary to our prediction. Given that the protein levels of HMGN1 and HMGN2 were elevated, their translation from mRNA to protein may be subjected to some post-transcriptional regulation that correspondingly up-regulated their expression. HMGN3 was highly expressed in AGS, MGC-803, and BGC-823 cells but its levels were low in the remaining cells. The expression profile of HMGN4 was similar to that of HMGN3, with elevated expression in MGC-803 and BGC-823 cells and low expression in the remaining cell lines, inconsistent to an extent with our predictions. This suggested the existence of regulatory processes during protein translation. Interestingly, except for MKN28, HMGN5 was highly expressed across GC cell lines, which was exactly the opposite of our prediction, indicating the necessary occurrence of protein translational modifications (PTMs) in HMGN5 mRNA, resulting in correspondingly lower expression levels of its protein.




Figure 4 | The relative expression levels of HMGs in GC cell lines (AGS, HGC-27, MGC-803, BGC-823, MKN-45, MKN-28) were detected by qRT-PCR (*p< 0.05; **p<0.01; ***p<0.001; NS, no statistically significant difference).





Association between clinical characteristics and HMGs

Subsequently, we evaluated the association between differentially expressed HMGs and the pathological stage of GC patients. The relationship between tumor stage and HMGs was examined using the GEPIA database (Figure 5A). No significant correlations were observed between HMGs and tumor stage, suggesting that HMGs might not be associated with the pathological stages of GC.




Figure 5 | (A) Association between HMGs and tumor stage in GC; (B) Effect of HMGs on OS and RFS in GC.



Apart from the tumor stage, Kaplan-Meier Plotter was employed to assess the impact of HMGs on GC prognosis. As shown in Figure 5B, the OS of the high HMGA1 expression group was higher than that of the low expression group (p < 0.05), while HMGA1 expression was not significantly correlated with RFS. HMGB1 and HMGN3 showed the same trends for GC prognosis as HMGA1. The HMGA2 low-expression group showed remarkably better OS and RFS. The OS of the HMGB2 high expression group was higher than that of the low expression group (p < 0.05) but the difference in RFS between the two groups was statistically insignificant, which might be due to the small sample size. Similar to HMGA1, both OS and RFS were higher in the high HMGB3 and HMGN2 expression groups than in the corresponding low expression groups (p < 0.05). In contrast, the high HMGN5 expression group had worse OS compared to the low expression group (p < 0.05) while HMGN5 expression was not significantly correlated with RFS. The expressions of HMGN1 and HMGN4 showed no significant effects on the prognoses of GC patients (both OS and RFS).



Correlation between HMGs and potential diagnostic markers for GC

Next, we evaluated the efficacy of HMGs as biomarkers for GC. As shown in Figure 6A, the mRNA expression of HMGA1 could discriminate GC from normal samples with an AUC value of 0.855 obtained from the ROC curve analysis. With a cutoff of 8.448, the sensitivity and specificity were 0.844 and 0.752, respectively. HMGA2, HMGB3, and HMGN1 showed higher accuracy in distinguishing GC from normal tissues. ROC curve analysis revealed that the AUC for HMGA2 as a diagnostic marker was 0.911 (sensitivity, 0.969; specificity, 0.803); the AUC for HMGB3 was 0.960 (sensitivity, 0.969; specificity, 0.869), and the AUC for HMGN1 was 0.915 (sensitivity, 0.875; specificity, 0.829). HMGB1 and HMGB2 showed similar values, with AUCs of 0.889 (sensitivity, 0.938; specificity, 0.693) and 0.869 (sensitivity, 0.938; specificity, 0.763), respectively. HMGN2 and HMGN4 showed some level of accuracy in distinguishing GC from normal tissues, with similar AUC values, which were 0.753 with a cutoff of 6.539 (sensitivity and specificity were 0.562 and 0.827, respectively) and 0.724 with a cutoff of 5.763 (sensitivity and specificity were 0.594 and 0.781, respectively). However, the predictive value of HMGN3 and HMGN5 in distinguishing GC from normal tissue was relatively low. ROC curve analysis showed that the AUC for HMGN3 was 0.697 (sensitivity, 0.969; specificity, 0.363) and that for HMGN5 was 0.568 (sensitivity, 0.906; specificity, 0.320). We also performed a ROC curve analysis for the predictive utility of HMGs by the clinical stage, and interestingly, consistent observations were made (Figure 6B). Therefore, the mRNA levels of HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, and HMGN4 may serve as biomarkers to distinguish GC from normal samples. HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, and HMGN4 were the potential diagnostic biomarkers for GC.




Figure 6 | ROC curves for HMGs without (A) or with clinical staging (B) in GC.





Mutation landscape and its correlation with HMGs and PPI analysis

The cBioPortal database was accessed to assess the mutational profile of HMGs. Genetic alterations occurred in 22% (99/441) of patients, and the most common mutation in the HMG subtype was gene amplification (Figure 7A). Specifically, except for missense mutations, splicing mutations, and deep deletions, HMGB1 was almost always carrying an amplification mutation (Figure 7C). Mutations in the genes of HMGA1, HMGB2, and HMGN3 included amplifications, missense, and deep deletions. HMGA2 carried both amplification and truncation mutations. HMGB3 showed amplification, missense, deep deletions, and non-frameshift mutations. Mutations in the gene for HMGN1 included deep deletions, amplifications, and truncating mutations. HMGN2 showed deep deletions, truncations, and missense mutations. HMGN4 only showed amplification mutations and deep deletions. HMGN5 not only showed amplification mutations and deep deletions but also exhibited splicing mutations. Next, we evaluated the association between HMG members by Spearman correlation analysis. As shown in Figure 7B, a significant positive correlation between HMGA1 and HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, HMGN4; HMGA2 and HMGB1, HMGB3, HMGN1, HMGN2; HMGB1 and HMGB2, HMGB3, HMGN1, HMGN2, HMGN4; HMGB2 and HMGB3, HMGN1, HMGN2, HMGN3, HMGN4; HMGB3 and HMGN1, HMGN2, HMGN3, HMGN4; HMGN1 and HMGN2, HMGN3, HMGN4; HMGN2 and HMGN4, and HMGN3 and HMGN5 was found.




Figure 7 | Mutation and correlation analysis of HMGs in GC. (A) Mutation frequency of HMGs; (B) correlation between every two HMGs; (C) Mutation specifics of every HMGs in each sample; (D, E) Protein-protein interaction network of different expressed HMGs.



A PPI network was constructed using STRING to assess the potential interactors of differentially expressed HMG genes. Two nodes (40) and edges (184) were found in the PPI network (Figure 7D). These differentially expressed HMGs were likely to cooperate with LY96 to mediate innate immune responses against bacterial lipoproteins and other microbial cell wall components. GeneMANIA outcomes also showed that the functions of differentially expressed HMG and its related molecules (e.g., C2orf81, SETBP1, BAZ2A, SSRP1, UBTFL1, HMGB4, TOX3, HMGXB3, TOX, and HMGXB4) were mainly associated with DNA secondary structure, chromatin binding, DNA conformation changes, regulation of DNA binding, and regulation of chromatin organization involved in transcription (Figure 7E).



Significant genes associated with HMGs

TCGA database was utilized to investigate important genes associated with HMG members. The top 50 genes showing the most significant association are displayed in the heatmap (Figure 8). The genes most negatively associated with HMGA1 included MT-ND5, KLHDC1, and MICU3, while genes most positively associated with HMGA1 were HMGA1P3, HMGA1P2 and HMGA1P1. the genes most negatively associated with HMGA2 included C9orf24, NR3C2, and LINGO4, while the genes most positively associated with HMGA2 were IGF2BP2, RPSAP52, and AC107308.1. The genes most negatively associated with HMGB1 included ADRB2, FAM189A2, and ELN-AS1, while the ones positively associated with HMGB1 were RFC3, EXOSC8, and MED4. The genes most negatively associated with HMGB2 included FCER1A, SCN4B, and GSTM5, while the ones most positively associated with HMGB2 were PLK4, MAD2L1, and MND1. The genes most negatively associated with HMGB3 included C16orf89, ACKR1, and GFRA1, while the ones most positively associated with HMGB3 were DKC1, CDK1, and CENPA. The genes most negatively associated with HMGN1 included CRYAB, ACKR1, and BMERB1, while the ones most positively associated with HMGN1 were CHAF1B, MIS18A, and DONSON. The genes most negatively associated with HMGN2 included MTCYBP35, MT-ND5, and MTRNR2L6, while the ones most positively associated with HMGN2 were HMGN2P5, PPP1R8, and LMNB1. The genes most negatively associated with HMGN3 included KRT20, GSDMA, and MYO7B, while the genes most positively associated with HMGN3 were HMGN3P1, EEF1E1, and SLC35A1. The genes most negatively associated with HMGN4 included MT-CO3, MT-RNR1, and MT-RNR2, and the genes most positively associated with HMGN4 were MOB1A, NEDD1, and CDC27. The genes most negatively associated with HMGN5 included UNC119, LIMK1, and UBTD1, while the ones most positively associated with HMGN5 were BDH2, NOSTRIN, and NSRP1.




Figure 8 | Heatmap plot of top 50 associated genes to HMGs (negatively and positively).





Correlation between immune infiltrates and HMGs

Tumor development is closely related to immunity, and tumor-infiltrating lymphocytes perform a critical function in tumor progression, affecting the treatment and prognosis of patients with GC. Therefore, we investigated whether HMGs were associated with the level of immune infiltration in GC (Figure 9). The results showed that the mRNA expression of HMGA1 correlated positively with Th2 cells and NK CD56bright cells, while negatively with pDCs and mast cells. The mRNA expression of HMGA2 correlated positively with Th2 cells, while negatively with TFH and CD8 T cells. The levels of immune infiltration were similar for HMGB1, HMGB2, HMGN1, and HMGN2, and their mRNA expression correlated positively with Th2 cells and T helper cells, while negatively with mast cells and pDCs. The mRNA expression of HMGB3 correlated positively with Th2 cells and T helper cells, while negatively with mast cells and B cells. The mRNA expression of HMGN3 correlated positively with T helper cells and Th2 cells, and negatively with NK cells and eosinophils. The mRNA expression of HMGN4 correlated positively with T helper cells and Tcm, and negatively with pDCs and T17 cells. The mRNA expression of HMGN5 correlated positively with T helper cells and Tcm, while significantly negatively with Th1 cells and NK cells. Taken together, HMGs may be intimately associated with immune infiltration in GC.




Figure 9 | Relationship between Infiltration levels of immune cells and HMGs. Subgroup comparison plots demonstrated the first two cells that showed positive and negative correlations with HMGs. Correlation scatter plots illustrated the strength of the association between the four cells and HMGs in the subgroup comparison plots (Spearman correlation analysis). (*p< 0.05; **p<0.01; ***p<0.001).





Relationship between immune checkpoints and HMGs in GC

Considering that HMGs are potential oncogenes in GC, we assessed the connection of HMGs with PDCD1, CD274, PDCD1LG2, CTLA4, LMTK3, LAG3, TIGIT, HAVCR2, and SIGLEC15 (Figure 10). Consequently, we discovered that the level of HMGA1 expression correlated positively with PDCD1 (PD-1), CD274 (PD-L1), LMTK3, and LAG3 and the level of HMGA2 expression correlated positively with LMTK3 in GC. The level of HMGB1 expression showed a positive correlation with CD274 (PD-L1), LMTK3, HAVCR2, and SIGLEC15. The level of HMGB2 expression had a highly positive significant association with PDCD1 (PD-1), CD274 (PD-L1), CTLA4, LAG3, TIGIT, HAVCR2, and SIGLEC15 in GC. The level of HMGB3 expression had a strong positive correlation with CD274 (PD-L1), CTLA4, LMTK3, and SIGLEC15. The expression of HMGN1 correlated positively with CD274 (PD-L1), CTLA4, LMTK3, and LAG3 in GC. The expression of HMGN2 showed a particularly prominent positive relationship with PDCD1 (PD-1), CD274 (PD-L1), PDCD1LG2 (PD-L2), CTLA4, LMTK3, LAG3, TIGIT, and HAVCR2 in GC. The expression of HMGN3 showed a positive association with LMTK3 in GC. The expression of HMGN4 showed a significant positive association with PDCD1 (PD-1), CD274 (PD-L1), PDCD1LG2 (PD-L2), CTLA4, LAG3, TIGIT, and HAVCR2 in GC. The expression of HMGN5 correlated positively with PDCD1 (PD-1), CTLA4, LMTK3, and HAVCR2 in GC. These findings suggested that tumor immune escape and antitumor immunity probably participated in the oncogenic processes of GC mediated by HMGs.




Figure 10 | Relevance analysis of immune checkpoint-related genes and HMGs in GC (*p< 0.05; **p<0.01; ***p<0.001).





Functional analysis for HMGs

HMGs and the relevant genes mentioned above (70 in total) were analyzed in the DAVID database for GO and KEGG enrichment. The top five enriched terms are shown in Figures 11A, B. Remarkably, the BPs were related to DNA conformation change and packaging and chromatin assembly (GO: 0071103, 0006338, 0006323, 0031497,0006333); the four MFs were associated with DNA binding (GO: 0031492, 0031490, 0008301, 0000400). These suggested that HMGs were strongly related to the cell cycle. KEGG analysis showed that the cell cycle was among the top 5 enriched pathways (Figure 11C). Cell cycle proteins may participate in cell growth, proliferation and differentiation, gene transcription, and DNA processes through the action of HMGs (Supplementary Figure 1).




Figure 11 | GO and KEGG enrichment  analysis of HMGs. (A) Biological process (BP); (B) Molecular  function (MF); (C) Kyoto Encyclopedia of Genes and Genomes (KEGG); (D) Summary plot of enrichment analysis.






Discussion

We assayed the mRNA expression of HMGs in GC cell lines by qRT-PCR and utilizing diverse public databases, we present, herein, the first comprehensive systematic analysis of HMGs in GC. HMGA1, HMGA2, HMGB1, HMGB2, HMGB3, HMGN1, HMGN2, and HMGN4 showed high expression in GC tissues relative to normal gastric tissues. GC patients with high expression of HMGA2 and HMGN5 had shorter OS than those with low expression, suggesting the utility of HMGA2 and HMGN5 as potential prognostic prediction markers in GC. GC patients with high HMGA2 expression had shorter RFS than those with low HMGA2 expression, suggesting that HMGA2 may be a potential target for GC therapy. GO and KEGG enrichment analyses revealed that HMGs played a key function in cell cycle signaling pathways.

HMGA1 expression is of great value as a biomarker of chemotherapeutic responses in GC (60). Previously, HMGA1 expression was analyzed by immunohistochemistry in a hospital series (n = 323) comprising single hospital gastric adenocarcinoma cases (stages I to IV) with clinicopathologic and therapeutic datasets. No significant relevance of HMGA1 expression as a prognostic biomarker was noted in this collection. However, a significantly better OS was observed in cases with high HMGA1 levels following chemotherapy compared to untreated cases, implying that these patients could benefit more from treatment compared to those with low HMGA1 expression. This is in good agreement with our prediction. We collected the information from 371 patients and there was a remarkable survival difference between the high- and low-expression groups (p < 0.01). HMGA1 was highly expressed in GC cell lines, suggesting that it may promote GC. ROC curve analysis showed HMGA1’s predictive accuracy extent, and its AUC value was 0.855 with a cutoff of 8.448; the sensitivity and specificity were 0.844 and 0.752, respectively.

The HMGA2 protein might be a valuable prognostic marker for predicting tumor recurrence (61). In a study including 110 patients with primary GC, 29 adenoma samples, and 30 non-cancerous gastric tissues, HMGA2 protein levels were found to be significantly high in GC samples, and the expression correlated significantly with lymphatic invasion, peripheral nerve invasion, and TNM stage. The results of qRT-PCR revealed that HMGA2 was highly expressed in GC cell lines. HMGA2 expression was remarkably linked to shorter RFS. The above results suggested that increased HMGA2 expression may underlie carcinogenesis in GC, and was correlated with tumor cell aggressiveness and adverse prognosis of these patients. Consistently, we demonstrated that HMGA2 led to high relapse rates and may be a potential prognostic prediction marker as well as a therapeutic target in GC. However, unfortunately, HMGA2 expression was not found to be significantly associated with the tumor stage (P = 0.59). Since the data for the analysis were obtained from the GEPIA database, the findings may be attributed to the small sample size as well as the suboptimal selection of the samples or their distribution. The biological mechanisms underlying the expression of HMGA2 and its role within the GC remain largely unclear.

Previous studies show that HMGB1 is oncogenic in GC and GC patients with high HMGB1 expression exhibit a poor prognosis (27, 28). Our results also indicated that HMGB1 was highly expressed in GC cell lines, suggesting that HMGB1 might promote GC progress. We performed Kaplan-Meier Plotter analysis using the information collected from 371 patients, and OS was found to be higher in the high HMGB1 expression group than in the low HMGB1 expression group (p < 0.05), whereas HMGB1 expression was not significantly associated with RFS. This was in contrast with previous findings, and the OS was instead higher in patients with high HMGB1 expression. Jing Zhang et al. reported that knocking down HMGB1 inhibited the growth and invasion of GC cells via the NF-κB pathway both in vitro and in vivo, indicating that HMGB1 may serve as a potential therapeutic target for gastric adenocarcinoma (GAC) (29). Guoquan Huang et al. showed the inhibitory effect of the SEMA3B-AS1/HMGB1/FBXW7 axis in the peritoneal metastasis (PM) of GC through the modulation of biglycan (BGN) protein ubiquitination (62).

Increasing evidence suggests that HMGB2 is involved in various malignancies like prostate cancer, cervical cancer, lung cancer, melanoma, pancreatic ductal adenocarcinoma (PDAC), and GC. Pengnan Zhang et al. suggest that HMGB2 may promote cell proliferation by activating the AKT signaling pathway, thus making it a promising candidate in the search for new biomarkers and therapeutic targets in cervical cancer (63). Shugo Suzuki et al. suggest that HMGB2 expression may be a good screening tool for identifying the potential of prostate carcinogens (64). In GC, Guangfei Cui et al. found that silencing HMGB2 expression significantly decreased the proliferation and invasion of GC cells and reduced the rate of glycolysis, indicating that HMGB2 may be a novel biomarker and potential therapeutic target in GC treatment (65).

Collectively, the up-regulated expression of HMGB3 can cause the development of diverse tumors. The aberrant expression of HMGB3 suppresses the bending of the DNA and prevents the binding of DNA and transcription factors. HMGB3 can promote the production of reactive oxygen species (ROS) via specific Toll-like receptors (TLRs) on membranes (66), and can regulate cell cycle-induced tumorigenesis, thus promoting cancer cell proliferation and invasion by regulating signaling pathways including Wnt/β-catenin (67), MAPK (68), and Akt (69), enhancing cancer stem cell gene activity and promoting the malignant proliferation of cancer cells. HMGB3 expression is regulated by various miRNAs and long non-coding RNAs (70–72). In gastric adenocarcinoma cells, down-regulation of HMGB3 expression can dramatically suppress cancer cell proliferation, mostly through the induction of G0/G1 blockade in cancer cells, regulation of p53 and p21 signaling pathways, and downregulation of the ratio of anti-apoptotic factor Bcl-2/pro-apoptotic factor Bax (73). Moreover, the downregulation of HMGB3 expression results in the inhibition of invasion and migration of GC cells through the suppression of the activation of MMP2 and MMP9 (74). These results suggest that HMGB3 is an emerging tumor diagnostic and prognostic marker protein (75).

HMGN1 functions as a nucleosome-binding protein that regulates chromatin structure, histone modifications, and gene expression. Jae-Hwan Lim et al. found that HMGN1 could enhance acetylation of lysine 14 in histone H3, thus playing an important role in chromatin regulation (76). Yehudit Birger et al. revealed that HMGN1 increased the repair rate of ultraviolet (UV)-induced DNA lesions in chromatin, confirming the role of HMGN1 in DNA damage repair (77). HMGN1 is an alert protein contributing to the extracellular production of LPS-induced innate and antigen-specific (78) as well as Th1-polarized adaptive immune responses (79), which play a key role in cell-mediated tumor immune responses. Owing to the ability to boost DNA repair and prioritize Th1 immune responses, HMGN1 is an ideal candidate for a vaccine adjuvant and developing antitumor therapies (80).

The abnormal expression of HMGN2 is often closely related to the occurrence and development of tumors. HMGN2 can inhibit the proliferation and cell cycle of tumor cells in breast cancer (81), oral squamous cell carcinoma (82), and osteosarcoma (83). Kimmo Porkka et al. show (84) that the nucleosome-binding domain F3 peptide of HMGN2 is a promising potential tumor therapeutic target, suggesting unique prospects for drug-targeting applications because it can be absorbed by cells and carry payloads to the nucleus. The C terminus of HMGN2 is similar to the structure of tumor invasion inhibitory factor 2 (IIF2). The inhibition rate of tumor metastasis in mice with lung cancer injected with IIF2 is 50–60%, further suggesting that HMGN2 can suppress tumor metastasis (85). Its N terminus can selectively bind to tumor cells (86). These results suggest that the N-terminal peptide of HMGN2 can carry cytotoxic agents into tumor cells, while the C-terminal peptide can be used to develop drugs to inhibit tumor metastasis. The unique structure and targeting ability of HMGN2 is expected to provide a new direction for the development of anticancer drugs.

HMGN4 is widely and differentially expressed in various human tissues, with higher HMGN4 mRNA levels in the thyroid gland, thymus, and lymph nodes and lower expression in the liver, pancreas, testis, and embryo. HMGN4 upregulation in mouse and human cells and the thyroid gland of transgenic mice alters cellular transcriptional profiles, downregulates the expression of the tumor suppressors, including Atm, Atrx, and Brca2, and elevates the level of the DNA damage-marker, γH2AX. Jamie Kugler et al. identified HMGN4 as a new epigenetic factor that enhanced thyroid carcinogenesis and raised its potential as a diagnostic marker or target for treatment for certain thyroid cancers (53). HMGN4 plays a critical function in STAT3-mediated carcinogenesis in triple-negative breast cancer (TNBC) and it may well be a potential new focus for anti-TNBC therapy (54).

Although the levels of HMGN3 and HMGN5 expression in GC and normal tissues were statistically significant, they were comparable. At present, little is known about their exact functions in GC. Only HMGN5 has been reported to play an oncogenic role in GC, whereby it promotes GC cell growth (87). HMGN5 was highly expressed in GC cell lines, contrary to the predictions using TCGA cohort. However, it was consistent with the results of the above experimental study. This indicated that some PTMs of HMGN5 mRNA necessarily occurred at the stage of mRNA translation to protein, correspondingly resulting in lower protein levels. HMGN5 is scantily studied and genetic and clinical evidence is needed to assess its value.

Some limitations of this study warrant further consideration. First, the study lacked experimental validation and molecular experiments. Second, GC showed strong heterogeneity (88), whereas mRNA expression in TCGA database was average across all cell types of the tumor. Further elucidation of the role of HMGs in GC by single-cell sequencing analyses is required.
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Conclusion

In summary, we systematically analyzed the differential expression, immune infiltration, and prognostic value of HMGs in GC. Except for HMGN3 and HMGN5, the levels of expression of the remaining members were significantly enhanced in GC. Our findings strongly suggested the vital role of HMGs in GC. HMGA2 and HMGB3 could be potential markers for prognostic prediction and serve as therapeutic targets for the treatment of GC patients by interrupting pathways underlying the cell cycle. Our research may provide renewed perspectives for prognostic biomarker selection among HMGs in GC and their future utilization may contribute to the determination of the optimal strategy for the treatment of these patients.
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MALT lymphoma is an extranodal B-cell lymphoma of the marginal zone of mucosa-associated lymphoid tissue (MALT), caused by malignant transformation of B-cells in the marginal zone. In this work, we aim to explore the potential relationship between MALT lymphoma and DLBCL. Vaccines derived from messenger ribonucleic acid (mRNA) may provide satisfactory results. Despite being a promising treatment option, immunotherapy isn’t widely used in treating renal cell carcinoma, as only a few patients respond to the treatment. The Cancer Genome Atlas (TCGA) analysis revealed gene expression profiles and clinical information. Antigen-presenting cells infiltrated the immune system using TIMER tool (http://timer.cistrome.org/). GDSC (Genomics of Drug Sensitivity in Cancer) data were used to estimate drug sensitivity. Immune-related genes were associated with a better prognosis in MALT lymphoma patients and higher levels of antigen-presenting cells. There is a significant relationship between these immune subtypes and immunological checkpoints, immunogenic cell death regulators, and prognostic variables for MALT lymphoma patients. In this study, we provide a theoretical foundation for the development of mRNA vaccines and suggest that KLHL14 could potentially be used as antigens to develop mRNA vaccines for MALT lymphoma.
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Introduction

MALT lymphoma is an extranodal B-cell lymphoma of the marginal zone of mucosa-associated lymphoid tissue (MALT), caused by malignant transformation of B-cells in the marginal zone (1). An acquired MALT in the stomach, usually caused by chronic Helicobacter pylori infection, is gastric MALT lymphoma (GML) (2). Most gastric lymphomas are MALT lymphomas, which make up 38%-48% of all primary gastric lymphomas (3). The majority of gastric MALT lymphomas are located locally and are usually of low grade (4). Although rare, MALT lymphoma has the risk of evolving into high-grade diffuse large B-cell lymphoma. It is believed that Helicobacter pylori played a significant role in the pathogenesis of gastric MALT lymphoma (5). A close relationship has been found between Helicobacter pylori infection and gastric lymphoma prevalence in epidemiological studies (6). It is important to eliminate H. pylori as soon as possible in the early stages of the condition, as successful eradication is usually sufficient to cure the condition (7). As far as we know, MALT lymphomas originate from mature post-germinal center B cells, which are closely related to plasma cells (8). There is, therefore, a significant proportion of lymphoma patients who express monoclonal immunoglobulins, both on the lymphoma cells and in the blood, which can be detected by serum electrophoresis or immunofixation (9).

Gastric MALT lymphoma is initially diagnosed using endoscopy and histological examination of biopsy specimens. The diagnosis of gastric MALT lymphoma is based on centrocyte-like B-cell infiltration in the lamina propria, and the histology reveals lymphoma cell aggregates infiltrating individual glands and forming prominent nodules (10). Clinical staging was determined using the modified Ann Arbor staging system, which classified major lesions according to their location in the upper, middle, or lower third of the stomach (11). Physical examinations, computed tomography scans of the chest and abdomen, and biopsies are all part of the staging process. Based on immunohistochemistry, MALT lymphoma cells typically express haplotype surface Igs, IgM (IgM1) is more prevalent than IgD1 and IgG1, and cytoplasmic Igs are present in 40% of cases (12). B-cell-associated antigens expressed by tumor cells include CD19, CD20, CD22, CD79a, and CD79b, along with CD5 negativity (CD52), CD432/CD431, CD32, CD232, and CD11c2/CD11c1 (13).

The non-Hodgkin lymphomas (NHLs) are a diverse group of malignancies that, in approximately 80% of cases, are caused by B cells (B-NHL) (14). B-NHL differs in presentation, clinical features, prognosis, and response to treatment. A majority of non-Hodgkin lymphoma (NHL) cases are diffuse large B-cell lymphomas (DLBCLs), which account for approximately one-third of the total number of NHL cases worldwide (15). During the last 40 years, CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone) has been widely used. Patients with DLBCL are treated with rituximab and CHOP in combination according to FDA guidelines approved in 2006 (16). In addition, immunotherapy has been widely used in the treatment of DLBCL patients in recent years. In the treatment of relapsed/refractory DLBCL, chimeric antigen receptor (CAR) T cells are emerging as a promising immunotherapy (17). Therefore, it is important to explore efficient immunotherapy for DLBCL patients.



Methods


Data sources

The mRNA expression profiles, as well as the clinical information of gastrointestinal MALT lymphoma, were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/gds). In addition, the transcriptome expression data and clinical information of DLBCL patients were obtained from the TCGA database. In the GEO database, a total of four normal stomach tissues, five normal duodenal tissues, 10 gastric MALT lymphoma tissues, and 10 duodenal MALT lymphoma tissues were involved in the analysis. For the TCGA database, a total of 48 DLBCL tissues were included in the analysis.



Screening of the differential expressed genes

The transcriptome data were divided into a patient group and a normal group. Differential expression analysis was performed using the “limma” package in R 4.1.1. Genes with P-value < 0.05 and |Log2FC|>=1 was defined as differentially expressed genes. The Venn Diagram is applied to obtain the genes involved in DLBCL and MALT lymphoma-related genes.



GO and KEGG enrichment analysis

ClusterProfiler was used to analyze the functions of key genes. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) were used to explore the potential pathways involved in key genes. P-values lower than 0.05 were considered statistically significant.



Protein-protein interaction network of TPP-related proteins

PPI network of interactive genes was performed in STRING (https://www.string-db.org/). Interaction with Composite Ratings of more than 0.4 was considered statistically significant. In addition, Cytoscape 3.8.2 was used to analyze and visualize PPI networks.



Prognostic prediction model for DLBCL-related genes based prognostic index construction

The lasso regression analysis was performed to construct a prognostic prediction model. Subsequently, the screening of prognosis-related genes was further improved by applying SVM-based recursive feature elimination (SVM-RFE). All patients included in the prognostic model were assigned a risk score value. A grid search using 10-fold cross-validation yielded the best performance with the 40 top-ranked features. In addition, Kaplan-Meier survival analysis and receiver operating characteristic (ROC) curves were used to assess the accuracy of the prognostic model. AUC > 0.5 was considered to show predictive power.



Gene set enrichment analysis

The gene sets were retrieved from the GSEA database (http://www.gsea-msigdb.org/gsea/downloads.jsp) and enriched GO terms and KEGG pathways were identified using GSEA analysis. A total of 50 best terms were selected for each subtype according to their significance.



Classification of immune subtypes

Unsupervised NMF clustering of patients was performed using the NMF package based on the expression profile of immune-related genes. Further, “survival” the R software package was used for Cox regression analysis and analysis of the relationship between all candidate genes and overall survival (OS). Further, the NMF package was used for unsupervised NMF clustering, and the same candidate genes were used as the MSKCC external validation set. The k value at which the correlation coefficient began to decrease was selected as the optimal number of clusters. mRNA expression data of the above immune genes was used to verify the subtype assignment based on the T-SNE method.



Drug sensitivity analysis

The “pRRophetic” R software package was used to predict the chemotherapy sensitivity of each tumor sample based on the Genomics in Drug Sensitivity in cancer Database ((GDSC), https://www.cancerrxgene.org/). Further, regression analysis was performed to determine the estimated IC50 value for each specific chemotherapy drug. The GDSC training set was used to perform ten-fold cross-validation to test the regression and prediction accuracy. Default values were selected for all parameters, including the “combat” parameter that removes batch effects and the average value of repeated gene expression.



Immune cell infiltration analysis

The CIBERSORT algorithm was used to analyze RNA-seq data of PRAD patients in different subgroups to determine the relative proportions of 22 immune infiltrating cells. Subsequently, Spearman correlation analysis was performed to explore the relationship between gene expression and infiltration of the 22 immune cell types. A P-value <0.05 was considered statistically significant.



Gene set variation analysis

GSVA is a non-parametric unsupervised method for evaluating the enrichment of transcriptome gene sets. In this analysis, gene-level changes are transformed into pathway-level changes by comprehensively scoring the gene set of interest, and the biological function of the sample is determined. In the present study, gene sets were retrieved from the molecular signatures database (v7.0 version). The GSVA algorithm was then used to comprehensively score each gene set to evaluate potential biological functional changes in different samples.



Immune landscape analysis

Dimensionality reduction analysis was conducted using the ReduceDimension function in Monocle. The maximum number of components was set as four. The discriminative tree dimensionality reduction algorithm (DDRTree) was used for dimensionality reduction. PLOT_CELL_TRACTORK package in Monocle was used for visualization of the immune landscape.



Gene set enrichment analysis

Gene sets were retrieved from the MSigDB database (http://www.gsea-msigdb.org/gsea/downloads.jsp). The R package was used to perform GSEA of the gene sets to identify enriched GO terms and KEGG pathways. The top 50 terms with the highest significance among the subtypes were selected.



Statistical analysis

Survival curves were generated using the Kaplan-Meier method and were compared using the log-rank test. Cox proportional hazard model was used for multivariate analysis. All statistical analyses were performed using R (version 3.6) software. All statistical tests were two-sided, and a p-value <0.05 was considered statistically significant.




Results


Exploration of the key genes involved in the lymphoma cohort

First, a total of five normal stomach tissues and 10 stomach tissues of gastric malt lymphoma patients were involved in the GSE48047 cohort in the GEO database. The differential expression analysis between gastric MALT lymphoma patients and control groups was performed in R. The results demonstrated that a total of 2329 differential expressed genes were screened in the gastric malt lymphoma patients compared with the normal people’s stomach tissue. 685 of them were up-regulated genes and 1644 of them were down-regulated (Figures 1A-C). The GO and KEGG enrichment analysis demonstrated that many enriched pathways, including Vitamin digestion and absorption, steroid hormone biosynthesis, xenobiotic metabolic process, uronic acid metabolic process, urea metabolic process, small molecule catabolic process, fatty acid metabolic process and regulation of leukocyte mediated immunity (Figure 1D). In addition, the GSE48047 cohort also contains the expressed data of duodenal tissue lymphoma tissues. We then performed the differential expressed analysis based on the data between duodenal tissue lymphoma tissues and normal duodenal tissues. The results revealed that a total of 684 differential expressed genes were detected, which includes 284 up-regulated genes and 400 down-regulated genes (Figures 2A-C). Subsequently, the GO and KEGG enrichment revealed that vitamin digestion and absorption, steroid hormone biosynthesis, small molecule catabolic process, response to toxic substances, regulation of leukocyte cell−cell adhesion, regulation of lymphocyte differentiation, regulation of leukocyte differentiation, regulation of leukocyte cell−cell adhesion, positive regulation of lymphocyte activation, and lymphocyte proliferation (Figure 2D).




Figure 1 | (A) The boxplot reveals the samples involved in gastric MALT lymphoma patients and control groups; (B) The differentially expressed analysis between gastric MALT lymphoma patients and normal people; (C) The heat map shows the top differentially expressed genes between gastric MALT lymphoma patients and normal people; (D) The GO and KEGG enrichment analysis based on the differentially expressed genes between gastric MALT lymphoma patients and normal people.






Figure 2 | (A) The duodenal tissue lymphoma tissues and normal duodenal tissues were shown in the boxplot; (B) The differentially expressed analysis between duodenal tissue lymphoma tissues and normal duodenal tissues; (C) The heat map was performed to evaluated the differentially expressed between duodenal tissue lymphoma tissues and normal duodenal tissues; (D) The GO and KEGG analysis based on the differentially expressed genes.





Exploration of the genes that are associated with DLBCL and gastrointestinal MALT lymphoma

Most gastrointestinal lymphomas are of B-cell origin, and DLBCL is the most common. Therefore, we then explore the relationship between DLBCL and gastrointestinal MALT lymphoma. By using the TCGA database, we obtain the differential expressed genes in patients with the high and low stage of DLBCL. The results demonstrated that a total of 7412 genes were considered as differential expressed genes, which includes 2695 up-regulated genes and 4717 down-regulated genes (Figures 3A, B). Subsequently, in order to explore the genes that are closely associated with DLBCL and gastrointestinal MALT lymphoma. We then performed the Venn Diagram, the results demonstrated that 176 intersection genes were obtained in DLBCL lymphoma cohort and gastrointestinal MALT lymphoma cohort (Figure 3C).




Figure 3 | (A) The differential expressed analysis based on the DLBCL cohort in TCGA database; (B) The heat map reveals the differentially expressed genes based on the DLBCL cohort in TCGA database; (C) The venn diagram was applied to explore co differentially expressed genes involved in TCGA and GEO database; (D) The construction of the prognostic prediction model in DLBCL cohort.





Construction of the prognostic prediction in DLBCL cohort based on the 17 intersection genes

To further explore the genes that are closely related to the prognosis of DLBCL lymphoma patients, we then performed the lasso regression analysis based on the expression of genes and the overall survival rate of DLBCL patients. We finally obtained 10 genes that are closely associated with the prognosis of DLBCL patients, including CXCL9, TIFAB, C3, VCVAM1, ZBE, D2, TIMD4, KLHL14, TNFRSF9, FCRL3, and PLEKHG1. For DLBCL patients, the Risk score = (0.0411) * CXCL9 + (-0.7688) * TIFAB + (0.0489) * C3 + (2.0974) * VCAM1 + (0.5684) * ZBED2 + (1.3951) * TIMD4 + (0.165) * KLHL14 + (-3.1688) * TNFRSF9 + (-0.4584) * FCRL3 + (0.1244) * PLEKHG1. Based on the expressed level of these ten genes, the patients with DLBCL were divided into the low and high-risk groups. The survival analysis demonstrated that the OS of DLBCL patients in the low-risk group is significantly higher than patients in the high-risk group. In addition, the ROC curve reveals that the risk score showed good predictive value in the prognosis of DLBCL patients. The AUC score of ROC for 1-year, 3-year, and 5-year was 0.982, 0.869, and 0.924 respectively. The AUC score is much larger than 0.7, which aims that the prognostic prediction model has good predictive value for DLBCL patients (Figure 3D).



Detection of the mutation frequency of 10 genes that are involved in prognostic prediction model in DLBCL cohort

Subsequently, to evaluate the genes that are closely associated with DLBCL patients, we then evaluated the mutation frequency of 10 genes that are involved in prognostic prediction model in DLBCL cohort (Figure 4A). The results revealed that four genes of them showed mutations in the DLBCL cohort, including C3, KLHL14, VCAM1 and ZEBD2. However, in the DLBCL cohort, CXCL9, TIFAB, TIMD4, TNFRSF9, FCRL3 and PLEKHG1 did not show mutation. The mutation rate of C3, VCAM1 and ZEBD2 in somatic cells is three percent. For KLHL14, the mutation rate of somatic cells is five percent (Figures 4B-E).




Figure 4 | (A) The total gene mutation landscape in DLBCL cohort; (B) The mutation landscape of C3 in DLBCL cohort; (C) The mutation landscape of KLHL14 in DLBCL cohort; (D) The mutation landscape of VCAM1 in DLBCL cohort; (E) The mutation landscape of ZBED2 in DLBCL cohort.





Differences in immune cell infiltration and immunotherapy related to different expression of C3, KLHL14, VCAM1 and ZEBD2

Our next step was to examine differences in immune cell expression between the groups. A significant difference was observed between high and low risk groups in the expression of C3, KLHL14, VCAM1 and ZEBD2, which may be the potential targets for immunotherapy. The results demonstrated that the expression level of C3 is positively correlated with the Idc, treg, pdc, NK cells, B cells and mast cells (Figure 5A). For KLHL14, the analysis immune cell demonstrated that B cells, T helper cells, The cells and Tcm are positively correlated with the expression level of KLHL14 (Figure 5B). In terms of VCAM1, the results revealed that T cells, CD8 T cells, T helper cells, TFH, Th1 cells, Th17 cells, adc and tcm are positively correlated with the expression level of VCAM1 (Figure 5C). The expression level of NK cells, tem, th1 cells, idc and mast cells are positively correlated with the expression level of VCAM1 (Figure 5D). Tumor mutational burden (TMB) is of interest in immunotherapy, and PDL1 is an important biomarker for predicting response to PD1 antibody therapy. Subsequently, we evaluate the relationship between C3, KLHL14, VCAM1, ZEBD2 and TMB. The results demonstrated that the expression levels of C3, KLHL14, VCAM1 and ZEBD2 are negatively correlated with TMB, which suggested that C3, KLHL14, VCAM1 and ZEBD2 may be important biomarkers for predicting response to PD1 antibody therapy (Figures 5E-H).




Figure 5 | (A) The immune cell infiltration of C3 in DLBCL cohort; (B) The immune cell infiltration of KLHL14 in DLBCL cohort; (C) The immune cell infiltration of VCAM1 in DLBCL cohort; (D) The immune cell infiltration of ZBED2 in DLBCL cohort; (E) The correlation between the expression level of C3 and TMB score; (F) The correlation between the expression level of KLHL14 and TMB score; (G) The correlation between the expression level of VCAM1 and TMB score; (H) The correlation between the expression level of ZBED2 and TMB score.





Exploration of the role of KLHL14 in immune scores, immune checkpoints and ICB responses

Based on the prognostic prediction model and the tumor mutation analysis, we discovered that KLHL14 may play an important role in DLBCL cohort. Therefore, we then evaluated the role of KLHL14 in the immune scores, immune checkpoints and ICB responses of DLBCL cohort (Figures 6A-C). The results of immune checkpoints demonstrated that the expression levels of CD24, CTLA4, PDCD1LG2 and SIGLEC15 are correlated with the expression of KLHL14. For B cells, the KLHL14-high expression group may be associated with more B cells. However, the KLHL14-high may also be associated with less macrophage. In addition, DLBCL patients with higher expression of KLHL14 may be associated with better immunotherapy efficacy.




Figure 6 | (A) The different immune score between low- and high- KLHL14 group; (B) The immune check point between low- and high- KLHL14 group; (C) The different TIDE score between low- and high- KLHL14 group.





Function enrichment analysis of KLHL14 in DLBCL patients

The results of GSEA enrichment analysis demonstrated that some pathways, including sensory perception of smell, olfactory receptor activity, detection of chemical stimulus, odorant binding, RNA binding involved in posttranscriptional gene silencing, intraciliary transport and DNA-dependent ATPase activity were closely associated with KLHL14 (Figure 7A). In addition, for GSVA enrichment analysis, the results demonstrated that sheath of neurons, central nervous system development, structural molecule activity, positive regulation of gene expression, RNA binding, cell cycle, signaling receptor binding, transporter activity and immune response were positively correlated with the expression level of KLHL14 (Figure 7B).




Figure 7 | (A) The GSEA enrichment of KLHL14 in DLBCL cohort; (B) The GSVA enrichment analysis of KLHL14 in DLBCL cohort.






Discussion

MALT lymphoma of the stomach and duodenum is a rare tumor that arises from mucosa-associated lymphoid tissue, usually caused by chronic Helicobacter pylori infection (18). Most gastric lymphomas are MALT lymphomas, which make up 38%-48% of all primary gastric lymphomas (19). The majority of gastric MALT lymphomas are located locally and are usually of low grade. MALT lymphoma is most likely to transform into high-grade DLBCL, although this is rarely the case (20). Therefore, in this work, we aim to explore the risk factors for gastrointestinal MALT lymphoma in developing DLBCL. Firstly, by screening the GEO database, we obtain the transcriptome expression data of normal stomach, duodenum tissues and gastric, duodenal MALT lymphoma tissues. The differential expressed analysis provided us with the genes that play an important role in the development of gastric and duodenal MALT lymphoma. Subsequently, in order to further explore the genes that are closely associated with the DLBCL, we then explore the expression data in DLBCL cohort, the Venn Diagram demonstrated that 176 of differential expressed genes are closely associated with the DLBCL and gastric, duodenal MALT lymphoma. To explore the genes with high risk factors in DLBCL patients, we then construct the prognostic prediction model based on the gene expression level of the overall survival rate of DLBCL patients. We finally obtained ten key genes that are closely associated with the prognosis of DLBCL patients, including CXCL9, TIFAB, C3, VCVAM1, ZBE, D2, TIMD4, KLHL14, TNFRSF9, FCRL3 and PLEKHG1. The survival analysis demonstrated that ten genes based prognostic prediction model is closely associated with the overall survival rate of DLBCL patients. In addition, the ROC curve also revealed that ten genes based prognostic prediction model has good prognostic prediction value in DLBCL patients. Approximately 40% of adults develop diffuse large B-cell lymphoma, which is the most common type of non-Hodgkin lymphoma (21). Patients with diverse DLBCLs have variable prognoses and responses to treatment because of their heterogeneous pathologies. It is therefore essential to conduct gene expression profiling to gain a comprehensive understanding of DLBCL (22). There have been some studies identifying key genes in DLBCL, including EZH2, FOXP1, and TP53, but the cause of the disease in the gastrointestinal tract has not been determined (23). Due to its blast cells, pathological characteristics, and pathogenic genes, gastrointestinal DLBCL differs somewhat from DLBCL. Therefore, we focused on the genes that play an important role in the gastrointestinal DLBCL cohort in this work (24).

The GO and KEGG enrichment analysis based on the differential expressed genes demonstrated that some immune-related genes were closely associated with immune, including immune response−activating signal transduction, immune response−activating cell surface, intestinal immune network for IgA production, primary immunodeficiency, lymphocyte proliferation and lymphocyte differentiation. For better outcomes, several phase III trials utilizing rituximab and CHOP (R-CHOP) have been performed over the past several decades (24). With this approach, 50-70% of DLBCL patients are usually cured, thus becoming the standard treatment for the disease. It is important to note, however, that other patients who require replacement therapy have a poor prognosis, and most of them will eventually die. Therefore, it is important to explore better immunotherapy for gastrointestinal DLBCL patients (25).

In addition, in order to explore the genes that are most correlated with gastrointestinal DLBCL patients, we then performed to detect the mutation frequency, immune cell infiltration, and immunotherapy of the ten key genes in the DLBCL cohort. The results revealed that the mutation rate of KLHL14 in somatic cells is five percent. Further, For KLHL14, the analysis of immune cells demonstrated that B cells, T helper cells, The cells, and Tcm are positively correlated with the expression level of KLHL14. Also, the response of immunotherapy in gastrointestinal DLBCL patients is closely associated with KLHL14. The former study demonstrated that KLHL14 is frequently inactivated in mature B-cell malignancies, especially in diffuse large B-cell lymphomas, whose survival is dependent on the signaling of B-cell receptors26. In another study, KLHL14 was found to be a predictive factor of poor prognosis in patients with ovarian cancer and a target for early detection. A significant level of KLHL14 expression was observed in ovarian cancer patients at all stages (26). In this work, KLHL14 was considered as a good marker in gastrointestinal DLBCL patients.

Finally, we explored the potential pathways that are closely associated with KLHL14, the results revealed that KLHL14 is highly correlated with lymphoma. Some pathways, include lymphocyte proliferation and lymphocyte differentiation. In addition, the immune-related pathways, such as immune response, immunoglobulin receptor binding, and immunoglobulin complex circulating were also closely associated with KLHL14. Blocking the PD-1 pathway in DLBCL has led to regulatory approval, and clinicians are eager to assess their utility early in the course of the disease. The development of reliable biomarkers to identify which patient subgroups are likely to benefit from checkpoint blockade is therefore necessary for lymphoma subtypes with limited response. To follow up on these observations, prospective clinical studies using immune checkpoint inhibitors are being conducted. It is important to develop reliable biomarkers in lymphoma subtypes with a limited response to checkpoint blockade to predict which subgroup of patients will benefit from these drugs.
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Colorectal cancer (CRC) is the most common malignant tumor and one of the most lethal malignant tumors in the world. Despite treatment with a combination of surgery, radiotherapy, and/or systemic treatment, including chemotherapy and targeted therapy, the prognosis of patients with advanced CRC remains poor. Therefore, there is an urgent need to explore novel therapeutic strategies and targets for the treatment of CRC. MicroRNAs (miRNAs/miRs) are a class of short noncoding RNAs (approximately 22 nucleotides) involved in posttranscriptional gene expression regulation. The dysregulation of its expression is recognized as a key regulator related to the development, progression and metastasis of CRC. In recent years, a number of miRNAs have been identified as regulators of drug resistance in CRC, and some have gained attention as potential targets to overcome the drug resistance of CRC. In this review, we introduce the miRNAs and the diverse mechanisms of miRNAs in CRC and summarize the potential targeted therapies of CRC based on the miRNAs.
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Introduction

Colorectal cancer (CRC) is the third most frequent cancer and the second leading cause of cancer death, with an estimated more than 1.9 million new cases and 935,000 deaths worldwide in 2020 (1). The incidence of CRC is steadily increasing year by year in many countries, with a trend of younger age onset (1, 2). At present, the treatment of CRC mainly includes surgery, radiotherapy, chemotherapy, immunotherapy and targeted therapy. However, drug resistance and recurrence after therapy are still the major obstacles to effective anticancer therapy for CRC (3–5), and it is reported that approximately 50% of CRCs are resistant to 5-Fu-based chemotherapy regimens (6). In addition, immunotherapy (checkpoint blockade therapies) is currently considered to be only effective for a proportion (approximately 10-15%) of mismatch-repair-deficient (dMMR) CRC (7–9). The prognosis of CRC was negatively correlated with the progression of tumor stage. Although these treatments can improve the survival rate of CRC patients, the 5-year survival rate for those diagnosed with distant-stage disease remains poor (only approximately 14%) (2). Therefore, it is necessary to find new therapeutic strategies that can effectively treat CRC or improve the drug resistance of CRC to prevent CRC relapse and improve the prognosis of CRC patients.

MicroRNAs (miRNAs/miRs) are a category of short, noncoding, highly conserved and single-stranded RNAs that regulate gene expression at the posttranscriptional level by mRNA degradation or silencing (10–12). MiRNAs are not only critical for regulating normal physiological activities in various biological processes, such as cell development, metabolism, proliferation and apoptosis, but also play an important role in the progression of cancer (13, 14). In 2003, the reduction in miRNAs was reported to be closely related to CRC (15). Since then, research focusing on the effects of miRNAs on CRC has gradually shown that aberrant expression of miRNAs is associated with CRC progression, including tumor formation, metastasis, and drug resistance (16–19). For instance, Li et al. (20)reported that the expression of miR-186-5p in CRC cell lines (HT116, H29, SW620 and LoVo) was lower than that in the normal colonic epithelial cell line NCM460. Moreover, the high expression of miR-186-5p can inhibit the proliferation, epithelial-to-mesenchymal transition (EMT), and metastasis of the CRC cell line LoVo by targeting inhibition of ZEB1. Jin et al. (21) found that the expression of miRNA-30a was significantly increased in CRC tissues compared with normal colorectal tissues, and the expression level of miRNA-30a was inversely correlated with the invasiveness of CRC cell lines. Therefore, miRNAs are expected to be potential novel therapeutic targets for CRC.

Therefore, in this article, we will review the latest research progress on the involvement of miRNAs in the occurrence and development of CRC. This review also discusses the current understanding of CRC drug resistance-related miRNAs and their underlying molecular mechanisms. Furthermore, we highlight the potential of miRNAs as CRC therapeutic targets.


Biosynthesis and mode of action of miRNA

miRNAs are short, noncoding RNAs that are not translated into proteins, with a length of approximately 22 nucleotides (22). The first animal microRNA was lin4, called “small molecule sequential RNA (stRNA)”, which was found in Caenorhabditis elegans in 1993 (23). It was not until 2001 that a large number of functional microRNAs with common characteristics were found in many species, which were named miRNAs (24–26). Until recently, the exploration of the roles and mechanisms of this noncoding RNA in biological activities was in progress. Currently, the majority of studies agree that miRNA is derived from a primary miRNA transcript (pri-miRNA). Firstly, the miRNA gene is transcribed into a large pri-miRNA containing multiple hairpin-loop structures by RNA polymerase II in the nucleus (27). The pri-miRNA typically contains thousands of nucleotides; subsequently, the pri-miRNA is converted into a shorter hairpin-shaped precursor miRNA (pre-miRNA) containing approximately 70 nucleotides by the Drosha enzyme (one type of RNAseIII) and DGCR8 in the nucleus (28–30). Pre-miRNA is transported from the nucleus to the cytoplasm by the Ran/GTP/Exportin-5 complex (31, 32); the pre-miRNA is cleaved and processed to form a double-stranded miRNA of approximately 22 nucleotides in length in the cytoplasm with the help of the Dicer enzyme (another type of RNAseIII), TRBP and PACT (33–35). Finally, one strand of the double-stranded miRNA is bound to AGO2 and loaded onto the RNA-induced silencing complex (RISC) to become the RISC complex, while the other strand is degraded (36). The mature RISC complex binds to target mRNAs with complementary sites, resulting in translational inhibition or degradation of target mRNAs (37) (Figure 1).




Figure 1 | miRNA biosynthesis and mechanism of action. In the nucleus, the miRNA gene is transcribed by RNA polymerase II into pri-miRNA, which become pre-miRNA with the help of Drosha and DGCR8. Then, the Ran/GTP/Exportin-5 complex delivers the pre-miRNA to the cytoplasm. Here, with the assistance of Dicer, TRBP and PACT, the pre-miRNA is disassembled into single strands and combined with AGO2 and RISC to become a mature RISC complex. Finally, the RISC complex binds to the target mRNA to cause mRNA degradation or translational repression.



Initially, it was not thought that these noncoding miRNAs could have a severe impact on human health and even lead to the occurrence and progression of cancer. With the continuous exploration of miRNAs, humans have gradually changed this view. Currently, it is widely assumed that miRNAs carrying RISC recognize the binding site on the 3’-UTR of the target gene mRNA through its seed sequence (nucleotides 2-8 at the 5-terminal). This process produces two effects: transcriptional repression and mRNA cleavage or degradation (38) (Figure 1). In 2002, Calin et al. (39)showed that miRNA genes (miR-15 and miR-16) at 13q14 in chronic lymphocytic leukemia are usually deleted or downregulated by detailed deletion and expression analysis. This study suggests that miRNAs may play an important role in tumorigenesis and tumor progression. Thus, since then, an increasing number of studies have demonstrated that the aberrant expression of miRNAs is associated with cancer progression, including CRC (40–42).

Intestinal microbiome is considered as a key participant in CRC immune regulation and tumor promoting microenvironment, because bacteria from different intestinal sources can induce tumor growth. In recent years, studies have found that the cross-talk between gut microbes and the host in tumor cell metabolism is largely achieved by regulating the level of miRNAs (43, 44). Intestinal microbiota can affect the expression of miRNA, and the abnormal expression of miRNA subsequently activates signal pathways and regulates various aspects of tumor pathobiology in CRC (45). The miRNA in the tumor microenvironment alters the composition of the intestinal microbiota by influencing the gene expression of the microbiota and transferring the metabolites secreted by cancer (46). In conclusion, this interaction will eventually create a favorable microenvironment for tumor cells, including angiogenesis, immune escape and microbiota composition. Meanwhile, the two-way interaction between host and gut microbiome mediated by miRNAs brings new complexity to miRNAs research.



The role of miRNAs in CRC

There is abundant evidence that miRNAs and their biogenesis mechanisms are related to the occurrence and development of CRC. Compared to normal tissues, miRNAs are frequently dysregulated in tumors. It suggests that the aberrant expression of miRNAs is closely related to the progression, metastasis and drug resistance of CRC.




miRNAs involved in CRC progression and metastasis

The progression and metastasis of CRC are the result of a multistep process involving multiple genetic and epigenetic alterations of oncogenes and tumor suppressor genes over time. In addition, metastasis is also a major cause of poor prognosis in CRC patients. In recent years, substantial data have identified important roles for miRNAs in numerous regulators involved in CRC pathogenesis and metastasis (47, 48). It is being increasingly regarded that miRNA regulation of CRC progression and metastasis occurs by various mechanisms, such as influencing signaling pathways, EMT, and angiogenesis.

There are many signaling pathways mediated by miRNAs in CRC cells that play an important role in the progression and metastasis of CRC (Table 1). As a regulatory pathway regulating colorectal development, hyperactivation of the Wnt/β-catenin pathway is found in more than 90% of CRC cells. The loss or inactivation of adenomatous polyposis coli (APC, a key negative regulator of the canonical Wnt signaling pathway) and the overactivation of the Wnt/β-catenin signaling pathway are considered to be the key processes in the initiation of CRC (83, 84). Zheng et al. (49)aimed to investigate the tumorigenic role of miR-490-3p in CRC. They reported that downregulation of miR-490-3p promoted CRC progression by activating the classic Wnt/β-catenin signaling pathway. MiR-224 has been found to directly target the GSK3β and SFRP2 genes to activate Wnt/β-catenin signaling and direct the nuclear translocation of β-catenin in CRC. Furthermore, miR-224 upregulation promoted CRC cell proliferation. Knockdown of miR-224 attenuated the effects of Wnt/β-catenin on the metastasis and proliferation of CRC cells (50). Similarly, miR-452 enhanced the proliferation and metastasis of CRC cells by activating the Wnt/β-catenin signaling pathway via directly targeting GSK3β. While knockdown of miR-452 was found to restore the expression of GSK3β and inhibit Wnt/β-catenin-mediated cell metastasis and cell proliferation (51). The expression of miR-494 was significantly increased in CRC, with a negative correlation to APC expression in CRC tissues. And up-regulation of this miR-494 has also been found to enhance cell proliferation and tumorigenesis of CRC by suppressing the expression of APC (52). As a member of the BTB/POZ/zinc finger (ZF) family of transcription factors, BCL6 has been shown to target multiple functional signaling pathways, including the Wnt/β-catenin signaling pathway. In addition, Sun et al. (53) suggested that BCL6 was a mediator of miR-144-3p in regulating CRC cell proliferation and cell cycle arrest. They reported that miR-144-3p inhibited cell proliferation and the G1/S phase transition of CRC cells by targeting BCL6 via inhibition of Wnt/β-catenin signaling. As a negative regulator of Wnt/β-catenin signaling, miR-377-3p was shown to inhibit CRC cell growth in vitro and in vivo by targeting XIAP and ZEB2 (54). The PI3K/AKT signaling pathway is an important signaling pathway that controls the growth and metastasis of CRC (85). Jia et al. reported that miR182/-135b promoted CRC progression by targeting ST6GALNAC2 via regulation of the PI3K/AKT pathway (55). miR-7 conferred its tumor-suppressing function in CRC by inhibiting the activation of the PI3K/AKT pathway by downregulating the miR-7 potential target TYRO3 (56). Therefore, targeting these signaling pathways mediated by miRNAs that regulate the progression and metastasis of CRC may become a promising therapeutic strategy for targeting CRC.


Table 1 | A list of representative miRNAs identified in CRC that are associated with the progression/metastasis of CRC.



It is widely accepted that epithelial–mesenchymal transition (EMT) is the transition from epithelial cells to mesenchymal cells during the progression and metastasis of malignancy. And EMT is known to be associated with a wide array of malignant behaviors of CRC, including tumorigenicity and metastasis (82). There is growing evidence that miRNAs play crucial roles in regulating the phenotype of EMT (86). Ding et al. (73) illustrated that miR-137-3p could attenuate CRC cell migration by regulating a KDM1A-dependent EMT process. Li et al. (87) reported that miRNA-34a inhibits tumor metastasis and EMT by reducing the expression of PPP1R11 to prevent the activation of STAT3. Low expression levels of miR-302c was found to significantly correlate with advanced tumor stage, lymph node metastasis and deeper tumor invasion. And miR-302c inhibit EMT and metastasis of CRC by targeting the transcription factor AP-4 (57). Transmembrane 4 L six family member 1 (TM4SF1) is a direct target gene of miRNAs in CRC cells and is involved in the regulation of EMT progression in CRC. MiR−30a, which is involved in the EMT of CRC, was shown to suppress malignant behaviors of CRC, including migration and invasion, by directly targeting oncogenic TM4SF1 (58). Similarly, miRNA-206 and miRNA-9 could directly target TM4SF1, thus suppressing EMT of CRC cells and leading to the suppression of cell proliferation, migration, and invasion in CRC cells (59, 60).

One of the characteristics of tumor growth is angiogenesis, which fosters tumorigenesis and metastasis by supplying oxygen and diffusible nutrients as well as releasing proangiogenic chemicals. Angiogenesis is integral to the development and progression of CRC, and it is crucial to the growth and metastasis of CRC (61). There are many angiogenic factors that control angiogenesis, including vascular endothelial growth factor (VEGF) and hypoxia-inducible factor 1 (HIF-1). The overexpression of miR-145-5p suppressed RHBDD1 through suppression of the EGFR-associated signaling pathway (EGFR/Raf/MEK/ERK cascades), which in turn inhibited the growth, invasion and migration of CRC cells (62). As a key VEGF receptor, VEGF-A is involved in angiogenesis and stimulates the germination of prevascular endothelial cells, which results in the development of new vasculature. MiR-590-5p was found to suppress the angiogenesis and metastasis of CRC by modulating VEGF-A (63). Similarly, miR-1249 and miR-622 can also inhibit CRC angiogenesis by regulating the level of VEGF-A, thereby inhibiting CRC growth and metastasis (64, 65). Additionally, miR-520a serves as a direct target of VEGF-A, and ATAD2 can suppress VEGF-A production by elevating the expression of miR-520a, hence inhibiting angiogenesis in CRC (66). In vitro and in vivo, miR-150-5p inhibited the ability of CRC cells to proliferate, migrate, invade, and undergo angiogenesis. This inhibitory impact could be reversed by transfecting a plasmid encoding the VEGF-A (67). HIF-1 is a critical regulator of VEGF and one of the key molecules that mediates the growth of CRC (88, 89). Additionally, numerous miRNAs have been identified as having a role in the regulation of HIF-1 on the angiogenesis and development of CRC (90, 91). MiR-148a inhibited CRC angiogenesis and reduced the risk of early recurrence of CRC by regulating the level of pERK/HIF-1α (92).

In conclusion, miRNAs play an important regulatory role in the biological behavior of CRC. MiRNAs affect the self-renewal, proliferation, differentiation, metastasis and other biological behaviors of CRC by regulating related molecules of various signaling pathways, EMT or angiogenesis. And miRNAs may have broad prospects in clinical application. Further exploration of key miRNAs and their regulatory mechanisms related to the characteristics of CRC will provide more references for future CRC targeted therapy.



MiRNAs and drug resistance in CRC

Resistance to anticancer therapy is one of the major barriers to the successful treatment of CRC. It was reported that there were approximately 80% of responders may develop drug resistance (93). The mechanism of drug resistance acquired by CRC has been continuously explored, and it is believed that the drug resistance of CRC is associated with multiple factors, such as the cancer stem cells and tumor microenvironment of CRC (94, 95). However, no single viewpoint can explain the drug resistance of all CRC patients. In recent years, an increasing number of studies have shown that miRNAs are involved in the drug resistance of CRC by regulating autophagy, the cell cycle, important signaling pathways and efflux pumps (Table 2).


Table 2 | Effects of miRNAs on anticancer regimens in CRC in vitro and in vivo studies.



Autophagy is a type of programmed cell death different from apoptosis. Autophagy is the process of transporting damaged, denatured or aged proteins and organelles in cells to lysosomes for digestion and degradation. On the one hand, autophagy is a physiological process and a defense mechanism of cells in adverse environments. On the other hand, the occurrence and development of autophagy is also closely related to the drug resistance of tumors (111, 112). In recent years, it has been reported that miRNAs regulate the drug resistance by modulating autophagy (113). Despite tremendous progress in anticancer therapy, 5-FU-containing regimens remain one of the most commonly used and effective treatment regimens for CRC. Furthermore, evidence suggests that miRNAs may be involved in the chemoresistance of CRC cells to 5-FU. Zhao et al. (96) found significantly low expression of miR-145 and p53, whereas the expression of activating transcription factor 4 (ATF4) histone deacetylase 4 (HDAC4) increased considerably by RT-qPCR and Western blot analysis. They further found that ATF4-regulated miR-145 enhanced CRC tumorigenesis and the resistance to 5-FU via regulating the HDAC4/p53 axis. Oxaliplatin (OXA) is another crucial component of the combinatorial chemotherapeutic standard of CRC. And OXA resistance is also another major obstacle to effective chemotherapy in CRC patients. In OXA-resistant cell lines (SW480-OxR and HCT116-OxR), the expression of miR-27b-3p was significantly decreased compared to that in the corresponding parental cells. miR-27b-3p was able to inhibit autophagy in CRC cells by suppressing the expression of ATG10 at the posttranscriptional level. Meanwhile, miR-27b-3p could increase the sensitivity of CRC cells to OXA in vivo and in vitro by regulating the level of autophagy (99). However, there are still few studies on miRNAs affecting CRC drug resistance by regulating autophagy levels, and more high-quality studies are needed in the future to confirm this view.

The cell cycle is the process of DNA replication and cell division and includes four stages: G1, S, G2 and M (114). Studies have shown that impaired cell cycle regulation is the key mechanism that promotes drug resistance in cancer. However, miRNAs may facilitate the resistance of cancer cells to chemotherapy by affecting the cell cycle (115). Zhao et al. (98)found that miR-92b-3p was highly expressed by CRC HCT8/T cells and that knockdown of miR-92b-3p may attenuate the resistance of MDR HCT8/T cells to chemotherapy in vitro and in vivo. They further demonstrated that miR-92b-3p regulated the sensitivity of CRC cells to chemotherapeutic drugs by regulating the cell cycle and apoptosis (via directly targeting cyclin-dependent kinase inhibitor 1C and suppressing its expression). The expression of miRNA-375-3p was significantly decreased in CRC cell lines, and the expression level of miRNA-375-3p was proportional to the sensitivity of CRC cells to 5-FU. It was confirmed to enhance the sensitivity of CRC cells to 5-FU by inducing apoptosis and cycle arrest of CRC cells (116). The expression of miR-577 was found to be significantly increased in 5-fluorouracil (5-FU)-resistant SW480 cells (SW480/5-FU). And Jiang et al. revealed that miR-577 inhibited tumor growth and enhanced 5-FU sensitivity in SW480/5-FU cells by inducing G0/G1 cell cycle arrest in CRC cells (100).

Many signaling pathways have been shown to be involved in tumor chemoresistance. In recent years, there has also been growing evidence that miRNAs regulate the resistance of CRC cells to therapy through signaling pathways. MiRNA-506 was found to be low expressed in OXA-resistant CRC tissues. And the overexpression of miRNA-506 could not only inhibit the growth of CRC cells, but also reverse the resistance of OXA-resistant CRC cells to OXA. Further exploration by Zhou et al. (101) showed that miRNA-506 increased the sensitivity of CRC to OXA therapy by inhibiting MDR1/P-gp expression via downregulation of the Wnt/β-catenin pathway. miR-199b-3p was shown to enhance the drug resistance of CRC cells. Han et al. (102) suggested that suppressing miR-199b-3p could enhance the sensitivity of CRC cetuximab (CTx)-resistant cells to CTx in vitro and in mouse xenograft models by targeting the inhibition of CRIM1 via the Wnt/β-catenin signaling pathway. Wu et al. (103) found that the overexpression of miR-200b-3p could enhance OXA sensitivity in OXA-resistant CRC cells (HT29 and HCT116 cells) and induce growth inhibition and apoptosis of OXA-resistant CRC cells by inhibiting the expression of βIII-tubulin protein. As an important regulator of the PI3K/AKT signaling pathway, PTEN is also a direct target of miRNAs. The expression of miR-454-3p was significantly upregulated in OXA-resistant cells. Interestingly, inhibition of miR-454-3p was observed to sensitize OXA-resistant cells to OXA treatment and enhance OXA-induced cells apoptosis. In the xenograft model, this effect also exists. Meanwhile, Qian et al. (104) further confirmed that miR-454-3p enhanced OXA resistance by targeting PTEN and activating the AKT signaling pathway. And the PI3K/AKT signaling pathway is closely related to the chemosensitivity of CRC cells to 5-FU. Studies have shown that miRNAs affect the sensitivity of CRC cells to 5-FU by targeting the targets of the PI3K/AKT signaling pathway. Liu et al. (105) found that upregulation of miR-135b or miR-182 could enhance the resistance to 5-FU in CRC cells by targeting ST6GALNAC2 via the PI3K/AKT pathway. Similarly, Liu et al. (106) revealed that highly expressed miR-543 enhanced the resistance of CRC cells to 5-FU by downregulating the expression of PTEN, and the low expression of PTEN can activate the PI3K/AKT signaling pathway. As another regulator of the PI3K/AKT signaling pathway, PIK3R1 was confirmed to be a target of miR-455-5p in CRC cells. Lou et al. (107) found that miR-455-5p sensitized CRC cells to 5-FU through CCK-8 and flow cytometry analysis. They further studied the mechanism underlying this phenomenon and revealed that miR-455-5p enhanced the sensitivity of CRC cells to 5-FU by targeting PIK3R1 and DEPDC1. However, these conclusions were supported at the cellular level. And future in vivo studies to confirm these findings are urgently required. Shi et al. (108) selectively enriched cisplatin-resistant CRC cell lines from the SW480 cell line by using cisplatin. By PCR assay, they found that the expression of miR-148a was down-regulated in cisplatin-resistant SW480 cells, while overexpression of miR-148a was able to attenuate cisplatin resistance and inhibit the growth of CRC cells in cisplatin-resistant SW480 cells. Further research found that miR-148a played a role in regulating CRC cisplatin resistance and tumor development by inhibiting the expression of its downstream target Wnt10b and the activity of β-catenin signaling. And this conclusion was also validated in an immunized mouse xenograft model of SW480 resistance. The Notch pathway is a highly conserved signaling pathway that plays a key role in CRC, which contributes to cell proliferation, EMT and chemoresistance (117). MiR-139-5p was downregulated in 5-FU-resistant CRC cell lines (HCT-8/5-FU and HCT-116/5-FU). And the expression of miR-139-5p increased 5-FU-induced apoptosis and sensitized CRC cells to 5-FU by inhibiting NOTCH-1 and its downstream molecules (MRP-1 and BCL-2) (109). Similarly, in 5-FU-resistant cells (SW620 and HT-29 cells), the expression of miR-195-5p was decreased. Jin et al. (97) demonstrated that miR-195-5p reduced the stemness and chemoresistance of CRC cells by inhibiting the Notch signaling pathway.

The most common mechanism for cancer drug resistance is reduced drug accumulation concentrations in cancer cells, and studies have shown that a major cause of this phenomenon is increased drug efflux mediated by the ATP-binding cassette (ABC) efflux pump. ABC efflux pump can directly excrete drugs from cancer cells, affecting drug absorption, distribution, and metabolic clearance, resulting in chemotherapy failure (118, 119). Recently, studies on miRNAs have shown that miRNAs may regulate the drug resistance of CRC cells by affecting the ABC efflux pump. Liu et al. (110)showed that miR-128-3p inhibited EMT and increased intracellular OXA concentrations in OXA-resistant CRC cell lines. MiR-128-3p was found to competitively bind Bmi1 and MRP5 (an ABC efflux pump), resulting in decreased intracellular OXA efflux and enhanced OXA-induced EMT. Therefore, overexpression of miR-128-3p can enhance the therapeutic response of CRC cells to OXA.

Together, these studies provide a rationale for developing miRNA-based therapies to effectively treat drug-resistant CRC cells. However, one important limitation of these findings must be recognized. Most of the current research is at the cellular level and includes a few studies in animal models. There are more clinical research trials to be made before these miRNAs can truly become targeted drugs for reversing CRC resistance.


Therapeutic approaches targeting miRNAs for CRC

As discussed above, some miRNAs promote CRC progression, metastasis, or drug resistance, while others show the opposite effect. According to their regulatory effects on tumors, miRNAs are broadly divided into two types: tumor suppressor miRNAs and oncogenic miRNAs. Therefore, the current treatment approaches based on targeting miRNAs include: (1) the upregulation of tumor suppressor miRNAs utilizing miRNA mimics, such as double-stranded synthetic miRNAs and miRNA expression vectors, when tumor suppressor miRNAs are downregulated; (2) inhibiting the expression of oncomiRs by miRNA antagonists, such as antisense oligonucleotides, antagomirs, and miRNA sponges, when oncomiRs are overexpressed (120). An effective treatment regimen requires not only the selection of the right regulatory molecules, but also the selection of appropriate drug delivery strategies. Although targeting miRNAs is a promising therapeutic strategy for the treatment of CRC, naked miRNA-based agents have many shortcomings, such as poor targeting capabilities, short circulation times, and off-target effects. In recent years, nanoparticle carriers have provided unprecedented opportunities for efficiently delivering therapeutics of miRNAs by controlling release kinetics, prolonging circulation time and improving biological distribution to improve the therapeutic efficacy of miRNA-targeting agents with less toxicity compared with other anticancer drugs (121, 122). For instance, miR-145 was shown to be downregulated in colon cancer and to have antiproliferative and proapoptotic effects. Through nanotechnology, Liang et al. (123) studied a PLGA/PEI-mediated miRNA vector delivery system and verified the validity of this method by using a colon cancer xenograft model with a miR-145 vector encoding for the expression of miR-145 (pDNA). The results of this work showed that miR-145 could be efficiently delivered to colon cancer cells and exerted potent antitumor efficacy through a PLGA/PEI/HA vehicle. Similarly, Ibrahim et al. (124) developed a miRNA delivery system by using polyethylenimine (PEI)-mediated delivery of unmodified miRNAs and validated the method in a mouse model of colon carcinoma. The results of this study showed that miRNA replacement therapy for miR-145 and miR-33a could reduce tumor growth. Despite the growing number of studies targeting miRNAs for the treatment of CRC, more studies, especially clinically relevant studies, are needed to demonstrate the clinical significance of therapeutic strategies for targeting miRNAs.



Emerging role of circulating miRNAs as biomarkers in CRC

Despite having a strong genetic component, most CRC cases are sporadic and undergo a lengthy (usually several years) process of slow progression from adenoma to cancer (125). The prognosis of CRC is highly related to the stage at diagnosis. The 5-year survival rate of early CRC patients can reach more than 90%, while the 5-year survival rate of advanced CRC patients is approximately 14% (2). Therefore, CRC screening and early diagnosis and treatment can effectively reduce the mortality of CRC. At present, the most frequently used diagnostic tool for CRC is colonoscopy. However, colonoscopy has some limitations in CRC screening, such as invasive procedures, poor population compliance, and high technical requirements for operators. In addition, CRC is a heterogeneous disease with various histologic characteristics, molecular characteristics, and prognosis. Although TNM staging system is a crucial clinical parameter to evaluate the prognosis of CRC patients, the prognosis of patients with CRC still varies considerably at the same stage (126). The drug resistance of CRC patients to current chemotherapy drugs also reflects its heterogeneity. Taken together, these limitations highlight the urgent need of CRC for new non-invasive biomarkers. MiRNA is relatively stable, not easily degraded by rnase, and less affected by high temperature and extreme pH. And it is a crucial regulator of life process, closely related to the tumor (can be actively secreted into the circulatory system by cancer cells) (127). Therefore, circulating miRNAs are a potential biomarker. In 2008, Mitchell et al. first proposed that circulating miRNAs are emerging as promising biomarkers for solid tumors (128). And then in 2009, Ng, EKO et al. (129) reported that circulating miRNA (MiR-92) was significantly increased in the plasma of CRC and might be a potential non-invasive biomarker for the diagnosis of CRC. In 2013, Kanaan, Ziad et al. (130) identified and verified the characteristics of miRNAs in the plasma of healthy controls, colorectal adenomas and CRC patients, and designed two powerful prediction models: a panel of 8 plasma miRNAs (miR-532-3p, miR-331, miR-195, miR-17, miR-142-3p, miR-15b, miR-532 and miR-652) could significantly distinguish colorectal adenomas from healthy people [AUC=0.868 (95% confidence interval [CI]: 0.76-0.98)]. Furthermore, a panel of 3 plasma miRNAs (miR-431, miR-15b and miR-139-3p) could also distinguish patients with stage IV CRC from healthy people [AUC=0.896 (95% CI: 0.78-1.0)]. Noteworthy, a growing number of studies have highlighted that circulating miRNAs, especially the prediction models based on miRNA panels, are a promising tool for early detection, prognosis and treatment selection of CRC in recent 5 years (Figure 2).




Figure 2 | List of circulating miRNAs reported as promising biomarkers in CRC in recent 5 years. References are provided in Table S1.





Conclusion and future perspectives

In summary, miRNAs play important roles in CRC cell proliferation, metastasis, and chemoresistance by regulating CRC-related signaling pathways, EMT, angiogenesis and others. According to the different effects of miRNAs on tumors, miRNAs are also divided into tumor-promoting and tumor-suppressing types, and these two types also provide future directions for targeting miRNAs in the treatment of CRC. However, one of the greatest challenges in developing miRNA-based therapeutics is to design a delivery system that can make miRNA-based therapeutics durable and enable tissue-specific targeting while avoiding potential toxicities and off-target effects. Although there is no lack of scientific evidence that nanostructures containing miRNAs mimetics or antagonists can produce robust antitumor effects with few side effects, most of the current exciting results remain at the level of cell studies, and few relevant clinical studies have been reported. In conclusion, although miRNAs are a promising target for the treatment of CRC, the introduction of miRNA-targeted therapies into clinical practice still requires substantial and in-depth research.
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Background

The activation of peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) stimulates the transcription of the downstream target proteins, mitochondrial transcription factor A (TFAM) and nuclear respiratory factor 1 (NRF1), which induces mitochondrial biogenesis and promotes colorectal tumorigenesis. Agrimol B (Agr) is a constituent of Agrimonia pilosa Ledeb. that exerts anticancer effects. Herein, we aimed to investigate the antitumor activity of Agr and its mechanism of action.



Methods

The interaction between Agr and PGC-1α was predicted by molecular docking. After the treatment with different concentrations of Agr (0, 144, 288, and 576 nM), the cell viability, migration rate, proliferation rate, and apoptosis rate of human colon cancer HCT116 cells were determined. Mitochondrial activity, cellular reactive oxygen species (ROS), and mitochondrial membrane potential were assessed to measure the regulatory effect of Agr on mitochondrial function. Western blotting (WB) assay was used to examine the expression of PGC-1α, NRF1, and TFAM, as well as of the pro-apoptotic proteins, Bax and Caspase-3, and the antiapoptotic protein (Bcl-2). Finally, subcutaneous tumor xenograft model mice were used to evaluate the effect of Agr on colorectal cancer (CRC) in vivo.



Results

The molecular docking results revealed a high likelihood of Agr interacting with PGC-1α. Agr inhibited the proliferation and migration of HCT116 cells, promoted ROS production and mitochondrial oxidative stress, inhibited mitochondrial activity, and decreased mitochondrial membrane potential. Agr induced cell apoptosis and, in combination with PGC-1α, impaired mitochondrial biogenesis and suppressed the expression of NRF1 and TFAM. Agr also suppressed the expression of Bcl-2 and Cleaved-Caspase-3 and increased the expression of Bax and Caspase-3. In addition, the in vivo antitumor effect and mechanism of Agr were confirmed by using a subcutaneous tumor xenograft mouse model.



Conclusions

Our findings demonstrated that Agr regulates the expression of PGC-1α, thereby inducing mitochondrial dysfunction and promoting tumor cell apoptosis. This work highlights the potential of Agr as a promising therapeutic candidate in CRC.





Keywords: agrimol B, colorectal cancer, PGC-1α, ROS, mitochondrial activity



Introduction

Colorectal cancer (CRC) is the most prevalent digestive system tumor, ranking the third highest and second highest in terms of morbidity and mortality, respectively. CRC is an aggressive and fatal malignancy that has resulted in >160,000 deaths in China (1). Multiple drugs, including cetuximab, panitumumab, bevacizumab, regorafenib, aflibercept, and 5-fluorouracil (5-FU), have extended the overall survival of CRC patients, but fewer than 20% of the patients survive beyond 5 years post-diagnosis due to cancer metastasis and drug resistance (2, 3). Therefore, the development of new drugs and the exploration of their pharmacological mechanisms are crucial for improving the treatment outcomes of CRC.

Peroxisome proliferator-activated receptor-γ coactivator 1α (PGC-1α) is a member of the PGC-1 family of nuclear hormone receptor coactivators. PGC-1α induces mitochondrial biogenesis by stimulating reactive oxygen species (ROS) accumulation (3, 4). Tumor development is closely associated with mitochondrial biogenesis. Clinical studies have indicated that elevated PGC-1α expression accelerates tumor growth, whereas the depletion of PGC-1α is linked to carcinostatic functions (5).

Mitochondrial biogenesis is stimulated by nuclear respiratory factor 1 (NRF1) and mitochondrial transcription factor A (TFAM), which are the downstream molecules of PGC-1α. NRF1 is an essential, intermediate transcription factor in mitochondrial biogenesis, while the activation of TFAM depends on the NRF1-mediated transcription of mitochondrial DNA. Demethylation of PGC-1α reduces its inhibition of NRF1 and TFAM expression, resulting in mitochondrial dysfunction and apoptosis (6).

Agrimonia pilosa Ledeb., a traditional Chinese herb, possesses anti-inflammatory, antioxidant, and antinociceptive effects (7–9). Agrimophol (agrimol A, B, and C), the main constituent of A. pilosa Ledeb., has been widely investigated for the treatment of osteosarcoma, pancreatic carcinoma, prostatic carcinoma, and lung carcinoma (10–12). The correlation between an abnormal increase in mitochondrial membrane potential and poor therapeutic outcomes in CRC has been reported (13). Agrimoniin has been shown to increase ROS content and further decrease mitochondrial membrane potential, resulting in antitumor activity (10). Mitochondrial biogenesis depends on normal mitochondrial membrane potential to control cell apoptosis.

Thus, we hypothesized that agrimol B might prevent the progression of CRC by inhibiting PGC-1α/NRF1/TFAM signal transduction. This study will provide useful insights into i) the molecular mechanism of agrimol B and ii) the antineoplastic activity of agrimophol in vivo and in vitro.



Methods


Molecular docking

The PGC-1α binding pocket was visualized using the AlphaFold Protein Structure Database, https://www.alphafold.ebi.ac.uk/ , followed by the DS molecular docking software to simulate calculating binding sites. Potential targets were stored in PDB (https://www.rcsb.org/) format (ID: AF-Q9UBK2-F1), and the 3D structure of Agr was identified in the PubChem database (CAS: 55576-66-4). The precise docking of the CDOCKER docking module was performed using Discovery Studio 2016 to obtain the binding energy between the receptor and protein. Then, the non-bonding interactions between PGC-1α amino acids and Agr were identified through the interaction analysis between the molecule and the protein, and a two-dimensional diagram of interactions was generated. The same assay was used for the PPARγ protein (ID: AF-P37231-F1).



Microscale thermophoresis

The interaction between Agr and PGC-1α was measured using microscale thermophoresis with the NanoTemper Monolith NT.115 instrument set at 2% Pico-RED and Medium MST power. Each measurement consisted of 16 reaction mixtures wherein the concentration of fluorescently labeled PGC-1α was set at 20 nM, and twofold dilutions of Agr ranging from 16,000 to 0.488 nM were prepared. The MO.affinity Analysis v2.3 software was used to fit the data and determine the KDvalue.



Cell viability assay

The (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assay was performed to determine the effective concentrations of Agr (Macklin, A823603, Shanghai, China). Various concentrations of Agr (0, 36, 72, 144, 288, 576, and 1,152 nM) solutions were prepared in Dulbecco’s modified Eagle medium (DMEM) (Gibco, 11965092, Grand Island, NY, USA) and filtered through 0.22-μm membrane filters. HCT116 cells (iCell Bioscience Inc., HDCL-025, Shanghai, China) were seeded in 96-well plates, and the cells were exposed to Agr at the aforementioned concentrations for 24 h. MTT (Biosharp, 201108, Hefei, China) was used to assess the cell viability following the instrument. The reduction in cell viability was calculated as 1 – ODcontrol/ODAgr. The IC50 value was found to be 280 nM using analysis software (Figure 1A). Therefore, the concentrations of 144, 288, and 576 nM of Agr were selected for subsequent experiments.




Figure 1 | Agr inhibits HCT116 cell proliferation and invasion by modulating mitochondrial functions. (A) Cytotoxicity of Agr (36, 72, 144, 288, 576, and 1,152 nM) against HCT116 cells using the MTT assay. (B) Confocal fluorescence images of HCT116 cells with mitochondrion/Hoechst 33342 double staining. Cell mitochondria stained with MitoTracker Deep Red FM showed a red fluorescence signal; Hoechst 33342-labeled nuclei showed a blue fluorescence signal. (C) The proportion of cells with mitochondrial dysfunction in HCT116 cells after treatment with different Agr concentrations. (D) Representative photographs of the wound-healing assay. (E) HCT116 cell migration rate after treatment with different Agr concentrations. (F) The effects of Agr on HCT116 cell proliferation were measured via EdU staining; nuclei in blue (DAPI) and daughter cells in green (EDU). (G) HCT116 cell proliferation rate after different Agr treatments. The data processing was shown as mean ± SD (n = 3, each group). **p < 0.01, *p < 0.05 vs. control. Scale bars = 100 μm. Agr, agrimol B; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α.





Mitochondrial activity assay

Mitochondrion/Hoechst 33342 double staining was used to estimate mitochondrial activity. HCT116 cells were cultured in six-well plates and exposed to Agr for 24 h. After the 24-h incubation, MitoTracker Red CMXRos (Beyotime Biotechnology, C1049B, Shanghai, China) and Hoechst 33342 (Beyotime Biotechnology, C1025, Shanghai, China) were added to the culture medium. After an incubation period of 20 min at 37°C in a CO2 incubator, mitochondrial morphology was observed by confocal microscopy using ImageJ software (NIH, Bethesda, MD, USA) for calculating mitochondrial content.



Wound-healing assay

The inhibitory effects of Agr on the migration of HCT116 cells were determined using a wound-healing assay as previously described (14). A sterile pipette tip was used to scratch HCT116 cell monolayers, and the wounded monolayers were incubated with Agr (144, 288, and 576 nM) and imaged at 0, 24, and 48 h. Finally, ImageJ software was used to calculate cell migration rates.



EdU staining assay

5-Ethynyl-2′-deoxyuridine (Edu) was used to assess whether Agr inhibited the proliferation of HCT116 cells. HCT116 cells were seeded onto 48-well plates for 24 h and treated with different concentrations of Agr (0, 144, 288, and 576 nM). The Edu staining was carried out in accordance with the manufacturer’s instructions (UElandy, C6015S, Suzhou, China). The fluorescence intensity was observed under an inverted fluorescence microscope (Olympus Corporation, IX73-A21PH, Tokyo, Japan).



Mitochondrial membrane potential assay

HCT116 cells were treated with different concentrations of Agr for 24 h, harvested, and treated with 1 μg/L of JC-1 (UElandy, J6004, Suzhou, China) in the dark for 15 min. Next, the cells were rinsed in phosphate-buffered saline (PBS; Solarbio, KGB500, Beijing, China) and suspended with 1 ml of PBS buffer. Finally, the mitochondrial membrane potential was analyzed by flow cytometry, and the results were obtained using ImageJ software.



Annexin V-fluorescein isothiocyanate/propidium iodide staining assay

To examine apoptosis, HCT116 cells were treated with different Agr concentrations and trypsinized using trypsin without EDTA (Beyotime Biotechnology, KGY001). The cell suspensions were centrifuged at 300 × g for 5 min at 4°C, and the pellets were suspended with Annexin V binding buffer (UElandy, Y6002, Suzhou, China). The suspensions were incubated for 10 min with Annexin V–fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining solution (5 μl:10 μl), and the distribution of the fluorophores was recorded using flow cytometry and measured with ImageJ software.



Cellular reactive oxygen species detection assay

After HCT116 cells were treated with different concentrations of Agr for 24 h, they were treated with the DCFDA-ROS assay solution (Nanjing Jiangcheng Bioengineering Institute, Nanjing, China; 10 μM) and incubated in the dark. Finally, the intracellular levels of ROS were measured using flow cytometry, and the results were measured using ImageJ software.



Cell cycle analysis

The cell cycle kit (UElandy, C6031, Suzhou, China) was used for measuring cell cycle effects. HCT116 cells (1 × 106) were incubated with 70% ethanol at 4°C for 12 h and labeled with a PI staining solution in the dark for 0.5 h. The cells were analyzed using flow cytometry, and the segments of layover in the G, S, and M phases were estimated using ImageJ software.



Animal treatment

Subcutaneous tumors were established by implanting 1 × 106 HCT116 cells into 36 male, BALB/c nude mice as described by Hagiwara et al. (15). When the diameters of the tumors were ≥5 mm, the 35-day-old nude mice (SPF (Beijing) Biotechnology Co., Ltd., SCXK2019-0010, Beijing, China) were randomized into the following four groups: a low-dose Agr group (10-Agr, n = 9), which received 10 mg/(kg·day) Agr; a high-dose Agr group (20-Agr, n = 9), which received 20 mg/(kg·day) Agr; a control group (control group, n = 9), which received PBS; and a positive control group, which received an intraperitoneal injection of 5 mg/(kg·day) 5-FU (Macklin, F80934, Shanghai, China). All groups were injected intraperitoneally once daily for 21 consecutive days. The maximum length and width of the tumor size were measured every 3 days by using digital Vernier calipers (Biao Kang, SL01-22, Shenzhen, China). The tumor volume was calculated by using the formula: length × (width)2. Following the administration of the last dose, all animals were euthanized by using ether anesthesia, and then the tumors were excised and weighed under aseptic conditions. After the tumors were washed with PBS, the samples were used for hematoxylin and eosin (H&E) staining, immunofluorescence, and Western blotting. The animal experiment protocol complied with international guidelines and was also approved by the Nanjing University of Chinese Medicine (No. 202204A033).



Hematoxylin and eosin staining

H&E staining was carried out by using the Hematoxylin and Eosin Staining Kit (Solarbio, Cat# G1120, Beijing, China). In brief, tumor tissues were embedded in paraffin, dehydrated, dewaxed, sliced into sections, and stained. Next, the sections were observed under a microscope and photographed.



Cell proliferation-associated nuclear antigen Ki-67 assay

Ki-67 is a nuclear marker protein, which is abundantly expressed in sub-G2 and sub-M CRC cell populations. Tumor tissues were treated with 4% paraformaldehyde for fixation, washed in PBS three times, and blocked in 1% bovine serum albumin (Solarbio, A8020, Beijing, China) for 1 h. The tissues were then incubated with primary antibodies against Ki-67 (Cell Signaling Technology, ab15580, Boston, MA, USA) at 37°C for 2 h, followed by secondary antibodies (Affinity Biosciences, S0001, Cincinnati, OH, USA) against proliferating cell nuclear antigen (PCNA) for 1 h at 4°C away from light. The nuclei were stained blue with 4′,6-diamidino-2-phenylindole (DAPI, Solarbio, C0065, Beijing, China), the samples were observed under a microscope, and the results were analyzed using ImageJ software.



Western blotting analysis

Total protein extracts were obtained from the tumor tissues. Antibodies against GAPDH (Affinity, AF7021, Cincinnati, OH, USA), Cleaved-Caspase-3 (Abcam, ab49822, Cambridge, UK), PGC-1α (9662, Boston, MA, USA), NRF1 (46743, Boston, MA, USA), TFAM (8076, Boston, MA, USA), Bcl-2 (15071, Boston, MA, USA), Bax (5023, USA), and Caspase-3 (9662, Boston, MA, USA) were purchased from Cell Signaling Technology to estimate the respective protein levels as described previously [16]. The expression of the target proteins was calculated using GAPDH as the internal reference.



Cleaved-Caspase-3 activity assay

Enhanced chemiluminescence (ECL) was used as a readout in the Cleaved-Caspase-3 activity assay. In brief, in the last step of Western blotting (WB) of Cleaved-Caspase-3, ECL fluids (Affinity Biosciences, K002, Cincinnati, OH, USA) were added, and the polyvinylidene difluoride (PVDF) membrane can be covered. The nuclear was stained blue with DAPI. The samples were observed under a microscope and analyzed using ImageJ software.



Statistical analyses

For all experiments, the original data were analyzed using GraphPad Prism Version 8.0.2 (USA). All data were presented as mean ± SD. One-way ANOVA was used to compare the groups; a p-value <0.05 was considered statistically significant.




Results


Agr may bind with the active site of PGC-1α

Molecular docking analysis was carried out to further explore the mechanism of Agr. The OH group of the benzene ring interacted with Agr at the GLU471 site via conventional hydrogen bonding, while the ketone group of the benzene ring and the methoxy group interacted with Agr at the LYS301 site via conventional hydrogen bonding. The modes of interaction of Agr and the PGC-1α protein are displayed in Figure 2A. The docking results revealed that the amino acid sites in PGC-1α are probably involved in binding with Agr, and the CDOCER energy was −40.9262 kcal/mol. The KD value of 2.4924 nM for the equilibrium dissociation constant was obtained by using more than 12 concentration gradients in MST (Figure 2B) and indicated the high binding affinity of Agr for PGC-1α. PGC-1α is an essential transcription co-factor for regulating cellular metabolism. Thus, Agr might play a role in cellular transcription by binding to PGC-1α, which can lead to mitochondrial biogenesis and promote the invasion and metastasis of cancer cells.




Figure 2 | Molecular docking of Agr with PGC-1α. (A) Crystal structure of PGC-1α and amino acid sites of interactions of Agr with PGC-1α. (B) Results of microscale thermophoresis for Agr versus PGC-1α. Agr, agrimol B; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α.



Proliferator-activated receptor-γ coactivator 1 (PGC-1) is a peroxisome proliferator-activated receptor PPARγ transcriptional coactivator. The CDOCER energy of Agr docking with the structure of PPARγ protein in complex with PGC-1α peptide was −35.8684 kcal/mol (Supplementary Figure 1A). To understand the potential combining capacity of PPARγ on Agr, the molecular docking assay was performed. The result showed that the CDOCER energy of Agr binding with PPARγ was −27.346 kcal/mol (Supplementary Figure 1B). This value was larger than the CDOCER energy of Agr binding with PCG-1α, which suggested that PCG-1α binding is stronger with Agr than PPARγ. In conclusion, PGC-1α may be the target protein of Agr.



Agr suppressed mitochondrial activity of colon cancer cells in vitro

The MTT assay was performed using different concentrations of Agr (0, 36, 72, 144, 288, 576, and 1,152 nM). Agr dramatically inhibited HCT116 cell proliferation in a concentration-dependent manner. The half maximal growth inhibitory concentration (IC50) value was calculated as 280 nM using the equation shown in Figure 1A, and 144, 288, and 576 nM Agr were selected as test concentrations for subsequent experiments.

Next, we investigated the effect of Agr on the mitochondrial function of HCT116 cells by Hoechst 33342 staining and MitoTracker Red CMXRos staining. As shown in Figures 1B, C, 144, 288, and 576 nM Agr reduced the immunofluorescence intensity of MitoTracker compared with that of the control cells, suggesting that Agr inhibited mitochondrial activity in a concentration-dependent manner in HCT116 cells.



Agr suppressed the effects of migration and proliferation of colon cancer cells in vitro

The mitochondrial activity serves as an important indicator for the migration and proliferation of cancer cells. As cancer cell migration is an essential element of tumor metastasis, we investigated the effects of Agr on HCT116 cell migration in a wound-healing assay. The cell migration rate was quantified by calculating the scratch area between moving cells at 0, 24, and 48 h using ImageJ software. Agr treatment significantly prevented HCT116 cell migration in a dose-dependent manner as shown in Figures 1D, E. Furthermore, we observed that the detectable fluorescence intensity was reduced in Agr-treated cells compared with that of the control cells, indicating that Agr inhibited the proliferation of HCT116 cells (Figures 1F, G). These results showed that Agr exerted tumor-suppressive activity toward CRC.



Agr induced apoptosis of colon cancer cells in vitro

Next, we explored the mechanism of the cell apoptosis induced by Agr. As apoptosis is known to involve the reduction in mitochondrial membrane potential, we examined the effect of Agr on mitochondrial membrane potential via JC-1 staining. Mitochondrial membrane potential was notably reduced in the Agr-treated cells compared to the control cells, as shown in Figures 3A, B. Moreover, Figures 3C, D show a significant decrease in Agr-treated cells compared to the control group.




Figure 3 | Agr induces cell apoptosis of HCT116 cells in vitro. (A) Effects of treatment with Agr on the mitochondrial membrane potential for CRC cells detected by JC-1 staining. (B) The ratio of (JC-1 aggregate)/(JC-1 monomer) fluorescence intensity shows unusual variations in mitochondrial membrane potential. A decrease in mitochondrial membrane potential indicates an increase in cell apoptosis. (C) After different concentrations (0, 144, 288, and 576 nM) of Agr, HCT116 cell apoptosis was determined by Annexin V–FITC/PI staining. (D) Quantitative data of Annexin V–FITC/PI staining assay; apoptosis of HCT116 cells after treatment with Agr. (E) Effect of Agr on ROS measured via the DCFDA assay for HCT116 cells. (F) Quantitative data of Agr on ROS production in HCT116 cells. (G) Quantitative data from the Annexin V–FITC/PI staining assay; apoptosis of HCT116 cells following treatment with Agr. (H) Cell cycle phase was detected after HCT116 cells were treated with Agr. Red zone (S phase cells), **p < 0.01 versus control. Green zone (G0/G1 cells), ##p < 0.01 versus control. Agr, agrimol B; CRC, colorectal cancer; FITC, fluorescein isothiocyanate; PI, propidium iodide; ROS, reactive oxygen species.



Intracellular ROS accumulation induces oxidative stress, resulting in mitochondrial dysfunction and apoptosis of cancer cells (16). Hence, to further explore the apoptotic effect of Agr on HCT116 cells, we investigated ROS generation using the DCFDA-ROS fluorescent assay following the treatment of the cells with Agr. These experiments indicated that ROS generation rose significantly in Agr-treated cells compared to the control cells (Figures 3E, F), suggesting that Agr might induce cell apoptosis by elevating intracellular ROS levels. Additionally, Agr influenced the cell cycle distribution of CRC cells by increasing the non-proliferating cell fraction (G0/G1 phase) and decreasing the proliferating cell fraction (S phase) compared to the control cells (Figures 3G, H), suggesting that Agr might suppress tumorigenesis by affecting cell cycle progression.



Agr decreased NRF1 and TFAM expression by binding to PGC-1α of colon cancer cells in vitro

The PGC-1α/NRF1/TFAM signaling pathway plays a crucial role in the mitochondrial pathway of apoptosis and mitochondrial biogenesis (17). Therefore, we analyzed the protein levels of PGC-1α, NRF1, and TFAM after treatment of HCT116 cells with Agr (144, 288, and 576 nM). Our preliminary results suggested that Agr significantly decreased the protein expression of PGC-1α, NRF1, and TFAM in HCT116 cells in a concentration-dependent manner (Figures 4A, C–E). We also found that Agr significantly increased protein levels of Bax and Caspase-3 and significantly decreased protein levels of Bcl-2 (Figures 4A, F–H). Taken together, these results led us to speculate that Agr-induced PGC-1α receptor inactivation resulted in the apoptosis of HCT116 cells.




Figure 4 | Agr reduces PGC-1α activation and NRF1 and TFAM expression of HCT116 cells in vitro. (A) After HCT116 cells were treated with different doses of Agr (0, 144, 288, and 576 nM) for 48 h, the protein levels of PGC-1α, NRF1, TFAM, Bax, Caspase-3, Bcl-2, and Cleaved-Caspase-3 were analyzed using Western blotting analysis. (B) After preliminary treatment of HCT116 cells with PGC-1α-OE for 30 min and treatment with 576 nM Agr for 48 h, the protein levels of NRF1, TFAM, and Cleaved-Caspase-3 protein were analyzed by Western blotting analysis. (C) Quantitative data for the ratio of PGC-1α to internal control protein (GAPDH). **p < 0.01 versus control. (D) Quantitative data for the ratio of NRF1 to GAPDH. *p < 0.05 compared with the control. (E) Quantitative data for the ratio of TFAM to GAPDH. **p < 0.01 compared with the control. (F) Quantitative data for the ratio of antiapoptotic proteins (Bcl-2) to internal control protein (GAPDH). **p < 0.01 versus control. (G) Quantitative data for the ratio of proapoptotic proteins (Bax) to internal control protein (GAPDH). **p < 0.01 versus control. (H) Quantitative data for the ratio of Caspase-3 to Cleaved-Caspase-3. **p < 0.01 versus control. (I) The protein levels of NRF1 were quantified by ImageJ. *p < 0.05, ns = no significant difference compared with the control. (J) The protein levels of TFAM were quantified using ImageJ. *p < 0.05, ns = no significant difference. (K) The protein levels of Cleaved-Caspase-3 were quantified using ImageJ. *p < 0.05, ns = no significant difference. The results are shown as mean ± SD (n = 3, each group). Agr, agrimol B; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; NRF1, nuclear respiratory factor 1; TFAM, mitochondria transcription factor A.



To confirm the above results, an adenovirus vector (PGC-1α-OE) was used to overexpress PGC-1α in HCT116 cells. The overexpression of PGC-1α was found to increase the protein levels of NRF1 and TFAM and decrease that of Cleaved-Caspase-3. Treatment of PGC-1α-activated HCT116 cells with Agr (576 nM) decreased the protein levels of the above-mentioned PGC-α-related proteins (NRF1 and TFAM) and increased Cleaved-Caspase-3 levels (Figures 4B, I–K).

Next, we knocked down PGC-1α to examine the effects of Agr on NRF1 and TFAM protein levels in HCT116 cells. Transfection of the siRNA targeting the PGC-1α gene into HCT116 cells resulted in decreased levels of the PCG-1α protein compared to the siRNA-control cells (Figures 5A, B). There was no difference in the protein levels of NRF1 and TFAM (Figures 5C–E) after treatment with Agr (576 nM) of HCT116 cells in the siRNA-PGC-1α cells compared with the siRNA-control cells. These data demonstrate that Agr-induced PGC-1α receptor inactivation promotes the apoptosis of colon cancer cells in vitro.




Figure 5 | PGC-1α knockdown to show the effects of Agr on NRF1 and TFAM expression in HCT116 cells. (A) After HCT116 cells were transfected with adenovirus vector-based siRNA targeting the PGC-1α gene, PGC-1α protein levels were analyzed using Western blotting analysis. (B) Quantitative data for the ratios of PGC-1α to internal control protein (GAPDH). **p < 0.01, siRNA control versus siRNA-PGC-1α. (C) After HCT116 cells (siRNA-PGC-1α) were treated with Agr (576 nM), protein levels of NRF1 and TFAM were analyzed using Western blotting analysis. (D) The protein levels of NRF1 were quantified using ImageJ. (E) The protein levels of TFAM were quantified using ImageJ. **p < 0.01, control versus control-Agr. ##p < 0.01, control-Agr versus siRNA-control. ns = no significant difference, siRNA-control versus siRNA-PGC-1α + Agr. The results are shown as mean ± SD (n = 3, each group). PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; Agr, agrimol B; NRF1, nuclear respiratory factor 1; TFAM, mitochondria transcription factor A.





Agr decreased NRF1 and TFAM expression and inhibited the progression of colon cancer in vivo

Based on the previous results showing that Agr could promote apoptosis in CRC cells, we hypothesized that Agr would also suppress tumor growth by blocking PGC-1α/NRF1/TFAM signaling in vivo. HCT116 cells were subcutaneously injected into 35-day-old, male nude mice to establish a subcutaneous xenograft model, and the mice were treated with different concentrations of drugs (5 mg/kg 5-FU [positive control] and 10 and 20 mg/kg of Agr). As shown in Figures 6A, C, D, the volume and the weight of the tumors were significantly reduced in the Agr-treated groups compared with the other groups. Body weights and survival rates of the subcutaneously xenografted mice are presented in Supplementary Figure 1.

The pathological features of the tumor samples were examined by H&E staining. As shown in Figure 6B, the infiltration of inflammatory cells into tumor tissue of Agr-treated group mice was decreased in comparison with that of the control group. Furthermore, the relative expression levels of proliferating cell nuclear antigen (Ki-67) and PCNA were increased in the tumor samples of Agr-treated groups compared with those of the control groups (Figures 6E, F). Agr treatment increased the activity of Cleaved-Caspase-3, as evidenced by immunofluorescence analysis (Figures 7A, B). Agr treatment decreased TFAM, NRF1, PGC-1α, and Bcl-2 protein levels but elevated the protein levels of Cleaved-Caspase-3 and Bax (Figures 7C-I). Thus, these results indicate that Agr could regulate tumor proliferation and inhibit tumor growth by interfering with the activity of PGC-1α and related proteins in vivo, which was consistent with the results of the in vitro experiments.




Figure 6 | Agr inhibited the progression of colon cancer in vivo. 10-Agr represents Agr 10 mg/kg (i.p., QD), 20-Agr represents Agr 20 mg/kg (i.p., QD), and 5-FU represents 5-FU 5 mg/kg (i.p., QD). (A) A subcutaneous tumor model shows smaller tumors in Agr-treated groups than in the control group (n = 9, each group). (B) Representative micrographs showing tumor tissue by hematoxylin and eosin staining. (C) The volume of subcutaneous tumors following abdominal administration of drug (n = 9, each group). (D) Quantitative data of tumor weight (n = 9, each group). (E) Representative micrographs showing tumor tissue by Ki-67 fluorescent staining. (F) Quantitative data of Ki-67 fluorescent staining (n = 6). **p < 0.01 versus control. Scale bars = 100 μm. Agr, agrimol B.






Figure 7 | Agr decreased PGC-1α activation and NRF1 and TFAM expression in tumor tissue. 10-Agr represents Agr 10 mg/kg (i.p., QD), 20-Agr represents Agr 20 mg/kg (i.p., QD), and 5-FU represents 5-FU 5 mg/kg (i.p., QD). (A) Confocal fluorescence images of tumor tissue with Cleaved-Caspase-3 staining. Nuclei in blue (DAPI); antibody protein in green (Cleaved-Caspase-3). Scale bars, 100 μm. (B) Quantitative data for the relative Cleaved-Caspase-3 levels in a confocal fluorescence assay (n = 6). (C) The levels of TFAM, PGC-1α, NRF1, Cleaved-Caspase-3, Bcl-2, Caspase-3, and Bax were analyzed in the tumor tissue by Western blotting analysis (n = 3). (D–H) Quantitative data for the ratios of PGC-1α, NRF1, TFAM, Bcl-2, and Bax to internal control protein (GAPDH) in tumor tissue. (I) Quantitative data for the ratio of Cleaved-Caspase-3 to Caspase-3. *p < 0.05, **p < 0.01 versus control. Scale bars = 100 μm. Agr, agrimol B; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; NRF1, nuclear respiratory factor 1; TFAM, mitochondria transcription factor A.






Discussion

Sustaining proliferative signaling and resisting cell death are important hallmarks of cancer (18). The rapid proliferation of cancer cells is an important cause of the reduced overall survival of CRC patients, and liver metastasis is the primary cause of high mortality (19). The fecal immunochemical and fecal occult blood tests are non-invasive screening tests that are suitable for people who cannot accept colonoscopy. The “seed and soil hypothesis” of cancer postulates that cancer cells need to absorb large amounts of nutrients from their specific environment to achieve metastatic outgrowth (20). Glucose is the main metabolic resource, which is completely converted to adenosine 5′-triphosphate (ATP) by mitochondrial oxidative phosphorylation and aerobic glycolysis. Tumorigenesis is an energy-dependent process that requires the breakdown and synthesis of ATP. Hence, energy metabolism pathways are highly attractive targets in tumor cells for achieving the goal of cancer prevention (21, 22).

Mitochondria are the main energy-producing organelles in human cells, providing energy for cancer cell transition, proliferation, infiltration, and metastasis. A sharp increase in energy metabolism is necessary for the rapid proliferation of cancer cells (23). Multiple mitochondrial biological processes, including mitochondrial biogenesis, mitochondrial oxidative stress, maintenance of mitochondrial DNA homeostasis, and mitophagy, affect the metabolic status of tumors (24–26). Tumor suppressors directly regulate mitochondrial biology (27). Thus, mitochondria have a dual role in cancer, which may open up new avenues for CRC therapy. We had previously reported that Agr induces mitochondrial dysfunction of CRC cells through the inhibition of mitochondrial biogenesis and oxidative stress.

Mitochondrial biogenesis—the process of impaired, old mitochondria to form new mitochondria via transcriptional programs—is an adaptive response to cellular stress and environmental stimuli. Mitochondrial biogenesis increases mitochondrial assembly and maintains mitochondrial function, thereby providing opportunities to disrupt mitochondrial homeostasis in pathophysiological cases of drug/toxicant exposure (28). Mitochondrial biogenesis is favored in a few highly aggressive cancer cells such as CRC and osteosarcoma. CRC induces mitochondrial biogenesis pathways by upregulating the expression of several transcription factors (PGC-1α, NRF1, and TFAM) and crucial enzymes. Lysine demethylase 3A inhibits PGC-1α monomethylation. PGC-1α induces NRF1-dependent transcriptional regulation of TFAM to regulate mitochondrial biogenesis (6). The mitochondrial calcium uniporter inhibits the phosphorylation of TFAM by controlling mitochondrial calcium levels, thus accelerating mitochondrial biogenesis in CRC via NF-κB signaling (24). In this study, Agr treatment inhibited CRC proliferation and migration by preventing mitochondrial biogenesis and oxidative stress in vitro and in vivo.

Mitochondrial oxidative stress is a metabolism disorder that is characterized by the excessive production of ROS resulting in damage to mitochondrial proteins and DNA. Mitochondria generate ATP by mitochondrial oxidative phosphorylation to provide energy for cellular functions. They also generate certain macromolecules, including fatty acids and cholesterol, which form lipid bilayer membranes for constant cell division. ROS comprises superoxide free radicals, hydroxyl free radicals, hydrogen peroxide, and other oxidation products of oxygen-containing substances by mitochondrial energy metabolism. In response to various stimuli, including senescence, chemical toxins, hypoxia, environmental pollution, and drugs, mitochondrial stresses promote excessive ROS production. ROS cleaves and degrades mitochondrial proteins, modulating mitochondrial DNA transcription, damaging mitochondrial integrity, enhancing cytochrome c release, and inducing intrinsic apoptosis initiation. The formation of dysfunctional mitochondria is reported to block the survival, proliferation, and migration of cancer cells (29). Our data indicate that Agr decreases mitochondrial membrane potential, contributing to the enhanced production of ROS and exacerbating mitochondrial oxidative stress and mitochondrial damage for CRC cells.

PGC-1α, a powerful transcription coregulator of mitochondrial genes, interacts with transcription factors (NRF1 and TFAM) and modulates multiple biological processes of mitochondrial metabolism, including mitochondrial biogenesis and mitochondrial oxidative stress (3). PGC-1α activates the promoter of NRF1, leading to its transcription. NRF1 is sensitive to free radical signaling and functions as an indicator of cellular redox status. NRF1 promotes the transcription and translation of TFAM, which is transported into mitochondria where it combines with mitochondrial DNA to activate RNA polymerase, which activates mitochondrial genome transcription. Rapamycin regulates mitochondrial biogenesis and mitochondrial energy production via PGC-1α/Yin Yang 1 activation. The upregulation of PGC-1α expression results in a protective effect on cardiac cells and nerve cells through the initiation and maintenance of mitochondrial biogenesis. However, growing evidence has revealed that PGC-1α mediates survival and proliferation in tumorigenesis, and the overexpression of PGC-1α is closely linked to enhanced mitochondrial biogenesis in CRC cells (30, 31) and suppression of cancer cell growth depending on the resistance of these cells to oxidative stress (5). Studies have shown that many polyphenolic compounds have a high binding affinity with PGC-1α (32, 33), while Agr has a similar polyphenolic structure. Therefore, we speculated that Agr might bind with PGC-1α. The molecular and microscale thermography results demonstrated that Agr could dock with PGC-1α. The present study demonstrates that PGC-1α is crucial for the proliferation and migration of HCT116 cancer cells, suggesting that maintaining PGC-1α levels might be a successful anticancer strategy. Our results showed that Agr may interact with PGC-1α and reduce the protein levels of NRF1 and TFAM, thereby promoting mitochondrial biogenesis.

Previous studies have shown that agrimophol could stimulate mitochondria-dependent apoptosis in cancer cells. Thus, Agr extracted from agrimophol also suppresses cell proliferation by enriching cells in the G phase (10, 12). In this study, Agr was found to increase ROS generation, block Bcl-2 expression, and increase Caspase-3 and Bax expression to promote cancer cell apoptosis.



Conclusion

In conclusion, we found that Agr inhibited colon carcinoma progression by promoting oxidative stress and cell apoptosis by blocking the PGC-1α/NRF1/TFAM signaling pathway (Figure 8). Furthermore, in vitro and in vivo tests have shown that the HCT116 cell proliferation was inhibited after treatment with Agr, demonstrating the potential benefits of Agr for clinical use and paving the way for its development as a therapeutic agent for the treatment of CRC.




Figure 8 | A schematic model showing that Agr alters mitochondrial biogenesis and can cause cell death by decreasing the expression of PGC-1α/NRF1/TFAM. Agr, agrimol (B); PGC-1α, peroxisome proliferator-activated receptor-γ coactivator 1α; NRF1, nuclear respiratory factor 1; TFAM, mitochondria transcription factor (A).
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Background

Programmed death-ligand-1 (PD-L1) molecule is a well-known predictive biomarker for the efficacy of immune checkpoint inhibitors (ICIs) in several cancers. Present systematic review and meta-analysis aimed at investigating the role of PD-L1 in predicting the effectiveness of programmed death-1 (PD-1)/PD-L1 inhibitors in patients suffering from esophageal cancer.



Methods

We searched PubMed, Scopus, Web of Science, and EMBASE databases as of March 25, 2022, for retrieving the potential relevant randomized controlled trials (RCTs). The pooled hazard ratios (HR) and the corresponding 95% confidence intervals (95%CIs) were calculated for the outcomes of overall survival (OS) and progression-free survival (PFS). The primary objective was to investigate the association between PD-1/PD-L1 inhibitors vs. control agents and treatment efficacy in terms of OS in patients with esophageal tumor expressing different values of PD-L1 based on combined-positive score (CPS) and tumor proportion score (TPS). The secondary outcome was the pooled risk of PFS.



Results

Eleven studies with a total of 5,418 participants were included. While there was no difference in the OS of CPS<1 patients in the intervention and the control group, patients bearing esophageal tumors with a CPS≥1 (HR 0.65, 0.56-0.74) treated by ICIs showed a significant improvement in OS relative to the control agents. Accordingly, patients with CPS<5 (HR 0.75, 0.58-0.98), CPS≥5 (HR 0.64, 0.53-0.77), CPS<10 (HR 0.86, 0.76-0.98), and CPS≥10 (HR 0.65, 0.56-0.75) had improved OS; however, a significant longer OS was observed in cases who expressed higher values of CPS=10 (p=0.018). In terms of TPS, a significant greater benefit in prolonging the OS came from TPS≥1% PD-L1 expressing tumors in comparison to TPS<1% tumors, suggesting this cut-off as another predictor of PD-1/PD-L1 inhibitors efficacy. Notably, in the subgroup analysis when the cut-off value of CPS=10 or TPS=1% was selected, Nivolumab was the best ICI that improved the survival of PD-L1 positive patients. In patients with negative PD-L1 expression, Toripalimib is the only ICI which could prolong the OS of patients with the cut-off value of CPS=10.



Conclusion

Among patients suffering from esophageal cancer, PD-L1 CPS=10 and TPS=1% expression thresholds seem to be predictive of a lower rate of mortality when PD-1/PD-L1 inhibitors are administrated; however, further large-scale trials are required for confirming the findings of the present study.
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Highlights


	
Patients expressing PD-L1 as CPS≥10 significantly take more advantage of ICIs than those with CPS<10.


	
With the cut-off value of CPS=10:





	
Nivolumab and Pembrolizumab were the only ICIs that improved OS of patients with CPS≥10 tumors.


	
Toripalimib was the only ICI that improved OS of patients with CPS<10 tumors.





	
TPS≥1% PD-L1 expressing tumors showed a significant longer OS in comparison to TPS<1% tumors.


	
With the cut-off value of TPS=1%:





	
Nivolumab and Camrelizumab could significantly improve the OS in patients with TPS≥1% tumors.


	
None of the ICIs were able to longer the OS in patients with TPS<1% tumors.





	
Anti-PD-1 therapies are significantly more beneficial for increasing OS than PD-L1 inhibitors.






1.  Introduction.

Esophageal cancer is the seventh most common malignancy in the world and the sixth leading cause of cancer-related death. Currently, chemotherapy remains the standard treatment for first- and second-line management of this malignancy (1–3). In more recent years, immune checkpoint inhibitors (ICIs) have also been actively tested with some encouraging results, especially for patients with tumors that are characterized by a deficiency in mismatch repair enzymes and high microsatellite instability (4–6). However, one of the most important challenges in this area is identifying the patients who would benefit from immunotherapy modalities.

Several predictive biomarkers can be used to identify the patients which clinically respond better to ICIs (7). Since most gastrointestinal cancers overexpress programmed death-ligand 1 (PD-L1), immunohistochemistry (IHC) analysis of this molecule seems to be the most widely validated method for selecting patients for ICI therapy (8); however, the main challenge facing the application of PD-L1 expression as a biomarker is the ambiguity of the relationship between PD-L1 expression and the clinical efficacy of ICIs relative to routine therapies (9). Furthermore, defining a borderline for PD-L1 positivity is still evolving, and the emerging trials have used various PD-L1 expression cut-offs based on combined-positive score (CPS) and tumor proportion score (TPS) (10). Additionally, an optimal setting for immunotherapy of esophageal cancer based on PD-L1 expression status remained unanswered (11).

In the present systematic review and meta-analysis, we sought for identifying the randomized control trials (RCTs) investigating the role of PD-L1 expression in responding to ICIs. In addition, we performed the meta-analysis with the aim of finding a suitable PD-L1 cut-off for improving the clinical efficacy of ICIs based on TPS and CPS.



2.  Methods.

Present systematic review and meta-analysis was conducted in line with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (12).


2.1.  Search strategy.

Eligible RCTs that compared the efficacy of ICIs with control agents based on the expression of PD-L1 were identified through a comprehensive literature search in PubMed, Scopus, Web of Science, and EMBASE databases. We searched the RCTs that were published in English as of March 25, 2022, using the key terms including (“Esophageal Squamous Cell Carcinoma” OR “Esophageal Tumor” OR “Esophageal Cancer” OR “Gastroesophageal Junction Adenocarcinoma”) AND (“PD-L1 Inhibitor” OR “PD-1 Inhibitor” OR “Pembrolizumab” OR “Nivolumab” OR “Durvalumab” OR “Camrelizumab” OR “Atezolizumab”) AND (“Randomised Trial” OR “Clinical Trial” OR “Controlled Clinical Trial”). The detailed information on search strategy is represented in 
Table S1
. We also reviewed the published abstracts from annual conferences of the American Society of Clinical Oncology (ASCO), the European Society of Medical Oncology (ESMO), and the American Association for Cancer Research (AACR). In the case where duplicate studies were identified, the most recent and complete version of the data was included.



2.2.  Study selection.

The yield of the search was exported to EndNote software (Clarivate Analytics, Philadelphia, PA, USA). After removing the duplicate records, two authors independently reviewed the title/abstract of the publications according to the inclusion and exclusion criteria. Afterward, the same two authors screened the full-texts of the selected records, independently. Discrepancies were resolved by consulting a third author.



2.3.  Eligibility criteria.

We included RCTs if the following criteria were met: (1) patients with esophageal cancer or gastroesophageal junction adenocarcinoma aged 18 years or older were enrolled; (2) a PD-1/PD-L1 inhibitor was given to the intervention group; (3) placebo, chemotherapy, radiotherapy was given to the control group; and (4) the outcomes of interest (i.e. overall survival [OS] and progression-free survival [PFS]) were reported based on the expression of PD-L1.

The exclusion criteria were as follows: (1) trials including only patients with gastric cancer; (2) trials that administrated ICIs targeting CTLA-4 or other types of ICIs targeting innate immune system to all cohorts of patients in the experimental group; and (3) other types of studies such as editorials, letters to the editor, commentaries, case reports, case series, case-controls, cohorts, cross-sectionals, re-analysis of previously published articles, and any types of review articles.



2.4.  Data extraction.

Two authors independently extracted the following data from included trials using a predefined information sheet. Disagreements were addressed by consensus. We extracted the following items for each included trial: (1) study characteristics including the name of the first author, year of publication or conference presentation, study title, clinical trial identification number, the acronym of the trial, country of origin, and phase of the trial; (2) characteristics of participants including the total number of patients, inclusion and exclusion criteria, age, sex, and type of tumor in both intervention and control groups; (3) intervention and comparison characteristics including type, dose, and schedule of intervention and control medication(s); (4) PD-L1 expression characteristics including the threshold, type of PD-L1 antibody clone, and PD-L1 IHC scoring method; and (5) efficacy measures including OS and PFS.



2.5.  Quality assessment.

Using the Cochrane Collaboration’s risk of bias tool (RoB 2), two independent reviewers assessed the quality of the included papers. This tool examines the risk of bias of RCTs in five domains: randomization process, deviation from intended interventions, missing outcome data, measurement of the outcome, and selection of the reported result. Eventually, the methodological quality of included trials was rated as low risk of bias, some concerns, and high risk of bias.



2.6.  Data synthesis.

The primary objective was to investigate the association between PD-1/PD-L1 inhibitors vs. control agents and treatment efficacy in terms of OS in patients with esophageal tumors expressing different values of PD-L1. The secondary outcome was the pooled risk of PFS. The OS and PFS outcomes were measured with hazard ratios (HRs) and the corresponding 95% confidence intervals (CIs) which were extracted from each study. We used Cochrane’s Q statistic to assess between-study heterogeneity and calculated the I-square statistic. A random-effect model was applied if obvious heterogeneity was present (I
2 >50%), otherwise, a fixed-effect model was chosen (13). The subgroup analysis was conducted according to the type of ICI medication and the molecular target of the ICI agents. The variations in treatment effect between subgroups were assessed using interaction tests. As was recommended by Sterne et al., examination of publication bias using funnel plots was only evaluated if at least ten articles were included in the systematic review (14).

We used STATA version 17.0 (Stata Corporation, College Station, TX, USA) to perform all of the analyses. The risk of bias summary was illustrated using the Risk-of-bias VISualization (robvis), a web application designed to visualize the results of quality assessment of systematic reviews (15). A p-value less than 0.05 would be treated as statistically significant.




3.  Results.

A total of 1,962 studies were retrieved from PubMed (n=282), Scopus (n=385), Web of Science (n=488), and EMBASE (n=807). Of these results, 469 duplicated records were excluded. After title and abstract screening, 1450 studies were not eligible, leaving 43 records for full-texts reviewing. Thereafter, 32 studies did not meet the inclusion and exclusion criteria as a consequence of the following reasons: 1) not provided data regarding outcomes of interest (16–20); 2) reported insufficient data (21–26); 3) former versions of the included trials (27–39); 4) sub-analysis of the main trial (40–43); and 5) re-analysis of previously published trials (44–47). Eventually, 11 potential studies with a total of 5,418 participants were included to the present systematic review and meta-analysis (48–58) (
Figure 1
).




Figure 1 | 
Study selection process of the meta-analysis.





3.1.  Study characteristics.

The detailed characteristics of the included publications are summarized in 
Table 1
. All eligible trials were published between 2019 and 2022. Nine studies were in phase III (48–54, 56, 57) and two studies were in phase II (55, 58). Of the eligible trials, six were conducted as double-blinded (52, 54–58) and five as open-label (48–51, 53) fashions. Four trials administered ICIs for the first-line therapy (49, 54, 56, 57), five trials as the second line or more (48, 50, 51, 53, 58), and two trials as the adjuvant therapy (52, 55). Patients with esophageal cancer in the experimental groups were given Nivolumab in three trials (49, 51, 52), Pemberlizumab in three trials (48, 53, 56), Camrelizumab in two trials (50, 54), as well as Durvalumab (55), Toripalimab (57), and Sintilimab (58) each in one trial. Furthermore, ICIs were administrated along with chemotherapy agents for the control group in four studies (49, 54, 56, 57). Regarding PD-L1 immunohistochemistry (IHC) scoring method, four trials used the IHC antibody clone 22C3 (48, 53, 56, 58), three trials used a clone 28-8 antibody (49, 51, 52), two trials used 6E8 clone (50, 54), one trial used SP263 clone (55), and the other trial used JS311 clone (57). Expression of PD-L1 for esophageal tumor was measured based on TPS and CPS which are defined as the ratio of PD-L1 stained tumor cells to the total number of viable tumor cells and the ratio of PD-L1 stained tumor cells and immune cells to the total number of viable tumor cells, respectively. The PD-L1 cut-off values employed by included studies are summarized in 
Table 2
.


Table 1 | 
Characteristics of the included studies.





Table 2 | 
PD-L1 cut-off values employed by included studies.






3.2.  Risk of bias assessment.

All of our included studies showed a high risk of bias in RoB2 quality assessment tool. The main domain affecting the quality was bias due to missing outcome data as a result of time-to-event analyses where the censored patients may have caused missingness in the outcome. None of our studies were subjected to bias in terms of the measurement of the outcomes and selection of reported results. The summary of quality assessment results is depicted in 
Figure S1
.



3.3.  Efficacy of PD-1/PD-L1 inhibitors based on PD-L1 expression status by CPS.


3.3.1.  OS.

The included RCTs evaluated the efficacy of PD-1/PD-L1 inhibitors in three CPS thresholds of 1, 5, and 10. Comparing the efficacy of ICIs relative to the control agents in terms of OS, four trials evaluated the predictive role of PD-L1 expression through the setting of CPS=1 as the cut-off value. Esophageal tumors with a CPS≥1 treated by ICIs showed a significant improvement in OS (HR 0.65, 95% CI 0.56-0.74), while tumors with a CPS<1 could not benefit from ICIs (HR 0.92, 95% CI 0.65-1.29) as compared to the control treatment. However, no significant difference was detected in reducing the risk of death for patients that had CPS≥1 relative to CPS<1 tumors (pinteraction= 0.114) (
Figure 2
, upper panel).




Figure 2 | 
Forest plots of overall survival (OS) in PD-L1 high expression group vs. PD-L1 low expression group for the thresholds of combined positive score (CPS)=1 (upper panel), CPS=5 (middle panel), and CPS=10 (lower panel). The squares indicate weight of each study based on the fixed or random‐effect model. The vertical dashed line indicates the overall pooled estimate and the diamond the 95% confidence interval around that pooled estimate. The forest plot was generated using STATA 17.0 (STATA Corp, LLC, TX).




Considering the CPS threshold of 5, two trials evaluated the OS of patients with esophageal tumors receiving ICIs based on PD-L1 expression status. Both CPS≥5 and CPS<5 PD-L1-expressing tumors were able to significantly longer the OS of patients (HR 0.64, 95% CI 0.53-0.77 and HR 0.75, 95% CI 0.58-0.98, respectively). In this case, while the OS was increased to a greater extent in patients with CPS≥5 than those with CPS<5, the difference was not statistically significant (pinteraction= 0.423) (
Figure 2
, middle panel).

Besides, five trials were included for examining the OS according to the CPS threshold of 10. The death rate decreased substantially for either esophageal tumors with CPS≥10 (HR 0.65, 95% CI 0.56-0.75) or CPS<10 (HR 0.86, 95% CI 0.76-0.98) when a PD-1/PD-L1 inhibitor was administrated versus the control group. Interestingly, patients expressing PD-L1 as CPS≥10 took more advantage of PD-1/PD-L1 blockade therapies in terms of OS than patients bearing esophageal tumors with CPS<10 (pinteraction=0.018) (
Figure 2
, lower panel). It is notable that neither analysis resulted in a remarkable heterogeneity (
Figure 2
).



3.3.2.  PFS.

In the next step, we evaluated the predictive effect of PD-L1 expression by CPS over the efficacy of PD-1/PD-L1 inhibitors in terms of PFS. Overall, three, two, and four trials estimating the PFS were included for CPS threshold of 1, 5, and 10, respectively. When comparing the efficacy of PD-1/PD-L1 inhibitors with the agents prescribed for the control group, patients who had CPS≥1, CPS≥5, and CPS≥10 represented substantially longer PFS (HR 0.73, 95% CI 0.55-0.96; HR 0.65, 95% CI 0.52-0.79; and HR 0.65, 95% CI 0.51-0.82, respectively). On the other hand, patients with PD-L1 expression values of CPS<1, CPS<5, and CPS<10 could not benefit from ICIs relative to the control agents (HR 0.95, 95% CI 0.65-1.37; HR 0.97, 95% CI 0.77-1.24; and HR 0.81, 95% CI 0.62-1.06, respectively). Moreover, none of the CPS thresholds were considered predictive for PFS of patients receiving ICIs as compared to the controls, since tumors with higher PD-L1 expression did not decrease the risk of disease progression significantly as compared to the lower values (pinteraction=0.392, pinteraction=0.125, and pinteraction=0.283 for CPS thresholds of 1, 5, and 10, respectively). Evidence of considerable heterogeneity was noted among trials included to the efficacy analysis for CPS≥1 (I
2 = 61.8%), CPS≥10 (I
2 = 50.0%), and CPS<10 (I
2 = 63.1%) (
Figure 3
).




Figure 3 | 
Forest plots of progression-free survival (PFS) in PD-L1 high expression group vs. PD-L1 low expression group for the thresholds of combined positive score (CPS)=1 (upper panel), CPS=5 (middle panel), and CPS=10 (lower panel). The squares indicate weight of each study based on the fixed or random‐effect model. The vertical dashed line indicates the overall pooled estimate and the diamond the 95% confidence interval around that pooled estimate. The forest plot was generated using STATA 17.0 (STATA Corp, LLC, TX).







3.4.  Efficacy of PD-1/PD-L1 inhibitors based on PD-L1 expression status by TPS.


3.4.1.  OS.

Three thresholds of TPS, known as 1%, 5%, and 10% were evaluated as predictive PD-L1 expression cut-offs among our included trials. Six trials examined the OS of patients with esophageal cancer receiving PD-1 or PD-L1 inhibitors versus control agents in two subgroups of patients expressing PD-L1 as TPS≥1% and TPS<1%. Both categories of tumors with TPS≥1% and TPS<1% showed significantly better OS favored ICI (HR 0.61, 95% CI 0.52-0.70 and HR 0.87, 95% CI 0.75-0.99); however, a greater benefit in prolonging the OS came from TPS≥1% PD-L1 expressing tumors. Excitingly, the TPS=1% was another predictor of improved efficacy for PD-1/PD-L1 inhibitors as compared to the control group, where the TPS≥1% tumors versus TPS<1% tumors represented a significantly reduced risk of mortality (pinteraction=0.006) (
Figure 4
, upper panel).




Figure 4 | 
Forest plots of overall survival (OS) in PD-L1 high expression group vs. PD-L1 low expression group for the thresholds of tumor proportion score (TPS)=1% (upper panel), TPS=5% (middle panel), and TPS=10% (lower panel). The squares indicate weight of each study based on the fixed or random‐effect model. The vertical dashed line indicates the overall pooled estimate and the diamond the 95% confidence interval around that pooled estimate. The forest plot was generated using STATA 17.0 (STATA Corp, LLC, TX).




Considering the TPS=5% cut-off, four RCTs were included. Again the upper (i.e. TPS≥5%) and lower (i.e. TPS<5%) values had a remarkable impact toward increasing the OS of patients receiving ICIs relative to the control group (HR 0.62, 95% CI 0.52-0.74 and HR 0.78, 95% CI 0.68-0.89, respectively), with TPS≥5% indicated larger effect. Of note, the difference between the effect sizes of the two groups did not reach statistically significance, implying that this threshold could not be accounted as a predictive marker for OS (pinteraction=0.092) (
Figure 4
, middle panel).

Lastly, five trials reported the efficacy of ICIs compared to the control agents base on PD-L1 expressing threshold of TPS=10%. Regarding the OS efficacy analysis, the same pattern followed the estimation of TPS=10%, suggesting that PD-1/PD-L1 inhibitors had a significant impact on improving OS of patients with esophageal cancer for both TPS≥10% (HR 0.62, 95% CI 0.51-0.76) and TPS<10% (HR 0.77, 95% CI 0.68-0.86) tumors; such that the superior impact of TPS≥10% group in reducing the mortality rate did not reveal a substantial difference with TPS<10% group (pinteraction=0.121) (
Figure 4
, lower panel). Furthermore, none of our analyses had a remarkable between study heterogeneity (
Figure 4
).



3.4.2.  PFS.

In terms of PFS, six, two, and three RCTs assessed the efficacy of PD-1/PD-L1 inhibitors versus control agents according to the PD-L1 expression status by TPS. The pooled estimates showed that the immunotherapeutic modalities targeting PD-1 or PD-L1, reduced the rate of disease progression for higher and lower values of TPS=1% and TPS=5% thresholds (TPS≥1%: HR 0.62, 95% CI 0.53-0.73; TPS<1%: HR 0.79, 95% CI 0.70-0.90; TPS≥5%: HR 0.50, 95% CI 0.39-0.65; TPS<5%: HR 0.69, 95% CI 0.53-0.89). However, the tumors with TPS≥10% demonstrated a significant improvement in PFS (HR 0.53, 95% CI 0.40-0.71) in contrast to the tumors with TPS<10% (HR 0.76, 95% CI 0.56-1.03) that showed no taking advantage from ICIs. Comparing the higher and lower values of each threshold, none of the TPS=1%, TPS=5%, and TPS=10% were able to predict the impact of ICIs on PFS as compared to the control agents (pinteraction=0.100, pinteraction=0.224, and pinteraction=0.283, respectively). The only analyses with a high degree of heterogeneity were TPS<5% (I
2 = 50.2%) and TPS<10% (I
2 = 70.6%) (
Figure 5
).




Figure 5 | 
Forest plots of progression-free survival (PFS) in PD-L1 high expression group vs. PD-L1 low expression group for the thresholds of tumor proportion score (TPS)=1% (upper panel), TPS=5% (middle panel), and TPS=10% (lower panel). The squares indicate weight of each study based on the fixed or random‐effect model. The vertical dashed line indicates the overall pooled estimate and the diamond the 95% confidence interval around that pooled estimate. The forest plot was generated using STATA 17.0 (STATA Corp, LLC, TX).







3.5.  Subgroup analysis.


3.5.1.  CPS=10.

We selected the cut-off value of CPS=10 in order to examine whether the type of ICIs is responsible for better response in PD-L1 positive (i.e. CPS≥10) or negative (i.e. CPS<10) tumors. Among PD-L1 positive tumors, Nivolumab (HR 0.63, 95% CI 0.47-0.84) and Pembrolizumab (HR 0.65, 95% CI 0.54-0.78) were the only ICIs that improved the survival of the affected patients considerably, as compared to the control group. On the other hand, patients with PD-L1 negative tumors could only take advantage of Taripalimib (HR 0.61, 95% CI 0.40-0.93) in prolonging the survival time relative to the control medications (
Figure S2
).



3.5.2.  TPS=1%.

Next, we examined the effect of different ICIs in OS of patients affected by esophageal PD-L1 positive (i.e. TPS≥1%) and PD-L1 negative (i.e. TPS<1) tumors with the cut-off value of TPS=1%. The pooled estimate revealed that in PD-L1 positive patients, Nivolumab (HR 0.61, 95% CI 0.50-0.74) and Camrelizumab (HR 0.59, 95% CI 0.47-0.73) could significantly improve the OS as compared to the control group. However, none of the ICIs were able to longer the OS in PD-L1 negative patients suffering from the esophageal cancer. Regarding the cellular target of ICIs, both PD-L1 positive and negative patients receiving PD-1 blockade therapies showed a decreased risk of mortality (HR 0.61, 95% CI 0.53-0.70 and HR 0.89, 95% CI 0.75-0.99, respectively), while PD-L1 blockade therapies had no effect on OS versus the control agents for both groups of PD-L1 expression (Figure S3
).





4.  Discussion.

Immunotherapy has revolutionized the treatment of multiple cancers in recent years. ICIs are among these promising treatments that have potentially improved the survival of patients with different types of malignancies. However, it is still a major question for clinicians that which patients may benefit more from prescription of ICIs. Regarding the high rate of immune-related adverse events as well as the high price of these kinds of medications, finding patients who are more likely to respond to ICIs would be an important issue. According to several publications, PD-L1 expression may become a potential candidate for predicting the subsequent clinical response to ICIs (7, 8, 59, 60); however, a number of challenges have been found in this way. For instance, while most of the studies found a positive correlation between the expression of PD-L1 and response to ICIs and it has been proved that PD-L1 positive tumors are more likely to respond to immunotherapy, some investigations reported a considerable number of patients with PD-L1 negative tumors which may also respond to ICIs (61, 62). Accordingly, a recent meta-analysis of six RCTs has demonstrated that PD-L1 expression did not affect the OS and PFS of patients with non-small cell lung cancer (NSCLC) receiving ICIs as compared to the control agents, implying a constant positive effect of ICIs over control group regardless of PD-L1 expression level (60). It could be assumed that the type of tumor or in part the outcome measure may also play a role in the predictive accuracy of PD-L1 expression. In this case, it has been reported that PD-L1 expression was predictive of response for patients with non-squamous NSCLC (63); however, the response benefit of ICIs was independent of PD-L1 expression for squamous NSCLC (64). As another challenge, several studies reported that PD-L1 is an unreliable biomarker owing to its dynamic changes and the expression of this biomarker can be increased by several factors such as exposure to immunotherapy (65). Furthermore, there is still no general consensus regarding the diagnostic assays for measuring PD-L1 expression, with main inconsistencies about which antibody to use, which cells to stain, and what cut-off value to choose (8, 59).

Based on our results, although patients suffering from esophageal cancer with a CPS<1 could not benefit from ICIs compared to the control agents, those who had CPS≥1, CPS<5, CPS≥5, CPS<10, and CPS≥10 showed a significant improvement in OS. Notably, while no significant difference was detected in reducing the risk of death according to the CPS threshold of 1 and 5, patients expressing PD-L1 as CPS≥10 have significantly taken more advantage of PD-1/PD-L1 blockade therapies than patients bearing esophageal tumors with CPS<10. In accordance with our results, Shieh et al. reported that advanced cervical cancer patients with PD-L1 CPS≥10 demonstrated a statistically higher response rate to ICIs than those with CPS<10 (66). Moreover, analyses of recent clinical trials in patients with gastric or gastroesophageal junction cancer showed that patients with CPS≥10 may derive greater benefit from pembrolizumab in terms of OS (37, 67).

As a result, we selected the cut-off value of CPS=10 in order to examine whether the type of ICIs is responsible for better response in PD-L1 positive (i.e. CPS≥10) or negative (i.e. CPS<10) tumors. Among PD-L1 positive tumors, two well-known anti-PD1 inhibitors, Nivolumab and Pembrolizumab, were the only ICIs that improved the survival of the affected patients considerably as compared to the control group. In line, a recent analysis survey showed consistent improvements toward more favorable clinical outcomes with pembrolizumab across lines of therapy in gastroesophageal cancer patients with CPS≥10 (68); similar results were reported for Nivolumab (69, 70). Notably, patients with PD-L1 negative tumors could only take advantage of Toripalimib which significantly prolonged the survival time relative to the control medications; the reason for this apposite response to Toripalimib is not clearly understood and deserve more research.

In addition to CPS, we also assessed the efficacy of ICIs in three TPS thresholds of 1%, 5%, and 10%. While both higher and lower values of TPS=1% demonstrated significantly better OS for ICIs compared to the control, a significantly greater benefit in prolonging the OS came from TPS≥1% PD-L1 expressing tumors in comparison to TPS<1% tumors, suggesting another predictor of improved efficacy for PD-1/PD-L1 inhibitors. In accordance with our findings, Zou and colleagues reported that the rate of objective response was 7% higher in breast cancer patients expressing PD-L1 as TPS≥1% compared with TPS<1% after receiving ICIs (71). In addition, the higher values of PD-L1 TPS showed longer OS relative to the lower values (i.e. TPS<1%) in patients with NSCLC (72).

By investigating the effect of different ICIs in OS of patients with the cut-off value of TPS=1% we found that Nivolumab and Camrelizumab could significantly improve the OS in PD-L1 positive (i.e. TPS≥1%) patients as compared to the control group, whereas none of the ICIs were able to longer the OS in PD-L1 negative patients (i.e. TPS<1%). In line, in an analysis of patients with NSCLC who were on Camrelizumab, it was revealed that the objective response rate was improved with increasing the PD-L1 TPS level (73). Likewise, the NSCLC patients treated with Nivolumab monotherapy reached higher levels of disease control rate when they expressed PD-L1 as TPS≥1% compared to TPS<1% (74). Notably, while PD1 inhibitors showed a decreased risk of mortality in both PD-L1 positive and negative patients, PD-L1 blockades had no significant effect on OS in both groups of PD-L1 expression when compared with the control group. Similarly, it has been demonstrated that anti-PD-1 therapies were significantly more beneficial for increasing OS and PFS than PD-L1 inhibitors in advanced esophageal cancer (75). Altogether, our results could have implications for clinicians when they are trying to make a decision on whether patients can take advantage of ICI therapy. In this case, long-term management schedules could be planned based on the predicted survival rates.

To the best of our knowledge, present study is the first meta-analysis evaluating the predictive effect of PD-L1 expression in esophageal cancer. While prior meta-analysis confirmed the predictive effect of PD-L1 expression in NSCLC and renal cell carcinoma (60, 76), an examination for finding the suitable threshold was not established. Despite the comprehensive nature of the systematic review undertaken, our study has some potential drawbacks. First, we observed a high degree of heterogeneity across some of the pooled analyses; we believe that the heterogeneity was mainly due to the differences in the lines of therapy, varying follow-up durations, and many other factors among these studies. Second, although we enrolled the most up-to-dated clinical trials across databases, the validity of our study was based on the quality of the reviewed trials and some types of biases that originated from the nature of trials may affect the generalizability of the overall findings. Third, our study was performed at the trial level instead of the individual level, and as a result, a group of patients with poor performance status are missed in data interpretation; thus, the survival benefit and predictive value of PD-L1 in a real-world population with comorbidities and poor performance status could be lower. Forth, results of some ongoing trials, such as NCT02352948, NCT02581943, NCT02409342, NCT02273375, and NCT03091491, have not yet been published and hence inclusion of these trials in the future meta-analyses may alter the overall results. Finally, and as the last limitation, the findings should be interpreted with caution due to a relatively small number of included studies and obviously, further investigations are required to confirm our results in a larger variety of clinical trials. Also, the validity of our results could be measured in post-hoc analysis of currently published trials with examining all PD-L1 TPS and CPS thresholds.



5.  Conclusion.

The results of our study demonstrated that the cut-off values of CPS=10 and TPS=1% were the most proper borderlines to determining PD-L1 positivity; indeed, patients expressing PD-L1 as CPS≥10 or TPS≥1% took more advantage of ICIs in comparison to PD-L1 negative patients (i.e., CPS<10 or TPS<1%). Interestingly, when the cut-off value of CPS=10 or TPS=1% was selected, we found that Nivolumab was the best ICIs that improved the survival of PD-L1 positive patients (CPS≥10 and TPS ≥1%). Notably, while none of the ICIs could improve the survival of patients with PD-L1 TPS<1%, Toripalimib was the only ICI which could prolong the OS of patients with CPS<10. Taken together, this meta-analysis emphasis on the usefulness of PD-L1 expression as a potential predictive biomarker to select treatment in esophageal cancer. However, there are still many uncertainties on this subject and the efficacy of the aforementioned predictive cut-off values and suggested ICIs should be further explored in clinical studies for all other cancers.
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   Introduction

Light-emitting diodes (LEDs) have become a new light source for photodynamic therapy (PDT) because of their excellent optical properties, small size, and low cost. LED arrays have so far been designed to meet the need for accurate illumination of irregular lesions. However, LED arrays determine not only the shape of the illuminated spot but also the light field, which has a significant impact on the efficacy of PDT.


 Methods

We designed three types of LED arrays producing different light fields, namely an intensive LED array for a uniform light field, a sparse LED array for a non-uniform light field, and a point LED array for a Gaussian-like light field, and investigated the effect and mechanism of these light fields on PDT for gastrointestinal cancer both in vitro and in vivo.


 Results

We found that intensive LED-PDT induced earlier and more serious cell death, including apoptosis and necrosis, than sparse LED-PDT and point LED-PDT. Among the three LED arrays, the intensive LED array induced cells to produce more differential proteins (DEPs), mainly related to mitochondria, ribosomes, and nucleic acids. DEPs in cells subjected to sparse LED- and point LED-PDT were mainly involved in extracellular activities. For MGC-803 tumor-bearing mice, intensive LED-PDT and point LED-PDT had better tumor ablation effect than sparse LED-PDT. Notably, recurrence was observed on day 7 after sparse LED-PDT. VCAM-1 and ICAM-1 were highly expressed in sparse LEDs-PDT treated tumor tissues and were associated tumor angiogenesis, which in turn lead to poor tumor suppression.


 Conclusions

Therefore, the type of LED array significantly affected the performance of PDT for gastrointestinal cancer. Uniform light field with low power densities work better than non-uniform and Gaussian-like light fields.
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1. Introduction.

Gastrointestinal (GI) cancer is the fifth most common cancer worldwide and the third leading cause of cancer-related deaths according to the Global Cancer Statistics 2018 (1). There were 319,160 new diagnoses and 160,820 GI cancer-related deaths in the USA in 2018 (1, 2). At present, surgical resection is the standard treatment for resectable GI cancers, which is painful and affects postoperative quality of life. Definitive neoadjuvant chemoradiotherapy (CRT) is a treatment option for unresectable tumors and for patients who are unsuitable for or refuse surgery. However, local failure after CRT, occurring with an incidence rate of 50%–55%, is a major problem (3–5). Therefore, the exploration of new therapies for the treatment of GI cancer is important.

Developed in recent decades, photodynamic therapy (PDT) is a cancer treatment modality. In PDT, photosensitizers are first injected into patients or used to cover the surface of the skin for a certain time to selectively combine with tumor tissues, and then light of a specific wavelength is used to initiate a photochemical reaction with tissue oxygen to generate reactive oxygen species (ROS), which acts to kill cancer cells (6, 7). PDT is now widely used in the clinic to treat tumors owing to its multiple advantages, such as non-invasiveness, high tumor selectivity, good cosmetic effect with small or no scarring, low tumor recurrence, and low cross-resistance (8, 9). In the treatment of GI cancer, the cavity structure of the GI tract makes it feasible to perform PDT because light can be introduced to the GI tract lesion through the optical fiber of an endoscope (10, 11). Although treatment efficacy is remarkable, it is highly dependent on endoscopy and therefore has the same shortcomings as endoscopy, including high cost and complicated operation procedures.

Fortunately, existing photosensitizers can be initiated with relatively low-cost light-emitting diodes (LEDs), which have been proven to be as effective as traditional medical lasers (12–18). Moreover, LEDs can be powered by batteries or charged wirelessly, making them highly mobile, easy to carry, and easy to operate (17). In addition, therapy can be guided and monitored using photosensitizer fluorescence imaging with consumer smartphones, which also offers the potential for telemedicine integration (16, 18). Accompanied by easy-to-use light sources with calibrated dosimetry, PDT can become an effective treatment modality for global health settings. However, parameters such as wavelength, luminous flux, luminous intensity, luminous efficiency, and light intensity distribution, namely light field, affect the therapeutic efficacy of LED-PDT. For practical applications, LED arrays are designed and manufactured according to specific illumination requirements. Hadis et al. (19) demonstrated that an LED array comprising 96-well plates could produce wavelengths (400–850 nm) that were effective against cells in vivo at high irradiances (48–142 mW/cm2). Jamali et al. (20) developed a light source producing two wavelengths (red and blue) for each well of a 96-well plate and found that the light power densities required for PDT of human glioma cell lines was 50 μW/cm2 and 25 μW/cm2 for the blue and red LED, respectively. Yamagishi et al. (21) developed an implantable and wirelessly powered PDT device consisting of LED chips and bioadhesive and stretchable polydopamine-modified poly(dimethylsiloxane) nanosheets and, furthermore, confirmed that a fluence rate of 33 μW/cm2 for red LED devices and 75 μW/cm2 for green LED devices had a good tumor ablation effect. Because standard LED equipment is unavailable on the market for research and treatment, there is a lack of accepted standards for LED irradiation parameters with corresponding PDT effects.

Light, photosensitizer, and oxygen molecules are the three major elements of PDT (22–24). Therefore, oxygen distribution in cells or tissues should be fully considered in the design of light sources and choice of photosensitizers. De Souza et al. (25) showed that oxygen consumed by tissues was restored during the interval and that the efficiency of PDT was improved if fractioned light is used. In particular, by using light/dark interval lighting, tissues receiving low-intensity light may transport oxygen to surrounding tissues in which oxygen consumption increases rapidly owing to high-intensity light irradiation. Therefore, by controlling the light/dark cycle, tissue oxygen reperfusion can be promoted to compensate for oxygen consumption during the photochemical reaction, which may improve the efficiency of PDT (26–28). Similarly, owing to oxygen fluidity in the tissue, different light fields (such as uniform, non-uniform, and Gaussian-like light fields) lead to different oxygen utilization rates in the irradiation area, which may affect the PDT effect.

Therefore, we designed three LED arrays producing different light fields and investigated the effect and mechanism of these light fields on PDT for GI cancer, with the aim of seeking the best LED light field distribution, and provide reference and basis for preparing small LED light sources, such as PDT capsules, for digestive tract cancer in future, hoping further promote the clinical application of PDT in the treatment of digestive tract tumor.


 
2. Materials and methods.

 
2.1. Preparation and characterization of LED arrays with different light fields.

Three LED arrays with different light fields were constructed: an intensive LED array to produce a uniform light field, a sparse LED array to produce a non-uniform light field, and a point LED array to produce a Gaussian-like light field. Algorithmic analysis was used to define each light field, as shown in the  Figure S1 . From this analysis, light sources for cell and animal experiments were designed and manufactured.

For in vitro cell experiments, a module corresponding to 6-well plates was designed for the different LED arrays, as shown in  Figure S2 (A) . The module consisted of 208 LEDs, 16 LEDs, and 1 LED for the intensive LED array, sparse LED array, and point LED array, respectively.

For in vivo animal experiments, light sources with different light fields were used, as shown in  Figure S2 (B) . For the intensive LED array, 25 LEDs were closely arranged to form a 5 × 5 array, while for the sparse LED array, 4 LEDs were uniformly arranged at intervals of 0.4 cm to form a 2 × 2 array, and for the point LED array, 1 LED was placed in the center position.

Moreover, heat generation was a prerequisite of LEDs and a specific heat dissipation design using silica gel sheets with good thermal conductivity was made, thus the thermal damage of LED to cells was successfully avoided, as shown in  Figure S3 .


 
2.2. Cell culture.

Human gastric cancer cell NCI-N87 (Highly differentiated) and HGC-27 (Undifferentiated), and Human colorectal adenocarcinoma epithelial cell SW837, purchased from National Infrastructure of Cell Line Resource (Beijing, China), were maintained in RPMI 1640 medium (Gibco, American) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin. Human gastric cancer cell MGC-803 (Poorly differentiated) and Human colon cancer cell HT-29, obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China), were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) and DMEM/F12 medium (Gibco), respectively. The media were supplemented with 10% FBS and 1% penicillin (Gibco). All cells were cultured at 37 °C in 5% CO2 and tested negative for mycoplasma contamination.


 2.3. Optimization of PDT dose in GI cancer cells.

PDT experiments were conducted using hematoporphyrin derivatives (HpD) and the NCI-N87, MGC-803, HGC-27, HT-29, and SW837 cell lines. Cells were plated into sterile 96-well plates. All cell lines (2–5×104 cells/mL) were separately incubated for 4 h with the photosensitizer at various concentrations (3.125, 6.25, 12.5, 25, 50 μg/mL), and each mixture was exposed to light of various energy densities (0, 3, 6, 12, 24 J/cm2) and power densities (1.25, 2.5, 5.0, 10, 20 mW/cm2). The control experimental conditions were (1) no HpD and no light, (2) HpD and no light, and (3) light and no HpD. Each condition was repeated in triplicate. A custom-designed LED light source (635 ± 15 nm) was used. The MTT assay was used to determine cell activity at 24 h after PDT. The optimal PDT effect dose for each cell line was selected.


 2.4. LED-PDT effect detected by live/dead cell staining.

Cells (2×105 cells/sample) were seeded on the glass slide within 6-well plates and then subjected to PDT with three different LED arrays at the selected PDT doses. At 24 h after PDT, the cells were double-stained by adding 210 μL of phosphate-buffered saline (PBS) containing Calcein AM (2 μM) and Ethidium homodimer-1 (EthD-1, 4μM) and then incubated at room temperature for 40 min in the dark at 37 °C. The cells were scanned (20× magnification) using a digital pathology scanner (NanoZoomer S60, Hamamatsu, Japan). Green Calcein AM fluorescence and red EthD-1 fluorescence were detected on the FITC and TxRED channels, respectively. Cell survival was analyzed using ImageJ.


 2.5. Apoptosis assays.

At 12 h after PDT with the three LED arrays, the cells were collected by trypsinization, centrifuged at 1000 × g for 5 min, washed once with cold PBS, and then resuspended in 195 μL of cold binding buffer containing annexin V-FITC (5 μL) and propidium iodide (PI, 10 μL) following the manufacturer’s instructions. Finally, the cells were analyzed using a FACSAria flow cytometer (BD Biosciences). Green FITC fluorescence and red PI fluorescence were measured at 515–545 nm and 565–606 nm, respectively.


 2.6. ELISA for ATP and iNOS.

At 6 h after PDT, cells were carefully washed with cold PBS, and 200 μL of protein extraction buffer provided in the ELISA kit (Beyotime, China) was then added to each well. The cells were incubated on ice for 10 min to ensure that the cells were fully lysed and the proteins were released. The protein concentration was measured with a BCA protein concentration kit (Beyotime, China). ATP and iNOS concentrations were separately determined using ELISA kits following the manufacturer’s suggested protocol.


 2.7. Proteomics study.

NCI-N87 and MGC-803 cells were subjected to PDT with the intensive LED, sparse LED, and point LED arrays. Cell samples were collected at 6 h after PDT. At least six biological replicates were obtained for each case. Extracted proteins were analyzed using liquid chromatography–tandem mass spectrometry (LC–MS/MS) combined with tandem mass tag (TMT) labeling. Briefly, pooled proteins from eight groups, MGC-C, MGC-1, MGC-2, MGC-3, N87-C, N87-1, N87-2, and N87-3, were cleaved into peptides using 1 μg/μL trypsin and isobaric labeled TMT. Equal protein amounts derived from each group were labeled with different TMT labels: MGC-C, TMT-127_N; MGC-1, TMT-127_C; MGC-2, TMT-128_N; MGC-3, TMT-128_C; N87-C, TMT-129_N; N87-1; TMT-129_C; N87-2, TMT-130_N; and N87-3, TMT-130_C. Following mixing, drying, and fractioning into 10 fractions by high-performance liquid chromatography (HPLC), mixtures of the labeled peptides were loaded onto a reversed-phase C18 column (75 μm × 2 cm, 3 μm, 100 Å; Acclaim PePmap, Thermo Scientific) and separated with a reversed-phase C18 column (75 μm × 10 cm, 5 μm, 300 Å; Agela Technologies) mounted on a nano-LC system (Dionex Ultimate 3000). Proteins were characterized using a mass spectrometer (Q-Exactive, Thermo Fisher Scientific, MA, USA).

For data analysis, a false discovery rate (FDR) of less than 1.0% with a confidence level of 95% was selected for identification. Accurately quantified protein was expressed as the ratio of protein between samples. The threshold of upregulation was defined as 1.2, while that for downregulation was 0.8. Gene Ontology (GO) annotation and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were employed to determine functional classification and the significant pathways of DEPs, respectively.


 2.8. Animal model.

Animal experiments were approved by the Tianjin Animal Ethics Committee (SYXK(JIN):2019-0002). Nine-week-old BALB/c nude mice were obtained from Beijing Vital River Laboratory Technology Co. Cultured monolayers of MGC-803 cells were collected and resuspended in PBS, of which 0.2 mL (4 × 106 cells) were subcutaneously injected into the right back buttocks of the mice. After cell seeding, the animals were maintained under standard conditions for approximately 2 weeks until the tumor grew to 0.8 cm in diameter.


 2.9. .In vivo PDT with LED arrays

We used 80 MGC-803 tumor-bearing mice, which were equally divided into control and different PDT groups, as shown in  Table 1 . HpD (H20064266, 5 mL:25 mg per ampoule) was injected into the tail vein of the mice at 10 mg/kg. After 24 h in the dark, mice were exposed to intensive LED-PDT, sparse LED-PDT, and point LED-PDT. After PDT, mice were maintained under standard conditions in the dark and observed every other day. The tumor size was measured using a vernier caliper, and the tumor volume was calculated according to the following formula: Vt=1/2×a×b2, where a is the longer diameter, b is the shorter diameter, and t is the number of days after PDT.

 Table 1 | Groups of tumor-bearing mice and corresponding PDT parameters. 




 2.10. H&E staining and immunohistochemistry.

The mice were sacrificed at 3, 7, and 14 days after PDT by euthanasia, and the tumor tissue was harvested, fixed with 4% paraformaldehyde, embedded in paraffin, and sectioned into slices of 5 μm in thickness. Standard H&E staining (Solarbio, Beijing, China) was conducted to visualize necrotic regions. A Click-iT TUNEL Colorimetric IHC Detection Kit (C10625, Thermo Fisher, USA) was used to detect apoptosis. Moreover, Ki67, vascular cell adhesion molecule-1 (VCAM-1), and intercellular adhesion molecular-1 (ICAM-1) indicators were used to test for tumor proliferation and recurrence. Sections were imaged (20× magnification) using a digital pathology scanner (NanoZoomer S60, Hamamatsu, Japan). Positive cells were quantitatively assessed using ImageJ.


 2.11. Statistical analysis.

All data were presented as the mean ± standard deviation (SD). Comparisons between groups were performed using one-way ANOVA. Significance was set at p<0.05. Statistical analyses were performed using SPSS v19.0 (SPSS Statistics).



 3. Results.

 3.1. Light fields of LED arrays.

To investigate the influence of LED light fields on the PDT of GI cancer, we designed three different LED arrays for in vitro experiments. The intensive LED array, producing a uniform light field, consisted of 208 LEDs closely arranged in a 13 × 6 array. The sparse LED array, producing a non-uniform light field, was composed of 4 arrays (2 × 2), including 16 LEDs, with a center distance of 9 mm between two adjacent LEDs. The point LED array, approximating a Gaussian-like light field, contained only one LED placed in the center.  Figure 1  shows diagrams of the above-mentioned LED arrays, their light spots, and power density distribution in two and three dimensions. And the central wavelength of three LED arrays was about 635 nm with bandwidth being 15 nm, as shown in  Figure S4 .

 

Figure 1 | Three LED arrays with different light fields for in vitro experiments. Top: Intensive LED array producing a uniform light field. Middle: Sparse LED array producing a non-uniform light field. Bottom: Point LED array producing a Gaussian-like light field. Performance of the three LED arrays: (1) Schematic diagram, (2) light spot, (3) two-dimensional heat map of power density distribution, and (4) three-dimensional heat map of power density distribution. 



The Monte Carlo method was used to simulate propagation of the light field produced by the three LED arrays designed for in vivo experiments. As shown in  Figure S5 , in tissue, the transmission distance of light from the intensive LED and sparse LED arrays was 6000 mm, which was significantly deeper than that of light from the point LED array (4000 mm). However, at each tissue depth, the absorption and luminous flux of light from the sparse LED array were the lowest among light from the three LED arrays.


 3.2. Effects of three LED arrays on PDT of GI cancer.

We first analyzed the performance of LED-PDT using a series of doses and five types of GI cancer cells (NCI-N87, MGC-803, HGC-27, SW837, and HT-29) to select the optimal dose for a comparison of the LED arrays with different light fields. As shown in  Figure S6 , the five GI cancer cell lines have different sensitivities toward PDT. The tumor-suppression effect of PDT was correlated with cell type, tumor differentiation degree, and PDT dose. The optimal PDT parameters (minimum dose with cell mortality greater than 70%) for each cell line were obtained, as shown in  Table S2 .

As shown in  Figure S7(A) , the cell viability was above 90% when exposed only to light from LED array at different energy density (0, 3, 6, 12 and 24 J/cm2), which was almost consistent with the no HpD and no light group. While MGC-803 and HGC-27 cells showed slight dark toxicity as the concentration of HpD increasing gradually ( Figure S7B ). Therefore, we took the HpD and no light group as control group to explore the effect and mechanism of PDT mediated by three different LED arrays in the follow-up experiments, ensureing that the differences in cell death were entirely induced by different light fields.

The viability of NCI-N87, MGC-803, HGC-27, SW837 and HT-29 cells were determined using the MTT assay at 24 h after PDT with the three LED arrays, and the resulting temporal dynamics of PDT-mediated cytotoxicity was compared. The intensive LED and point LED arrays caused earlier and more severe cell damage than the sparse LED array. As shown in  Figure 2A (1), the survival rates of NCI-N87 cells decreased to 28.24%, 43.58%, and 68.10% at 2 h after intensive LED-PDT, point LED-PDT, and sparse LED-PDT, respectively. Additionally, the survival rates of NCI-N87 cells decreased to 26.41%, 20.66%, and 58.39% at 24 h after PDT with the three LED arrays. Remarkably, at 2 h post-treatment, cell damaged by intensive LED-PDT was 2.25 times and 1.28 times greater than that by sparse LED-PDT and point LED-PDT, respectively ( Figure 2A (1)). Similar results were obtained for MGC-803, HGC-27, HT-29, and SW837 cell lines, as shown in  Figure 2A (2)–(5).

 

Figure 2 | Effect of different light fields on the performance of PDT for GI cancer. (A) Viability of five different GI cancer cells after PDT mediated by different light fields: (1) NCI-N87, (2) MGC-803, (3) HGC-27, (4) HT-29, and (5) SW837. (B) Differences in cell viability after irradiation with no light (control), uniform light field (intensive LED array), non-uniform light field (sparse LED array), and Gaussian-like light field (point LED array). Cells were stained with Calcein AM/EthD-1 at 24 h post-PDT. Calcein AM (green) and EthD-1 (red) indicate living and dead cells, respectively. (*P < 0.05, and ***P < 0.001 by one-way ANOVA. Mean ± SD in bar graphs.). 



To observe the effect of light intensity heterogeneity in the irradiation region on cell damage, cells were stained with Calcein AM/EthD-1. Cells were identified as living (Calcein AM, green) or dead (EthD-1, red) depending on the observed fluorescence signals. As shown in  Figure 2B , at the same dose, the intensive LED array resulted in homogenous cell death, while the sparse LED array significantly enhanced cell damage, and no regional characteristics corresponding to light intensity were found. The point LED array resulted in cell death in the central region (with strong light intensity). By counting the dead cells, mortality caused by the three LED arrays was found to be consistent with the above MTT results.


 3.3. PDT-induced apoptosis mediated by different light fields.

To quantify apoptosis, cells were first double-stained with Annexin V-FITC/PI and then analyzed using flow cytometry (FCM). Cells were classified as living (FITC−/PI−), early apoptotic (FITC+/PI−), late apoptotic/necrotic (FITC+/PI+), and mechanically damaged (FITC−/PI+). As shown in  Figures 3A, B , intensive LED-PDT caused more apoptotic or necrotic cells than sparse LED-PDT and point LED-PDT, especially for HGC-27 and HT-29 cell lines. The rates of early apoptosis and late apoptosis/necrosis for HGC-27 cells were respectively 32.8% and 66.7% (total of 99.5%) after intensive LED-PDT, 8.08% and 24.3% after sparse LED-PDT, and 11.1% and 27.5% after point LED-PDT. HT-29 cells were significantly more sensitive to intensive LED-PDT, with a total apoptosis rate of 99.26%, than sparse LED-PDT and point LED-PDT, with a total apoptosis rate of 21.9% and 26.8%, respectively.

 

Figure 3 | Apoptosis of GI cancer cells induced by PDT with different light fields. Cells were first irradiated with the intensive LED, sparse LED, and point LED arrays, and then the apoptosis were detected. (A) Apoptosis rate: Cells were stained with annexin-FITC/PI at 12 h post-PDT. Annexin V-FITC and PI stains indicate apoptotic and necrotic cells, respectively. ① Living cells, ② early apoptotic cells, ③ necrotic/late apoptotic cells, and ④ mechanically damaged cells. (B) Percentage stacked bar chart corresponding to (A). 



To further compare apoptosis induced by the three LED arrays, ATP and iNOS related to the mitochondrial apoptosis pathway were detected (29–33). Groups subjected to PDT with three LED arrays had significantly reduced intracellular ATP levels than the control group ( Figure 4A ), and the intensive LED array had the strongest effect among the three LED arrays (p<0.05). For NCI-N87 cells, the ATP levels were 17.59 ± 2.37, 20.42 ± 3.64, and 23.18 ± 4.42 mol/mg after intensive LED-PDT, sparse LED-PDT, and point LED-PDT, respectively. The iNOS levels of the NCI-N87 and MGC-803 cells were also significantly decreased after PDT with the three LED arrays compared with that of the control group ( Figure 4A ).

 

Figure 4 | Apoptosis of GI cancer cells induced by PDT with different light fields. Cells were first irradiated with the intensive LED, sparse LED, and point LED arrays, and then the apoptosis-related factors and apoptosis-related proteins were detected. (A) Apoptosis-related factors: Cells were collected, and the content of ATP and iNOS were quantified following the kit instructions. (B) Apoptosis-related proteins: Western blotting analysis was used to evaluate the cleaved products of apoptosis-related proteins (cleaved caspase3, cleaved caspase7, cleaved caspase9, and cleaved PARP) in cell samples at 6 h after PDT, and the relative protein expression was quantified using ImageJ (C). (*P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA. Mean ± SD in bar graphs.). 



We also evaluated the cleaved products of caspase3, caspase7, caspase9, and PARP, key proteins in the mitochondrial apoptosis pathway, using western blotting. As shown in  Figure 4B , the expressions of cleaved caspase3, cleaved caspase7, and cleaved caspase9 in MGC-803 cells were all upregulated after PDT with the three LED arrays compared with that of the control. Cleaved caspase3 expression had the most significant difference among the three LED array groups, which was 1.30 times and 1.44 times higher in the intensive LED and point LED groups than in the sparse LED group, respectively ( Figure 4C ). Moreover, the upregulation of cleaved caspase9 and cleaved PARP after intensive LED-PDT was the most obvious compared with the other two groups. Especially, the relative protein expression of cleaved caspase9 was 0.57 ± 0.04 in the intensive LED-PDT group, which was 1.06 and 1.05 times higher than in the sparse LED and point LED groups, respectively ( Figure 4C ).

For NCI-N87 cells, although the expression of cleaved caspase3 protein in the three LED array groups were significantly upregulated compared with that of the control group, there was no significant difference among the three groups. However, there were significant differences in the expression of cleaved caspase9 among the three groups, which was significantly higher in the sparse LED-PDT group (0.57 ± 0.05) than in the other two groups (intensive LED-PDT: 0.40 ± 0.04; point LED-PDT: 0.41 ± 0.04) ( Figure 4C ).


 3.4. Proteomics changes caused by PDT with different light fields.

A tandem mass tags labelling combined liquid chromatography-tandem mass spectrometry (TMT-MS/MS) analysis was performed to determine the proteomics of the MGC-803 and HGC-27 cells among the PDT groups according to the experimental procedure shown in the  Figure 5A . Of the 24,878 peptides, 5549 proteins were identified, which matched the 51,499 MS/MS spectra at a false discovery rate (FDR) of 1% ( Figure 5B ). The differentially expressed proteins (DEPs) of paired comparisons among the three LED array PDT groups and control groups were determined. We selected the most significant 500 DEPs (p<0.05) in the four groups by paired comparisons for overall analysis of changes in protein expression trends using heat map clustering, as shown in  Figure 5C . These results demonstrated that expression of proteins after intensive LED-PDT, sparse LED-PDT, and point LED-PDT were significantly different, especially for MGC-803 cells.

 

Figure 5 | Proteomic analysis of GI cancer cells treated with intensive LED-PDT, sparse LED-PDT, and point LED-PDT, respectively. (A) The experimental procedure. (B) General information of the proteomic analysis. (C) Heat map analysis of 500 proteins with the most significantly altered expression levels. The heat map was produced using Origin. (D) Distributions of DEPs of paired comparisons among intensive LED-PDT, sparse LED-PDT, point LED-PDT, and control (ctrl) groups. Red and green represent upregulated and downregulated DEPs, respectively. 



To identify DEPs within the obtained human protein dataset, we calculated the number of folds changed identified proteins with significantly (P<0.05) increased (1.2-fold) or decreased (0.83-fold) levels of accumulation. Taking MGC-803 cells as an example, 283, 205, 179, 60, 22, and 48 DEPs were identified in paired comparisons of intensive LED-PDT versus control, sparse LED-PDT versus control, point LED-PDT versus control, sparse LED-PDT versus intensive LED-PDT, sparse LED-PDT versus point LED-PDT, and point LED-PDT versus intensive LEDs-PDT, respectively ( Figure 5D ).

Gene Ontology (GO) analysis was used to obtain the functional annotation information of the DEPs, including cellular components, biological processes, and molecular functions. The top 20 DEPs with the smallest p-values were mapped, as shown in  Figure 6 . Compared with the control group, DEPs induced by intensive LED-PDT were mainly related to the structure and function of mitochondria and ribosomes, of which 12 DEPs were involved in ATP synthesis and metabolism. Sparse LED-PDT and point LED-PDT induced similar DEPs, mainly involved in extracellular activities and ribosome function. Therefore, PDT with different light fields may give rise to different mechanisms of cell death.

 

Figure 6 | Assessment of the 20 most significant DEPs with the smallest p-value after intensive LED-PDT (top), sparse LED-PDT (middle), and point LED-PDT (bottom) using Gene Ontology (GO). DEPs were analyzed according to cellular component (left), biological process (middle), and molecular function (right). 



To further analyze the mechanism of cell death caused by PDT with different light fields, we identified the DEPs that were the same and different among the three LED groups and analyzed the biological processes and molecular functions of these DEPs. As shown in  Figure 7A , DEPs that were the same among the three LED groups were mainly from six cellular components: ribosome, nuclear nucleosome, cytosolic ribosome, ribosomal subunit, cytosolic part, and large ribosomal subunit. Among them, ribosomes produced the most DEPs after intensive LED-PDT, sparse LED-PDT, and point LED-PDT (18, 26 and 12, respectively).

 

Figure 7 | DEPs that were the same and different after three types of PDT: (A) The same DEPs after three types of PDT. (B) The unique DEPs induced by intensive LED-PDT. (C) The same DEPs after sparse LED-PDT and point LED-PDT. 



The intensive LED array group had 9 DEPs that were different from those of the other two groups. These 9 DEPs were mainly related to mitochondrial components, such as mitochondrial part, mitochondrial membrane, mitochondrial matrix, mitochondrial inner membrane, and mitochondrial protein complex ( Figure 7B ). The sparse LED array and point LED groups also had 9 DEPs that were different from those of the intensive LED group. These 9 DEPs were mainly involved in the cell components of the ribonucleoprotein complex, extracellular region, extracellular space, extracellular exosome, extracellular organelle, and extracellular vesicle ( Figure 7C ).


 3.5. LEDs-PDT induced tumor inhibition in mice.

Before comparing the effects of different light fields on the performance of PDT, we determined the appropriate light dose and tumor-bearing mouse model. For the former, we used the intensive LED array to irradiate tumor-bearing (MGC-803 cells) mice at a power density of 20 mW/cm2 for 20, 40, and 80 min, corresponding to energy densities of 24, 48, and 96 J/cm2, respectively. As shown in  Figure S8 , good tumor ablation occurred with doses of 48 and 96 J/cm2, and after 4 days, the tumor volume decreased significantly, by 76.47% and 49.59%, respectively. There was no tumor recurrence nor metastasis after 15 days. However, side effects, namely large areas of black scabs, appeared after irradiation with a dose of 96 J/cm2. The necrotic scab was small and completely subsided 14 days after irradiation with a dose of 48 J/cm2. However, irradiation with a dose of 24 J/cm2 did not lead to necrotic scabs and could not effectively inhibit tumor growth. Therefore, 48 J/cm2 was selected as the optimal dose for subsequent experiments.

MGC-803 tumor-bearing mice were subjected to PDT with different light fields at the dose of 48J/cm2, and the results were compared accorrding to the experimental procedure shown in  Figure 8A . On day 2 after intensive LED-PDT, tumor necrosis occurred and the tumor volume decreased from 0.18 ± 0.05 cm3 to 0.06 ± 0.001 cm3. By day 14 (observation end point), the tumor volume (scab) decreased to 0.027 ± 0.004 cm3, which was considered complete disappearance of the tumor ( Figures 8B, C ). The necrotic scar was small throughout the observation period. After sparse LED-PDT, the necrotic scar was very large, occupying half of the back, and gradually shrank until day 6. However, from day 8, the tumor reappeared in the place where the scar disappeared, and by day 14, the recurrent tumor increased to its original size. After point LED-PDT, tumors showed signs of necrosis, were covered with scabs, and gradually shrank but recurred around the scabs on day 8. At the end of the observation period (day 14), tumor tissues of mice were collected and weighed, as shown in  Figures 8D, E . The average weights of tumors subjected to intensive LED-PDT, sparse LED-PDT, and point LED-PDT were respectively 0.12 ± 0.03 g, 0.57 ± 0.20 g, and 0.46 ± 0.13 g, which were significantly lower than that (1.36 ± 0.28 g) of tumors in the control group (P<0.05).

 

Figure 8 | Effect of PDT mediated by different light fields on MGC-803 tumor-bearing mice. (A) Timeline of the PDT procedure. (B) Photographs of the mice at different days after intensive LED-PDT, sparse LED-PDT, and point LED-PDT. (C) Evolution of tumor volumes after PDT. (D) Photographs of resected tumors 14 days after PDT. € Volumes of resected tumors 14 days after PDT. (Mean ± SD, *P < 0.05 by one-way ANOVA, n = 3 mice for (C), n = 6 mice for (E). 




 3.6. Histological pathology induced by LEDs-PDT.

Histopathological staining (HE, TUNEL, Ki-67, VCAM-1, and ICAM-1) was used to determine the mechanism of tumor suppression caused by PDT with different light fields. Staining with HE and TUNEL revealed that PDT caused tumor necrosis and apoptosis, respectively ( Figure 9A ). We described the results of intensive LED-PDT as an example. In HE staining, compared with the dense nests of tumor cells in the control group (dark blue staining), tumor cells were significantly necrotic (pink staining, no cell structure) after PDT. Staining with TUNEL revealed that PDT resulted in a large number of brown stained apoptotic cells. Ki-67 labeling was used to analyze cell proliferation, while VCAM-1 and ICAM-1 staining was used to reflect angiogenesis. These three indicators were mainly observed in relation to tumor recurrence in this study.

 

Figure 9 | MGC-803 tumor cell necrosis, apoptosis, and angiogenesis after PDT mediated by different light fields. MGC-803 tumor-bearing mice were sacrificed on day 3, 7, and 14 after PDT. (A) Tumor tissue sections of control and intensive LED-PDT groups were stained with HE, TUNEL, VCAM-1, and ICAM-1 and then scanned with a 40× microscope, and images were magnified 20×. Coronal section scans of tumor tissue stained with different indicators: (B) HE, (C) TUNEL, (D) VCAM-1, and (E) ICAM-1. Quantitative analysis of aforementioned different indicators staining results: (F) depth of tumor necrosis and (G) area of residual tumor from HE staining. (H) Area of positive cells in TUNEL staining, representing tumor apoptosis. (I, J) Area of positive cells in VCAM-1 (I) and ICAM-1 (J) staining, positively correlated with tumor angiogenesis. (Mean ± SD, *P < 0.05 by one-way ANOVA compared with control group). 



Coronal section scans of tumor tissue were used to demonstrate the efficacy of PDT. Changes in the HE, TUNEL, VCAM-1, and ICAM-1 indicators were recorded at different observation time points (3, 7, and 14 days) after PDT with different LED arrays ( Figures 9B–E ), and the corresponding quantified changes were plotted in bar charts ( Figures 9F–J ). The size of necrotic tumors gradually increased with time, although there were significant differences under different light fields. As shown in  Figures 9B, F, G , intensive LED-PDT resulted in large and deep necrotic tumors (3725.48 ± 0.81 μm on day 3). After sparse LED-PDT, tumor necrosis was incomplete and tumor recurrence was observed on day 14. Although point LED-PDT led to shallow necrotic tumors (1637.94 ± 22.83 μm on day 3, 2044.93 ± 59.68 μm on day 7, and 2938.16 ± 45.48 μm on day 14), tumor necrosis was complete within the irradiation area and recurrence of only deep residual tumors was observed. These results were consistent with the Monte Carlo simulations of the penetration depths of light from different LED arrays in tumor tissues ( Figure S3 ).

Apoptosis and inflammation are the main secondary effects of PDT. From the results of TUNEL staining, apoptotic cells accounted for a large proportion of residual tumor nests after intensive LED-PDT (69.39% on day 3), and the residual tumor nests were found to shrink progressively in subsequent observations, further confirming the secondary therapeutic effect of PDT ( Figures 9C, H ). Sparse LED-PDT induced apoptosis with secondary killing effects ( Figure 9H ). On day 3, apoptosis mostly occurred in the superficial layer of the tumor. On day 7, apoptosis uniformly occurred in the deep part of the tumor, with a significant increase in apoptotic cells (32.69%). On day 14, apoptosis was not observed, and tumor tissue recurred while shrinking. Point LED-PDT induced apoptosis around the necrotic tumor, and the secondary PDT effect also expanded around the necrotic tissue ( Figures 9C, H ).

Tumor recurrence was observed 8 days after both sparse LED-PDT and point LED-PDT ( Figure 8B ), which was confirmed with Ki-67 staining ( Figure S9 ). Tumor recurrence was not observed until day 8 because secondary damage caused by PDT played a role in the early stage. The positive tumor cells in the tissue irradiated with the sparse LED array increased from 16.96% on day 7 to 58.35% on day 14, as shown in  Figure S9(B) . This was also confirmed by the high expression of VCAM-1 and ICAM-1 in tumor tissues subjected to sparse LED-PDT, especially on day 14 ( Figures 9I, J ). After point LED-PDT, tumor recurrence was limited to the deep unirradiated residual tumor tissue, and angiogenesis mostly occurred in this area.



 4. Discussion.

Because of the development of LEDs, specifically implantable LEDs, in recent years, PDT has gained broader application prospects. Existing research mainly evaluated the performance of PDT mediated by LEDs by systematically adjusting the wavelength, power density, and energy density. Notably, the results indicated that LEDs can replace lasers. However, when an LED array is required to cover a large spot, the light field must be fully considered. In this study, we constructed three LED arrays: an intensive LED to produce a uniform light field, a sparse LED array to produce a non-uniform light field, and a point LED array to produce a Gaussian-like light field. We evaluated the performance of PDT mediated by these arrays in treating GI cancer in vitro and in vivo and investigated the mechanism of cell death for each case.

PDT is highly dependent on the availability of oxygen (34, 35). Therefore, oxygen distribution in cells and tissues should be fully considered in the design of the light source and the choice of photosensitizer. We considered the relationship between oxygen consumption and LED light field in the design of the above LED arrays. We found that the efficiency of PDT mediated by the intensive LED and point LED arrays was higher than that mediated by the sparse LED array both in vitro ( Figure 2 ) and in vivo ( Figure 8 ). The optical power density we used for the comparative analysis was low (1.25–2.5 mW/cm2 in vitro and 20 mW/cm2 in vivo), in the range of metronomic photodynamic therapy (mPDT) (36, 37). In this range, oxygen consumption is lower than oxygen supply, and oxygen is no longer a decisive factor for PDT efficiency. However, the effective optical power (minimum optical power that could effectively excite the photosensitizer) plays a decisive role in this case. For the sparse LED array, the proportion of regions receiving less than the effective optical power was large, resulting in the low PDT efficiency. In animal experiments ( Figure 9 ;  Figure S5 ), tumor recurrence was observed within the effective light penetration depth after sparse LED-PDT owing to insufficient effective light power density. However, after point LED-PDT, tumor recurrence was observed only in areas outside the effective illumination area. In contrast to these two cases, the tumor was completely suppressed by intensive LED-PDT because the effective light power density was supplied to the whole irradiation area and tumor depth. Notably, only 0.027 ± 0.004 cm3 of the tumor remained on day 14, which was considered complete disappearance of the tumor ( Figure 8B ).

With mPDT, light is delivered continuously at low rates for extended periods of time, and oxygen can react sufficiently with the active photosensitizing drug to destroy the target tumor by inducing apoptosis (36, 38, 39). Our study showed that mPDT mediated by different LED arrays could induce apoptosis, although the apoptosis rate and apoptosis pathway were different. Intensive LED-PDT induced the highest rate of apoptosis ( Figure 3A ) than sparse LED-PDT and point LED-PDT. Furthermore, proteomic results showed that the DEPs induced by intensive LED-PDT were related to mitochondrial activities, while those induced by sparse LED-PDT and point LED-PDT were mainly involved in extracellular and intracellular activities ( Figures 6 ,  7 ). Moreover, PDT mediated by all three LED arrays induced DNA repair and cellular metabolic activities ( Figure 6 ), indicating that tumor cells underwent a self-repair process after PDT and thus confirming the involvement of apoptosis and autophagy (40–42).

The efficacy of PDT is related to the combined action of photosensitizer, light, and oxygen (43), and the performance of the last two agents is related to the light field. However, there is a threshold: the effective optical power density. In this study, there were regions in the non-uniform light field (sparse LED array) that were below the threshold, and because these regions were not effectively irradiated, tumor recurrence was inevitable. The influence of the three light fields on PDT when oxygen consumption is greater than oxygen supply, above the threshold, will be tested in our subsequent study. In practical applications, if a uniform light field is technically difficult to achieve, a non-uniform light field may be a better choice than a Gaussian-like light field because of its larger penetration depth. However, attention should be paid to ensure that the minimum power density is required for achieving effective tumor inhibition.


 5. Conclusions.

We studied the effect of different light fields on the performance of PDT for GI cancer in vitro and in vivo and investigated the mechanism of cell death for each case. From our preliminary data, we can conclude that death of GI cancer cells is more severe and occurs earlier with intensive LED-PDT than with sparse LED-PDT and point LED-PDT at the same dose with low power densities (1.25–2.5 mW/cm2 in vitro and 20 mW/cm2 in vivo), in which apoptosis mediated by mitochondria pathway played an important role. While the upregulation of ribosomal proteins and high expression of VCAM-1 and ICAM-1 after sparse LEDs-PDT inhibited the killing effect. On the basis of the results obtained in this study, we will develop micro-light sources for the digestive tract, to replace endoscopy for PDT of digestive tract tumors, thus reducing side effects and increasing PDT efficacy.
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Background

Esophageal anastomotic leakage (EAL) is a severe complication usually occurring after esophagectomy. Although there are various therapeutic methods for EAL treatment, they have not achieved satisfactory results. A previous study showed that the combination of mesenchymal stem cells (MSCs) and fibrin scaffold (FS) can treat EAL. This study aimed to evaluate the efficacy of the injection of MSCs and FS through a new engraftment gastroscope for EAL treatment.



Methods

Twelve adult pigs were randomly divided into the MSCs group (n = 6) and control group (n = 6). A stomach tube was then inserted through the leakage to construct the EAL model, which was removed after one week. The combination of MSCs and FS was autografted at the EAL site for pigs in the MSCs group using the tailor-made gastroscope while only FS was autografted for the pigs in the control group. Local status of EAL was evaluated using gastroscopy. Histological analyses and western blot (WB) were used to assess the gross specimens of esophagi around EALs.



Results

Gastroscopy showed a higher closure rate and a lower infection rate in the MSCs group than in the control group. However, the mortality was not significantly different between the two groups. HE staining showed a severe inflammatory response with dispersive infiltration of inflammatory cells and unhealed leakage in the control group. However, the infiltration of inflammatory cells was not altered in the MSCs group, and the leakage was completely healed. WB analyses showed that Myogenin and α-SMA expressions were significantly higher in the MSCs group than in the control group.



Conclusion

A porcine model of EAL was successfully developed by accessing the transplantation site through the esophagus. Further data revealed that the implantation of MSCs in FS via the novel engraftment gastroscope can promote the repair and occlusion of EAL. Therefore, the proposed method is a promising strategy for EAL treatment.





Keywords: esophageal anastomotic leakage, mesenchymal stromal cells, fibrin scaffold, autograft, gastroscopy



Introduction

Esophageal anastomotic leakage (EAL) is a severe postoperative complication occurring after esophagectomy. The presence of a tracheoesophageal, mediastinal or esophageal fistula worsens EAL. Food can enter the trachea, chest, mediastinum, and other adjacent parts or organs through the fistula, resulting in severe infection or other lethal complications (1–4). Untreated EAL often leads to death (5–7). The standard treatments for EAL include surgical repair, cervical esophagus exclusion, and esophagectomy. However, the mortality rate for EAL patients is still about 30% (8–12).

Recent advances in endoscopic therapies for EAL include vascular clamps and self-expandable stents. Vascular clamps cause occlusion of the fistula, while self-expandable stents can cover the fistula to avoid aggravating the condition. However, endoscopic treatments are associated with serious complications such as pain, bleeding, migration, and restenosis of a stent (13). Therefore, an effective and safe method for curing EAL is needed.

Mesenchymal stromal cells (MSCs) possess low immunogenicity and induce a good immunosuppressive effect after allograft transplantation. Additionally, the rejection of autologous stem cell transplantation is much milder than that of allogeneic stem cell transplantation (14). Moreover, fibrin is a good carrier of MSCs during transplantation. Xue et al. (2019) demonstrated higher rates of EAL closure in a rabbit model after the implantation of MSCs delivered through the original incision via a fibrin scaffold (15).

However, we encountered several problems when trying to reproduce the procedure in pigs via MSCs injection through the original neck incisions. First, severe adhesion to tissues and deeper location of EALs in pigs made dissection very complex, resulting in more bleeding. Second, significantly higher titers of inflammatory cells in blood were detected after one week during a routine examination. Third, gastroscopy showed incomplete occlusion of EALs with serious infection around the leakage site after three weeks of MSCs transplantation.

As a result, we combined the gastroscope with a Swan-Ganz catheter to produce a novel equipment for engraftment (Figure 1). This study aimed to explore whether the injection of autologous MSCs and fibrin through this new engraftment gastroscope can effectively treat EAL.




Figure 1 | Schematic of the experiment. The MSCs derived from the bone marrow were engrafted in FS via a gastroscope for EAL treatment. EAL, esophageal anastomotic leakage; MSCs, mesenchymal stromal cells; FS, fibrin scaffold.





Materials and methods


Animals

Twelve healthy adult male pigs weighing 30–40 kg were sourced from Shanghai Jiagan Biotechnology Co., Ltd. The animals were randomly divided into the MSCs group (n = 6) and the control group (n = 6). The pigs were kept following the Institute’s animal management regulations. The Biomedical Research Ethics Committee of the Second Military Medical University approved the animal experiments (No.IACUC-190162).



Porcine MSCs isolation and cell culture

A 5-mL bone marrow sample was derived from the ileum of each animal and suspended in 5 mL phosphate-buffered saline (PBS) inside a sterile 15-mL conical tube. The sample was centrifuged at 1500 rpm for 20 min, then the buffy coat was isolated in 5 mL Ficoll (GE Healthcare, USA). The purified cells were harvested and washed twice using aseptic PBS. The samples were centrifuged again, then the supernatant was removed. The cells were resuspended (at the appropriate cell density) in 6-well plates. MSCs were cultured in a mixture of Dulbecco’s modified Eagle’s medium, 100 U/mL penicillin (Gibco, USA), 100 μg/mL streptomycin (Gibco), and 10% fetal bovine serum (Gibco) in a humidified incubator at 37°C and 5% CO2. The culture medium was changed every two days. All the experiments were performed using MSCs harvested from passages 3 and 5.



Flow cytometry analysis

MSCs were blocked with bovine serum albumin for 30 min (Thermo Scientific, USA), then incubated with primary antibodies CD29 (1:400, ab6124; Abcam, UK), CD90 (1:100, ab23894; Abcam), CD34 (1:100, ab81289; Abcam), and CD45 (1:400, ab10558; Abcam) at 4°C overnight. Negative control MSCs were not incubated with the primary antibodies. The samples were washed twice using PBS, then incubated with the corresponding fluorescein 5-isothiocyanate-labeled secondary antibodies in the dark at room temperature for 1 h. Finally, the cells were washed again twice using PBS, centrifuged at 1500 rpm for 5 min, and resuspended in 1.5-mL tubes before flow cytometry analysis.



Differentiation assays

Specific adipogenesis and osteogenesis media (Gibco) were used to induce MSCs differentiation into adipocytes (2 weeks) and osteocytes (4 weeks), respectively. The differentiation status was verified via Oil-red O and alizarin red staining.



EAL model construction

The animals were tranquilized via injection of midazolam (0.25 mg/kg) and intramuscular injection of ketamine (8 mg/kg) to establish the EAL model. The pigs given endotracheal intubation were held in the supine position on the animal operating table for appropriate visualization of subsequent surgery. The pigs were intravenously injected with propofol (4 mg/kg/h) during the procedure to maintain anesthesia. Mechanical ventilation was created to ensure good oxygen saturation and prevent respiratory complications. Left neck incisions were made on all pigs. A leakage of about 9 mm (diameter) was left in the neck section of the esophagus of pigs after isolation and transection. A stomach tube with a caliber of 8 mm was inserted through the leakage to construct the EAL model (Figures 2A, B). One end of the catheter was left in the stomach, while the other was fixed to the skin around the neck. Successful extraction of gastric juice via the neck side indicated appropriate catheter depth. The catheter was inserted into the digestive tract (average depth; 35 cm) to allow enteral nutrition through the stomach tube. Moreover, broad-spectrum antibiotics were administered intravenously. The stomach catheters were removed one week after the establishment of EAL model, then gastroscopy was performed to assess EAL conditions.




Figure 2 | The construction of EAL model. (A), The isolation and exposure of esophagus in pig via left neck incision. (B), An artificial leakage and a stomach tube (8 mm caliber) inserted in the neck esophagus. Successful extraction of gastric juice via the stomach tube indicated appropriate catheter depth. The catheter was inserted into the digestive tract to an average depth of 35 cm. (C, D), Swan-Ganz catheter fixed at the front end of the gastroscope with its terminal end moved forward by about 1 cm. EAL, esophageal anastomotic leakage.





MSCs engrafting in a fibrin scaffold and delivery to the EAL site by gastroscopy

A Swan-Ganz catheter was fixed at the front end of the gastroscope, with its terminal end moved forward by about 1 cm for good vision and convenient operation (Figures 2C, D). The fibrin scaffold was prepared before engraftment by mixing two different solutions. One solution contained lyophilized fibrinogen resuspended in 2 mL dilution buffer, and the other solution contained 40 mM CaCl2 mixed with 500 IU/mL thrombin (total volume of 2 mL). The two solutions were mixed at a 1:1 proportion to induce fibrin scaffold synthesis during the engraftment procedure. The pigs were anesthetized, then held in a supine position, and injected with 2 mL fibrin scaffold containing 2 × 107 MSCs (treatment group) or 2 mL fibrin scaffold alone (control group) using gastroscope (Figure 3). The animals were turned after the stomach catheters were removed, then held in a prone position for at least 30 min. The animals were fed through a stomach tube for a week, after which they were fed through the mouth.




Figure 3 | MSCs engrafted in a FS and delivered to the EAL site. (A), The observation of EAL conditions via gastroscope after one week. (B), Gastroscope showing EAL after removal of stomach catheter. (C), Injection of 2 mL FS containing 2×107 MSCs (treatment group) around the leakage. (D), Injection of 2 mL FS (control group) around the leakage. EAL, esophageal anastomotic leakage; MSCs, mesenchymal stromal cells; FS, fibrin scaffold.





Western blotting

Esophagus tissue samples from the graft site were washed with PBS. Cell lysis was used to obtain total proteins on ice for 30 min in SDS buffer containing a protease inhibitor cocktail (1:100). The cell lysates were separated using 10% SDS-PAGE, transferred to polyvinylidene difluoride membranes, then blocked at room temperature for 1 h. The membranes were incubated with primary antibodies against myogenin (1:5000, ab1835; Abcam), alpha-smooth muscle actin (α-SMA, 1:5000, ab7817; Abcam), and β-actin (1:5000, ab8227; Abcam) on a shaker at 4°C overnight. The membranes were incubated with the corresponding secondary antibodies (1:5000, 115-035-003; Jackson Immuno Research, USA) at room temperature for 1 h. Electrochemiluminescnece kit (Thermo Scientific) was then used to visualize the membranes, then exposed to film.



EAL observation and biological safety evaluation

The animals underwent gastroscopy one month after the injection to evaluate the local EAL status. Healed status was defined as complete occlusion of the mucosal layer that is detected using gastroscopy. Conversely, unhealed status was defined as incomplete occlusion of the mucosal layer with or without purulent exudate. Additionally, liver and kidney function tests were performed using blood from the ear veins in the 2nd week to assess the biological safety of the treatment.



Histological analyses

The pigs were sacrificed in the 4th week following relevant animal management regulations. The specimens of esophagi at EAL sites were collected, processed, and subjected to histological analyses. The samples were fixed in 10% buffered formaldehyde, dehydrated in an ethanol series, embedded in paraffin, and sliced into 4-μm-thick sections before hematoxylin-eosin (HE) staining. A light microscope was used for histological examinations, and images were taken using a microscopy imaging system.



Statistical analysis

Data are expressed as the mean ± standard deviation. GraphPad software (GraphPad Inc., USA) was used for all statistical analysis. Student’s t-test or paired t-test was used to analyze normally distributed variables, while Wilcoxon signed-rank test was used to assess non-normally distributed variables. P < 0.05 was considered significant.




Results


MSCs characterization

An inverted microscope showed that MSCs seeded on plates had a large volume, spherical shape, uneven size, bright cell bodies, and strong refractivity. Some cells started to adhere to the plates after 3 h, and most adhered to the plates after 48 h, showing pleomorphism. The cell growth rate increased after sorting via flow cytometry. Adherence began after 2 h of cell seeding and was completed within 24 h. Cell fusion occurred after 3 or 4 days and the time for passage was nearly seven days. The 1st and 3rd generation MSCs were small with irregular shapes (Figures 4A, B). The cell morphology was not significantly different after 9 to 10 passages (Figure 4D). However, growth gradually slowed after 9 to 10 passages, and cells became large and irregularly shaped, with granular substances becoming increasingly visible. The transplanted cells were harvested at the 5th passage (Figure 4C). They had a regular shape, an ordered arrangement, and a spindle-like morphology resembling fibroblasts. Oil red O and alizarin staining showed that MSCs could differentiate into adipocytes and osteocytes, respectively (Figures 4E, F).




Figure 4 | Characterization of MSCs. (A), First generation MSCs (×40, Scale bar=400 µm.). (B), Third generation MSCs (×40, Scale bar=400 µm.). (C), Fifth generation MSCs with a regular shape (×40, Scale bar=400 µm.). (D), Tenth generation MSCs (×40, Scale bar=400 µm.). (E), Alizarin red staining showing osteogenesis (×100, Scale bar=200µm.). (F), Oil red O staining showing adipogenesis (×100, Scale bar=200µm.). MSCs, mesenchymal stromal cells.



The cell surface markers were analyzed via flow cytometry to detect spindle-like 5th passage MSCs. Unlike the negative expression of hematopoietic markers (CD45 and CD34), MSCs-specific cell surface markers (CD29 and CD90) were strongly expressed in MSCs, demonstrating their purity (Figure 5).




Figure 5 | Differentiation assays. Flow cytometry analysis of MSCs-specific (CD29 and CD90) and hematopoietic (CD34 and CD45) cell surface markers. MSCs, mesenchymal stromal cells.





Establishment of a porcine model of EAL and biological safety evaluation

The animals underwent gastroscopy one week after establishing the EAL model under anesthesia to observe the local EAL status and evaluate whether the procedure was successful (Figure 3A). The nearly circular tissue defect on the esophageal wall after the removal of the stomach catheter showed that the EAL model in pigs was accessible via catheter insertion through an artificial leakage for a week (Figure 3B). Two pigs in both the MSCs treatment group and control group suffered from localized purulent infections around EALs, indicating that the rate of partial infections near EAL was not statistically different between the two groups (33% vs. 33%, P > 0.05). Routine liver and kidney function tests revealed normal postoperative results in the two groups (Table 1). Moreover, there was no significant difference between the two groups, demonstrating the reliability and biological safety of the procedure.


Table 1 | Biochemical blood profile of Control and MSCs groups of pigs two weeks after treatment.





Clinical outcomes

No deaths were recorded in the MSCs group after the 4th week of treatment, while one pig died in the control group, indicating no significant difference in mortality (0.0% vs. 16.7%, P = 0.31; Figure 6A). Complete occlusion of the mucosal layer indicated EAL closure. EAL closure occurred in five animals from the MSCs group and only one from the control group (83% vs. 16.7%, P < 0.05; Figure 6B). Representative images of esophageal specimens (Figure 7) revealed substantial yellow secretion around the EAL in case of infection (Figure 7A). EAL infection was detected in one animal from the MSCs group (16.7%) and three from the control group (66.7%)(P < 0.05; Figure 6C).




Figure 6 | Clinical outcomes for the animals in the two groups. (A), Log-rank test showing mortality rate (P= 0.31) log-rank test. (B), Fisher exact t-test showing the complete closures of EALs in the MSCs group (83.3%) and control group (16.7%). P<0.05. (C), Fisher exact t-test showing the infection proportions of EALs in MSCs group (16.7% (1/6)) and in control groups (66.7%(4/6)) P < 0.05. (D), Western blotting showing myogenin and a-SMA protein expression after MSCs engraftment. (E), Quantitative analysis of the protein expression levels of myogenin and a-SMA. P < 0.05. EAL, esophageal anastomotic leakage; MSCs, mesenchymal stromal cells. *p < 0.05.






Figure 7 | The representative images of specimens of esophagi at EALs with direct vision or gastroscope. (A), The incomplete occlusion of EAL covered with a little purulent exudate observed using gastroscope. (B), The outer layer of leakage (completely occluded) from the outer view. (C), The inner layer of leakage (unhealed status) from inner views, which was mainly involved in the muscular layer. (A-C), Representative images of specimens of esophagi at EALs in the control group. (D), The complete occlusion of EAL covered with some cicatricial tissue detected using gastroscopy. The yellow syringe pointed to cicatricial tissue. (E, F), The completely occluded leakage from both outer and inner views. (D-F), Representative images of specimens of esophagi at EALs in the MSCs group. (B, E), Outer view under direct vision. (C, F), Inner view under direct vision. EAL, esophageal anastomotic leakage; MSCs, mesenchymal stromal cells.





Detection of protein differentiation markers at the graft site

Esophageal tissues at the graft site were collected to verify the differentiation of engrafted MSCs into muscle cells. The expression of relevant proteins was detected using Western Blotting. The myogenin and α-SMA expressions were significantly higher after MSCs engraftment than in the control group (Figures 6D, E), suggesting that MSCs successfully differentiated into muscle cells.



Histological analysis

HE staining showed that the esophagi at EALs in the control group had a severe inflammatory response with dispersive infiltration of inflammatory cells. Furthermore, thickening of esophageal tissue, unclear tissue structures, and unhealed leakage were observed in the control group (Figures 8C, D). In contrast, infiltration of inflammatory cells was not altered in the MSCs group (Figures 8A, B). A light microscope detected tissue structures and complete occlusion of EALs in the MSCs group (Figure 8).




Figure 8 | The representative images of HE staining of the esophagi at EALs. (A), The complete occlusion of EAL (Scale bar:200 μm). (B), Inflammatory cells infiltrating around EAL from adventitia to muscular layer (Scale bar:50 μm). (A, B), Representative images of HE staining of the esophagi at EALs in MSCs group. (C), The incomplete occlusion of EAL (Scale bar:200 μm). (D), Dispersive infiltration of inflammatory cells in the full-thickness esophageal tissue (Scale bar:50 μm). (C, D), Representative images of HE staining of the esophagi at EALs in the control group. EAL, esophageal anastomotic leakage; MSCs, mesenchymal stromal cells.






Discussion

EAL is a severe postoperative complication associated with esophagectomy (16, 17). Although various conservative strategies, such as sufficient drainage, use of appropriate antibiotics, and aggressive surgical repair, have been used for EAL treatment, they have achieved unsatisfactory results (18). However, cell therapy for ischemic heart disease, atherosclerosis, and stroke has recently exhibited remarkable success (19).

Although an EAL model has been successfully established using adult rabbits (15), a porcine EAL model, which is more relevant to human studies, has not been established. Herein, a porcine model of EAL was established in pigs based on the rabbit method, whereby a stomach tube is passed through the leakage for a week.

Various adjustments were made to overcome the limitations of the original rabbit procedure. For example, the strong adhesion to tissues and deeper location of EALs in pigs complicates the therapeutic use of MSCs. As a result, the transplantation site was accessed through the internal of esophagus. Furthermore, a new method for engraftment of MSCs via gastroscopy was determined for effective EAL treatment. Finally, EALs were successfully established in all animals without significant differences in infection rates between the control and treatment groups.

The gastroscope was combined with a Swan-Ganz catheter to efficiently inject the fibrin scaffold in the digestive tract. This strategy had several advantages. First, the length of this special catheter (110 cm) matched the length of the gastroscope. Second, the soft material could not damage the esophageal tissue. Third, the smaller diameter of the catheter left little residual fibrin scaffold after injection. Therefore, more MSCs could be engrafted and differentiated near the EAL site. Fourth, the above structural features made it possible to fix the catheter at the front end of the gastroscope, with the terminal end located 1 cm in front of the lens, thus ensuring good vision, convenient operation, strong operability, with lower risk of damaging the lens.

Notably, the animal position during surgery promoted EAL healing. The EAL site was located on the ventral esophagus wall when the animals were tied to the operating table at the supine position. However, gravity would have made it difficult to fix and engraft MSCs near the ventral EAL if the fibrin scaffold was injected at the supine position. Therefore, the pigs were turned and held at the prone position for at least 30 min, allowing the fibrin scaffold to deposit around the EAL on the ventral side and letting MSCs adequately permeate the full-thickness of the esophagus wall.

Previous studies have demonstrated that MSCs with differentiation and immunomodulatory abilities participate in tissue regeneration and repair after transplantation (14). However, the potential underlying mechanisms explaining such therapeutic function are unknown. Nonetheless, studies have shown that the treatment effect is achieved by replacing impaired tissues and cells through paracrine synthesis and secretion of several cytokines or inducing cell differentiation (20, 21). Furthermore, exosomes is known to refer to membrane-bound vesicles released from many cells into the extracellular matrix (22). A review article reported (23) that exosomes from MSCs play a key role in regenerative medicine, many of which have been documented repeatedly to have the capacity to recover damaged tissues (24–26).

Although MSCs migrate to surrounding areas after direct transplantation, only a few survive and colonize the target sites (27). Fibrin promotes the retention, proliferation, and differentiation of MSCs. Fibrin also has good biocompatibility, biodegradability, strong operability, and can be easily injected. Furthermore, the three-dimensional structure of fibrin enables tissue reconstruction and repair at later stages of treatment (28, 29). Fibrin combined with vascular endothelial growth factor and hepatocyte growth factor promotes the secretion of immunoregulatory factors by MSCs, thus attenuating the inflammatory response (30). Therefore, clano-transptation of MSCs and fibrin is crucial for a better outcome.

In this study, western blotting revealed that myogenin and α-SMA expressions were significantly higher in the MSCs groups than in the control group, indicating that MSCs differentiates into myoblasts. Histological HE staining showed that the infection level in EALs was significantly lower in the experimental group than in control, possibly due to the immunoregulatory function of MSCs after implantation (31).

Furthermore, the closure rate of EAL was significantly higher in the MSCs group than in the control group (83.3% vs. 16.7%). In contrast, the infection rate was significantly higher in the control group than in the MSCs group (16.7% vs. 66.7%). These findings suggest that the proposed method allows the safe and reliable occlusion of EAL, thus preventing the onset of local infections. The successful outcome of the proposed EAL treatment could be because of the fibrin-dependent inhibition of MSCs migration, immunomodulatory effect of MSCs, influence of MSCs on the reconstruction of the extracellular matrix, and the absence of any impairment caused by reoperation.

Compared with mortality, the survival rate was not statistically different between the treatment and control groups (0.0% vs. 16.7%). However, the higher infection rate and lower closure rate of EAL in the control group indicate that MSCs therapy has a protective effect. Nevertheless, a study with a larger sample size and longer experimental period is needed to assess the survival rate between the two groups. Meanwhile, the routine blood parameters, liver and kidney function tests were not significantly different between the treatment and control groups, indicating the biological safety and reliability of the MSCs treatment.

Taken together, these results demonstrate that the combined implantation of MSCs and fibrin scaffold via the proposed method facilitates the repair and occlusion of EAL. Therefore, the proposed method could be best for EAL treatment. Moreover, the method can significantly reduce infection rates, making it unnecessary to perform another surgery. This would reduce the mortality rate since it reduces the risks associated with anesthesia and reoperation. Meanwhile, a single intervention can reduce hospitalization time and lower the corresponding costs.



Conclusion

In summary, a porcine model of EAL was successfully developed by accessing the transplantation site through the esophagus. The implantation of MSCs in FS via the novel engraftment gastroscope can also promote the repair and occlusion of EAL, suggesting that it could be a promising therapeutic strategy for EAL treatment.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the most common cancers globally, with significant cell heterogeneity and poor prognosis. Distant metastasis in ESCC is one of the key factors that affects the prognosis of patients.



Methods and results

Starting with the analysis of ESCC single-cell sequencing data, we constructed a single-cell atlas of ESCC in detail and clarified the cell heterogeneity within tumor tissues. Through analysis of epithelial-mesenchymal transition (EMT) levels, gene expression, and pathway activation, we revealed the existence of a novel subpopulation of SAA1+ malignant cells in ESCC that are highly aggressive and closely associated with distant metastasis of ESCC. In vitro wound healing and transwell assays confirmed a strong invasion capacity of ESCC tumor cells with high expression of SAA1. Then, we constructed an effective and reliable prediction model based on the gene expression pattern of SAA1+ malignant cell subpopulations and confirmed that patients in the high-risk group had significantly worse prognosis than those in the low-risk group in the training cohort, internal verification cohort and external verification cohort.



Discussion

This manuscript contributes to exploration of the heterogeneity of ESCC tumor tissues and the search for new ESCC subpopulations with special biological functions. These results contribute to our understanding of the underlying mechanisms of distant metastasis of ESCC and thus provide a theoretical basis for improved therapies.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive squamous cell carcinomas and is particularly common in Asia (1). According to the latest Global Cancer Statistics 2020, esophageal cancer has the 7th highest incidence rate among all malignancies, with approximately 604,000 new cases and 544,000 deaths worldwide each year (2). ESCC is the most prevalent histological type of esophageal cancer, accounting for more than 90% of esophageal cancer cases (3). Despite the use of surgery, radiotherapy and chemotherapy, the prognosis for patients with ESCC remains poor, with a 5-year survival rate of only approximately 25% (4). In recent years, molecular-targeting therapy (including cetuximab and bevacizumab) and immunotherapy (including pembrolizumab and nivolumab) have been shown to effectively improve the survival and prognosis of patients with advanced esophageal cancer. However, the high costs and increased incidence of adverse reactions are arousing widespread concern (5).

Tumor metastasis is the leading cause of treatment failure in patients with ESCC (6). The poor outcome in esophageal cancer is largely due to cancer metastasis, with the 5-year survival rate declining from 43% for patients with localized disease to 23% and 5% for those with regional and distant metastasis, respectively (7). Epithelial-mesenchymal transition (EMT) is a reversible process in which epithelial cells acquire mesenchymal properties by changing their morphology, cellular structure, adhesion, and migration capacity. EMT initiates the metastatic properties of cancer cells by enhancing mobility, invasion, and resistance to apoptotic stimuli (8).

SAA1 is a member of the serum amyloid A family of apolipoproteins, which play an important role in chronic inflammation, cancer and other diseases (9). Xiao et al. found that serum SAA1 is a potential biomarker for eosinophilic granulomatosis with polyangiitis (10). Ren et al. discovered that SAA1+ epithelial cells were identified as a featured subpopulation of endometrial tumorigenesis (11). However, the role of SAA1 in the occurrence and development of ESCC has not been elucidated.

In this study, we constructed a single-cell atlas of ESCC tissue by an in-depth analysis of ESCC single-cell sequencing data. By comparing the EMT status, functional gene expression, and key pathway activation of different tumor cell subpopulations, we identified the crucial cell subset mediating ESCC metastasis and verified this finding in another independent sample dataset. These findings contribute to exploration of the heterogeneity of ESCC tumor tissues and the search for new ESCC subpopulations with special biological functions and provide a theoretical basis for further research on the molecular mechanisms related to ESCC progression and metastasis.



Materials and methods


ScRNA-seq data download and preprocessing

ESCC single-cell sequencing data were downloaded from the GEO database (GSE160269 and GSE188900). The original files were read by the CreateSeuratObject function in R and constructed into a Seurat object. We screened 1500 top variable features for further analysis, setting the selection method as “vst” (fitting a straight line to the relationship between log(variance) and log(mean) using local polynomial regression). We used the FindIntegrationAnchors function to find a set of anchors between different batches of data and then perform the dataset integration.



Data dimensionality reduction and clustering

A combination of linear and nonlinear methods was employed to reduce the dimensionality of the data. First, principal component analysis (PCA) was conducted for linear dimensionality reduction, setting “weight.by.var” to TRUE to weight cell embeddings by the variance of each PC. Then, unified manifold approximation and projection (UMAP) was carried out for nonlinear dimension reduction, and the calculation method “uwot” was selected, and the parameter “min.dist” was set at 0.3. The k.param nearest neighbors were computed to construct the nearest-neighbor graph. The shared nearest neighbor (SNN) algorithm was used to identify clusters of cells.



Assessment of EMT levels in epithelial cells

The genes related to EMT were obtained from the MSigDB database (GO:0001837). EMT scores were calculated for individual epithelial cells using the AddModuleScore function, with 100 control features selected from the same bin per analyzed feature. Single epithelial cells were colored on the UMAP dimensional reduction plot according to the EMT scores. Boxplots were drawn to compare the differences in EMT levels among different cell clusters.



GSEA enrichment

GSEA software (v4.1.0) was downloaded from the official website (http://www.gsea-msigdb.org/gsea/index.jsp) and used for enrichment analysis. The gene set data were obtained from the MSigDB database and constructed into the GMT format file according to the instructions. The expression patterns of each subpopulation were calculated and disposed into input files in the RNK format. In the process of enrichment analysis, the number of permutations was set to 1000, and the permutation type was set to “gene set”.



Cell culture

The human ESCC cell line KYSE-30 was generously provided by the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 (DMEM/F-12; Gibco, CA, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, UT, USA) and 1% penicillin−streptomycin (Sigma Aldrich, MO, USA) at 37°C with 5% CO2.



Plasmid DNA transfection

The construction and amplification of the SAA1 plasmid were carried out by Genechem Co., Ltd. (Shanghai, China). The plasmid DNA vector was GV141 and the component sequence was CMV-MCS-3FLAG-SV40-Neomycin. Transfection was performed using INVI DNA Transfection Reagent. Specifically, 4 µg DNA was added to 50 µl of Opti-MEM and mixed gently. The transfection reagent (7 μL) was diluted in 50 µL of Opti-MEM. Then, the prepared DNA was combined with the prepared transfection reagent and incubated for 20 minutes at room temperature to allow the DNA-transfection reagent complexes to form. Finally, the complexes were added to each well.



Real‐time quantitative PCR

Total RNA was extracted from cells using RNeasy Kits, according to the protocol provided by the manufacturer (QIAGEN, Hilden, Germany). The superscript III first‐strand synthesis kit (TaKaRa) was used to synthesize complementary DNA (cDNA) from total RNA. Then, RT-qPCR was performed on the ABI Prism 7900 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA) using a SYBR Green RT-PCR kit (TaKaRa). Expression levels were normalized to expression of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH).



Wound healing

KYSE-30 cells were digested using 0.05% Trypsin‐EDTA (Sigma Aldrich, MO, USA), resuspended in the wash buffer at 4 * 105 cell/ml, and then seeded into 24-well plates (2 * 105 cell/well). When the cells reached approximately 90% confluence (about 24 hours after the seeding), the plate was vertically scratched with a 50 µL sterile pipette tip. Floating cells were removed by washing with PBS (1X) three times. The scratch was examined under an inverted microscope (IX73P2F, Olympus, Japan), and photographs were taken at 0 and 24 hours.



Transwell assay

The transfected cells were digested using 0.05% Trypsin‐EDTA (Sigma Aldrich, MO, USA). Briefly, culture medium was removed, and cells were washed once with PBS. Remove PBS, add 200 µL of 0.05% trypsin‐EDTA, and incubate for 3 min at room temperature. When the fibroblasts showed cell contraction and increased cell space under the microscope, trypsin was removed and medium containing 10% FBS was added to stop the digestion. The cells were suspended by blowing and beating with a pipette and then collected in centrifugal tubes. Cells were counted and resuspended in serum-free medium (10 * 104 cell/mL), and then 200 µL of cell suspension was added to each well (2 * 104 cell). After 24 hours of incubation, the cells were fixed with a 4% paraformaldehyde solution and stained with 0.1% crystal violet.



Grouping of ESCC patients

RNA-seq and clinical data from 176 ESCC patients were downloaded from GSE53625. These patients were randomly divided into two cohorts: a training cohort (n = 88) and an internal verification cohort (n = 88). In addition, ESCC sequencing data from the database TCGA were downloaded, which was used as an external verification cohort (n = 155). To ensure the accuracy of the results, we excluded patients who had been followed for less than 30 days.



Risk score calculation

The regression model calculates a risk score for each patient based on the following formula:

	

where N is the number of genes in the model; ei is the gene expression; ci is the gene coefficient in the regression model.



Statistical analysis

Bilateral tests were performed for statistical tests. The mean ± standard deviation (SD) was used to present the quantitative data. A P value less than 0.05 was considered statistically significant, the statistical difference between groups is indicated on graphs with stars: the stars (from 1-4 stars) respectively represent p-values less than 0.05, 0.01, 0.001 and 0.0001. Some R packages were used in this study, including “limma”, “Seurat”, “dplyr”, “magrittr”, “infercnv”, “survival” and “survminer”.




Results


Cell type identification in the ESCC microenvironment

To perform an in-depth analysis of the cell composition within the tumor microenvironment in ESCC, a total of 206,701 cells with scRNA-seq data were examined in this study. Through unbiased clustering, we divided cells into 6 main clusters and used the UMAP algorithm to reduce dimensionality (Figure 1A). Cluster-specific markers were extracted and used for cell type identification: T cells (CD4, CD3E, CD8A, CCR4 and CCR5, 69324 cells); epithelial cells (KRT17, KRT7, KRT8, CSNK2A1 and EPCAM,43498 cells); fibroblasts (IL11, PI16, VIM, CXCL12 and POSTN, 41448 cells); B cells (CD19, CD22, CD79A, CD20 and CD40, 22524 cells); myeloid cells (CD33, CXCL9, CCL4, IL1B and CXCL2, 17346 cells) and endothelial cells (PECAM1, CD34, FLI1, ERG and vWF, 12561 cells) (Figures 1B, C).




Figure 1 | ScRNA-seq profiling of ESCC microenvironments. (A). The UMAP plot visualizes the cell types in the ESCC microenvironment, with each cell type represented by a different color. (B). Heatmap showing the expression of marker genes in the different cell types. (C). UMAP plot showing the expression levels of marker genes for different cell types.





Heterogeneous analysis of the metastatic potential of malignant epithelial cells

ESCC is characterized by the uncontrolled proliferation of epithelial cells. We further investigated epithelial cells to gain a better understanding of the cellular heterogeneity. A total of 43498 epithelial cells were subdivided into five subpopulations (EC-0 to EC-4, Figure 2A). Moreover, EMT is a crucial biological process in which epithelial-driven malignant tumor cells acquire the ability to migrate and invade (12). We evaluated the EMT levels in epithelial cells and found that cells in EC-4 showed the highest level of EMT, suggesting that these cells are tending to metastasize (Figure 2B). We detected the gene expression patterns of EC-4 cells and found that certain genes that have been proven to promote ESCC metastasis were significantly enhanced in the EC-4 group (CCND1, CTTN, DKK3, ETV5, MARCKSL1, SOX4, Figure 2C). In addition, the PI3K-AKT and WNT pathways were found to play an important role in promoting metastasis (13, 14). Gene Set Enrichment Analysis (GSEA) showed that these two pathways were significantly activated in EC-4 cells (Figure 2D). Collectively, these results pointed to EC-4 cells as a central driver of metastasis in ESCC, with stronger metastatic potential than other cell subpopulations.




Figure 2 | Heterogeneous analysis of malignant epithelial cells. (A). UMAP plot showing the subpopulations of epithelial cells. (B). EMT levels of epithelial cells. (C). Violin plot showing the expression of certain metastasis-related genes. (D). GSEA showing that the pathways activated in EC-4 cells. The symbol **** represent p-values less than 0.0001.





SAA1 is the primary target for highly invasive epithelial cells

To clearly define the highly invasive cell subpopulations in ESCC, we compared the gene positive rate of EC-4 cells to that of other cell subpopulations and found that SAA1 exhibited the most significant difference (Figure S1A). So, we defined the EC-4 group as SAA1+ epithelial cell subpopulations (Figure 3A). Survival analysis showed that ESCC patients with low SAA1 expression had a better prognosis than those with high SAA1 expression (Figure S1B). We are wondering whether SAA1 is the key gene that induces EC-4 cells to acquire the ability to be highly invasive. KYSE-30 expresses relatively low levels of SAA1(Figure S1C). The PCR results showed that we successfully increased the expression of SAA1 in the epithelial cell line KYSE-30 through plasmid transfection (Figure 3B). Wound healing assays confirmed that KYSE-30 cells with high SAA1 expression had stronger migration ability (Figure 3C). This stronger migration ability could be attenuated after SAA1 interference (Figure S1D). Similarly, transwell assays showed a significant increase in the number of highly invasive cells after overexpression of SAA1 (Figure 3D). These findings suggest that SAA1 plays a pivotal role in mediating the invasiveness of EC-4 cells.




Figure 3 | SAA1 is the primary target for EC-4. (A). Violin plot showing the expression of SAA1 in different epithelial subpopulations. (B). PCR analysis confirmed the overexpression of SAA1. (C). Wound healing assays were performed to evaluate the migratory capacity after overexpression of SAA1. (D). Transwell assays were performed to assess the invasion capacity after overexpression of SAA1. The symbols ** and **** represent p-values less than 0.01 and 0.0001.





Independent verification of SAA1+ epithelial cell subpopulations

To verify the existence of highly aggressive SAA1+ epithelial cell subpopulations, we imported another set of ESCC single-cell sequencing data. The 9181 tumor cells were divided into 5 cell subpopulations (Figure 4A). We examined the expression of SAA1 and found that it was predominantly expressed in cell subpopulation 2, suggesting that cell subpopulation 2 was the SAA1+ epithelial cells (Figure 4B). The other subpopulations also have similar corresponding relationships. Subpopulation 0 highly expressed the markers of EC-0 (ELF3, PHLDA2 and LYPD3); subpopulation 1 cluster cells overexpressed genes related to EC-3, such as S100A9 and B2M; subpopulation 3 cluster may predominantly correspond to EC-1 (STMN1, TUBB, HMGB1) and subpopulation 4 corresponded to EC-2 (DSC3, LAMTOR4, RPS11) (Figure S2). Upon further evaluation of the metastasis-related characteristics of this cell subpopulation, we confirmed that EMT scores were significantly higher in cell subpopulation 2 than in the others, as expected (Figures 4C, D). Meanwhile, GSEA showed that the PI3K-AKT and WNT pathways were also significantly activated in cell subpopulation 2 (Figure 4E). In summary, these results show that a highly aggressive SAA1+ epithelial cell subpopulation does exist in ESCC.




Figure 4 | Verification of SAA1+ epithelial cell subpopulations. (A). UMAP plot showing the subpopulations of epithelial cells in the verification data. (B). Violin plot showing the expression of SAA1 in different epithelial subpopulations in the verification data. (C). UMAP plot showing EMT levels of epithelial cells in the verification data. (D). Box plot showing the EMT levels of epithelial cells in the verification data. (E). GSEA showing that the pathways activated in SAA1+ cell subpopulation. The symbol **** represent p-values less than 0.0001.





Establishment of the risk regression model based on EC-4 cells

Furthermore, we hope to use the characteristics of EC-4 cells to predict the prognosis of ESCC patients. We analyzed the gene expression patterns of EC-4 subpopulations and collected a total of 602 EC-4-specific genes (including 322 upregulated genes and 280 downregulated genes). The results of the univariate Cox analysis identified the genes which was significantly associated with the prognosis of patients in the training cohort. The 8 genes EC-4-related prognostic model was established by lasso regression analysis, including CTTN, SSPN, GRB7, FOXP1, SNX1, ALDH7A1, CXCL14 and PODXL2. We applied the model to predict the survival of patients in the training cohort. The results showed that the prognosis of patients in the low-risk group was significantly better than that in the high-risk group (Figure 5A). The risk score yielded a c-index of 0.768 (95% CI, 0.740-0.796) in the training cohort. The multivariate Cox results showed that the risk score was an independent predictor of prognosis in ESCC patients, and its predictive ability was superior to that of traditional clinical assessment indicators (age, sex, smoking, alcohol and TNM stage). Further extending the application range, our prognosis model exhibited great performance in both the internal verification cohort and the external verification cohort (Figures 5B, C). The risk score had a c-index of 0.730 (95% CI, 0.700- 0.761) in the internal verification cohort and 0.707 (95% CI, 0.673- 0.741) in the internal verification cohort. In general, these results confirmed that gene expression patterns of EC-4 subpopulations could accurately reflect the developmental characteristics of ESCC and that making a risk regression model using the EC-4 expression profiles could effectively predict the prognosis of ESCC patients.




Figure 5 | Risk regression model establishment. (A). Survival analysis of patients in the training cohort. (B). Survival analysis of patients in the internal verification cohort. (C). Survival analysis of patients in the external verification cohort. The red box indicated the risk factor and the green indicated the protective factor.






Discussion

ESCC is one of the most invasive tumors with a high incidence rate (15). Despite surgery, chemoradiotherapy and molecular-targeting therapy, most patients with ESCC develop metastasis, which leads to treatment failure (16). Elucidating the molecular mechanism of ESCC metastasis is crucial to improve the treatment method, prevent tumor metastasis and ameliorate the prognosis. In this study, we analyzed the cellular composition of the ESCC tumor microenvironment through in-depth mining of ESCC single-cell sequencing data. We found that in addition to malignant epithelial cells, tumor tissues contain a large number of immune cells (T cells, B cells, and myeloid cells), which suggests that tumor immunity plays an important role in the occurrence and development of ESCC. Th1 cells have been shown in previous studies to upregulate interferon-γ response signaling and antigen presentation pathways and downregulate lipid metabolism and MAPK pathways of ESCC cells, thereby improving the neoadjuvant chemoradiotherapy response of esophageal squamous cell carcinoma (17). Wang et al. found that the characterization of the intratumor B-cell immunoglobulin repertoire could help to predict the prognosis of ESCC (18).

As the main cell type of tumor metastasis, malignant epithelial cells are the focus of this study. Abnormal activation of EMT is critical for cancer cells during tumor progression and metastasis (19). In the malignant epithelial cells of ESCC, we identified a novel subpopulation (EC-4) that exhibited an extremely high tendency to undergo EMT. Many key genes closely associated with ESCC metastasis show widely dysregulated expression patterns in EC-4, such as CTTN. CTTN is an oncogene that promotes the metastasis of ESCC. It binds to and activates the actin-related protein complex (Arp2/3), thereby modulating the actin branching network to form dynamic cortical actin-related structures (20).

SAA1 was identified as a marker gene of EC-4 cells. Previous studies have confirmed its close association with chronic inflammation, SAA1+ cell subpopulations may be extensively related to the inflammatory response of ESCC, which is worth further study (21). Moreover, SAA1 has been widely studied in a variety of tumors. In oral cancer, SAA1 promotes tumor metastasis by inducing EMT (22). Cancer-associated adipocytes affect the progression of pancreatic cancer by regulating the expression of SAA1 (23). Additionally, high expression of SAA1 can be used as an effective predictor of advanced renal cell carcinoma (24). We confirmed in vitro that ESCC cells with high SAA1 expression were more invasive and migratory by wound healing and transwell assays, and these results supported our hypothesis that SAA1+ ESCC cell subpopulations have unique biological functions.

Many studies have predicted ESCC patient prognosis in a variety of ways. Yu et al. revealed diagnostic biomarkers and risk factors for esophageal squamous cell carcinoma by plasma metabolomics. However, it is unclear whether the findings are applicable to other regions and populations, as the study was conducted in a single center. Zhu et al. constructed a prognostic model for ESCC patients based on lncRNAs, but the model contained too many genes, which was not conducive to wide clinical application (25). With the rapid development of single-cell sequencing technology, the heterogeneity of tumor cells has been widely studied. Our study combined the advantages of both single-cell sequencing and transcriptome sequencing and successfully developed a metastasis-related prognostic model based on the expression pattern characteristics of the SAA1+ highly invasive subpopulation of ESCC. This model not only has good performance in the training group but also showed excellent prediction ability in the independent internal and external verification cohorts.

In conclusion, we mapped the tumor microenvironment by mining ESCC single-cell sequencing data. Through the assessment of EMT levels in epithelial cells and the comprehensive analysis of key genes and pathways, we found a group of SAA1+ malignant epithelial cells in esophageal cancer that are highly invasive and play an important role in the distant metastasis of ESCC. Based on the results, we constructed an ESCC metastasis-related prognostic model that could accurately assess patient prognosis. These findings contribute to our understanding of the underlying mechanism of ESCC metastasis and further improve the treatment and prognosis of patients with ESCC.
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Background

Our previous research reported a novel deeper intubation technique (DIT) of the ileus tube for acute bowel obstruction patients. The present study was designed to evaluate the effect of this novel technique on the clinical outcomes of patients with obstruction using a large cohort.



Methods

The detailed clinical data were analyzed retrospectively from 496 obstruction patients who underwent intubation technique from 2014 to 2019 in five hospitals. The patients were divided into either the DIT group or the traditional intubation technique (TIT) group. The groups were matched in a 1:1 ratio using propensity scores, and the primary outcome was the short-term clinical outcomes for patients.



Results

The baseline characteristics were similar between the DIT group and the TIT group after matching. Compared with the TIT group, the DIT group had a significantly deeper intubation depth, with shorter hospital days, shorter time to first flatus and defecation, lower pain score, increased drainage volume, and lower emergency surgery rate. Importantly, the inflammatory factors such as white blood cell, C-reactive protein, and procalcitonin levels were significantly lower in the DIT group. In addition, the DIT treatment was significantly useful for adhesive obstruction patients.



Conclusion

The DIT procedure led to better short-term clinical outcomes compared with the TIT procedure, indicating that DIT is a safe and feasible technique for the treatment of intestinal obstruction that is worthy of further popularization and clinical application.





Keywords: bowel obstruction, ileus tube, deeper intubation technique, short-term outcomes, traditional intubation technique



Introduction

Intestinal obstruction is a common acute abdomen that can be caused by a variety of reasons, which leads to approximately 15% of all emergency visits for acute abdominal pain (1, 2). Adhesive intestinal obstruction accounts for the majority of this disease. Patients with adhesive intestinal obstruction usually present abdominal pain, vomiting, abdominal distension, and exhaust defecation ceasing (3). Acute intestinal obstruction may lead to electrolyte disturbance, intestinal perforation, intestinal necrosis, septic shock, etc. (4). Patients with intestinal obstruction may be treated either by conservative therapy or surgical therapy, and the key point for the treatment of this disease is decompressing the gastrointestinal tract effectively as soon as possible (5, 6).

Ileus tubes have been used in the treatment of intestinal obstruction for nearly 100 years (7). Under the guidance of X-ray or electronic gastroenteroscopy, the ileus tubes are usually placed in the jejunum through the pylorus, duodenum, and Treitz ligament (8, 9). However, due to the insufficiency of traditional ileus intubation, for example, as the depth of catheterization continues to increase, the friction between the guide wire and the lumen will also increase significantly, and the tip of the catheter cannot effectively approach the obstruction site. Our previous research reported a novel deeper intubation technique (DIT) that allows the tip of the tube to reach the proximal end of the obstruction, which was effective for the treatment of adhesive intestinal obstruction (10).

The purpose of the present study is to evaluate the safety and effectiveness of this novel DIT procedure. We retrospectively collected from five hospitals the data of 496 subjects that received either the DIT treatment or the traditional intubation technique (TIT) treatment. Then, the short-term clinical outcomes as well as the inflammatory parameters of these subjects were compared.



Materials and methods


Patients

This study was designed as a multicenter, retrospective case–control study comparing the short-term clinical outcomes and safety of the DIT procedure and the TIT procedure. The present study investigated 496 hospitalized patients with acute intestinal obstruction in five hospitals from January 2018 to December 2020. The inclusion criteria were as follows (1): the hospitalized patients had acute intestinal obstruction symptoms like nausea and vomiting, abdominal pain, abdominal distension, and exhaust defecation ceasing, (2) the patients were diagnosed with intestinal obstruction by abdominal X-ray plain films and abdominal CT examination, (3) the patients were suitable for conservative treatment, with no severe abdominal pain or persistent abdominal pain, bloody vomiting or bloody stool, asymmetric abdominal distension, respiratory instability, and even shock, peritoneal irritation, and other strangulated intestinal obstruction symptoms, (4) the patients had no contraindications of tube intubation, such as a history of ENT surgery, esophageal disease, etc., and (5) detailed medical records and follow-up information were available.



The DIT and TIT procedures

The DIT and TIT procedures were performed using the CLINY Ileus Tube suite (Create Medic, Tokyo, Japan) according to the protocol reported previously. All the enrolled patients were given conservative treatment methods as fasting, intravenous nutrition, anti-infection, maintenance of water, electrolyte, and acid–base balance, etc. When patients presented with symptoms of severe abdominal pain, distension worsening, tachycardia, hematemesis, hematochezia, peritoneal irritation, isolated swelling, bowel loops, and even shock, timely surgical treatment would be needed. After multidisciplinary discussions, patients who failed to be intubated were treated surgically. The surgeon probes the abdominal cavity to find and remove the obstructed bowel. An anastomosis or ileostomy is performed depending upon the condition of the patient and the contamination involved.



Outcome measurement

Details on the average intubation depth, the daily drainage of the gastrointestinal decompression tube, the abdominal pain relief rate, the recovery time for anal exhaust defecation, and the length of hospital stay were recorded. The treatment efficiency was defined as a clinical or radiological improvement, relief of abdominal symptoms, decreased drainage volume, and disappearance of air–fluid levels.

The patients’ pain score and defecation situation were monitored and recorded before and every 24 h after intubation using the Numeric Rating Scale (NRS) (11, 12). The severity of complications was analyzed using the Clavien–Dindo classification standard. Data on blood routine, C-reactive protein (CRP), and procalcitonin (PCT) levels were recorded before and every 24 h after intubation. Data concerning intubation-related complications such as catheterization discomfort/pain, electrolyte disturbance, catheter obstruction, catheter shift/falling off, aspiration pneumonia, intestinal hemorrhage, and intestinal perforation were also collected.



Propensity score matching analysis

We used propensity score matching (PSM) to limit confounders and overcome possible patient selection bias due to the retrospective study design. A regression model was created based on potential variables (age, sex, body mass index, and comorbidity) associated with the selection of treatment. A 1:1 nearest neighbor matching algorithm with an optimal caliper width of 0.2 without replacement was applied to match the propensity scores.



Statistical analysis

The data in this study were processed by SPSS 26.0 software (IBM, USA). Comparisons between the two groups were performed by Student’s t-test for continuous variables and chi-square test or Fisher’s exact test for categorical variables. All statistical tests were two-sided, and P-values less than 0.05 were considered statistically significant.




Results


Clinical characteristics of patients

All patients had a history of abdominal surgery and presented acute intestinal obstruction symptoms such as abdominal pain, abdominal distension, vomiting, and exhaust defecation ceasing, and all these patients received conservative treatment. According to the depth of intubation, we divided the patients into the DIT group and the TIT group. In order to eliminate the baseline discrepancies, the groups were matched in a 1:1 ratio using propensity scores (13). Table 1 shows the patient characteristics of the entire (n = 496) and propensity score-matched (n = 426) cohorts. After PSM, 426 patients were identified, and the clinical characteristics among the two groups were well balanced (all P >0.05; Table 1).


Table 1 | Baseline clinical characteristics of patients between the two groups.





Short-term clinical outcomes after DIT or TIT treatment

Following the DIT procedure, abdominal radiographs showed an effective therapeutic effect in two example patients with intestinal obstruction (Figure 1). Our previous research reported that the intubation could obtain the ileum of the patients in the DIT group, while the TIT treatment could reach the proximal jejunum. As shown in Table 2, the DIT group had a significantly deeper intubation depth than the TIT group (221.33 ± 29.12 vs. 145.53 ± 21.36 cm, P < 0.001).




Figure 1 | Presentative abdominal X-ray plain films of the patients with acute intestinal obstruction before or 24 h after the deeper intubation technique procedure.




Table 2 | Short-term outcomes of the deeper intubation technique (DIT) group and the traditional intubation technique (TIT) group.



Before intubation, there was no difference in the NRS score between the DIT group and the TIT group (5.13 ± 1.33 vs. 5.06 ± 1.21, P = 0.103), while after intubation, the NRS score in the DIT group was significantly lower than that in the TIT group (24 h after intubation: 4.56 ± 2.01 vs. 4.89 ± 1.96, P = 0.016; 48 h after intubation: 3.65 ± 1.21 vs. 4.12 ± 1.36, P = 0.002).

With respect to remission of the disease, the study showed that both the first flatus time and exhaust defecation time were markedly shortened in the DIT group compared with the TIT group (first flatus time: 1.98 ± 1.12 vs. 2.69 ± 1.33, P = 0.036; exhaust defecation time: 2.56 ± 2.13 vs. 3.62 ± 2.51 days, P = 0.023). The defecation rate within 24 h (18.8% vs. 11.3%, P = 0.041) and 48 h (45.1% vs. 29.1%, P = 0.001) after intubation was significantly increased in the DIT group. Most of the patients in both the DIT group and the TIT group recovered defecation within 1 week after intubation (83.6% vs. 79.3%, P = 0.319).

Within 24 h after intubation, the drainage volume in the DIT group was higher than that in the TIT group (1,136.25 ± 663.32 ml vs. 796.52 ± 559.61 ml, P = 0.002). Although the emergency surgery rate was lower in the DIT group, the difference was of no significance (4.7% vs. 8.9%, P = 0.122), and patients in the DIT group had a shortened hospital stay (8.16 ± 4.31 vs. 9.53 ± 5.26, P = 0.016). As for intubation-related complications, there was no significant difference between the two groups (12.2% vs. 13.6%, P = 0.775), and according to the Clavien–Dindo classification, the two groups also showed no significant difference regarding the complication grade (Table 3).


Table 3 | Detailed overview of the complications.





Efficacy of the treatment for different types of intestinal obstruction

To further evaluate the effect of DIT procedure in the treatment of different types of intestinal obstruction, we analyzed the data according to the etiology of obstruction and divided the patients into three groups: adhesive obstruction, fecal obstruction, and cancerous obstruction. As shown in Table 4, there were 96 patients diagnosed with adhesive intestinal obstruction, and 88 (91.7%) of them recovered after the DIT treatment. Meanwhile, in the TIT group, 99 patients were diagnosed with adhesive intestinal obstruction, and 80 (80.8%) patients showed adequate recuperation (P = 0.037). In accordance with our previous research, no significant difference was shown between the two groups when it comes to fecal obstruction (P = 0.538) and cancerous obstruction (P = 0.328).


Table 4 | Therapeutic efficacies for different types of intestinal obstruction.





Inflammatory indexes after DIT or TIT treatment

Inflammatory indexes such as the WBC, CRP, and PCT were used to evaluate the level of infection and remission of the disease. As shown in Figure 2, the WBC, CRP, and PCT levels were of no significant difference between the two groups before intubation. The WBC, CRP, and PCT levels were markedly lower in the DIT group compared with the TIT group 3 days after intubation, while the difference between the two groups gradually narrowed and the levels of these indicators decreased by degrees with prolonged intubation time, accompanied by the remission of the disease.




Figure 2 | Comparison of levels of certain inflammatory indexes in the traditional intubation technique group and the deeper intubation technique group. (A) White blood cell count, (B) C-reactive protein, and (C) procalcitonin. * P<0.05.






Discussion

Intestinal obstruction is one of the most common reasons of all emergency department visits for acute abdominal pain (1). Serious complications such as septic shock, intestinal perforation, severe electrolyte disturbance, and multiple organ dysfunction syndrome may occur, which may lead to approximately 5%–10% death rate (14). The treatment strategies for acute intestinal obstruction are relatively complex, which could be mainly divided into surgery treatment and conservative treatment (3, 15). The key point for the treatment of this disease is adequate drainage of gastrointestinal contents and reduction of gastrointestinal stress effectively (16). After exclusion of strangulated intestinal obstruction, gastrointestinal decompression is the most effective strategy for conservative treatment.

For the TIT procedure, the diameter of the matching guide wire of the intestinal obstruction catheter is 0.045 cm with high hardness, and the friction between the catheter and the guide wire is large, so it is difficult to control the catheter and the guide wire (10). Moreover, due to the early application of analgesics and somatostatin in patients with intestinal obstruction, infection and electrolyte imbalance may occur, which affect intestinal peristalsis (17). As a consequence, the traditional intubation technique could only decompress the stomach and the proximal jejunum, which might be effective for high intestinal obstruction, but the effect is usually limited for low bowel obstruction.

Our previous research presented a novel DIT procedure. Using the CLINY Ileus Tube suite, a zebra guide wire with a diameter of 0.035 with ideal flexibility was selected, which made it easier to control the catheter, and the catheter was as close to the obstructed site as possible without the aid of intestinal peristalsis. Moreover, digital gastrointestinal fluoroscopy technology can not only expose and collect images in real time, realize intermittent operation, and avoid X-ray radiation of the operator but also allow patients to change position at any time. Furthermore, when intubation encounters obstacles such as intestinal folds or swerve, an appropriate volume of air could be injected into the bowel via the catheter to change the stereo direction of the bowel, changing the patients’ posture and guiding the weighted tip to conform to the track of the bowel at the same time. In addition, water-soluble iodine contrast medium could also be injected into the bowl to observe the stereo track of the bowel and stimulate peristalsis. Therefore, we could effectively forward the tip of the tube closer to the obstruction site and decompress the intestinal contents more sufficiently.

To confirm the safety and effectiveness of this procedure, we conducted a multicenter, retrospective cohort study comprising 496 subjects. Although there were no significant differences in baseline characteristics between the two groups, we still tried to minimize potential imbalances, such as in the PSM analysis. The two groups were matched in a 1:1 ratio using propensity scores, and after matching, the two groups were comparable. The present study showed that the intubation depth in the DIT group was significantly deeper than that in the TIT group. As is known to all, intestinal peristalsis is the main power forwarding the tube in the TIT group, and patients usually present weakened or even vanished intestinal peristalsis due to the application of analgesics, abdominal (intestinal) infection, and electrolyte disorders (18). The deeper intubation led to a more effective decompression, and an increased drainage volume was obtained in the DIT group. As a consequence, the symptoms of the patients were relieved faster. As time went by, the tube moved forward, and the tip of the tube in TIT group might also reach the same site as the DIT group finally, so the advantage of DIT in the early stage of acute intestinal obstruction is more evident. The DIT procedure can relieve the patient’s abdominal pain and ensure the rapid recovery of the patient’s intestinal function. This may be related to the reduction of intestinal pressure and the rapid restoration of the blood supply capacity of the intestinal wall (19, 20).

It is worth noting that the emergency surgery rate was lower in the DIT group, although the difference was of no significance. The tendency may also benefit patients with acute intestinal obstruction a lot. The shortened hospital stay reduces the burdens of the patients’ family and leads to better social economic benefits. Moreover, intubation-related complications such as catheterization discomfort/pain, catheter obstruction, catheter shift/falling off, aspiration pneumonia, and intestinal hemorrhage/perforation were of no significant difference between the two groups. All the aforementioned results indicated that the DIT procedure was a safe and effective treatment strategy for patients with acute intestinal obstruction.

The effect of DIT on different types of intestinal obstruction was also investigated. Consistent with our previous research, the overall efficacy of the DIT procedure was up to 91.7% for adhesive intestinal obstruction, the most common type of intestinal obstruction (21, 22). This was significantly more effective than that in the TIT group. This is important for patients who had a history of abdominal surgery, as surgery is quite challenging and risky, and the complication rate is high for these patients (23). Moreover, surgery may enhance the ankylenteron and induce the recurrence of intestinal obstruction over and over again (24). Although no significant difference was shown when it comes to fecal obstruction, the overall efficacy was still better in the DIT group compared with the TIT group. For patients with fecal obstruction, a certain aerogenic agent (mainly composed of citric acid and sodium bicarbonate) or liquid paraffin would be given through the tube, which could facilitate the dissolution and cure of stercolith (25). There was no significant difference in the efficacy of the two methods for patients with malignant obstruction, and many patients who suffered from cancerous obstruction usually received surgery.

Importantly, to evaluate the effect of the DIT procedure, the study also analyzed the inflammatory indexes such as WBC, CRP, and PCT, as these indicators could simply and practicably reflect the severity of the disease, the degree of inflammatory responses, and the infectious condition (26, 27). Thus, these indicators were of vital importance for patients with acute intestinal obstruction. The present study showed that the DIT procedure could decrease these inflammatory indexes rapidly and effectively, accompanied with the relieved symptoms and faster recovery.

The highlight of this study mainly relies on the large sample size and the multicenter design. Moreover, related data were matched using propensity scores to eliminate the base discrepancies, which made the results more rigorous. Compared with our previous research, the present study proved that the DIT procedure is more convincingly a safe and effective treatment strategy for acute intestinal obstruction. Of course, long-term survival data is warranted in a further study. Based on the aforementioned results, a multicenter randomized controlled trial would be welcome and provide higher-level data of evidence-based medicine.

In conclusion, the DIT procedure is a safe and effective treatment strategy for acute intestinal obstruction. Compared with the TIT procedure, the DIT procedure showed better short-term clinical outcomes and decreased the inflammatory responses more effectively, which is worthy of clinical application and popularization.
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Background

N6-methyladenosine (m6A) RNA regulators play important roles in cancers, but their functions and mechanism have not been demonstrated clearly in gastric cancer (GC).



Methods

In this study, the GC samples with clinical information and RNA transcriptome were downloaded from The Cancer Genome Atlas database. The different expression genes were compared by the absolute value and median ± standard deviation. Samples with complete information were randomly divided into a training dataset and a test dataset. The differential expression genes (DEGs) between ALKBH5-low and ALKBH5-high subgroups were identified in the training dataset and constructed a risk model by Cox and least absolute shrinkage and selection operator regression. The model was testified in test datasets, overall survival (OS) was compared with the Kaplan–Meier method, and immune cell infiltration was calculated by the CIBERSORT algorithm in the low-risk and high-risk subgroups based on the model. The protein levels of ALKBH5 were detected with immunohistochemistry. The relative expression of messenger-ribonucleic acid (mRNA) was detected with quantitative polymerase chain reaction.



Results

ALKBH5 was the only regulator whose expression was lower in tumor samples than that in normal samples. The low expression of ALKBH5 led to the poor OS of GC patients and seemed to be an independent protective factor. The model based on ALKBH5-regulated genes was validated in both datasets (training/test) and displayed a potential capacity to predict a clinical prognosis. Gene Ontology analysis implied that the DEGs were involved in the immune response; CIBERSORT results indicated that ALKBH5 and its related genes could alter the immune microenvironment of GC. The protein levels of ALKBH5 were verified as lowly expressed in GC tissues. SLC7A2 and CGB3 were downregulated with ALKBH5 knockdown.



Conclusions

In this study, we found that ALKBH5 might be a suppressor of GC; ALKBH5 and its related genes were latent biomarkers and immunotherapy targets.
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1 Introduction

Gastric cancer (GC) is one of the most threatening diseases worldwide, which gave the fifth incidence and fourth mortality in cancers in 2020 (1). An appropriate option of surgical resection is the only strategy to treat early disease. However, due to inconspicuous early symptoms, patients are always diagnosed in advanced stages; thus, follow-up chemotherapy/targeted therapy and immunotherapy are needed. Unfortunately, the efficiency is limited because of late detection and the lack of therapeutic targets (2); therefore, it is urgent to find novel approaches to improve the cure rate.

N6-methyladenosine (m6A) is the most abundant modification on mRNAs of eukaryotes (3); it is a highly conserved and dynamic reversible process regulated by the m6A methyltransferases (writers) or demethylases (erasers) that add or remove the m6A sites in mRNAs and recognized by m6A-binding proteins (readers) (4, 5). Writers mainly include METTL3, METTL14, WTAP, VIRMA/KIAA1429, RBM15/15B, and ZC3H13 (6–9). Erasers mainly include fat mass and obesity–associated protein (FTO) and ALKBH5 (4, 10). Readers mainly include YTHDF1/2/3, YTHDC1/2, IGF2BP1/2/3, HNRNPC, and HNRNPA2B1 (11–16). m6A regulators participate in various physiological and pathological processes in tumor occurrence and development, acting as promoters or inhibitors. For instance, METTL3 accelerated the maturation of pri-miR221/222, resulting in the reduction of PTEN, which ultimately leads to the proliferation of bladder cancer (17). In breast cancer, FTO degraded BNIP3 through the demethylation of m6A in the 3'Untranslated Regions (3'UTR), leading to tumorigenesis and a poor prognosis (18). Furthermore, METTL14 attenuated the proliferation and migration ability of renal cell carcinoma cells by decreasing the expression of long non-coding RNA (lncRNA) nuclear-enriched abundant transcript 1 (NEAT1_1) (19). In glioblastoma, YTHDF2 tended to be a therapeutic target; it could stabilize the transcripts of MYC and therefore regulate glucose metabolism in glioblastoma stem cells (GSCs) (20).

In GC, there are a lot of important functions induced by m6A regulators and they participate in various oncogenic signaling pathways as well. Wang et al. demonstrated that the level of METTL3 was significantly elevated in GC tissues and associated with a poor prognosis. It promoted the tumorigenesis and metastasis of GC by stimulating the m6A modification of Hepatoma Derived Growth Factor (HDGF) mRNA and then activated GLUT4 and ENO2 expression (21). Yue et al. also revealed that METTL3 facilitated GC by regulating the m6A level of ZMYM1, which could increase the expression of E-cadherin and promote the epithelial–mesenchymal transition process (22). Huo et al. found that METTL3 accelerated the development of GC by the METTL3-SPHK2-KLF2 axis (23). Furthermore, Pi et al. illustrated that YTHDF1 promoted the translation of a key Wnt receptor frizzled7 (FZD7), leading to the hyperactivation of the Wnt/β-catenin pathway and the promotion of gastric carcinogenesis (24). Chen et al. found that YTHDF1 also facilitated the tumorigenesis and metastasis of GC by promoting USP14 protein translation in an m6A-dependent manner (25). FTO was verified to lead to the metastasis of GC by decreasing the m6A level and expression of ITGB1 (26); meanwhile, Yang et al. demonstrated that it promoted the development of GC by the FTO-m6A-MYC axis (27). These regulators also executed functions by shaping lncRNA. Lv et al. have revealed that the m6A levels of lncRNAs were changed in GC by bioinformatic manners and the difference might have a predictive value (28). Moreover, Hu et al. found that LINC01320 could be elevated by METTL14 and promotes the proliferation, migration, and invasion of GC via the miR495-5p/RAB19 axis (29).

ALKBH5 is short for alkylation repair homolog protein 5, a demethylase of m6A. The differential expression and regulatory functions of ALKBH5 in multiple cancers have been reported. In acute myeloid leukemia (AML), ALKBH5 was positively regulated by KDM4C and the high level of ALKBH5 increased the stability of AXL (AXL receptor tyrosine kinase), thus promoting leukemia stem cells (30). In glioblastoma, ALKBH5 promoted tumorigenesis and development by demethylating FOXM1 nascent transcripts, which led to an enhanced expression of FOXM1 (31). In pancreatic cancer, Guo et al. elucidated that ALKBH5 reduced tumor proliferation, migration, and invasion by activating PER1 (period circadian regulator 1) in an m6A-dependent manner (32), Tang et al. declared that ALKBH5 also increased the expression of WIF-1 (Wnt inhibitory factor 1) and inhibited the Wnt pathway to suppress these tumor features (33). In non-small cell lung cancer (NSCLC), ALKBH5 inhibited tumor growth and metastasis by decreasing YAP activity and regulating the miR-107/LATS2 axis in an HuR (a RNA binding protein)-dependent manner (34). However, the role of ALKBH5 in GC was conflicted and obscure. Ge et al. demonstrated that there was a lower expression of ALKBH5 in GC peripheral blood compared with healthy controls and it might be a protective gene for GC patients (35). Meanwhile, Zhang et al. elucidated that ALKBH5 promoted GC invasion and metastasis by the demethylation of NEAT1 lncRNA (36). According to the present situation, the expression, function, and mechanism of ALKBH5 in GC are still worthy to be investigated and validated.

In this study, as shown in the workflow chart (Figure 1), we downloaded and comprehensively analyzed stomach adenocarcinoma (STAD) samples from The Cancer Genome Atlas database (TCGA, https://portal.gdc.cancer.gov/). Comparing the m6A regulator genes’ expression levels in the tumor group and normal group and investigating their relationship, we found that the expression of ALKBH5 was lower in tumor samples than normal ones and a high level of ALKBH5 led to a better prognosis. Then, the whole cohort was randomly divided into a training dataset and a test dataset. A risk model and a nomogram model for predicting the prognosis of GC patients were constructed in the training dataset and validated in the test dataset. Furthermore, Gene Ontology (GO) analysis suggested that the differential expression genes (DEGs) might be enriched in immune defense; thus, we computed the immune cell infiltration in all of the samples by the CIBERSORT algorithm and the proportion of these cells in ALKBH5-low/high and risk-low/high subgroups indicated that ALKBH5-high and risk-low tissues were infiltrated with more effective immune cells, respectively. Finally, we checked the expression levels of ALKBH5 between GC tumor tissues and adjacent normal tissues with immunohistochemistry (IHC) and the relative expression levels of genes used to construct the risk model when ALKBH5 was knocked down with real-time quantitative PCR (RT-qPCR). Coinciding with our model, the protein level of ALKBH5 in tumor tissues was lower than that in normal tissues, and some tumor suppressor genes were down expressed when ALKBH5 was knocked down. The findings in this study indicate that ALKBH5 may play a suppressor role in GC and its related genes act as latent predictive biomarkers.




Figure 1 | Workflow chart of our study. STAD, stomach adenocarcinoma.





2 Material and methods


2.1 Data acquisition and arrangement

The major clinical information and RNA transcriptome dataset (FPKM-UQ and counts) of GC samples and normal samples were downloaded from TCGA (https://portal.gdc.cancer.gov/). STAD is a major type of GC, and the number of other types of gastric cancer is too small to analyze; thus, we chose STAD samples for our study. A total of 407 samples were downloaded, including 375 primary tumor samples and 32 normal samples. When analyzing the prognosis of target genes or different clusters, samples without complete clinical information were wiped out and the remaining ones were randomly divided into a training dataset and a test dataset. The transcriptome data for validating the expression levels of ALKBH5 were downloaded from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/).



2.2 Bioinformatic analysis


2.2.1 Comparison of the expression levels of m6A regulator genes

The different expression levels of m6A regulator genes were compared by the absolute value and median ± standard deviation (SD), and the results were displayed by R software using “pheatmap” and “ggplot2” packages. We set overall survival (OS) as the major criterion for the evaluation of different cohorts’ death risk. It means from randomization to the time of death from any cause. For subjects who were lost to follow-up before death, the time of the last follow-up is usually calculated as the time of death. The OS between ALKBH5-low/ALKBH5-high and low-risk/high-risk subgroups, as well as univariate Cox regression and multivariate Cox regression, was conducted by the “survival” package.



2.2.2 Construction of the risk model

The “edgeR” package was chosen to identify the differential expression genes (DEGs) between ALKBH5-low and ALKBH5-high subgroups; the relationship of these genes and the samples’ OS was evaluated with univariate Cox regression. After screening out genes with significant differences, the “glmnet” package was used to conduct least absolute shrinkage and selection operator (LASSO)–penalized Cox regression. According to the result of LASSO regression, the risk model was constructed by the following prognosis formula: risk score = where expi represented log2 (gene expression + 1) and coefi represented the coefficient of each gene. The model was applied in each sample in the training/test dataset, and the median value was set as the cut-off; thus, samples in both datasets were divided into the low-risk subgroup and high-risk subgroup, respectively. Furthermore, a sequence-based RNA adenosine methylation site predictor (SRAMP) database was used to search for the prediction scores of possible adenosine methylation sites on ALKBH5-related genes in the risk model.



2.2.3 Validation of the risk model

To validate the model and roughly get its predictive efficacy in clinical GC patients, in the training dataset and test dataset, we compared the OS curves with the Kaplan–Meier method and explored the distribution of samples’ vital status and survival time according to the risk score with dot plots. Furthermore, univariate/multivariate Cox regression and receiver operating characteristic (ROC) curves were conducted. The ROC curves were accomplished by the “pROC” package. Thereafter, to further clarify the prognosis value of the model, the OS in the various clinical features cohort (including gender, age, stage, grade, and T/N stages) between the low-risk and high-risk subgroups were compared in the two datasets.




2.3 Nomogram

A nomogram for predicting the prognosis of GC was built with the “rms” package in the training dataset, and the calibration curves were conducted subsequently. Then, the nomogram was checked in the test dataset and decision curve analysis (DCA) was performed by the “rmda” package.



2.4 Analysis of immune cell infiltration

To seek the potential function of the DEGs, Gene Ontology (GO) analysis was operated with the “clusterProfiler” package (37, 38). Meanwhile, the CIBERSORT algorithm was used to calculate the 22 immune cell infiltration proportions of each sample. The different infiltration ratios among ALKBH5-low/ALKBH5-high and low-risk/high-risk subgroups were compared in the whole dataset.



2.5 Human tissue microarray and immunohistochemistry

A tissue microarray containing the slides of 90 GC tumor tissues and adjacent normal tissue was purchased from Outdo Biotech with ethical approval (Shanghai, China; HStmA180Su11). The protein level of ALKBH5 was determined by a semiquantitative IHC assay, using the anti-ALKBH5 antibody (Abcam, ab244296). The results of IHC were independently given stained scores by two independent observers. The criteria are as follows: 1) ≤25% of positively stained cells; 2) 25%–50% of positively stained cells; 3) 50%–75% of positively stained cells; and 4) ≥75% of positively stained cells.



2.6 Cell culture

Human GC cell lines (MGC-803 and HGC-27) were ordered from American Type Culture Collection (ATCC, Manassas, VA, USA). Each cell line was authenticated by measuring the short-tandem repeat (STR) DNA profiles. No contamination of mycoplasma was found in these cell lines. Both the two cell lines were cultured in DMEM (Gibco, NY, USA) containing 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) in a humidified atmosphere with 5% CO2 at 37°C.



2.7 siRNA and cell transfection

The siRNA targeting ALKBH5 was designed and synthesized by RiboBio Co., Ltd. (Guangzhou, China). MGC-803 and HGC-27 cells were transfected with si-ALKBH5 using the riboFECT CP Transfection Kit (C10511-05) (Riobio, Guangzhou, China) according to the manufacturer’s protocol. The si-ALKBH5 sequence was -GCTGCAAGTTCCAGTTCAA-.



2.8 RT-qPCR

Total RNA was isolated with the TRIzol reagents (Life Technologies, Shanghai, China) according to the manufacturer’s instructions. There were 3 μg of total RNA reverse-transcribed into complementary deoxyribonucleic acid (cDNA) using the Vazyme HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (R323-01, Nanjing, China). The transcript level of the specific gene was amplified with the Vazyme ChamQ Universal SYBR qPCR Master Mix (Q711-02) and was normalized to Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH). The primers were synthesized by BGI TECH SOLUTIONS (BEIJING LIUHE) CO., LIMITED (Beijing, China), and the sequences are listed as follows: GAPDH-Forward, -GGAGCGAGATCCCTCCAAAAT-, GAPDH-Reverse, -GGCTGTTGTCATACTTCTCATGG-; CA10-Forwar, -CTGTCCAGCCACTCAACAAC-, CA10-Reverse, -AGGTGGGATTCTTCTTGGCT-; SLC7A2-Forward, -GACCTTTGCCCGATGTCTGAT-, SLC7A2-Reverse, -AGCAGCGGCATAATTTGGTGT-; CGB3-Forward, -CCCGAGGTATAAAGCCAGGT-, CGB3-Reverse, -GTAGTTGCACACCACCTGAG-; C1QL2-Forward, -TCGGCAATCACTATGACCCC-, C1QL2-Reverse, -CGCATGAGGATGTGGTAGGT-; CGB8-Forward, -GCCTTCCTACACCCTACTCC-, CGB8-Reverse, -CCAGGAGGTTGTAGGATGCT.



2.9 Statistical analysis

R software version R-4.1.2 for windows (The R Foundation for Statistical Computing, Vienna, Austria), SPSS version 22.0 (SPSS Inc., Chicago, IL, USA), and GraphPad Prism version 8.0 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com) were used for data analysis. A t test was used to compare continuous variables; a chi-square test was used to compare categorical variables. Univariate and multivariate Cox regression were performed to identify independent prognostic factors for OS. The Kaplan–Meier method was used to conduct the OS in different groups, and the log-rank test was used for comparing the survival curves. A P-value <0.05 was considered statistically significant.




3 Results


3.1 The expression and relationship of m6A-related genes

We first compared the expression levels of 19 m6A regulator genes between 375 primary tumor samples and 32 solid tissue samples; most of these genes showed higher expression in tumor samples than normal samples, including HNRNPA2B1, HNRNPC, IGF2BP1, IGF2BP2, IGF2BP2, KIAA1429, METTL3, RBM15, YTHDF1, YTHDF2, and ZC3H13, but the expression level of ALKBH5 was opposite (Figures 2A, B). Then, the difference of ALKBH5’s expression was checked and verified in GEO dataset GSE29998; there was the same expression difference of ALKBH5 in GSE29998 (Figure S1). The correlation coefficients of these regulators were detected with the Pearson method. The results demonstrated that, among the 19 regulator genes, KIAA1429 and YTHDF3 had the strongest correlation (R = 0.63); the top three genes related to ALKBH5 were RBM15B (R = 0.30), FTO (R = 0.30), and METTL14 (R = 0.25) (Figure 2C). Furthermore, the normal samples were wiped out, and the expression landscape in the tumor cohort was conducted to further see the relationship between them. In different clinical and pathologic cohorts including gender, age, stage, grade, T, N, and M, the distribution of these genes’ expression levels had differences (Figure 2D).




Figure 2 | The landscape of N6-methyladenosine (m6A) regulator genes in gastric cancer (GC). (A) Heatmap of 19 m6A RNA regulator genes’ expression in GC. N: solid normal samples, T: tumoral samples. (B) The correlation coefficient of 19 m6A RNA regulators. (C) Violin plot visualizing the expression and distribution levels of 19 m6A regulators in GC. (D) Heatmap of 19 m6A RNA regulators’ expression in tumoral samples in different cohorts including age, gender, stage, grade, T, N, and M. *P < 0.05, **P < 0.01, and ***P < 0.001.





3.2 ALKBH5 is a protective gene in GC and a risk model based on ALKBH5-related genes was conducted

To investigate the relationship between the regulators and GC patients’ OS, 58 tumor cases without complete clinical information were omitted; then, univariate and multivariate Cox regression were performed in the remaining 317 samples. Both univariate and multivariate Cox models indicated that ALKBH5 might be an independent protective factor for GC patients. RBM15 and YTHDF2 also showed the same hazard ratio as ALKBH5, but ALKBH5 showed significance for both univariate and multivariate Cox regression (Figures S2A, B). Furthermore, we drew survival curves with the vital status data in ALKBH5-low and ALKBH5-high subgroups and compared them; the cut-off of groups was median values. The result indicated that the ALKBH5-low subgroup had a shorter OS than the ALKBH5-high subgroup with statistical significance (Figure 3A).




Figure 3 | A risk model based on ALKBH5-related genes was conducted. (A) Overall survival (OS) of ALKBH5-low and ALKBH5-high subgroups. (B) The differential expression genes (DEGs) between ALKBH5-low and ALKBH5-high subgroups in the training dataset. Red points: upregulated genes in the ALKBH5-high subgroup, blue points: downregulated genes in ALKBH5-high subgroup. The top 10 upregulated genes and downregulated genes are also shown. (C) The least absolute shrinkage and selection operator (LASSO) coefficient of 15 significant DEGs (P< 0.05) in the univariate Cox regression model with all of the DEGs. (D) Selecting the best lambda parameters for the LASSO model.



To better decode the roles of ALKBH5 in GC, the remaining 317 samples were randomized into the training dataset (n = 159) and test dataset (n = 158); the baseline of the two datasets is displayed in Table 1. In the training dataset, the “edgeR” package was used to obtain DEGs between ALKBH5-low and ALKBH5-high subgroups with the following conditions: log Foldchange > 2, adjust-P-value <0.05 (Figure 3B, Table S1). Then, univariate Cox regression was conducted to investigate the relationship between the DEGs and the samples’ OS (Table S2). For those significant ones (P-value < 0.05), we performed the LASSO-penalized Cox regression (Figures 3C, D). Constructing the risk model with the prognosis formula in the method section, the risk score = 0.006188505 * CA10 + 0.050823131 * SLC7A2 − 0.008562421 * LINC02303 + 0.050382245 * CGB3 + 0.042501742 * C1QL2 + 0.00927148 *CGB8. All samples’ risk scores in both datasets were calculated with the formula; then, samples in each dataset were divided into low-risk and high-risk subgroups by the median value.


Table 1 | The baseline of patients in the training dataset and test dataset.



In addition, prediction scores in SRAMP (39) suggested that there were considerable adenosine methylation sites with very high confidence or high confidence, especially in CA10, LINC02303, and C1QL2 (Figures S3A-F).



3.3 The risk model based on ALKBH5-related genes has strong association with clinical prognosis in GC

Survival curves, the distribution of patients’ status/survival time, univariate Cox regression, and multivariate Cox regression were conducted in the training dataset and test dataset to testify if the risk model was capable of predicting GC patients’ prognosis. Consistently, in both the two datasets, the OS of high-risk subgroups was shorter than that of low-risk subgroups (Figures 4A, B). The distribution of GC patients’ vital status and survival time according to the risk score is displayed in Figures 4C, D; the result demonstrated that samples in the low-risk subgroup had longer survival time than that in the high-risk subgroup, and there were more dead samples in the high-risk subgroup than in the low-risk subgroup. Meanwhile, whenever in the univariate Cox regression model or multivariate Cox regression model, the risk score could be recognized as an independent risk factor of GC patients in the training dataset and test dataset (Figures 4E, F). Furthermore, the ROC curves showed that the risk model had a promising capability to predict GC patients; the areas under the curve (AUCs) of 3-year OS in training and test datasets were 0.633 and 0.668 (Figures S4A, B); the AUCs of 5-year OS were 0.562 and 0.607, respectively (Figures S4C, D).




Figure 4 | Validation of the risk model in the training dataset and test dataset. (A, B) Overall survival (OS) of the low-risk and high-risk subgroup in training dataset and test dataset. (C, D) The distribution of samples’ survival time and vital status according to risk scores in the training dataset and test dataset. (E, F) Univariate Cox regression model and multivariate regression model with age, gender, stage, grade, T, N, M, and risk score in the training dataset and test dataset. Left, univariate Cox regression; right, multivariate Cox regression.



To further validate the model, samples in the two datasets were grouped by clinical prognosis features including age, gender, disease stage, grade, and T and N stage. The OS curves between the low-risk subgroups and high-risk subgroups in the above cohorts are compared in Figure 5. The results indicated that in most of these cohorts, low-risk subgroups had longer OS than high-risk subgroups; however, in some cohorts, there was no statistical significance. These cohorts included stage 1–2 in the test dataset and grade 1–2, T 1–2, and N0 in both datasets.




Figure 5 | Survival analysis in different clinical feature cohorts. (A, C, E, G, I, K) OS comparison between the low-risk subgroup and the high-risk subgroup in different cohorts of the training dataset. (B, D, F, H, J, L) OS comparison between the low-risk subgroup and the high-risk subgroup in different cohorts of the test dataset.





3.4 Construction of nomogram model

To obtain a quantitative tool for predicting the OS of GC patients, a nomogram model was built using age, gender, stage, grade, and risk score in the training dataset and was verified in the test dataset (Figure 6). In the training cohort, the calibration curves showed a strong and acceptable consistency of observed and predicted ratios in 3-year and 5-year OS, respectively (Figures S5A, B). The DCA curves of the nomogram indicated that if the threshold probability of 3-year OS was 0.16–0.39 and that of 5-year OS was 0.1–0.44, the nomogram could offer a higher net benefit than predicting for all patients or no patients (Figures S5C, D). These results of validation suggested that our nomogram had a strong ability and accuracy in predicting the OS of GC patients.




Figure 6 | The nomogram for predicting the 3-year and 5-year survival probability of GC. The nomogram model was constructed in training dataset, with the age, gender, stage, grade, and risk score of six ALKBH5-related risk genes.





3.5 Relationship of the risk model and immune cell infiltration

The DEGs might participate in various pathways to execute their functions. GO enrichment analysis, a method mainly used to perform enrichment analysis on gene sets (38), was carried out here to investigate the potential biological processes of these DEGs; the result indicated that some of the DEGs were enriched in biological processes such as the epidermis and the regulation of peptidase. Furthermore, part of them was involved in immunity activities such as the defense response (Figures S6A, B). Thereafter, the training dataset and test dataset were combined. The risk model was checked again in the whole dataset using the Kaplan–Meier method; the high-risk subgroup still led to poor OS (Figure S4E). Subsequently, the CIBERSORT algorithm (an analytical tool from the Alizadeh Lab developed by Newman et al. to provide an estimation of the abundances of member cell types in a mixed cell population, using gene expression data) was used to calculate the 22 immune cells infiltration proportion of each sample in the whole dataset (Figure 7A), results demonstrated that the ALKBH5-high subgroup was infiltrated with more naïve B cells, neutrophils, plasma cells, and follicular helper T cells (Figure 7B). Furthermore, the high-risk subgroup had more infiltration of naive B cells and resting CD4+ T cells, but the low-risk subgroup was infiltrated with more activated memory CD4+ T cells, CD8+ T cells, M1 macrophages, and follicular helper T cells (Figure 7C). The results indicated that the expression of ALKBH5 shaped the immune conditions of tumor samples and, compared to the high-risk subgroup, the low-risk subgroup had a better immune microenvironment.




Figure 7 | Different immune cells infiltration of ALKBH5-low/high subgroups and risk-low/high subgroups. (A) Relative proportions of 22 immune cells’ infiltration in each GC sample according to the expression of ALKBH5. (B) Comparison of 22 immune cell proportions infiltrated in GC samples between ALKBH5-low and ALKBH5-high subgroups in the whole dataset. (C) Comparison of 22 immune cell proportions infiltrated in GC samples between low-risk and high-risk subgroups in the whole dataset. ns, non-significance, *P<0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





3.6 Validation of the lower ALKBH5 protein level in GC tissues and the change of related genes’ expression when ALKBH5 was knocked down

As protein is the main form for genes to lay functions, we detected the protein expression conditions of ALKBH5 using the IHC method in a GC tissue microarray. Figures 8A, B shows the representative images of IHC results and stained scores in GC tumor tissues and adjacent normal tissues; in line with the transcriptome profile in TCGA data, the protein expression of ALKBH5 was downregulated in GC tumor tissues. Moreover, to check if the genes used for constructing the risk were regulated by ALKBH5, we compared their relative mRNA expression levels between the si-NC and si-ALKHB5 groups. Results indicated that SLC7A2 and CGB3 were downregulated when ALKBH5 was knocked down in both MGC-803 and HGC-27 cell lines, and other coding genes had different degrees of variation in one of the two cell lines along with ALKHB5 knockdown (Figure 8C).




Figure 8 | Validation of lowly expressed ALKBH5 in GC tissues and related genes’ mRNA-level response to ALKBH5 knockdown. (A) Representative images of IHC for stained ALKBH5 in GC tumor tissues and adjacent normal tissues. (B) Box plot showing the IHC scores of the tumor group and normal group. (C) Relative RNA expression levels of related genes when ALKBH5 was knocked down. Scale bar, 100 μm. *P < 0.05, **P < 0.01, and ***P < 0.001.






4 Discussion

In recent years, with the booming development of diagnosis technology and increased awareness of prevention, GC incidence has decreased rapidly, but mortality has been staying at a high level (1). For patients in advanced stages, surgery often fails to cure; furthermore, the functions of radiotherapy and chemotherapy in GC are limiting; thus, safe and effective therapeutic targets are much needed for each patient in advanced stages or had no sensitive drugs. After the birth of sequencing technology, especially next-generation sequencing (NGS) (40), the biological processes and modifications to regulate DNA, RNA, and proteins were increasingly discovered. As the most prevalent modification of RNA, m6A RNA methylation played important roles in various tumors, and the regulators of m6A have the potency to be a therapeutic target of GC.

In GC, a lot of research has revealed the important roles of m6A regulators, but previous studies mainly focused on the m6A methyltransferase complex at first, especially METTL3 (21–23). Although the relationship between “erasers” and patients’ prognosis or pathological features has been discovered more and more (26, 27), there are fewer reports about what roles ALKBH5 play in GC. Moreover, some researchers tried to identify the biomarkers for predicting the outcome of GC patients using bioinformatics methods. In the m6A field, the limit was that they integrated all of the m6A regulator genes or “erasers” for analysis (41, 42), which made it hard to tell which regulator is responsible and confused readers.

In present study, a new approach to predict GC patients’ prognosis based on ALKBH5 was established and testified. We discovered that ALKBH5 was lowly expressed in GC tumor samples and it significantly decreased the OS of GC. In the training dataset, a risk model based on six ALKBH5-related genes was constructed. Multiple authentications in training/test datasets indicated that the high-risk subgroup led to poorer OS and the risk score seemed to be an independent risk factor of a GC prognosis in Cox regression models. Then, a nomogram model based on the risk score and other clinical features was built to predict the 3-year and 5-year OS of GC. GO and CIBERSORT analyses suggested that ALKBH5-related genes might be involved in the immune response and shaped the immune cell infiltration of GC samples.

After realizing the different expression levels of ALKBH5 between tumor samples and normal samples, we first paid attention to it. The risk model and nomogram model were all derived from the DEGs between ALKBH5-low and ALKBH5-high subgroups; thus, in GC, not only was ALKBH5 itself an independent protective factor but also its related genes had a probability to predict patients’ outcomes. This is the first model that came from a single gene, if the mechanism can be further illustrated, potential targets or therapeutic medicine might come true faster than those biomarkers derived from complex analysis. Furthermore, the six genes used for constructing the risk model were screened from DEGs by LASSO Cox regression, which could provide high prediction accuracy and prevent overfitting. In addition, the adenosine methylation sites in the six genes were predicted in the SRAMP database. Results suggested that there were a lot of sites with very high confidence or high confidence; these sites were the potential targets of ALKBH5.

In our study, there was an absorbing result. When validating the risk model in different clinical cohorts, the OS between low-risk and high-risk subgroups might have no significant difference in early stages, including stages 1–2 in the test dataset and grades 1–2, T 1–2, and N0 in both datasets. These results indicated that the risk model was more effective in advanced stages; thus, the six genes screened out might have participated in the critical biological process of GC development and had an important value in the therapy of advanced stage for GC patients. Moreover, this might be the possible reason for higher accuracy in predicting 3-year OS than 5-year OS because patients in advanced stages had shorter survival time.

Furthermore, the GO enrichment analysis in our study revealed that the DEGs related to ALKBH5 were likely involved in the immune response. Immunotherapy and immune biomarkers exhibit an outstanding value in the diagnosis and therapy of tumors, which brought new hope to cancer patients including GC (43, 44). Immune activities are mainly executed by immune cells; the results in our study suggested that ALKBH5 changed the immune microenvironment of GC by altering immune cells. Several reports had demonstrated that CD8+ T cells, M1 macrophages, and NK cells played an antitumor role in GC (45); resting memory CD4+ T cells were closely associated with the pathogenesis of GC (46). Moreover, the regulation of follicular helper T cells was critical to prevent autoimmunity in cancer (47). In present research, compared with the high-risk subgroup, samples in the low-risk subgroup were collected with more activated memory CD4+ T cells, CD8+ T cells, M1 macrophages, and follicular helper T cells, indicating a better microenvironment in the low-risk subgroup. Oppositely, there were more resting memory CD4+ T cells in the high-risk subgroup which led to a poorer prognosis. In addition, the proportions of neutrophils and plasma cells were higher in the ALKBH5-high subgroup. They emerged as significant but opposite predictors of survival for breast and lung adenocarcinomas (48); thus, the relationship between GC and them needed further investigation. Furthermore, CD4+ T cells and macrophages infiltrated in GC samples could decrease the tumor purity and low tumor purity in GC was associated with an unfavorable prognosis and the immune-evasion phenotype (49). Conclusively, while our results suggested that ALKBH5 and its related genes might play an important role in the GC-immune microenvironment and could provide potential targets for immunotherapy in GC, careful consideration should be given before making immunotherapy decisions.

The IHC results were consistent with the transcriptome data in the TCGA database, indicating that the protein expression level of ALKBH5 in GC tumor tissues was lower than that in adjacent normal tissues. Moreover, compared with sequencing data, the protein staining in patients’ tissues was closer to the real world, which further confirmed lowly expressed ALKBH5 and the value of ALKHB5 as a prognostic marker in GC. In addition, although there were a lot of predicted m6A regulator sites on the six regulated genes used to build the risk model, how their expression changed the response to the altered expression of ALKBH5 was not clear. qPCR results showed that when ALKBH5 was knocked down, the mRNA levels of SLC7A2 and CGB3 were downregulated both in MGC-803 and HGC-27 cell lines, indicating that they are regulated by ALKBH5. While there was no distinct relation between these two genes and of GC, SLC7A2 has been proven to be lowly expressed in hepatocellular carcinoma (HCC) and suppress the progress of HCC (50). Furthermore, CGB3 also acts as a tumor suppressor in cervical cancer (51). ALKHB5, SLC7A2, and CGB3 showed a similar tendency to inhibit tumor development, suggesting that SLC7A2 and CGB3 may also play a suppressor role in GC; the internal mechanism of how ALKBH5 regulates these genes needs to be further explored.

Although the present study gave prospective new signatures in GC, there remain some limitations. Firstly, the risk model is mainly from bioinformatic analysis, while the tumor and cells are not in computer and silico, it is needed to validate the function of these genes and the immune cell infiltration in vitro and in vivo. Secondly, as a retrospective study, there must be selection bias in this study; more sequencing data, especially those hospitals, should be adopted for further analysis. Thirdly, based on the transcriptome, IHC, and qPCR analysis, the functions and mechanism of these signature genes should be investigated thoroughly in the future.

In summary, our results suggested that ALKBH5 was lowly expressed in GC and played a role as a repressor. We screened the DEGs in ALKBH5-low subgroup/ALKBH5-high subgroup and got 6 genes (CA10, SLC7A2, LINC02303, CGB3, C1QL2, CGB8) to construct a risk model by LASSO regression. The risk model and nomogram model were validated and showed promising ability for predicting the prognosis. Furthermore, ALKBH5 and its related genes could alter the proportion of immune cell infiltration and provide potential targets for immunotherapy of GC. In addition, the low protein expression of ALKBH5 in GC tissues and its simple regulation of the risk model related genes were checked. Findings in this study suggest that ALKBH5 may be a suppressor of GC, ALKBH5 and its related genes have the probability to be markers to indicate the progression and immunotherapy end of GC.
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Pancreatic cancer (PC) is a malignant tumor with high malignancy that is difficult to diagnose and treat. PC is a major medical problem because of its low early diagnosis rate, high surgical mortality rate, low cure rate, and expensive related testing cost. Therefore, the significance of finding new markers for PC is self-evident. Semaphorins (Semas) have been shown to affect angiogenesis and lymphangiogenesis and can also directly affect the behavior of tumor cells. The expression and related action targets of its family members on PC are summarized in this review.
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1 Introduction

Pancreatic cancer (PC) is an extremely aggressive, fatal disease caused by early metastatic transmission without curative surgical resection. Most PCs (~90%) are pancreatic ductal adenocarcinoma (PDA) (1). Although the prognosis has improved slightly in recent years, the pancreatic cancer-related mortality rate has gradually increased over the last decade, and the 5-year survival rate is still less than 8% (1, 2). Despite the increasing number of surgical treatments, about 70% of patients will still develop early recurrent (3) within 6–12 months after surgery.

Semaphorins (Semas) have been recognized as critical contributors to neural development (4), the immune response (5, 6), and tumor progression (7). Semaphorins consists of a large family of secreted and membrane-associated proteins with a highly conserved, about 500 amino acids, semaphorin domain. Semaphorins were first mentioned in early 1990s. There are more than 20 types of these proteins have been described as guidance factors assisted axon pathfinding during neuronal development (8, 9). These proteins are divided into eight classes based on structural elements and distribution among different phyla (10). Class 1 and 2 Semas are found only in invertebrates, while class 3–7 are found only in vertebrates. Class 8 members are found in viruses. Class 1, 4, 5, and 6 members are transmembrane Semas. Class 2, 3, and 8 Semas are secreted, and class 7 members are glycosylphosphatidylinositol (GPI)-linked (11).

It was reported that cancer mortality declined by 32% between 1991 and 2019 in the United States. Notably, the risk of cancer death decreased by about 2% per year between 2015 and 2019. The remarkable effects of cancer prevention and control, diagnosis, and treatment in recent years are strongly illustrated by this data (1). The improvement in diagnosis levels has enabled the timely diagnosis of some cancers. Advances in adjuvant chemotherapy, targeted therapy, and combination therapy have significantly improved patient outcomes. Nevertheless, the survival rate of PC is still low. Therefore, we summarized the current relevant mechanisms of Semas in PC and their potential for PC treatment in this review.



2 Sema3


2.1 Sema3A

Sema3A has received less focus than its receptors. The study of Sema3A and its receptors, such as plexinsA1-A4 (PLXNA1-A4) and neuropilin-1 (NRP1) in PC, demonstrates that SEMA3A had no impact on the growth or survival of pancreatic tumor cells and was upregulated in PC. Its signaling might partially mediated by Rac1 (12). Interestingly, one research study composed a novel type of hybrid peptide, Sema3A-lytic, which is be formed of two functional amino acid domains: a sequence that binds to NRP1 from Sema3A and a cytotoxic lytic peptide. In addition, this hybrid peptide shows that the Sema3A-lytic hybrid peptide would be a possible anti-cancer agent for treating human PC (13). This may provide a new idea for subsequent studies.



2.2 Sema3B

Sema3B, as a potential tumor suppressor gene, gene loss or down-regulation of its function can promote tumor progressions, such as in lung cancer, breast cancer, ovarian cancer, liver cancer, and cholangiocarcinoma (14–17). Plexins are essential receptors for Sema3B activation of downstream signaling pathways, and Sema3B function depends on the NRP receptor to provide binding sites for both receptors. This can exert anti-tumor angiogenesis and promote tumor cell apoptosis through specific binding to the high affinity of both receptors. Sema3B can compete with VEGF for NRP receptors, hindering the promoting effect of VEGF on vascular endothelial cell division, and partly inhibiting angiogenesis. Thus, it indirectly blocks the nutrient supply of tumor cells and slows down cell division (18). Gao (18) et al. shows that lentiviral vector transfection can construct a stable Sema3B upregulated model in PC CFPAC-1 and PANC-1 cell lines. Overexpression of Sema3B could significantly inhibit the proliferation, invasion, and migration of CFPAC-1 and PANC-1 cells, which means that Sema3B may have an essential role in inhibiting tumor genesis and development in PC. The expression level of Sema3B in PC tissues is closely related to the PC tumor stage, local invasion, lymphatic metastasis, and distant metastasis, and the expression level of Sema3B in PC tissues is closely related to the degree of malignancy of PC. The lower the Sema3B expression level, the higher the pathological malignancy of PC. However, due to the few studies on Sema3B in PC, its specific molecular mechanism still needs to be elucidated.



2.3 Sema3C

Sema3C has a role in promoting tumor development (19), and it is hypomethylated, and its expression increases with tumor progression (20) in PC. Xu (21) et al. suggested that abnormal expression of Sema3C is associated with poor prognosis in patients with PDAC, and high Sema3C expression in PC was associated with a shorter survival time (22). Sema3C may promote PC cell migration and invasion by inducing the epithelial-mesenchymal transition (EMT) and may contribute to cancer therapy. The extracellular signal-regulated kinase (ERK)1/2 is the most critical pathway for promoting cell proliferation, metastasis, and EMT during tumorigenesis. Sema3C promoted the phosphorylation of ERK in PC and confirmed that Sema3C mediated cell proliferation in PC both in vitro and in vivo. Furthermore, Proliferation, migration, invasion, and EMT in a PC cell line attenuated and PDAC cell tumorigenesis upon after xenotransplantation into nude mice reduced since Sema3C was knockdown. Overexpression of Sema3C had the contrary effects and boosted the ERK1/2 signaling pathway (21). Furthermore, the combination of trametinib (MEK inhibitor, downstream of KRAS) and Sema3C inhibitor can induce a synergistic effect in KRAS G12D cells, which shows Sema3C might be a potentially prospects and attractive target for PC therapy, especially in patients with G12D mutation in KRAS (22). These features suggest the strong potential of Sema3C in the treatment of PC.



2.4 Sema3D

Sema3D and its receptor PlexinD1 (PlxnD1) are particularly interesting, as they are the part that is frequently amplified and mutated in human PDA. Jurcak (23) et al. found that the invasive and metastatic capacity of PDA cells is increased due to the interaction of Sema3D with its co-receptors PlxnD1 and Neuropilin-1. It is supported in another study (24) that tumor cells expressing Sema3D can travel toward PlxnD1-expressing neurons, according to their Diagnosis Related Groups (DRG) in vitro data. However, the molecular mechanism of Sema3D in assisting increased PDA cell invasion and metastasis is unknown. Interestingly, this increase of glycolytic gene expression was inhibited with the neutralizing antibody PlexinD1. They also suggested that Sema3D signaling pathway could offer another selectivity in mutant Kras cells.

Moreover, Sema3D in PC is interesting in the conduction relationship between Sema3D, Annexin A2 (AnxA2), and PlexinD1. Foley (25) et al. elucidated one mechanism of PDA metastasis formation: Sema3D can bind to PlxnD1 on the surface of PDA tumor cells in the extracellular space by the regulation of its autocrine function control of AnxA2. This mechanism has also been proven to promote the invasion and metastasis of PDA cells (26) and the tumor. Mice carrying PDA prolong survival and reduces metastasis due the knockdown of Sema3D (24). These studies increase therapeutic options in PDA and provide a strong rationale for the development of adjuvant therapies targeting AnxA2 and Sema3D for PDA after local resection (26).



2.5 Sema3E

Unlike the other three classes of signaling elements, Sema3E can directly bind to its receptor, PlxnD1, which activates cellular signaling. This combination has been shown to contribute to the aggressive and metastatic spread of cancer cells. Lin et al. have shown that Sema3E was significantly expressed in the nuclei of PC cells and overexpressed in human PC which was associated with tumor progression and poor survival (27, 28). Also, they have shown that overexpression of Sema3E in PC cells promoted cell proliferation and migration in vitro, while cancer cell proliferation and migration in vitro had the opposite function (27). In other words, higher incidence and growth of tumors were exhibited by Sema3E overexpressed cells (28), whereas they were reduced by Sema3E knockout cells. Moreover, Sema3E induces cell proliferation through MAPK/ERK pathway (28) (Figure 1). Therefore, Sema3E may be a suitable prognostic marker and an attractive new therapeutic target. It has been confirmed in a study (29) that Sema3E is significantly upregulated after therapeutic expression of panc28 cell lines and is one of the common biomarkers.




Figure 1 | Schematic of pathway depicting the role of Semas in PC Sema3E binds to Plexin-D1and induces cell proliferation by acting through the MAPK/ERK pathway. Sema4D binds to Plexin-B1, activates RhoA, causes the phosphorylation of MAPK and Akt. Sema5A binding to Plexin-B3 activates cMet signaling to enhance migration of PC cells. Sema6C binds to its receptor and suppress AKT/GSK3 signaling pathway.





2.6 Sema3G

Interestingly, the ADAMTS9-AS1-SEMA3G pathway is predicted to play an essential role in immune cell regulation by database screening and validation (30). TCGA and GEO databases were analyzed to screen differential lncRNA ADAMTS9-AS1 associated with prognosis. GO and KEGG enrichment analyses were performed, and the results showed that the gene was significantly associated with immunity. The infiltration, significant positive correlation with B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells (DCs) was verified using the TIMER database, and a more significant correlation with CD8+ T cells and macrophages in PC. Negative correlation between the lncRNA and tumor grade was shown in a clinical correlation analysis. Thus, it shows that the higher the lncRNA expression in PC, the more immune infiltration in the tumor, the lower the tumor grade, and the better the patient prognosis (30). Therefore, the ADAMTS9-AS1-SEMA3G pathway is predicted to play an essential role in immune cell regulation.

Additionally, Gao (31) et al. have proven the role of Sema3G in proliferative capacity and cell migration in PC cells. Human PC PANC-1 cells were transfected with the Sema3G lentivirus interference vector, whose proliferation, invasion, and migration capacity were significantly decreased, indicating that Sema3G could significantly inhibit the proliferation, invasion, and migration of PC. The mechanism of Sema3G inhibiting PC invasion and metastasis and the signaling pathways it works with to inhibit PC progression still needs further intensive investigation.



2.7 Sema4D

Sema4D has been one of the research hotspots in recent years. It has been deemed to promote the progress of malignancies by affecting cell proliferation, apoptosis, and immigration (32). Sema4D can bind to the ligand Plexin-B1 and activate small GTPase Ras homolog gene family, member A (RhoA), causing the phosphorylation of MAPK and Akt, thereby enhancing the invasive energy of PC cells (33, 34) (Figure 1). It was reported in the relevant literature that inhibition of Sema4D in tumor cells not only inhibits tumor angiogenesis but also may restore T-cell immune activity specific to antigens (34, 35). Notably, Sema4D-siRNA downregulates the expression of Sema4D in pancreatic cells, inhibiting the proliferation of PC cells and reducing their invasive ability and apoptosis (36). Therefore, a team proposed immunotherapy strategies to block Sema4D, which could improve the sensitivity of PDAC to immune checkpoint blockade (ICB) (37), and treatment with Sema4D blocking antibody improved response to ICB in combination by using the standard of care FOLFIRINOX in preclinical murine studies (38). Moreover, the considerable progress of Pepinemab, the Sema 4D antibody, is well tolerated and has potent anti-tumor activity (39), but resistance to immunotherapy often limits patient efficacy. It has been suggested in studies that when Sema4D antibodies are combined with immune checkpoint inhibitors, such as the anti-Sema4D antibody Pepinemab, and combined with the immune checkpoint inhibitor PD-L1 mAb Avelumab, they can enhance T-cell activity, thus persistently inhibiting tumor growth (40).



2.8 Sema5A

Sema5A is tumor-promoting in PC. Moreover, Sema5A is expressed in most PC tissues and is not or low expressed in normal pancreatic tissues, which elucidates that Sema5A could be a marker for PC (41, 42). Furthermore, upregulation of mouse Sema5A in Panc1 enhanced tumor cell proliferation and the incidence of distant metastasis to the lymph nodes, liver, spleen, and peritoneal cavity after in situ injection in mice. It was suggested by these results that Sema5A was associated with tumor growth, metastatic potential, and invasiveness (43). It is noteworthy that PC cell migration is enhanced by Sema5A by activating cMet signaling in a PlexinB3-dependent manner (44) (Figure 1). Additionally, proliferation and angiogenesis are promoted by SEMA5A in the primary tumor setting, thereby enhancing metastasis (44, 45). Thus, Sema5A/PlexinB3 may represent an attractive targetable axis in PC.



2.9 Sema6C

Sema6C might be a potential tumor suppressor in PC and serve as a poor prognostic biomarker in PC (45). Sema6C, a tumor suppressor in PC, causes reduction of cyclin D1 expression and cell proliferation which includes cyclin-dependent kinase 4/6(CDK4/6) (46) by inhibiting the AKT/GSK3 signaling axis (47) (Figure 1). Moreover, they demonstrated a brand new regulatory role of miR-124-3p in suppressing Sema6C and suggested the treatment of Sema6C-downregulated cancer by CDK4/6 inhibitors (48).




3 Potential application

Recently, Semas have been aberrantly expressed in many tumors and have a regulatory role in tumor development, represented by Sema3 and Sema4. An anti-Sema3A antibody has been patented to reduce immunosuppression caused by tumor-secreted Sema3A, and is available to the treatment of Alzheimer disease and immune dysfunction; Sema4D inhibitors are also patented to increase the frequency of tumor-infiltrating leukocytes by blocking the combination of Sema4D with its receptor (49), and is suitable for the treatment of human head and neck cancer, colon cancer, breast cancer, etc (50). Moreover, in Phase I prospective multiple escalating dose trials completed in patients with advanced refractory solid tumors, treatment with anti-Sema4D antibodies remains well tolerated (51) and still be safe, such as the combination of Avelumab and the Sema4D inhibitor Pepinemab (52). Semas, which may be used as prognostic markers, can be further investigated to select molecular inhibitors with high selectivity and establish PDX models for drug selection evaluation. In addition, signaling pathways that have not yet been identified can be screened and validated against databases to obtain relevant signaling pathways, on which further studies can be conducted.The current research on Semaphorins in PC is only singularly focused on one or two class, and it is hoped that some investigators will keep further research on the above viable and relevant targets to enhance pre-prognostic and prognostic diagnosis, the addition of synthetic emerging drugs and novel combinations of existing drugs.



4 Conclusions and future perspectives

The targets and treatment of Semaphorins in PC are shown in Table 1. Further research is needed to investigate the mechanism of Semas in PC, with the most promising potential being Sema3C and Sema4D, which are already research hotspots. Among them, the Sema5A/plexinB1 axis and the 6CSEMA6C AKT/GSK3 axis provide us with brand-new ideas, but related research still needs to elucidate its practical feasibility further. The treatment related to Sema4D shows that the multicombination of drug treatment can solve the problem of drug resistance, improve the durability of the treatment, and make noteworthy progress in treating PC.


Table 1 | Related targets and treatment of semaphorins in pancreatic cancer.
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Purpose/objective

Postoperative toxicity for esophageal cancer impacts patient quality of life and potentially overall survival (OS). We studied whether patient and toxicity parameters post-chemoradiation therapy predict for post-surgical cardiopulmonary total toxicity burden (CPTTB) and whether CPTTB was associated with short and long-term outcomes.



Materials/methods

Patients had biopsy-proven esophageal cancer treated with neoadjuvant chemoradiation and esophagectomy. CPTTB was derived from total perioperative toxicity burden (Lin et al. JCO 2020). To develop a CPTTB risk score predictive for major CPTTB, recursive partitioning analysis was used.



Results

From 3 institutions, 571 patients were included. Patients were treated with 3D (37%), IMRT (44%), and proton therapy (19%). 61 patients had major CPTTB (score ≥ 70). Increasing CPTTB was predictive of decreased OS (p<0.001), lengthier post-esophagectomy length of stay (LOS, p<0.001), and death or readmission within 60 days of surgery (DR60, p<0.001). Major CPTTB was also predictive of decreased OS (hazard ratio = 1.70, 95% confidence interval: 1.17-2.47, p=0.005). The RPA-based risk score included: age ≥ 65, grade ≥ 2 nausea or esophagitis attributed to chemoradiation, and grade ≥ 3 hematologic toxicity attributed to chemoradiation. Patients treated with 3D radiotherapy had inferior OS (p=0.010) and increased major CPTTB (18.5% vs. 6.1%, p<0.001).



Conclusion

CPTTB predicts for OS, LOS, and DR60. Patients with 3D radiotherapy or age ≥ 65 years and chemoradiation toxicity are at highest risk for major CPTTB, predicting for higher short and long-term morbidity and mortality. Strategies to optimize medical management and reduce toxicity from chemoradiation should be strongly considered.





Keywords: trimodality therapy, cardiac toxicity, radiotherapy toxicity, modeling, outcomes, esophagus



Introduction

Trimodality therapy for esophageal cancer consists of concurrent chemoradiotherapy followed by esophagectomy and is the standard of care for patients with resectable, non-metastatic stage 2 or greater disease (1–3). Side effects associated with trimodality therapy, however, can substantially impact patient quality of life. Though the rates of grade ≥ 3 (G3+) toxicity post-chemoradiotherapy were low in the CROSS trial (including 5% anorexia and 6% leukopenia), at least 30% of patients experienced any grade anorexia, fatigue, nausea, leukopenia, and thrombocytopenia. Further, 46% of patients experienced post-operative pulmonary complications in the neoadjuvant chemoradiotherapy arm, and 21% of patients suffered post-operative cardiac complications, with postoperative morality of 4% (4). The reported lengths of hospital stay post-esophagectomy (LOS) vary, but post-operative complications are also key drivers of post-operative readmission rates within 30-90 days after esophagectomy (5–7). Some studies also report potential correlations between increased LOS and reduced OS (8, 9).

Efforts to reduce the burden of toxicity have primarily consisted of optimizing radiotherapy dose delivery, supportive care, and selective esophagectomy (10–12). The underlying hypothesis considers the possibility that neoadjuvant chemoradiotherapy influences post-operative toxicity. For instance, reduction of heart and lung irradiation with advanced radiotherapy techniques may be associated with a lower risk of cardiac toxicity (13). A recent randomized clinical trial showed that a reduction in irradiation of organs at risk resulted in less severe adverse events with use of proton beam radiotherapy relative to intensity modulated radiotherapy, which currently is the topic of the NRG GI006 clinical trial (12). Proton beam radiotherapy can also reduce the risk of hematologic toxicity, such as severe lymphopenia (14). Though additional studies are undoubtedly required, selective esophagectomy is another strategy that has demonstrated encouraging OS in carefully selected patients and may provide the opportunity to reduce treatment-related morbidity (15, 16). Other investigators have explored prehabilitation to optimize a patient’s status prior to surgery, in the hopes of reducing post-operative complications (17–19).

In this study, we aimed to evaluate a new composite variable, post-operative cardiopulmonary total toxicity burden (CPTTB), for its predictive power for OS, LOS, and death or readmission within 60 days of surgery (DR60) (12). We also sought to investigate whether toxicity post-chemoradiotherapy is predictive of post-operative complications to determine which patients might benefit from additional pre-operative management or even omission of esophagectomy.



Methods


Data collection

Further details and inclusion and exclusion criteria concerning this data have been previously published (20). Briefly, 571 patients treated with trimodality therapy for biopsy-proven, American Joint Committee on Cancer 7th edition staging system cT1N1-3M0 or cT2-4aN0-3M0 esophageal cancer were included from 3 academic institutions (21). Consecutive patients treated at these 3 institutions between 2007 through 2013 were included. Trimodality therapy consisted of neoadjuvant concurrent chemoradiotherapy followed by esophagectomy. Induction chemotherapy was allowed but not required, but all patients in this dataset were required to have proceeded to esophagectomy. Multidisciplinary evaluation of all patients was required. Follow-up was conducted per institutional standards; however, at least 2 years of follow-up was required for survivors after surgery for inclusion in any survival analyses to minimize mortality bias. Most commonly, patients had scheduled follow-up every 3 months for the first year, every 6 months for the next 2 years, and then subsequent annual follow-ups. Physical examination and CT or PET/CT were standard at all follow-up visits, but utilization of surveillance esophagogastroduodenoscopy was variable. Toxicities were distinguished between toxicity during or post-chemoradiotherapy (but prior to esophagectomy) and post-operative side effects. Adverse effects were graded using the Common Terminology Criteria for Adverse Events version 4.0. Institutional review board approval was obtained at all participating institutions.



Treatment details

Induction chemotherapy was allowed and generally consisted of 4-8 weeks of therapy with a fluoropyrimidine, a platinum agent, and/or a taxane when utilized (22). Concurrent chemotherapy agents were variable among the participating institutions (Table 1). The median radiotherapy dose was 50.4 Gy in 28 fractions delivered 5 days weekly using 3D conformal radiotherapy, intensity modulated radiation therapy (IMRT), or proton beam therapy. Esophagectomy consisted of Ivor-Lewis, other transthoracic, transhiatal, or other surgical approaches. Surgical technique was selected by the operating team. All patients underwent preoperative staging approximately 4-6 weeks after completing neoadjuvant therapy.


Table 1 | Patient characteristics are demonstrated.





Endpoints and statistical analysis

The principal endpoints of our analysis were CPTTB and OS. OS was defined as the time from surgery to death or loss to follow-up. CPTTB is a new metric derived from the work of Lin et al. (12). The 5 most frequent post-operative cardiopulmonary toxicities (myocardial infarction, non-ischemic cardiac, pleural effusion, pneumonia, ARDS) were used to create an aggregate CPTTB score. Weights were determined as “best opinion” per the previous work of Lin et al., which more heavily weighted more severe toxicity (e.g. myocardial infarction) relative to generally less severe side effects (e.g. pleural effusion) (Table 2) (12). The CPTTB score is derived as the sum of the weights of each individual cardiopulmonary toxicity. All components available from the initial assessment by Lin et al. were included within our analysis.


Table 2 | The components of cardiopulmonary total toxicity burden (CPTTB) are tabulated, along with their corresponding weights.



A CPTTB risk score was developed using RPA to predict for major CPTTB. Major CPTTB was defined as CPTTB score greater than or equal to 70 a-priori, corresponding to a major post-operative toxicity (myocardial infarction or ARDS) or multiple intermediate post-operative toxicities. We aimed to first assess the predictive and prognostic power of CPTTB; then we sought to generate a CPTTB risk score predictive of major CPTTB. Associations between CPTTB, as both a continuous and categorical variable, and OS were assessed using Cox proportional hazards analysis. The CPTTB risk score was generated and used to predict CPTTB as both a continuous and discretized outcome using RPA. Secondary endpoints included LOS and DR60. Disease-free survival considered the time to recurrence or death (from any cause) while disease-specific survival only included death if it was secondary to disease (as opposed to another cause). DR60 was analyzed as a binary event using logistic regression, and LOS as a continuous outcome using linear regression. Statistical significance was defined in all instances as p < 0.05, and 95% confidence intervals (CI) were recorded throughout the analysis. Statistical analyses were performed using SAS, version 9.4, and R, version 3.6.2.



Recursive partitioning analysis

RPA was utilized in an effort to develop a CPTTB risk score predictive of major CPTTB. This approach incorporated decision-tree analysis, and this methodology has been previously utilized and published (23–25). RPA was conducted in Python (v3.8.0) using open-source packages (26–28). The binary endpoint of major CPTTB was used as the endpoint of RPA. Node-splitting required a minimum of 15 patients in each group, but a range of 15-20 was explored. RPA trees were only allowed to consist of two levels, such that there were a maximum of 4 groups. Prior to model generation, a correlation heatmap was generated to assess for correlation between candidate variables, and feature importance testing was conducted to minimize overfitting. All candidate RPA models were developed using the training set (60%) and refined with an internal validation set (20%), with accuracy subsequently assessed through an independent test set (20%). This approach allowed for consideration of potential correlations between candidate variables, as well as internal validation. Variables used in the highest-fidelity models were then considered for incorporation in the resulting risk score.




Results


Dataset

The final dataset consisted of 571 patients from 3 institutions with demographic and tumor features shown in Table 1. The median age at diagnosis was 60 years (interquartile range [IQR]: 53-67), with a predominance of male patients (85%). Most tumors were adenocarcinoma (93%), with 65% poorly differentiated. Almost all cases involved distal esophageal tumors (93%) and most were staged as IIa (28%) or III (60%). Median radiation dose was 50.4 Gy (IQR: 50.4-50.4), and median fractionation number was 28 (IQR: 28-28), with 89% of patients treated with 28 fractions delivering 50.4 Gy. Radiotherapy treatment modalities include 3D conformal (37%), IMRT (44%), and proton therapy (19%).



Overall toxicity

Treatment-related adverse events were common both post-chemoradiotherapy and post-operatively (Table 3). A total of 14% of patients required a feeding tube, and G2+ dysphagia, esophagitis, nausea, and fatigue each occurred in at least 30% of patients during or immediately after chemoradiotherapy. The most common post-operative toxicities were non-ischemic cardiac toxicity (16%), pleural effusion (13%), and pneumonia (13%). Non-ischemic cardiac toxicity most often involved atrial fibrillation and acute exacerbation of congestive heart failure. The median length of hospital stay post-operatively was 9 days (IQR: 7-13) and 19% of patients had DR60: death or readmission to the hospital within 60 days of esophagectomy.


Table 3 | Treatment related adverse events.





Cardiopulmonary total toxicity burden

As a continuous variable, CPTTB was predictive of decreased OS (hazard ratio [HR] = 1.07 per 10-point increase in CPTTB, 95% confidence interval [CI]: 1.03-1.10, p<0.001). CPTTB was discretized into major CPTTB (CPTTB score ≥ 70), minor CPTTB (0 < CPTTB ≤ 60), and no CPTTB. Though only 11% of patients had major CPTTB, a statistically significant association of major CPTTB with decreased OS (HR = 1.70, 95% CI: 1.17-2.47, p=0.005) was demonstrated (Figure 1).




Figure 1 | Inferior overall survival (OS) is demonstrated in patients who developed major cardiopulmonary total toxicity burden (CPTTB) (≥ 70) (p=0.005).



Secondarily, CPTTB was shown to be predictive of increased DR60 and LOS. As a continuous variable, CPTTB was associated with increased risk of DR60 with an odds ratio (OR) of 1.25 (95% CI: 1.18-1.32, p<0.001) per 10-point increase in CPTTB. Major and minor CPTTB were associated with odds ratios of 10.3 (95% CI: 5.61-19.0, p<0.001) and 5.63 (95% CI: 3.40-9.31, p<0.001) for DR60. CPTTB was also associated with increased LOS as a continuous variable (p<0.001) (Figure 2A) and as a discretized variable (p<0.001) (Figure 2B).




Figure 2 | Increased length of hospital stay after esophagectomy (LOS) is also demonstrated with major CPTTB (p<0.001), both as a continuous variable (A) and as a discretized variable (B).





Predictors of CPTTB

Candidate pre-operative variables, including toxicity attributed to chemoradiotherapy, for prediction of major CPTTB were selected as those with p<0.10 via Wilcoxon p-value on univariate analysis (Supplemental Table 1). In total there were 61 patients with CPTTB ≥ 70, with a median CPTTB of 0 (range: 0-230). A correlation heatmap was then generated, revealing correlation between G2+ and G3+ hematologic toxicity, as well as the types of concurrent chemotherapy. 3D radiotherapy was also discarded secondary to significant correlation with post-chemoradiotherapy toxicity. Feature importance testing was then conducted, prior to model generation (Supplemental Table 2). RPA was performed with the remaining candidate variables. The highest-fidelity models demonstrated high degrees of accuracy in the validation (91%) and test (93%) sets, revealing that G2+ nausea, G2+ esophagitis, G3+ hematologic toxicity, and age ≥ 65 years were the most important variables in the highest-fidelity models. A resulting model was generated, with 1 point awarded for (a) age ≥ 65, (b) G2+ nausea and/or G2+ esophagitis attributed to chemoradiation, and (c) G3+ hematologic toxicity attributed to chemoradiation. Additional analyses of potential predictive factors for CPTTB are shown in Supplemental Tables 3 and 4. Of note, the delivery of induction chemotherapy did not result in increased CPTTB (Supplemental Table 3).



Assessment of CPTTB risk score performance

A resulting model for the CPTTB risk score was generated. The CPTTB risk score effectively predicted the incidence of major CPTTB, as patients with a score of ≥ 2 had an 18% risk of major CPTTB, compared to 10% with a score of 1, and 2% with a score of 0 (Table 4). Scores of 2 and 3 were grouped together, as only 20 patients had a score of 3. The model demonstrated an AUC of 0.66, p<0.001. A score of 1 showed an OR of 5.15 (95% CI: 1.54-17.3, p=0.008), and a score of 2-3 showed OR of 9.78 (95% CI: 2.91-32.8, p<0.001) for major CPTTB. The CPTTB risk score was also predictive of continuous CPTTB (p<0.001). CPTTB risk scores of 1 and 2-3 were associated with an increase in CPTTB of 10.3 (95% CI: 3.1-17.6) and 22.1 (95% CI: 14.2-30.1) points, respectively, over a risk score of 0. The score directly predicted for DR60 (p=0.017) but not LOS (p=0.078). The risk score was not predictive of either disease-free survival (p=0.37) or disease-specific survival (p=0.73).


Table 4 | The performance of the CPTTB risk score for predicting major CPTTB is tabulated below.





3D radiotherapy

Though 3D radiotherapy was excluded as a candidate variable from model development due to significant correlation with post-chemoradiotherapy toxicity, it was assessed separately. Patients treated with 3D radiotherapy had worse OS (HR=1.40, 95% CI: 1.08-1.81, p=0.010) but not disease-free survival (HR=1.22, 95% CI: 0.96-1.54, p=0.098) when compared with patients treated with IMRT or proton beam radiotherapy (Figure 2). Of 211 patients treated with 3D radiotherapy, 39 (18.5%) experienced major CPTTB compared with only 6.1% of patients treated with IMRT or proton therapy (p<0.001). Patients treated with 3D radiotherapy also had increased LOS (mean 13.3 days vs. 10.9 days, p=0.002) and risk of DR60 (OR=1.67, 95% CI: 1.10-2.54, p=0.017).

The model demonstrated greater predictive power for major CPTTB (AUC=0.70) among patients treated with IMRT or proton therapy relative to those only treated with 3D radiotherapy (AUC=0.56). The model was also predictive of CPTTB as a continuous variable for all patients or only patients treated with IMRT or proton therapy (p<0.001 and p=0.001, respectively), but it was not predictive in patients treated with 3D radiotherapy (p=0.12). Finally, adherence to standard heart and lung dose constraints (both from Quantec and our clinical practice), as stratified by treatment modality, is shown in Supplemental Table 5.




Discussion

In this analysis, we present a cohesive study of an surrogate variable for post-operative complications: CPTTB. We sequentially demonstrate that (1) CPTTB predicts for OS and multiple important secondary surgical endpoints, including LOS and DR60; (2) advanced age and chemoradiotherapy toxicity are key predictors for the development of major CPTTB; and (3) 3D radiotherapy portends reduced OS and increased CPTTB compared with more conformal techniques, such as IMRT and proton therapy. While the associated morbidity and impacts on patient quality of life secondary to post-operative toxicity have been previously reported, the association with OS is particularly striking and encourages additional study into optimizing pre-operative management, neoadjuvant chemoradiotherapy techniques, and patient selection for esophagectomy (5–7).

CPTTB represents a surrogate variable based upon the work of Lin et al. demonstrating the reduction of side effects with proton therapy compared to IMRT in a randomized phase IIB clinical trial (12). In the present analysis, we build upon this foundation by demonstrating a strong association between CPTTB and OS. For some patients, this reduction in OS could minimize or even eliminate the corresponding benefit derived from trimodality therapy (1, 2). Our analysis cannot definitively discern whether CPTTB predicts for patients who may have reduced OS secondary to post-operative toxicity or alternatively decreased OS due to other medical comorbidities; however, the fact that underling medical conditions (including coronary artery disease and diabetes mellitus) were generally not predictive of CPTTB suggests at least some element of a causative relationship. Notably, these results are best applied to distal esophageal adenocarcinomas.

Efforts to determine the impact of chemoradiotherapy toxicity on post-operative complications resulted in the development of the CPTTB risk score and revealed multiple factors predictive of major CPTTB, including advanced age, G3+ hematologic toxicity, and G2+ nausea and/or G2+ esophagitis. While our analysis cannot conclusively demonstrate the underlying reasons for this association, hematologic toxicity can increase the likelihood of infection, and pneumonia remains one of the principal post-operative complications after esophagectomy (29–31). Nausea and esophagitis could potentially impact post-operative caloric intake and malnutrition, thereby limiting post-operative recovery. The influence of age on post-operative complications remains controversial, as other reports have demonstrated minimal impact on outcomes (32, 33). It is possible that age serves as a surrogate for the presence of other medical comorbidities not directly assessed in our analysis. Even so, we present an RPA-based score predictive of post-esophagectomy cardiopulmonary toxicity, which could be used to further guide clinical decision-making by identifying patients who may benefit from further medical optimization prior to proceeding with surgical resection.

3D radiotherapy was an important predictor of both OS and CPTTB. Though patients treated with 3D radiotherapy had reduced OS, a statistically significant association with disease-free survival was not identified, suggesting that CPTTB likely has at least some direct impact on OS. An analysis by Ling et al. demonstrated the potential for a reduction in cardiopulmonary toxicity with proton beam radiotherapy in this setting, further supporting our conclusions (34). A systematic review and meta-analysis also derived a similar result: a reduction in dose delivered to the lungs and heart was identified with IMRT compared to 3D radiotherapy (35). Overall, our conclusions add to the growing body of literature that IMRT or proton beam radiotherapy should be preferred to 3D radiotherapy in the setting of trimodality treatment for esophageal cancer. Multiple studies have identified further benefits beyond only cardiopulmonary toxicity, including achieving lower vertebral bone marrow doses to reduce acute bone marrow toxicity (36, 37). In light of this recommendation, our predictive model for CPTTB was reassessed for only the subset of patients treated with IMRT or proton therapy, and higher accuracy was shown. This finding suggests that our model can continue to be utilized in the setting of IMRT and proton therapy.

Various approaches could be employed to minimize toxicity for patients at high risk for side effects. In the setting of esophagectomy, encouraging results using prehabilitation (optimization of a patient’s status prior to surgery) have been reported, prompting the development of prospective studies (17–19). A randomized trial of 68 patients with prehabilitation consisting of exercise and nutrition optimization demonstrated improved functional capacity before and after surgery compared to the control group (38). A recent network meta-analysis confirmed that, while neoadjuvant chemoradiotherapy improved OS compared to surgery or chemoradiotherapy alone, neoadjuvant chemoradiotherapy increased the risk of postoperative mortality (39). These results support the notion that trimodality therapy requires careful assessment of appropriate patient selection. Patients also require optimized medical management for symptoms, including pre-treatment antiemetics and consideration for proactive prescriptions of analgesics. Finally, in the recent EA2174 phase II/III study, elective nodal radiation was not recommended for patients with node-negative disease (40). Though omission of elective nodal volumes remains controversial in this setting, it may contribute to reduction of dose to organs at risk and thereby reduce the risk of side effects.

Though many institutions routinely prescribe 50-50.4 Gy in the setting of neoadjuvant chemoradiation, the dose could also be decreased to 41.4 Gy (per the CROSS trial) in an effort to reduce toxicity (1). In the CROSS trial, any grade esophagitis was only 19% (and only 1% grade 3 or higher esophagitis), substantially lower than in the current study (4). In the systematic review by Li et al., no detriment was identified with delivery of 41.4 Gy compared with higher doses, further supporting the potential use of dose deescalation in select patients (41). It is unknown whether the benefits of proton therapy and IMRT compared to 3D radiotherapy translate as strongly with the delivery of 41.4 Gy, as opposed to 50-50.4 Gy. A major benefit of prescription doses of 50-50.4 Gy is that if a patient does not proceed to surgical resection for any reason, then a definitive dose of chemoradiation was still delivered. For this reason, if omission of surgery is being considered for a given patient, prescription doses of 50-50.4 Gy should be preferred.

This analysis is limited by the retrospective nature of the underlying data and best applies to patients with distal esophageal adenocarcinoma. Efforts were made to minimize the influence of underlying biases and institutional preferences on the results presented, including use of a large, multi-institutional dataset, analysis of CPTTB both as continuous and discretized variable, and incorporation of internal validation and test sets when identifying variables predictive of CPTTB. This potential limitation was also mitigated by the fact that all patients underwent trimodality therapy (including esophagectomy), and there was minimal heterogeneity of radiotherapy dose, fractions of treatment, and the use of concurrent chemotherapy (though the specific chemotherapy agent varied). Further validation of the CPTTB risk score with modern external datasets would also be beneficial. Incorporation of additional cardiac risk factors (e.g. hypertension and hyperlipidemia) could also strengthen our resulting model. Finally, the lack of time-to-event data for post-operative toxicity prevented the use of some statistical approaches.



Conclusions

CPTTB is an important composite variable and predicts for OS, LOS, and DR60 after trimodality therapy for esophageal cancer. Patients with age ≥ 65 years with post-chemoradiation toxicity are at highest risk for major CPTTB, and strategies to optimize medical management, reduce toxicity from chemoradiation, and improve each patient’s medical status prior to surgery should be strongly considered.
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Background

Patients with tumors generally present with accompanying activation of the coagulation system, which may be related to tumor stage. To our knowledge, few studies have examined the activation of the coagulation system in reference to lymph node metastasis within gastric cancer. This study aimed to investigate the correlation between multiple coagulation-related factors and lymph node metastasis in patients with gastric cancer after excluding the influence of tumor T stage.


Materials and methods

We retrospectively evaluated the relationship between lymph node metastasis and coagulation-related factors in 516 patients with T4a stage gastric cancer. We further analyzed influencing factors for lymph node metastasis and verified the predictive value of maximum amplitude (MA, a parameter of thromboelastography which is widely used to assess the strength of platelet-fibrinogen interaction in forming clots) in reference to lymph node metastasis.


Results

Platelet counts (P=0.011), fibrinogen levels (P=0.002) and MA values (P=0.006) were statistically significantly higher in patients with T4a stage gastric cancer presenting with lymph node metastasis than in those without lymph node metastasis. Moreover, tumor N stage was statistically significantly and positively correlated with platelet count (P<0.001), fibrinogen level (P=0.003), MA value (P<0.001), and D-dimer level (P=0.010). The MA value was an independent factor for lymph node metastasis (β=0.098, 95% CI: 1.020-1.193, P=0.014) and tumor N stage (β=0.059, 95% CI: 0.015-0.104, P=0.009), and could be used to predict the presence of lymph node metastasis in patients with gastric cancer (sensitivity 0.477, specificity 0.783, P=0.006). The independent influencing factors for MA value mainly included platelet levels, fibrinogen levels, D-dimer and hemoglobin levels; we found no statistically significant correlations with tumor diameter, tumor area, and other evaluated factors.


Conclusion

We conclude that MA value is an independent influencing factor for lymph node metastasis and tumor N stage in patients with T4a stage gastric cancer. The MA value has important value in predicting the presence or absence of lymph node metastasis in patients with gastric cancer.


Clinical trial registration

http://www.chictr.org.cn, identifier ChiCTR2200064936.
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1  Introduction

Gastric cancer is a major global health problem. Worldwide, gastric cancer is the fifth most prevalent cancer, and presents with the fourth highest mortality rate (1). Lymph node metastasis is one of the most important influencing factors for poor prognosis in gastric cancer (2). A large number of studies have shown that, in addition to factors such as tumor length, tumor short diameter, tumor area, and histopathologic grade, the ratio of preoperative platelets/lymphocytes and neutrophils/lymphocytes as well as various inflammatory indicators may also be related to lymph node metastasis in patients with gastric cancer (3, 4). Moreover, some previous studies reported that coagulation factors may mediate invasion and migration in gastric cancer (5), and additional studies have found that some coagulation factors (such as platelet and fibrinogen levels) may be related to tumor stage in gastric cancer (6, 7). Hence, evidence to date demonstrates an inseparable connection between gastric cancer and blood coagulation.

Coagulation is a highly conserved process that involves the formation of blood clots (thrombi) at the site of the injury, leading to hemostasis. The coagulation process mainly comprises platelet activation, adhesion, and aggregation, as well as deposition and maturation of the fibrin network (8–10). Coagulation-related events in the tumor stroma and local microenvironment (e.g., platelet activation, adhesion, and aggregation, as well as deposition and maturation of the fibrin network and fibrinolysis) may be activated in the presence of tumors, and the degree of activation has been associated with tumor cell growth and metastasis (11–14). Activation of the coagulation system, including platelet activation, can also induce the production of tumor growth factors and can lead to tumor metastasis (15). These findings all reflect the inseparable relationship between tumor development/progression and coagulation indicators. However, there are few studies addressing whether coagulation-related factors are associated with lymph node metastasis in gastric cancer, and most existing studies do not exclude the influence of tumor T stage within their study design.

In this study, we enrolled 516 patients with T4a stage gastric cancer in order to explore the correlation between lymph node metastasis and coagulation-related factors through comparisons oncological and coagulation-related factors. We additionally analyzed the predictive value of maximum amplitude (MA, a parameter of thromboelastography which is widely used to assess the strength of platelet-fibrinogen interaction in forming clots) in gastric cancer patients with or without lymph node metastasis.


2  Materials and methods

2.1  Patients

We initially selected a total of 1128 patients with primary gastric cancer who presented at Shandong Provincial Hospital between January 2018 and January 2022, and retrospectively collected their clinical and pathological data.

The inclusion and exclusion criteria for the present study are as follows. Namely, we enrolled (1) patients with primary gastric malignant tumors, (2) patients not receiving preoperative neoadjuvant chemotherapy, (3) patients in whom no distant metastases, such as liver or lung metastases, were found on preoperative ultrasound and computed tomography (CT) examinations, (4) patients who underwent radical resection of gastric cancer, (5) patients with a postoperative pathology of adenocarcinoma or signet ring cell carcinoma according to the WTO pathological classification, (6) patients who did not take anticoagulant drugs (such as aspirin) prior to surgery, and (7) patients who denied any previous coagulation disorder.

Among the identified patients, we selected 516 patients with T4a gastric cancer in order to exclude the influence of tumor T stage, and retrospectively analyzed preoperative baseline characteristics, preoperative laboratory tests, and postoperative pathological results for these patients (Figure 1).



Figure 1 | Patient selection flow chart.



This work is reported in accordance with Strengthening the Reporting of Cohort Studies in Surgery (STROCSS) guidelines.


2.2  Data collection

We collected data on preoperative baseline indicators, such as age, gender, preoperative Eastern Cooperative Oncology Group (ECOG) score, anesthesia American Society of Anesthesiologists (ASA) score, postoperative pathological results (Table 1), and preoperative laboratory test findings (Table 2), for the 516 patients with T4a gastric cancer enrolled in this study.

Table 1 | Clinical participant baseline characteristics.



Table 2 | Basic statistic data of laboratory examinations for the clinical participants.



This work was approved by the Medical Ethics Committee of the Shandong Provincial Hospital (affiliated with Shandong University, Jinan, China). Informed consent was obtained from all patients. This study was conducted in accordance with the principles of the Declaration of Helsinki.


2.3  Statistical analysis

Data are reported as means ± standard deviations. We employed univariate and multivariate analysis to determine the independent influencing factors for lymph node metastasis and tumor N stage in patients with gastric cancer. We constructed a receiver operating characteristic (ROC) curve to evaluate the predictive value of MA in patients with gastric cancer presenting with or without lymph node metastasis, and derived the area under the curve (AUC) and its associated 95% confidence interval (CI). Stepwise linear regression analysis was used to identify independent influencing factors for MA. Statistical analyses were performed using SPSS statistical software (version 22.0; SPSS Inc., Chicago, IL, USA). A two-sided P-value of <0.05 was considered the threshold for statistical significance.



3  Results

3.1  Baseline patient characteristics

Baseline patient characteristics are presented in Tables 1 and 2. The overall male to female ratio was 2.58:1, the mean tumor length was 5.8 ± 2.8 cm, and the mean tumor short diameter was 1.4 ± 0.9 cm. Patients with vascular invasion accounted for 39.9% of the study population, and those with nerve invasion accounted for 54.3% of the population (Table 1) The mean platelet count was 260.40 ± 77.03 x109/L, the mean fibrinogen level was 3.21 ± 0.69 g/L, the mean MA value was 60.58 ± 6.73 mm, and the mean D-dimer level was 0.74 ± 1.03 mg/L (Table 2).



Figure 2 | Comparison of differences in multiple coagulation-related factors according to presence or absence of lymph node metastasis. (A) Lymph node metastasis in patients with gastric cancer is related to platelet level. (B) Lymph node metastasis in patients with gastric cancer is related to MA. (C) Lymph node metastasis in patients with gastric cancer is related to fibrinogen level. ** 0.001≤P<0.01, *** P<0.001



Among the patients with gastric cancer initially included in the present study, 292 patients presented with T1 stage cancer (N0: 274, N1: 27, N2: 16, N3a: 2, N3b:0), 151 patients presented with T2 stage cancer (N0: 84, N1: 19, N2: 31, N3a: 17, N3b:0), 169 patients presented with T3 stage cancer (N0: 55, N1: 42, N2: 32, N3a: 39, N3b:1), and 516 patients presented with T4a stage cancer (N0: 83, N1: 85, N2: 128, N3a:210, N3b:10) (Table 3). The latter set of patients formed the primary analytic population.

Table 3 | The number of patients in each T/N stage.




3.2  Influencing factors for lymph node metastasis in stage T4a gastric cancer

On univariate analysis, we found that the N+ group (comprising those with lymph node metastasis, including patients with N1, N2, N3a and N3b stage cancer) showed statistically significant differences in tumor length, tumor short diameter, tumor area, primary tumor site, histopathologic grade, vascular invasion, platelet counts, MA values, and fibrinogen levels as compared with the N0 group (those without lymph node metastasis) (Table 4). Among these factors, platelet counts, MA values, and fibrinogen levels were determined to be coagulation-related factors.

Table 4 | Influencing factors of lymph node metastasis(N0/N+) in patients with gastric cancer.



The platelet level in the N+ group was higher than that in the N0 group (264.13 ± 79.79 x109/L vs. 239.95 ± 55.87 x109/L, P=0.011), and the MA value in the N+ group was higher than that of the N0 group (61.07 ± 6.92 mm vs. 58.03 ± 4.93 mm, P=0.006). The fibrinogen level in the N+ group was also higher than that in the N0 group (3.25 ± 0.69 g/L vs. 2.99 ± 0.64 g/L, P=0.002) (Figure 2). No statistically significant differences were found in reference to D-dimer levels, prothrombin time (PT), activated partial thromboplastin time (APTT), and thrombin time (TT) (i.e., the additional coagulation-related factors evaluated in this study; see Supplementary Figure 1).

Binary logistic regression analysis showed that tumor length, histopathologic grade, vascular invasion, and MA value were independent influencing factors for lymph node metastasis (Table 4). Findings for MA value (the only one coagulation-related factor in these factors) were as follows: β=1.103, 95% confidence interval (CI) 1.020-1.193, P=0.014.


3.3  Influencing factors for tumor N stage in stage T4a gastric cancer

Univariate analysis showed that ECOG score, tumor length, tumor short diameter, tumor area, histopathologic grade, vascular invasion, neural invasion, platelet counts, MA values, D-dimer levels, and fibrinogen levels statistically significantly differed across tumor N stage (Table 5). Among these factors, platelet levels, MA values, D-dimer levels, and fibrinogen levels were determined to be coagulation-related factors.

Table 5 | Influencing factors of tumor N stage (N0/N1/N2/N3a/N3b) in patients with gastric cancer.



Platelet levels increased statistically significantly with increased tumor N stage (P<0.001). Moreover, platelet levels in patients with N3b stage cancer were statistically significantly different as compared to platelet levels in patients with N0 stage ((P<0.001), N1 stage cancer ((P<0.001), N2 stage cancer ((P<0.001) or N3a stage cancer (P<0.001), and levels in patients with N3a stage cancer statistically significantly differed from those in patients with N0 stage (P=0.006) or N1 stage cancer (P=0.007) as well. Besides, platelet levels in patients with N2 stage cancer statistically significantly differed from those in patients with N0 stage (P=0.021) or N1 stage cancer (P=0.025).

MA values increased statistically significantly with increased tumor N stage (P<0.001). Moreover, MA values were higher in patients with N3b stage cancer than in those with N0 stage (P<0.001), N1 stage (P<0.001), N2 stage cancer (P<0.001), or N3a stage cancer (P<0.001), and MA values in patients with N3a stage cancer statistically significantly differed from those in patients with N0 stage (P=0.001) or N1 stage cancer (P=0.007) as well. D-dimer levels also increased statistically significantly with an increase in N stage (P=0.017). Moreover, D-dimer levels were higher in N3a stage cancer than in N0 stage (P=0.031) or N1 stage cancer (P=0.031). Fibrinogen levels also increased statistically significantly with an increase in N stage (P=0.007); levels were lower in patients with N0 stage cancer than in those with N1 stage (P=0.034), N2 stage (P=0.015), N3a stage (P=0.003), or N3b stage cancer (P=0.001). Besides, fibrinogen levels in patients with N3b stage cancer statistically significantly differed from those in patients with N1 stage (P=0.012), N2 stage (P=0.012) or N3a stage cancer (P=0.015). (Figure 3)



Figure 3 | Comparison of differences in multiple coagulation-related factors according to tumor N stage of patients with gastric cancer. (A) Tumor N stage of patients with gastric cancer is related to platelet level. (B) Tumor N stage of patients with gastric cancer is related to MA. (C) Tumor N stage of patients with gastric cancer is related to fibrinogen level. (D) Tumor N stage of patients with gastric cancer is related to D-dimer. * 0.01≤P<0.05, ** 0.001≤P<0.01, *** P<0.001.



Additionally PT, APTT and TT, all of which were identified as coagulation factors, showed no statistical relationship with N stage in patients with stage T4a gastric cancer in the current study (Supplementary Figure 2).

Finally, multinomial logistic regression analysis identified tumor length, histopathologic grade, vascular invasion, and MA value as independent influencing factors for lymph node metastasis (Table 5). MA value was identified as a coagulation-related factor (β=0.059, 95% CI 0.015-0.104, P=0.009).


3.4  Utility of the MA value in predicting lymph node metastasis in gastric cancer

Binary logistic regression analysis showed that tumor length, histopathologic grade, vascular invasion, and MA value were independent influencing factors for lymph node metastasis in patients with T4a gastric cancer. ROC curve analysis was used to calculate the value of MA, a coagulation-related factor, in predicting lymph node metastasis in patients with gastric cancer (AUC=0.627, P=0.006, 95% CI: 0.548-0.707) (Figure 4, Table 6). The cut-off value for the MA value in predicting lymph node metastasis in patients with gastric cancer was 61.250 (sensitivity 0.477, specificity 0.783) (Supplementary Table 1).



Figure 4 | Figure of ROC analysis results of tumor length, histopathologic grade, vessel invasion and MA for predicting the lymph node metastasis of gastric cancer.



Table 6 | ROC analysis results of multiple factors for predicting the lymph node metastasis of gastric cancer.




3.5  Independent influencing factors for the MA value

The influencing factors for the MA value were determined using univariate analysis. Stepwise linear regression was then used to confirm the independent influencing factors for MA, which included platelet (β=0.028, 95% CI: 0.019~0.036, P<0.001), fibrinogen (β=3.181, 95% CI 2.242~4.120, P<0.001), hemoglobin (β=-0.062, 95% CI: -0.089 ~ -0.035, P<0.001), and D-dimer levels (β=0.691, 95% CI: 0.116~1.265, P=0.019) (Table 7). We found that the MA value was positively, linearly, and statistically significantly correlated with both platelet counts and fibrinogen levels (Figure 5).

Table 7 | Influencing factors of MA in patients with gastric cancer.





Figure 5 | (A) MA values show a significant positive linear correlation with platelet level. (B) MA values show a significant positive linear correlation with fibrinogen level.





4  Discussion

In the field of oncological surgery, many studies conducted to date have found that components of the coagulation system may be involved in mediating the invasion and migration of malignant tumors (16–20). There are a number of studies that demonstrate the importance of haemostasis in the field of oncology (21). Moreover, some studies have reported correlations between coagulation-related factors and gastric cancer tumor stage (6, 7). There are no reports on the mechanisms of various coagulation-related factors in promoting lymph node metastasis in gastric cancer patients. To our knowledge, lymph node metastasis in gastric cancer patients has been related to various factors (e.g., tumor T stage and tumor histopathologic grade) (7, 22). In contrast to previous studies on the correlation between coagulation-related factors and tumor stage in patients with gastric cancer, our study is the first to exclude the effect of tumor T stage on lymph node metastasis in patients with gastric cancer. More specifically, we conducted the present analysis only among patients with stage T4a gastric cancer in order to analyze the correlation between coagulation-related factors and lymph node metastasis within gastric cancer. Our study clearly showed that lymph node metastasis in patients with T4a gastric cancer was statistically significantly correlated with multiple preoperative coagulation-related factors.

Among all 1128 initially included gastric cancer patients, 292 patients presented with T1 stage cancer, and the ratio of patients with N0 and N+ cancer was 5.49. The total number of patients with T2 stage cancer was n=151 and the total number of patients with T3 stage cancer was n=169 (Table 3). The proportion of patients at each N stage in patients with T1 stage cancer was not evenly distributed, and the number of patients with lymph node metastasis was extremely small. These factors limited the analysis of influencing factors for lymph node metastasis in gastric cancer within the present study.

Moreover, the total number of patients with T2 and T3 stage cancer was limited, and an analysis of lymph node metastasis in gastric cancer for T2 and T3 patients was therefore likely to be biased (i.e., with adverse effects on the accuracy of the resulting conclusions). Selecting patients with T1-T3 stage cancer for analysis would exert a large bias. Additionally, lymph node metastasis is affected by tumor T stage. Thus, in sum, we did not select all gastric cancer patients for analysis in the current study. Specifically, we selected a total 516 patients with T4a stage cancer (N0: 83, N1: 85, N2: 128, N3a: 210, N3b:10). The number of T4a patients enrolled in this study was large, as was the number of patients with lymph node metastasis. The proportion of gastric cancer patients under each N stage was moderate, and the analysis results were more robust. Therefore, we selected patients with T4a stage cancer to exclude the influence of T stage on lymph node metastasis in gastric cancer within the current investigation.

We found that the platelet level in the N+ group among patients with T4a gastric cancer was statistically significantly higher than that in the N0 group, and likewise detected a statistically significant relationship between platelet levels and lymph node metastasis in patients with gastric cancer. Moreover, we analyzed changes in platelet levels under different N stages, and found that platelet levels increased statistically significantly with N stage, as well as that platelet levels in patients at a low N stage were statistically significantly lower than those of patients with a higher N stage. Overall, our findings reflected a statistically significant positive correlation between tumor N stage and platelet levels in patients with T4a stage gastric cancer.

It was previously shown that platelets can enhance the malignant behavior of gastric cancer cells, including invasion and migration, through direct contact with gastric cancer cells (23). Other studies have found that antiplatelet drugs may play an important role in preventing gastric cancer progression, proliferation, and migration, reducing tumor cell metastasis, and reducing microvessel density (24). This further suggests that lymph node metastasis in patients with gastric cancer may be related to platelet counts. In contrast to previous studies, we evaluated only patients with T4a stage gastric cancer, thereby excluding the influence of tumor T stage. We found a statistically significant relationship between platelet levels and lymph node metastasis in patients with gastric cancer, as well as a positive correlation between tumor N stage and platelet levels.

The change trend in fibrinogen level was similar to that seen for platelet levels. In patients with T4a gastric cancer, fibrinogen levels in the N+ group were statistically significantly higher than those in the N0 group. Moreover, we found a statistically significant increase in fibrinogen levels with a higher tumor N stage. Overall, we found a statistically significant relationship between fibrinogen levels and lymph node metastasis in patients with T4a stage gastric cancer, as well as a positive correlation between the degree of lymph node metastasis and fibrinogen levels.

Fibrinogen may promote the metastasis of circulating tumor cells through several possible mechanisms. First, as a dimeric molecule with multiple integrin and non-integrin binding motifs, fibrinogen may serve as an important molecular bridge between tumor cells, platelets, and endothelial cells, thereby promoting stable adhesion (25). Second, fibrinogen-like protein 1 may promote the proliferation, invasion, and migration of gastric cancer cells by participating in the epithelial-mesenchymal transition (EMT) of cells (26). In addition, a lack of fibrinogen strongly reduces the spontaneous metastatic potential of aggressive tumor cell lines, including through blood and lymphatic pathways (27). Moreover, hyperfibrinogenemia may promote lymphatic metastasis in advanced gastric cancer and may be a useful predictor of lymphatic metastasis in gastric cancer (19, 20). Previous studies have found that fibrinogen is associated with lymph node metastasis and tumor stage in patients with gastric cancer (28). A large clinical trial also showed that preoperative serum fibrinogen levels were positively correlated with lymph node metastasis, tumor stage, and poor survival in patients with gastric cancer (6). The results of these studies all reflect the correlation between fibrinogen level and lymph node metastasis in patients with gastric cancer. However, previous studies did not consider the effect of tumor T stage when discussing the relationship between fibrinogen level and lymph node metastasis in gastric cancer. In contrast to previous studies, we evaluated only patients with T4a gastric cancer to exclude the effect of tumor T stage and found a statistically significant relationship between fibrinogen levels and lymph node metastasis in these patients, as well as a positive correlation between fibrinogen levels and the number of lymph node metastases.

Correlations between thromboelastography (TEG) parameters and routine test findings (including D-dimer, fibrinogen, and platelet levels) are consistent with a patient’s hypercoagulable state (29). TEG is widely used to assess the strength of platelet-fibrinogen interaction in forming clots, a function mainly represented by MA (30–33). In addition, MA values not only show statistically significant positive correlations with platelet levels, but also reflect the aggregation function of platelets (34, 35). Previous studies have demonstrated the presence of a strong linear positive correlation between MA values on TEG and both platelet and fibrinogen levels (36, 37). These previous results are consistent with our findings. In summary, the MA value is an indicator of the strength of blood clots formed by platelets and fibrinogen; MA mainly depends on the number of platelets and the aggregation function of platelets, and is also influenced by fibrinogen (30–37).

Our study showed that, in patients with T4a stage gastric cancer, the change trend for MA was similar to that of platelets and fibrinogen, and that the MA value of the N+ group was statistically significantly higher than that of the N0 group. MA statistically significantly increased with an increase in tumor N stage. In the binary logistic regression analysis comparing the N0 and N+ groups, we found that the MA value was an independent influencing factor for the presence or absence of lymph node metastasis in patients with T4a gastric cancer. Moreover, in the multinomial logistic regression analysis evaluating the MA value under each N stage, we continued to find that the MA value was an independent influencing factor for tumor N stage in these patients. The results of studies conducted to date have demonstrated a statistically significant positive correlation between the MA value derived from preoperative TEG in patients with T4a gastric cancer and the presence or absence of lymph node metastasis as well as the number of lymph node metastases in patients with gastric cancer. At the same time, the MA value was also an independent influencing factor for lymph node metastasis and tumor N stage in patients with T4a stage gastric cancer. The MA value is determined according to the combined effect of platelet levels, aggregation function, and fibrinogen levels. Research on the MA value has further confirmed the relationship between preoperative platelets, fibrinogen levels, and tumor lymph node metastasis in patients with gastric cancer.

All the above results indicated that the combined effect of platelet levels and aggregation function with fibrinogen in patients with gastric cancer is closely related to lymph node metastasis. ROC curve analysis determined that the cut-off value for MA in predicting the presence or absence of lymph node metastasis in patients with gastric cancer was 61.250 (sensitivity 0.477, specificity 0.783, P=0.006, 95% CI 0.548-0.707), and that the MA value is a reliable indicator for predicting the presence or absence of lymph node metastasis in patients with gastric cancer.

In their calm state, the surface of platelets is covered with a large number of membrane proteins (GPIIb/IIIa), all of which are in a resting state. When platelets are stimulated by signaling pathways, the GPIIb/IIIa on the platelet membrane is activated to connect with fibrinogen in order to achieve platelet activation (8, 38). Therefore, platelet activation is inseparable from the interaction between platelets and fibrinogen. It has previously been reported that the MA value is related to the level and aggregation function of platelets as well as to fibrinogen levels (30–37). Our study also showed that platelet and fibrinogen levels were independent influencing factors for the MA value. Therefore, the MA value ​​can reflect platelet activation and fibrinogen level.

Moreover, basic research has shown that platelet activation and the presence of fibrinogen helps tumor cells evade immune surveillance mechanisms and protecting tumor cells from natural killer cells (NK cells), including through physical means and signals that cause NK cells to quiesce (25, 39, 40). Therefore, gastric cancer cells can survive in blood and body fluids as circulating tumor cells (CTCs), causing biological behaviors such as hematogenous metastasis and lymphatic metastasis in gastric cancer. Meanwhile, activated platelets express CD40 ligand (CD40L) and CD62P in the cytoplasmic membrane, and the interaction with the vascular endothelium may induce tumor growth factor production and tumor metastasis (15). The abovementioned studies all reflect the promoting effect of platelet activation on the malignant behavior of tumor cells, and may also explain why the MA value is an independent factor for lymph node metastasis and tumor N stage in patients with gastric cancer.

In addition, D-dimer and hemoglobin levels were also independent influencing factors for the MA value. Patients with advanced gastric cancer are prone to chronic blood loss, reduced oral iron intake, and malabsorption at the tumor site (41). In our study, we found that as the tumor length increased, the patient’s blood loss continued to increase and hemoglobin continued to decrease (Table 8). Moreover, previous findings indicate that, as the body continues to lose blood, serotonin (which is transported by platelets) releases with platelet activation; this induces vasoconstriction at the bleeding site and enhances platelet activation in order to minimize blood loss (42). Enhanced platelet activation further results in an increase in clot strength, and hemoglobin becomes an independent and inversely related predictive factor for MA. Moreover, D-dimer is a stable end product of the degradation of cross-linked fibrin as a result of enhanced fibrin formation and fibrinolysis (43). When blood loss increases, the activation of the coagulation system is enhanced. At the same time, D-dimer levels increase along with hyperactivity of the fibrinolysis system. Therefore, D-dimer levels were found to be an independent influencing factor for MA values and were positively correlated with MA.

Table 8 | The effect of tumor length on hemoglobin.



Our study found no statistically significant association between PT, APTT, or TT and lymph node metastasis in patients with T4a gastric cancer. PT mainly reflects the common pathway of the coagulation cascade and the extrinsic coagulation pathway, while APTT mainly reflects the common pathway of the coagulation cascade and the intrinsic coagulation pathway (44–46). TT mainly reflects the conversion of fibrinogen to fibrin (46). Together, these three coagulation factors reflect the function of the coagulation system and the coagulation process. Platelet activation is a necessary condition for the enhancement of coagulation function, but platelet activation cannot directly reflect the enhancement of coagulation function. Therefore, the MA value, which can reflect platelet activation and fibrinogen levels, is related to lymph node metastasis in gastric cancer. However, the enhancement of coagulation function shows no correlation with lymph node metastasis in gastric cancer.

Some previous studies have shown that the combined diagnosis of gastroscopy, MSCT, immunohistochemical marker Her-2, and tumor markers CEA, CA199, CA724, and CA242 can more accurately determine the clinical staging and lesion invasion depth of patients with gastric cancer and can significantly improve the sensitivity of diagnosis (47). A deep learning-based radiomic nomogram had good predictive value for lymph node metastasis in locally advanced gastric cancer (48). This suggests that there are a variety of ways to predict lymph node metastasis in gastric cancer. Our study provides additional reference for lymph node metastasis and is a useful addition to other methods of preoperative assessment of lymph node metastasis in patients with gastric cancer, such as imaging. This does not negate the important value of imaging, such as CT, and many other methods for the assessment of lymph node metastasis.

Coagulation factors are an important part of the clotting system and they play a role in the blood clotting process. However, as coagulation factors have not been routinely tested in our previous studies, they have not been explored further in this paper, which is a shortcoming of this study and a direction that deserves further investigation.


5  Conclusion

In patients with T4a gastric cancer, univariate analysis determined that platelet counts, fibrinogen levels, and MA values were statistically significantly positively correlated with lymph node metastasis and tumor N stage. Multivariate analysis found that the independent influencing factors for lymph node metastasis and tumor N stage in patients with T4a gastric cancer included tumor length, histopathologic grade, vessel invasion, and MA value, among which MA was a coagulation-related factor. Moreover, we found that the MA value effectively predicts the presence of lymph node metastasis in patients with gastric cancer. In addition, platelet, fibrinogen, D-dimer, and hemoglobin levels were independent influencing factors for MA.


Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.


Ethics statement

This study was approved by the Ethics Committee of Shandong Provincial Hospital (SWYX : NO. 2022-466).


Author contributions

WQ: writing - original draft, writing - review and editing, and formal analysis. SS: writing - original draft, and formal analysis. JS: writing - original draft, and data curation. YC: software. GL: resources. JW: data curation. XZ: data curation. LP: data curation. LL: resources. FT: methodology, conceptualization, supervision, and funding acquisition. CJ: methodology, conceptualization, supervision, and funding acquisition. All authors contributed to the article and approved the submitted version.


Funding

This study was funded by the [National Natural Science Foundation of China] under Grant [81900524]; the [Natural Science Foundation of Shandong Province] under Grant [ZR2020MH252; ZR2020MH205]; the China Postdoctoral Science Foundation under Grant [2020M672102]; the [Science and Technology Development Program of Jinan] under Grant [202134027].


Acknowledgments

We are deeply grateful to SS, JS, FT and CJ as part of the entire research team for their assistance and enthusiastic cooperation during the course of the study, and we also thank other members from Department of Gastrointestinal Surgery, Shandong Provincial Hospital for their supports.


Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1099857/full#supplementary-material






References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Deng, JY, and Liang, H. Clinical significance of lymph node metastasis in gastric cancer. World J Gastroenterol (2014) 20(14):3967–75. doi: 10.3748/wjg.v20.i14.3967

3. Pang, W, Lou, N, Jin, C, Hu, C, Arvine, C, Zhu, G, et al. Combination of preoperative platelet/lymphocyte and neutrophil/lymphocyte rates and tumor-related factors to predict lymph node metastasis in patients with gastric cancer. Eur J Gastroenterol Hepatol (2016) 28(5):493–502. doi: 10.1097/MEG.0000000000000563

4. Zhang, LX, Wei, ZJ, Xu, AM, and Zang, JH. Can the neutrophil-lymphocyte ratio and platelet-lymphocyte ratio be beneficial in predicting lymph node metastasis and promising prognostic markers of gastric cancer patients? tumor maker retrospective study. Int J Surg (2018) 56:320–7. doi: 10.1016/j.ijsu.2018.06.037

5. Ma, YY, He, XJ, Wang, HJ, Xia, YJ, Wang, SL, Ye, ZY, et al. Interaction of coagulation factors and tumor-associated macrophages mediates migration and invasion of gastric cancer. Cancer Sci (2011) 102(2):336–42. doi: 10.1111/j.1349-7006.2010.01795.x

6. Yu, X, Hu, F, Yao, Q, Li, C, Zhang, H, Xue, Y, et al. Serum fibrinogen levels are positively correlated with advanced tumor stage and poor survival in patients with gastric cancer undergoing gastrectomy: A large cohort retrospective study. BMC Cancer (2016) 16:480. doi: 10.1186/s12885-016-2510-z

7. Wang, X, He, Q, Liang, H, Liu, J, Xu, X, Jiang, K, et al. A novel robust nomogram based on preoperative hemoglobin and albumin levels and lymphocyte and platelet counts (HALP) for predicting lymph node metastasis of gastric cancer. J Gastrointest Oncol (2021) 12(6):2706–18. doi: 10.21037/jgo-21-507

8. Rubenstein, DA, and Yin, W. Platelet-activation mechanisms and vascular remodeling. Compr Physiol (2018) 8(3):1117–56. doi: 10.1002/cphy.c170049

9. Xu, XR, Carrim, N, Neves, MA, McKeown, T, Stratton, TW, Coelho, RM, et al. Platelets and platelet adhesion molecules: Novel mechanisms of thrombosis and anti-thrombotic therapies. Thromb J (2016) 14(Suppl 1):29. doi: 10.1186/s12959-016-0100-6

10. Palta, S, Saroa, R, and Palta, A. Overview of the coagulation system. Indian J Anaesth (2014) 58(5):515–23. doi: 10.4103/0019-5049.144643

11. D'Asti, E, Meehan, B, and Rak, J. Studies on the tumor vasculature and coagulant microenvironment. Methods Mol Biol (2016) 1458:39–58. doi: 10.1007/978-1-4939-3801-8_4

12. Mongiat, M, Andreuzzi, E., Tarticchio, G., and Paulitti, A. Extracellular matrix, a hard player in angiogenesis. Int J Mol Sci (2016) 17(11):1822. doi: 10.3390/ijms17111822

13. Obonai, T, Fuchigami, H, Furuya, F, Kozuka, N, Yasunaga, M, and Matsumura, Y. Tumour imaging by the detection of fibrin clots in tumour stroma using an anti-fibrin fab fragment. Sci Rep (2016) 6:23613. doi: 10.1038/srep23613

14. Hisada, Y, Yasunaga, M, Hanaoka, S, Saijou, S, Sugino, T, Tsuji, A, et al. Discovery of an uncovered region in fibrin clots and its clinical significance. Sci Rep (2013) 3:2604. doi: 10.1038/srep02604

15. Da Silva, JPA, Martins, MR, Dos Santos, RL, da Silva, LM, Lima, CAC, Torres, LC, et al. Evaluation of platelet activation marker expression and its correlation with tumorigenesis and tumor progression in patients with gastric cancer. J Surg Oncol (2022) 126(1):125–31. doi: 10.1002/jso.26908

16. Ikeda, M, Furukawa, H, Imamura, H, Shimizu, J, Ishida, H, Masutani, S, et al. Poor prognosis associated with thrombocytosis in patients with gastric cancer. Ann Surg Oncol (2002) 9(3):287–91. doi: 10.1007/BF02573067

17. Lee, JH, Ryu, KW, Kim, S, and Bae, JM. Preoperative plasma fibrinogen levels in gastric cancer patients correlate with extent of tumor. Hepatogastroenterology (2004) 51(60):1860–3.

18. Yamashita, H, Kitayama, J, Ishikawa, M, and Nagawa, H. Tissue factor expression is a clinical indicator of lymphatic metastasis and poor prognosis in gastric cancer with intestinal phenotype. J Surg Oncol (2007) 95(4):324–31. doi: 10.1002/jso.20680

19. Yamashita, H, Kitayama, J, Kanno, N, Yatomi, Y, and Nagawa, H. Hyperfibrinogenemia is associated with lymphatic as well as hematogenous metastasis and worse clinical outcome in T2 gastric cancer. BMC Cancer (2006) 6:147. doi: 10.1186/1471-2407-6-147

20. Yamashita, H, Kitayama, J, and Nagawa, H. Hyperfibrinogenemia is a useful predictor for lymphatic metastasis in human gastric cancer. Jpn J Clin Oncol (2005) 35(10):595–600. doi: 10.1093/jjco/hyi150

21. Erman, M, Abali, H, Oran, B, Haznedaroglu, IC, Canpinar, H, Kirazli, S, et al. Tamoxifen-induced tissue factor pathway inhibitor reduction: A clue for an acquired thrombophilic state? Ann Oncol (2004) 15(11):1622–6. doi: 10.1093/annonc/mdh437

22. Tran, TB, Worhunsky, DJ, Squires, MH, Jin, LX, Spolverato, G, Votanopoulos, KI, et al. Clinicopathologic score predicting lymph node metastasis in T1 gastric cancer. Surgery (2018) 163(4):889–93. doi: 10.1016/j.surg.2017.09.021

23. Saito, R, Shoda, K, Maruyama, S, Yamamoto, A, Takiguchi, K, Furuya, S, et al. Platelets enhance malignant behaviours of gastric cancer cells via direct contacts. Br J Cancer (2021) 124(3):570–3. doi: 10.1038/s41416-020-01134-7

24. Mikami, J, Kurokawa, Y, Takahashi, T, Miyazaki, Y, Yamasaki, M, Miyata, H, et al. Antitumor effect of antiplatelet agents in gastric cancer cells: An in vivo and in vitro study. Gastric Cancer (2016) 19(3):817–26. doi: 10.1007/s10120-015-0556-2

25. Gay, LJ, and Felding-Habermann, B. Contribution of platelets to tumour metastasis. Nat Rev Cancer (2011) 11(2):123–34. doi: 10.1038/nrc3004

26. Zhang, Y, Qiao, HX, Zhou, YT, Hong, L, and Chen, JH. Fibrinogenlikeprotein 1 promotes the invasion and metastasis of gastric cancer and is associated with poor prognosis. Mol Med Rep (2018) 18(2):1465–72. doi: 10.3892/mmr.2018.9097

27. Palumbo, JS, Potter, JM, Kaplan, LS, Talmage, K, Jackson, DG, Degen, JL, et al. Spontaneous hematogenous and lymphatic metastasis, but not primary tumor growth or angiogenesis, is diminished in fibrinogen-deficient mice. Cancer Res (2002) 62(23):6966–72.

28. Zhang, Y, Liu, N, Liu, C, Cao, B, Zhou, P, and Yang, B. High fibrinogen and platelets correlate with poor survival in gastric cancer patients. Ann Clin Lab Sci (2020) 50(4):457–62.

29. Yuan, Q, Yu, L, and Wang, F. Efficacy of using thromboelastography to detect coagulation function and platelet function in patients with acute cerebral infarction. Acta Neurol Belg (2021) 121(6):1661–7. doi: 10.1007/s13760-020-01456-6

30. Bowbrick, VA, Mikhailidis, DP, and Stansby, G. Value of thromboelastography in the assessment of platelet function. Clin Appl Thromb Hemost (2003) 9(2):137–42. doi: 10.1177/107602960300900208

31. Chi, TY, Liu, Y, Zhu, HM, and Zhang, M. Thromboelastography-derived parameters for the prediction of acute thromboembolism following non-steroidal anti-inflammatory drug-induced gastrointestinal bleeding: A retrospective study. Exp Ther Med (2018) 16(3):2257–66. doi: 10.3892/etm.2018.6468

32. Solomon, C, Schochl, H, Ranucci, M, and Schlimp, CJ. Can the viscoelastic parameter alpha-angle distinguish fibrinogen from platelet deficiency and guide fibrinogen supplementation? Anesth Analg (2015) 121(2):289–301. doi: 10.1213/ANE.0000000000000738

33. Kornblith, LZ, Kutcher, ME, Redick, BJ, Calfee, CS, Vilardi, RF, Cohen, MJ, et al. Fibrinogen and platelet contributions to clot formation: Implications for trauma resuscitation and thromboprophylaxis. J Trauma Acute Care Surg (2014) 76(2):255–6; discussion 262-3. doi: 10.1097/TA.0000000000000108

34. Dias, JD, Lopez-Espina, CG, Bliden, K, Gurbel, P, Hartmann, J, Achneck, HE, et al. TEG(R)6s system measures the contributions of both platelet count and platelet function to clot formation at the site-of-care. Platelets (2020) 31(7):932–8. doi: 10.1080/09537104.2019.1704713

35. Li, XG, Ma, N, Sun, SS, Xu, Z, Li, W, Wang, YJ, et al. Association of genetic variant and platelet function in patients undergoing neuroendovascular stenting. Postgrad Med J (2017) 93(1103):555–9. doi: 10.1136/postgradmedj-2016-134745

36. Bowbrick, VA, Mikhailidis, DP, and Stansby, G. Influence of platelet count and activity on thromboelastography parameters. Platelets (2003) 14(4):219–24. doi: 10.1080/0953710031000118849

37. Moopanar, D, Naidu, S, Moodley, J, and Gouws, E. Thromboelastography in abruptio placentae. J Obstet Gynaecol (1997) 17(3):229–33. doi: 10.1080/01443619750113113

38. Bennett, JS. Platelet-fibrinogen interactions. Ann N Y Acad Sci (2001) 936:340–54. doi: 10.1111/j.1749-6632.2001.tb03521.x

39. Im, JH, Fu, W, Wang, H, Bhatia, SK, Hammer, DA, Kowalska, MA, et al. Coagulation facilitates tumor cell spreading in the pulmonary vasculature during early metastatic colony formation. Cancer Res (2004) 64(23):8613–9. doi: 10.1158/0008-5472.CAN-04-2078

40. Stewart, CA, Vivier, E, and Colonna, M. Strategies of natural killer cell recognition and signaling. Curr Top Microbiol Immunol (2006) 298:1–21. doi: 10.1007/3-540-27743-9_1

41. Tang, GH, Hart, R, Sholzberg, M, and Brezden-Masley, C. Iron deficiency anemia in gastric cancer: a Canadian retrospective review. Eur J Gastroenterol Hepatol (2018) 30(12):1497–501. doi: 10.1097/MEG.0000000000001251

42. Duerschmied, D, and Bode, C. [The role of serotonin in haemostasis]. Hamostaseologie (2009) 29(4):356–9.

43. Liu, P, Zhu, Y, and Liu, L. Elevated pretreatment plasma d-dimer levels and platelet counts predict poor prognosis in pancreatic adenocarcinoma. Onco Targets Ther (2015) 8:1335–40. doi: 10.2147/OTT.S82329

44. Ali, A, Mohan, P, Kareem, H, and Muhammed, MK. Elevated factor VIII levels and shortened APTT in recurrent abortions. J Clin Diagn Res (2016) 10(1):EC04–6. doi: 10.7860/JCDR/2016/17841.7080

45. Shabanlou, M, Moghaddam, H, and Saedi Daryan, A. The effect of geometry on structural behavior of buildings with steel plate shear wall system subjected to blast loading. Int J Steel Structures (2021) 21(2):650–65. doi: 10.1007/s13296-021-00463-4

46. Sugita, C, Yamashita, A, Tsutsumi, S, Kai, H, Sonoda, T, Yoshida, H, et al. Brazilian Propolis (AF-08) inhibits collagen-induced platelet aggregation without affecting blood coagulation. J Nat Med (2021) 75(4):975–84. doi: 10.1007/s11418-021-01518-w

47. Zhao, S, Bi, Y, Wang, Z, Zhang, F, Zhang, Y, and Xu, Y. Accuracy evaluation of combining gastroscopy, multi-slice spiral CT, her-2, and tumor markers in gastric cancer staging diagnosis. World J Surg Oncol (2022) 20(1):152. doi: 10.1186/s12957-022-02616-z

48. Dong, D, Fang, MJ, Tang, L, Shan, XH, Gao, JB, Giganti, F, et al. Deep learning radiomic nomogram can predict the number of lymph node metastasis in locally advanced gastric cancer: an international multicenter study. Ann Oncol (2020) 31(7):912–20. doi: 10.1016/j.annonc.2020.04.003


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Qiao, Sha, Song, Chen, Lian, Wang, Zhou, Peng, Li, Tian and Jing. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 27 February 2023

doi: 10.3389/fonc.2023.1091733

[image: image2]


The gene regulatory molecule GLIS3 in gastric cancer as a prognostic marker and be involved in the immune infiltration mechanism


Yi Ding 1, Zehua Wang 1, Chen Chen 1, Chenxu Wang 1, Dongyu Li 2 and Yanru Qin 1*


1 Department of Oncology, The First Affiliated Hospital of Zhengzhou University, Zhengzhou, China, 2 School of Pharmacy, Macau University of Science and Technology, Macao, Macao SAR, China




Edited by: 

Dongshi Chen, University of Southern California, United States

Reviewed by: 

Zhirui Zeng, Guizhou Medical University, China

Lunda Shen, Texas A&M University, United States

Bing Feng, Pennington Biomedical Research Center, United States

Weinan Zhou, University of Illinois at Urbana-Champaign, United States

Ce Wang, University of Michigan, United States

Hailin Tang, Sun Yat-sen University Cancer Center (SYSUCC), China

*Correspondence: 

Yanru Qin
 yanruqin@163.com

Specialty section: 
 This article was submitted to Gastrointestinal Cancers: Gastric and Esophageal Cancers, a section of the journal Frontiers in Oncology


Received: 01 December 2022

Accepted: 14 February 2023

Published: 27 February 2023

Citation:
Ding Y, Wang Z, Chen C, Wang C, Li D and Qin Y (2023) The gene regulatory molecule GLIS3 in gastric cancer as a prognostic marker and be involved in the immune infiltration mechanism. Front. Oncol. 13:1091733. doi: 10.3389/fonc.2023.1091733




Background

Gastric cancer is the most prevalent solid tumor form. Even after standard treatment, recurrence and malignant progression are nearly unavoidable in some cases of stomach cancer. GLIS Family Zinc Finger 3 (GLIS3) has received scant attention in gastric cancer research. Therefore, we sought to examine the prognostic significance of GLIS3 and its association with immune infiltration in gastric cancer.



Method

Using public data from The Cancer Genome Atlas (TCGA), we investigated whether GLIS3 gene expression was linked with prognosis in patients with stomach cancer (STAD). The following analyses were performed: functional enrichment analysis (GSEA), quantitative real-time PCR, immune infiltration analysis, immunological checkpoint analysis, and clinicopathological analysis. We performed functional validation of GLIS3 in vitro by plate cloning and CCK8 assay. Using univariate and multivariate Cox regression analyses, independent prognostic variables were identified. Additionally, a nomogram model was built. The link between OS and subgroup with GLIS3 expression was estimated using Kaplan-Meier survival analysis. Gene set enrichment analysis utilized the TCGA dataset.



Result

GLIS3 was significantly upregulated in STAD. An examination of functional enrichment revealed that GLIS3 is related to immunological responses. The majority of immune cells and immunological checkpoints had a positive correlation with GLIS3 expression. According to a Kaplan-Meier analysis, greater GLIS3 expression was related to adverse outcomes in STAD. GLIS3 was an independent predictive factor in STAD patients, as determined by Cox regression (HR = 1.478, 95%CI = 1.478 (1.062-2.055), P=0.02)



Conclusion

GLIS3 is considered a novel STAD patient predictive biomarker. In addition, our research identifies possible genetic regulatory loci in the therapy of STAD.
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Introduction

Globally, gastric cancer (GC) is the fourth highest cause of cancer-related mortality (1). Most GC patients have a dismal prognosis due to late diagnosis and inadequate response to existing therapy. Despite continued advances in treatment, GC mortality remains high. Approximately 50% of patients with advanced GC experience recurrence after the first curative resection, The prognosis for patients with progressive GC that is recurrent or unresectable remains dismal, with a median survival time of fewer than 12 months with current standard treatment (2). Therefore, we explored prognostic genetic biomarkers to predict patient survival and response to individualized therapy.

Biomarkers are specific indicators of normal biological, pathogenic, or pharmacological responses to therapeutic interventions. They are features that are objectively measured and evaluated. Effective biomarker screening, it is possible to detect GC earlier and reduce GC mortality. Biomarkers can be produced directly by cancer cells or non-cancerous cells responding to the tumor. The biomarkers found in gastric cancer today are broadly classified into three categories, immune, molecular, and genetic related. Carcinoembryonic antigen (CEA) is gastric cancer most common tumor marker in gastric cancer (3). CA125, CA19-9, CA72-4, and alpha-fetoprotein have also been reported to contribute to the prognosis of gastric cancer (4–6). Furthermore, tumor markers associated with invasion and metastasis and extracellular matrix (ECM) adhesion and degradation continue to play a role in cancer prognosis. Upregulation or alteration of ECM molecules usually indicates the malignant progression of cancer cells. These include proteases, calmodulin, mucin, and CD44 splice variants (7–9). While genetic changes include genetic instability represented by microsatellite instability (10), reactivation of telomerase activity, inactivation of tumor suppressor genes, and activation of oncogenes (11). Current biomarkers commonly used for clinical testing are CA19-9, CEA, CA72-,4, and PG I/II. The sensitivity and specificity of present biomarker tests still need to be improved and not the best choice for screening GC. Studies based on multiple biomarker assays only help to monitor prognostic indicators in gastric cancer patients after treatment (12). Therefore, further studies on biomarkers are necessary.

GLI-Similar 3 (GLIS3) is a member of the GLIS subfamily of Krüppel-like zinc-finger transcription factors that regulate gene expression (13, 14). GLIS3 is essential for controlling numerous physiological processes and has been linked multiple diseases, including neonatal diabetes, glaucoma, polycystic kidney disease, neurological disorders, congenital hypothyroidism, and cancer (15–18). The expression pattern of GLIS3 varies significantly in different types of cancers. GLIS3 is detected in the highly proliferative group of central neurological tumors such as ventricular meningioma and cerebral glioblastoma (19, 20). In contrast, reduced GLIS3 expression was observed in chromophobe renal cell carcinoma (21). However, any association of GLIS3 with gastric cancer has hardly been carefully studied.

These data were obtained from TCGA. We analyzed the pattern of GLIS3 expression in gastric cancer and its predictive value. A high GLIS3 level predicted a poor prognosis for people with GC. In addition, GLIS3 is related to immunological response, which offers a novel perspective for tailored therapy. According to this article, high GLIS3 expression is related to poor outcomes in GC patients, and that GLIS3 helps to predict the prognosis of GC patients.



Methods


Patient data sets

We universally processed RNAseq data in TPM format for TCGA, GEO database GSE62254 using UCSC XENA (https://xenabrowser.net/datapages/ ) via Toil (22). STAD (gastric cancer) data from TCGA. In addition, the mRNA expression data (407 samples, process type: HTSeq-FPKM) and clinical information were extracted from the TCGA database (https://cancergenome.nih.gov). This work follow TCGA publication criteria to the letter.



Quantitative reverse transcription PCR

Quantitative real-time polymerase chain reaction (qRT-PCR) RNA samples were obtained from 10 pairs of primary adenocarcinoma tissues and paraneoplastic tissues provided by Linzhou Cancer Hospital (Henan, China). All participants provided written informed permission for this study, which was authorized by the First Affiliated Hospital of Zhengzhou University’s institutional ethics. Following the manufacturer’s directions, total RNA was extracted using a TRIzol reagent (Servicebio, Wuhan, China). A cDNA synthesis kit (Servicebio, Wuhan, China) was used to reverse-transcribe identical quantities of RNA (1 μg). Complementary DNAs (cDNAs) were analyzed by qPCR using SYBR Green Supermix reagent (Thermo Fisher, America) at a final dilution of 1:5. Using GAPDH as a reference gene. The following primers were used in this study: GLIS3 F, TTACAGAGGGCAATGAATGCAG; R, AGACTCACGCGAAATAAGGGA; GAPDH F, CAGGAGGCATTGCTGATGAT; R, GAA GGCTGGGCTCATTT.



Western blot

Total protein was extracted from grown cells using RIPA buffer (epizme, Shanghai, China) containing protease and phosphatase inhibitors, and total protein was determined using a BCA protein assay kit (Thermo Fisher, USA). Protein samples were separated using 10% SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA), and incubated with primary and secondary antibodies. Protein bands were identified by a protein imaging system (Amersham Imager 600).



Cell counting kit-8 assays

CCK-8 assays were performed in 96-well plates at a cell density of 1*103 cells/well, providing 200 µl of medium (10%FBS and RPMI-1640 culture medium) per well. After the prescribed time (every 24H), CCK-8 reagent and 100 μl of media were added to each well, and cells were incubated at 37°C for 2 hours. The absorbance at 490 nm was measured using an enzyme marker to compute the cell growth rate.



Colony formation assay

After inoculation of 1000 cells per well in a 6-well plate, cell culture was performed for one week. 4% paraformaldehyde was used to fix the cells for 30 minutes, and 1% crystalline violet staining solution was used to stain them for 30 minutes at room temperature. These plates were air-dried and thoroughly washed before being photographed.



Wound healing assay

Gastric cancer cells were seeded in 6-well plates. After the cells grew to 100% fusion, the cell layer was scratched with the tip of a 200 µl pipette, and the medium containing 10% fetal bovine serum was replaced with a serum-free medium. Images of the cells were captured at 0 and 48, respectively.



Cell migration assay

In migration assays, 5x104 gastric cancer cells were inoculated into Transwell chambers in serum-free medium; the chambers were inserted above a 24-well plate containing 20% FBS medium. After incubation at 37˚C with 5% CO2 for 24 hours, the Transwell chamber was removed, and the medium in the smaller chamber was discarded and washed with PBS. The cells were then fixed with 4% paraformaldehyde for 30 min and stained with 0.1% crystal violet for 30 min. The top unmigrated cells were gently swabbed off with a cotton swab and observed and photographed under a microscope.



Differential expression gene analysis

The median GLIS3 expression was used as the cut-off value (HTseq-Count) to distinguish between low and high GLIS3 expression in STAD samples. And Differential expression gene (DEG) analysis was performed using the DESeq2 R package (1.26.0) (23, 24).



Functional enrichment analysis

The DEGS threshold for functional enrichment analysis was defined as logFC greater than two and adjusted P value less than 0.05 for upregulated gene sets. Gene ontology (GO), including biological process (BP), cellular component (CC) and molecular function (MF), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis using the clusterProfiler package (version 3.14.3 version) (for enrichment analysis); org.Hs.eg.db package (version 3.10.0) (for ID conversion).



Gene set enrichment analysis

GSEA is a computational tool for determining if a previously defined set of genes demonstrates statistically and persistently significant differences between two biological states (25). We utilized the ClusteProfile R Package (3.14.3) to investigate functional and route differences between the two groups with distinct GLIS3 expressions. The number of permutations for each analysis was set to 1000. Significant enrichment was determined to exist when the False discovery rate (FDR) was less than 0.25, and p.adjust was less than 0.05 (26).



Immunoassay

Using the GSVA R package (1.34.0), we performed a single sample gene set enrichment analysis (ssGSEA) for the immune infiltration study of GLIS3 (27). Twenty-four distinct types of invading immune cells were analyzed (28). The link between GLIS3 and immunological checkpoints, including PD1, PD-L1, CTLA4, LAG3, TIGIT, and CD48, was then investigated further (ggplot2 3.3.3).



Statistical analyses

Using the R programming language, all statistical analyses and visualizations were generated (version 3.6.3). Wilcoxon rank-sum test was used to evaluate the expression of GLIS3 in samples that were not paired. The diagnostic value of GLIS3 gene expression was determined using ROC curves, with the area under the ROC curve serving as the diagnostic value. Univariate COX analysis was performed to screen for potential prognostic markers, and multivariate COX analysis was used to confirm the influence of GLIS3 expression on survival in conjunction with other clinical variables. Combining GLIS3 expression with clinical factors, a nomogram was developed to predict STAD patients’ overall survival at 1, 3, and 5 years. Utilizing Kaplan-Meier survival analysis, the survival distribution was estimated. P-values below 0.05 were considered statistically significant.




Results


High expression of GLIS3 in gastric cancer

Comparing GLIS3 expression in normal tissues and tumor samples from the TCGA and GTEx databases, we discovered that GLIS3 expression differed significantly in the majority of cancer types (Figure 1A). We verified the expression of GLIS3 mRNA in gastric cancer tissues by quantitative qRT-PCR. We found that GLIS3 mRNA expression was upregulated in gastric cancer tissues (N=10) compared with normal gastric tissues (P<0.001, Figure 1B). In addition, GLIS3-related protein expression data are available in the HPA database. Immunohistochemical results showed that GLIS3 expression was higher in gastric cancer compared to normal tissues. (Figure 1C).




Figure 1 | GLIS3 expression and functional analysis. (A) Elevated or decreased GLIS3 in cancer and paracancerous tissues in different tumor types from The Cancer Genome Atlas (TCGA) database. (B) qRT-PCR for the detection of GLIS3 gene expression in 10 cases of paracancerous tissues and gastric cancer tissues. (C) GLIS3 immunohistochemical staining of gastric cancer and normal gastric tissues in the HPA database. (Scale Bar=100μm) (D) A total of 354 up-regulated genes and 252 down-regulated genes were identified as statistically significant in the GLIS3 high and low expression groups. Where red dots indicate upregulated genes, blue dots imply downregulated genes, and gray is not statistically significant. (E) GO enrichment analysis and connection diagram with a visual network; BP, biological process; CC, cellular composition; MF, molecular function. (***P <0.001, ns, No sense).





Identification of DEGs with GLIS3 and functional enrichment analysis

DEG identification with GLIS3 was performed using |logFC| >2 and PADJ <0.05. A total of 606 DEGs comprised 354 up-regulated genes, and 252 down-regulated genes were discovered between the two groups of low and high GLIS3 expression (Figure 1D). The following are the outcomes of GO functional analysis and KEGG enrichment analysis. BP includes a humoral immune response, protein activation cascade, and digestion. CC consisted of an immunoglobulin complex, blood microparticle, and cornified envelope. MF has antigen binding, serine-type endopeptidase inhibitor activity, and peptidase inhibitor activity. KEGG covered fat digestion and absorption, neuroactive ligand-receptor interaction, and the interaction between cytokine and Pancreatic secretion (Figure 1E).

Using the MSigDB library, we performed GSEA analysis to identify better the biological processes associated with GLIS3. Reactome gpcr ligand binding, G alpha-I signaling events, class A 1 rhodopsin-like receptors, leishmania infection, and platelet activation signaling and aggregation exhibited significant differential enrichment among the significantly enriched gene collections (Figures 2A, B).




Figure 2 | Enrichment analyses and PPI network (A) Enrichment analyses from GSEA. GLIS3 participates in five related pathways in gastric cancer: Reactome gpcr ligand binding, G alpha-I signaling events, class A 1 rhodopsin-like receptors, leishmania infection, and platelet activation signaling and aggregation. MSigDB was used for the gene set database. 1000 random sample permutations were performed. NES, normalized enrichment score; FDR, false discovery rate. (B) Mountain range map for GSEA enrichment analysis. (C) A PPI network consisting of 10 HUB genes. (D) Heat map showing the top 50 genes associated with GLIS3 co-expression in gastric cancer. (***P <0.001).



To find out the potential relationship between GLIS3 and other genes in gastric cancer, PPI network analysis was performed with the help of an online string (https://string-db.org/ ) database (Figure 2C). The 50 genes associated with GLIS3 with P>0.05 and the highest correlation were also represented using a single gene co-expression heat map (Figure 2D). In this case, CLU3 and SUFU are strongly associated with cancer progression, and recent studies suggest that they appear to be associated with iron death sensitivity (29–31)



GLIS3 implies the proliferation and metastasis of gastric cancer cells

To further test our hypothesis. The silencing of GLIS3 was achieved in gastric cancer cells AGS and MKN28 by transient transfection with Lipofectamine 3000 containing 1μg siRNA, and the transfection efficiency was detected by WB and qPCR after 48H collection of protein and RNA (Figures 3A, B). To verify whether GLIS3 affects the proliferative ability of gastric cancer, CCK8 and plate cloning experiments were performed using siRNA groups and a blank control (CTL) group. (Figures 3A, D) The results of the experiments showed that the proliferation ability of the cells was inhibited. Following that, transwells and cell scratch assay were used to detect the ability of gastric cancer cells to spread. The metastatic ability of gastric cancer cells was similarly inhibited after GLIS3 silencing, as indicated by the results (Figures 3E, F).




Figure 3 | GLIS3 in vitro functional validation (A) Validation of GLIS3 knockdown efficiency in gastric cells by qRT-PCR assay. (B) Western Blot was used to analyze the silencing efficiency of gastric cancer cells. (C) The effect of GLIS3 knockdown on CCK-8 cell proliferation in MKN28 and AGS cells. (D) Plate cloning assay of the effect of GLIS3 knockdown on cell proliferation capacity in MKN28 and AGS cells. (Scale Bar=5mm) (E) GLIS3 was silenced in gastric cancer cells, and cell wound healing and microscopic observations were photographed at 0 and 48 h after scratching the AGS and MKN28cells surface. (F) Transwell assay detects the effect of GLIS3 silencing on the migratory ability of MKN28 and AGS cells. (***P <0.001, **P < 0.01, *P< 0.05).





Correlation between immune infiltration of GC and GLIS3 expression

Tumor immune infiltration plays an important role in predicting OS incidence. the proportion of 24 immune cell subtypes in different GLIS3 expression groups showed that Mast cells (P<0.001), NK CD56 bright cells (P=0.069), TFH (T follicular helper, P=0.133), Th1 cells (P=0.288), pDCs (plasmacytoid dendritic cells, P<0.05), Eosinophils (P< 0.005), iDCs (immature DCs, P< 0.005), Macrophages (P< 0.005), Neutrophils (P=0.005), NK cells (P<0.005), Tcm (Central Memory T cell, P=0.224), CD8 T cells(P=0.343), Tem (Effective Memory T Cell, P<0.005), B cells (P=0.208), and DC (dendritic cell, P<0. 05), were significantly increased in high GLIS3 group, while aDCs (activated DCs, P=0.288), Treg (regulatory T cells) (P=0.221), T cells (P=0.924), NK CD56 dim cells (P=0.090), Cytotoxic cells (P=0.936), Tgd (T gamma delta, P=0.936), T helper cells (P=0.804), Th17 cells (P=0.662), and Th2 cells (P=0.005) were significantly decreased (Figures 4A, B).




Figure 4 | GLIS3 expression in STAD in relation to immune infiltration. (A) Expression of GLIS3 in gastric cancer is closely associated with immune cell infiltration. (B) Correlation of GLIS3 expression with 24 immune cells in gastric cancer. (C) Correlation of GLIS3 expression with the degree of infiltration of 24 immune cells and specific p-values in gastric cancer. (**P < 0.01, *P< 0.05, ns, No sense).



Furthermore, the expression of GLIS3 was associated with Treg (regulatory T cells, r=− 0.018, P =0.724), NK CD56 dim cells (r=−0.045, P=0.380), Tgd (T gamma delta, r =− 0.009, P=0.863), T helper cells (r=− 0.028, P=0.590), Th17 cells (r= − 0.041, P=0.427), and Th2 cells (r=− 0.167, P= 0.001) shown negative correlation. A positive correlation was found between GLIS3 expression and infiltration levels of aDCs (activated DCs, r=0.006, P=0.901), B cells (r=0.111, P<0.05), CD8 T cells (r = 0.103, P <0.05), Cytotoxic cells (r = 0.035, P =0.494), DC (dendritic cell, r=0.187, P<0.001), Eosinophils (r=0.208, P<0.001), iDCs (immature DCs, r=0.207, P<0.001), Macrophages (r = 0.233, P <0.001), Mast cells (r =0.374, P<0.001), Neutrophils (r=0.162, P<0.005), NK CD56 bright cells (r= 0.120, P<0.05), NK cells (r=0.203, P<0.001), pDCs (plasmacytoid dendritic cells, r=0.142, P<0.05), T cells (r=0.026, P=0.621), Tem (Effective Memory T Cell, r=0.189, P<0.001), Tcm (Central Memory T cell, r=0.046, P=0.370), TFH (T follicular helper, r=0.113, P=0.029), and Th1 cells (r= 0.126, P<0.05) (Figure 4C).



Expression of GLIS3 is associated with immune checkpoints

Immune checkpoints are a series of molecules expressed on immune cells and regulate the degree of immune activation. Tumor cells express substances that activate immune checkpoints, blocking the antigen presentation process in tumor immunity, suppressing immune function and causing immune escape. In relation, the expression of GLIS3 in connection to immunological checkpoints such as PD1, PD-L1, CTLA4, CD200, CD276, CD28, CD44, CD80, CD86, HAVCR2, NRP1, and VSIR was studied. GLIS3 is positively correlated with many immune checkpoints. Among them, CD200, CD28, CD44, NRP1, and VSIR had a robust correlation (P<0.001).CD276, CD80, CD86 and HAVCR2 expression levels were favorably linked with GLIS3 expression (P<0.05, Figures 5A, B). These results suggest that GLIS3 is intimately involved in regulating immune interactions and may regulate tumor immune escape.




Figure 5 | Correlation of GLIS3 expression with immune checkpoints. (A) Correlation between GLIS3 expression in GC and immune checkpoints (PD1, PD-L1, CTLA4, CD200, CD276, CD28, CD44, CD80, CD86, HAVCR2, NRP1, and VSIR) (B) Heat map depicting immune checkpoints correlated with GLIS3 expression in TCGA-STAD. (*** P <0.001, **P < 0.01, * P< 0.05).





Clinical characteristics and prognosis analysis related to GLIS3 expression

From the TCGA data portal in October 2022, 375 patients with the required clinical features were extracted. Table 1 lists the detailed clinical features. Among 375 subjects, 188 demonstrated high GLIS3 expression, and 187 demonstrated low expression. There were 134 men and 241 women present. The average age of the participants was 65. The mean age of all participants was 65 years. Stage STAD: 53 patients in stage I, 111 in stage II, 150 in stage III, and 38 in stage IV. GLIS3 expression was connected with regional lymph node condition, PFI event, DSS event, and Anatomic neoplasm subdivision (Table 1)


Table 1 | Clinical features associated with high or low expression of GLIS3 in patients with gastric cancer.



Analyzing the primary clinical characteristics of the low and high GLIS3 expression groups, GLIS3 expression was higher in the PFI event death group, and expression increased with increasing staging in the N stage. (Figures 6A, B). Based on GLIS3 gene expression data, ROC curve analysis was done to determine the diagnostic utility of this gene. With a measurement of 0.781, the area has a high diagnostic value. (Figure 6C).




Figure 6 | Diagnostic value of GLIS3 expression for STAD. Relationship between GLIS3 expression and clinicopathological features of STAD and diagnostic value. (A) PFI Event. (B) N Stage. (C) ROC analysis of GLIS3 showed that GLIS3 has the ability to differentiate between tumor and normal tissue. (D) Expression, risk score and survival time distribution of GLIS3. (E) Nomogram for predicting 1-year, 3-year and 5-year OS probabilities in patients with gastric cancer. (F) Calibration curve model to validate the predictive value of OS prediction for 1- year, 3-year and 5-year survival (**P < 0.01, *P< 0.05).



Univariate analysis revealed that age, TMN classification, pathologic stage, Primary therapeutic outcome, and Residual tumor are linked with GLIS3 expression level and OS (P<0.05). In addition, these risk factors were included in multivariate COX regression models (Table 2). The association between risk score, survival time, and the GLIS3 expression profile was then investigated. (Figure 6D) Clinical characteristics were incorporated into the nomogram model, and the anticipated probabilities of the calibration curve were congruent with the observed data. (Figures 6E, F).


Table 2 | Univariate and multifactorial COX regression analysis of clinical characteristics in relation to overall survival.



Kaplan-Meier survival analysis was performed using the TCGA database and GEO database GSE62254. Poor prognosis in patients with high GLIS3 expression. The results after performing subgroup analysis showed that poor prognosis in patients with high GLIS3 expression was associated with T stage (P<0.05), M stage (P<0.05), Age (P<0.05), male (P<0.05), race-white (P<0.05) and Histologic grade (P<0.05), respectively (Figure 7).




Figure 7 | Kaplan-Meier curve for overall survival in gastric cancer. (A) High levels of GLIS3 expression in TCGA database and GEO database often correlate with poor prognosis (OS) in GC patients. (B) Kaplan-Meier prognostic analysis of Age≦65, Stage T1&T3, Stage M0&M1, Male, Histological Grade, White Ethnicity Regarding GLIS3 high and low expression scores in GC.






Discussion

Gastric cancer is the fourth highest cause of cancer-related death (1). Gastric cancer begins in the innermost layer of the stomach, infiltrates more profound into the stomach wall, and spreads to nearby lymph nodes, the liver, the lung, and the peritoneum. Since early stomach cancer is typically asymptomatic, many individuals are discovered with the disease at an advanced stage. Surgical resection may be able to cure early-stage, locally-confined stomach cancer. Advanced tumors can only be treated with palliative care and have a poor prognosis. Exploring the genetic processes of gastric carcinogenesis and prognostic markers may lead to developing more effective treatments for people with gastric cancer.

The mouse GLIS3 gene with five C2H2-type zinc finger motif highly similar to the Gli and Zic gene families was found for the first time in 2003 (14). GLIS3 possesses DNA-binding transcription factor and DNA-binding transcription activator activity, RNA polymerase II specificity, and is implicated in the formation of pancreatic -cells and the thyroid (18). The possible prognostic impact of GLIS3 in gastric cancer has not been reported. Our data indicate that the expression of GLIS3 is substantially linked with immune infiltration and OS in patients with GC. We examined the relationship between GLIS3 and immune cells, which suggests that GLIS3 may be associated with immune infiltration. As the tumor microenvironment has been explored, Immune cells play a complex and crucial role in tumor growth (32).

We found that GLIS3 expression positively correlated with most immune cells. In tumors with high GLIS3 expression, immune cells were highly infiltrating. And GLIS3 tended to show increased expression in gastric cancer. The tumor microenvironment (TME) is conducive to the growth and expansion of cancer cells. Many cell types are involved in the TME and host anti-tumor immune responses, and normal tissue destruction also occur in the TME (33–35). This may be why increased GLIS3 expression promotes gastric carcinogenesis and a bad prognosis: disruption of the TME in concert with immunosuppressive cells results in immune evasion. Among immune cells, macrophages demonstrated a stronger connection with GLIS3 expression (P<0.001) M1-type macrophages can destroy tumor cells and protect against pathogen invasion, but M2-type macrophages primarily promote tumor growth, invasion, and metastasis. The majority of macrophages in tumor tissues have the phenotype and function of M2 macrophages, and their degree of infiltration is adverse effect (36–38). Due to the phenotypic alteration of tumor-associated macrophages, the immune milieu is shifted from an anti-tumor state to an immunosuppressive state, indicating an increased risk of tumor invasion. Mast cells are immune cells seen in human cancers present in all vertebrates and were named by Paul Ehrlich (39–41). Mast cell density is correlated with angiogenesis, the number of metastatic lymph nodes, and patient survival in gastric cancer. Mast cells promote the development of gastric cancer by releasing angiogenic (VEGF-A, CXCL8, MMP-9) and lymphangiogenic components (VEGF-C, VEGF-F) (41–45). And in our immune infiltration analysis, mast cells were the immune cells with the most significant positive correlation with GLIS3, suggesting a higher infiltration rate of mast cells in tumors, leading to dysregulation of antitumor effects and correlating with poor patient prognosis (46). Also, NK cells, which are highly associated with GLIS3 expression, impact on immunotherapy, and targeting NK cells may improve anti-tumor immune responses (47).

Furthermore, we discovered a clear correlation between GLIS3 expression and immunological checkpoints such as NRP1, CD200, and CD276. Research by Dario A.A. Vignali’s team suggests that blocking NRP1, a potential immune checkpoint in T cells, could improve immunotherapy and help prevent cancer recurrence (48). And CD200 (OX-2), on the other hand, is a cell surface glycoprotein that confers immune escape by suppressing the alloimmune and autoimmune responses through its receptor CD200R (49).B7-H3 (CD276) is overexpressed in a variety of tumor types. It is a promising target for anticancer immunotherapy. In addition to its immunomodulatory effects, B7-H3 has intrinsic tumorigenic activities that enhance cell proliferation, migration, invasion, angiogenesis, metastasis, and anti-tumor drug resistance (50). From this, we can prove that GLIS3 may alter tumor immunology and may be a potential immunotherapy treatment target, instead of a simple prognostic biomarker. In terms of prognosis, in the group with high GLIS3 expression, the chance of survival was lower for T stage, M stage, age, male, white race, and histologic grade, indicating that GLIS3 has some predictive effect on prognosis.

To predict 1- years, 3- years, and 5-years OS in GC, we built a prognostic nomogram model of GLIS3 expression levels based on COX regression analysis. Time-dependent ROC curves demonstrate the nomogram’s dependable prediction capabilities. Our model may give a new starting point for prognostic prediction and individualized assessment of patients with GC. Nonetheless, this study still has certain drawbacks. The regulatory mechanisms and signaling pathways linked with GLIS3 require additional analysis. Future multicenter research should be conducted to validate the predictive model.



Conclusion

GLIS3 is significantly expressed in GC, and high expression is related to a bad prognosis. Our research indicates that GLIS3 is a potential prognostic factor and genetic therapeutic target. Future research will concentrate on the mechanism of action of GLIS3 in GC so that GLIS3 can become a therapeutic and prognostic factor for the benefit of patients.
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According to 2020 global cancer statistics, digestive system tumors (DST) are ranked first in both incidence and mortality. This study systematically investigated the immunologic gene set (IGS) to discover effective diagnostic and prognostic biomarkers. Gene set variation (GSVA) analysis was used to calculate enrichment scores for 4,872 IGSs in patients with digestive system tumors. Using the machine learning algorithm XGBoost to build a classifier that distinguishes between normal samples and cancer samples, it shows high specificity and sensitivity on both the validation set and the overall dataset (area under the receptor operating characteristic curve [AUC]: validation set = 0.993, overall dataset = 0.999). IGS-based digestive system tumor subtypes (IGTS) were constructed using a consistent clustering approach. A risk prediction model was developed using the Least Absolute Shrinkage and Selection Operator (LASSO) method. DST is divided into three subtypes: subtype 1 has the best prognosis, subtype 3 is the second, and subtype 2 is the worst. The prognosis model constructed using nine gene sets can effectively predict prognosis. Prognostic models were significantly associated with tumor mutational burden (TMB), tumor immune microenvironment (TIME), immune checkpoints, and somatic mutations. A composite nomogram was constructed based on the risk score and the patient’s clinical information, with a well-fitted calibration curve (AUC = 0.762). We further confirmed the reliability and validity of the diagnostic and prognostic models using other cohorts from the Gene Expression Omnibus database. We identified diagnostic and prognostic models based on IGS that provide a strong basis for early diagnosis and effective treatment of digestive system tumors.
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  1 Introduction

The digestive system consists of auxiliary organs of the digestive tract and gastrointestinal tract. Digestive system tumors have the highest mortality rate in the world. Digestive system tumors mainly include gastric cancer, colorectal cancer, esophageal cancer, etc., which come from different but related tissues and have their own unique clinical features, but also have some similar features (1). Common risk factors for gastrointestinal tumors include infection, smoking, alcohol consumption, high-fat diet, age, race, gender, family history, and geographic location (2). The therapeutic effect and survival time of tumors are closely related to the time of discovery, but there is still a lack of effective means for early detection, early diagnosis and early treatment of gastrointestinal tumors (3). Therefore, early diagnosis of gastrointestinal tumors, systematic research on the regulatory network during the development of gastrointestinal tumors, and development of new therapeutic strategies will be crucial to improving the survival rate of patients with gastrointestinal tumors, and are of great significance for improving the reduction of social pressure and disease burden (4–6). The current treatment methods, including surgery, radiation therapy, and immunotherapy, are constantly improving. In recent years, the research of immunotherapy has been steadily expanding, and research results have been continuously applied in clinical practice (7). However, due to the hidden early symptoms, the rapid development and aggression, the average survival time of patients with late DSC is still very low. Therefore, researchers are committed to discovering new features used for diagnosis or prognosis and improving treatment methods (8). There are already some very valuable studies, to assess the association of local expression of CD44 and CD24 with clinicopathologic features of disease in patients with large chronic kidney disease, the role of these markers as cerebrospinal fluid (CSF) was explored more fully (9). It has been found that Lg5High/DCLK1 high phenotype is significantly associated with the expression of early gastric cancer specimens, and its expression pattern can be considered a signature phenotype of gastrointestinal tumor subtypes (10).

The tumor immune microenvironment has been shown to play a key role in tumor development and influence clinical outcomes, and can serve as potential biomarkers to improve the reliability and accuracy of diagnosis and prognosis (11, 12). However, our understanding of its role remains incomplete due to the complexity and dynamics of the immune microenvironment (13). Tumor-infiltrating immune cells are part of a complex microenvironment (14). They play a key role in inhibiting or supporting tumor growth and development, can be effectively targeted by drugs, and are associated with patient survival (15). Gene expression profiling has become a mainstay of the TIME research field (16). However, due to its high heterogeneity and dynamics, studies on changes in individual genes cannot precisely dissect time. Typically, immune cell (IC) function is influenced by a group of related genes rather than a single gene. Therefore, the study of gene sets can provide new insights into cancer immunotherapy (17).

In this study, we evaluated the enrichment changes of IGS from ImmuneSigDB in patients with digestive system tumors. First, an IGS-based diagnostic model was established for tumor diagnosis, and then an IGS-based prognostic risk prediction model was established, its correlation with clinical and immune characteristics was evaluated, and a nomogram was constructed to make the results of the prediction model more readable It provides a powerful means for the early detection and prediction of DST.


 2 Materials and methods

 2.1 Raw data

The data used in this paper are from public databases. The DST cohort used to identify the immune gene set enrichment score consisted of 1345 patients in The Cancer Genome Atlas (TCGA). There are six main cancer types: ESCA, STAD, LIHC, PAAD, COAD, and READ. All transcriptome data and clinical data were downloaded from the TCGA database (https://tcga-data.nci.nih.gov/tcga/). Clinical data included clinical characteristics such as age, gender, survival time, survival status, and tumor status. Data was extracted from the TCGA database, strictly following TCGA-approved publication guidelines. Therefore, no ethics committee approval is required. The external validation dataset comes from the Gene Expression Omnibus (GEO) database.


 2.2 Immunologic gene set and gene set variation analysis

ImmuneSigDB is a manually annotated database of approximately 5,000 gene sets in immunology from various cellular states, experimental manipulations, and genetic perturbations (18). ImmuneSigDB’s IGS (c7.ImmuneSigDB.v7.5) was obtained from the Molecular Signature Database (MSigDB). The enrichment score (ES) for each IGS in samples was calculated using the GSVA algorithm from the “GSVA” package in R. The GSVA enrichment algorithm is widely used in medical research (19–23).


 2.3 Diagnostic analysis

Samples of primary or normal tissue were selected for further diagnostic analysis. First, the limma package was used for differential analysis, and the screened differential gene sets were used for subsequent diagnostic analysis. Patients were randomized into training and validation cohorts (4:1) using StratifiedKFold in scikit-learn. Extreme Gradient Boosting (XGBoost), is a scalable distributed gradient boosting decision tree machine learning library that provides parallel tree boosting capabilities and is an advanced machine learning library for regression, classification, and ranking problems (24). A diagnostic model was constructed on the training cohort using the XGBoost algorithm, and the sensitivity and specificity of the diagnostic model were analyzed by ROC curve. We searched for optimal parameters for XGBoost using Optuna (25).


 2.4 Tumor subtypes based on immunologic gene set

According to the ES of IGSs, we used the consistent clustering method of the R package ConsensusClusterPlus (K-means, Euclidean distance, reps = 1000, pItem = 0.8, clusterAlg = “pam”, seed = 0) for the unbiased classification of all patients to explore the relationship between different tumor subtypes and patient prognosis (26). We used the square sum error in elbow (WSSE group; this method was to find the best cluster number by finding the “elbow point”) and the fastest falling point of the gap statistic (WK; the K value corresponding to the maximal value of gap) to evaluate the best class number K. In addition, we performed survival analysis for various immune subtypes.


 2.5 Immune cell infiltration analysis

CIBERSORT (https://cibersortx.stanford.edu/) is a computational method for quantifying cellular components from gene expression profiles of ontology tissues (27). We used CIBERSORT to estimate the proportions of 22 ICs for digestive system tumors in TCGA and GEO. The immune and stromal scores were obtained by calculating the expression signatures of specific molecular biomarkers in immune and stromal cells using the ESTIMATE algorithm (https://r-forge.r-project.org) (28).


 2.6 Prognostic analysis

For prognostic analysis, tumor samples with complete clinical characteristics and survival information were selected. Subsequently, eligible patients were randomized into training and validation cohorts (7:3) using R package caret. Predictive features were then screened from the training cohort using LASSO-Cox analysis. The coefficients characterize the risk score by using the R package glmnet according to the Least Absolute Shrinkage and Selection Operator (LASSO) algorithm. Optimal cut-off values for risk scores were calculated based on patient survival data using X-tile. Kaplan-Meier survival curves were used, and time-dependent ROC (survival ROC) curves were applied to assess the prognostic power of risk scores (29).


 2.7 Validation of diagnostic and prognostic model using GEO dataset

Additional cohorts in the GEO database were used for the validation of the diagnostic and prognostic models according to the following inclusion criteria: (i) for the validation of the diagnostic model, the dataset provided tumor and normal samples containing mRNA expression levels in tissue samples; (ii) For validation of the prognostic model, the dataset provided patient survival information. Exclusion criteria were: (i) datasets with small sample sizes (n < 50); (ii) datasets using cell linesor animal samples. Therefore, we selected GSE37023, GSE23400, GSE37182, GSE90627, GSE22058, GSE62452 for diagnostic data, and GSE84433, GSE62452, GSE87211, GSE39582, GSE10186, GSE53624 for prognostic data to validate the results in the TCGA database.


 2.8 Nomogram construction

The nomogram is based on multi-factor regression analysis, integrates multiple predictors, and then uses scaled line segments to draw on the same plane according to a certain proportion, and assigns each value of each influencing factor to each value ep26. Then, the individual scores are added to obtain the total score. Finally, the predicted value of the individual outcome event is calculated through the functional transformation relationship between the total score and the probability of occurrence of the outcome event. The total score projected on the bottom scale represents the probability of 2-year, 3-year, and 6-year overall survival. A calibration curve was drawn to compare expected and observed survival probabilities. The prognostic value of the nomogram and other clinical features was compared at 2, 3, and 6-year overall survival using ROC curves. The R package “rms” is used to draw nomograms and the R package ßurvivalROC” is used to draw ROC curves.


 2.9 Statistical analysis

Statistical analysis was performed using R software (version 4.1.0). Continuous variables were expressed as mean ± standard deviation and compared using Student’s t-test or Wilcoxon rank-sum test. Categorical data were compared using the chi-square test. Use the python package xgboost to build diagnostic models. Least Absolute Shrinkage and Selection Operator (LASSO) regression models were performed using the “glmnet” and ßurvival” packages. Kaplan-Meier survival analysis with log-rank test was performed using the R package ßurvminer”. Differential expression analysis was performed using the “limma” package. Statistical significance was set at P < 0.05, shown as *P < 0.05, **P < 0.01, ***P < 0.001.



 3 Results

 3.1 Patient characteristics

According to the screening criteria, a total of 1345 patients were used for diagnostic analysis (including 148 normal samples and 1197 cancer samples) and 1197 tumor samples were used for prognostic analysis. The detailed distribution of the patients is summarized in  Table 1 , and the workflow of the study is illustrated in  Figure 1 .

 Table 1 | Distribution of all samples. 



 

Figure 1 | Workflow of this study. 




 3.2 Construction of diagnostic model based on immunologic gene set

A total of 4,872 IGSs were obtained from ImmuneSigDB. IGSs for all 1345 digestive system tumors were calculated using the GSVA algorithm based on transcriptome RNA-seq data. Differential expression analysis showed that there were 60 significantly different gene sets (padj < 0.01) between normal samples and cancer samples, of which 31 gene sets were up-regulated and 29 were down-regulated ( Figure 2A ). All samples are then divided into training and validation sets while maintaining the same proportion of normal samples and cancer samples. A diagnostic model was constructed using the XGBoost algorithm based on the training set, and the ROC curve indicated that our model had high accuracy on the training set, validation set, and the entire dataset (AUCs of 1, 0.993, 0.999, respectively)( Figures 2C–E ). Features importance analysis shows that GSE29614_CTRL_VS_DAY3_TIV_FLU_VACCINE_PBMC_DN and GSE17974_IL4_AND_ANTI_IL12_VS_UNTREATED_6H_ACT_CD4_TCELL_UP are the most important in the diagnostic model ( Figure 2B ).

 

Figure 2 | Construction of Diagnostic Model. (A) Volcano plot of differential analysis results between normal and cancer samples. Red, upregulated; green, downregulated. (B) Top10 feature importance in the diagnostic model. (C–E) ROC curves of the diagnostic model in the training cohort (C), validation cohort (D) and the entire cohort (E). 




 3.3 Construction of tumor subtypes and prognostic model based on immunologic gene sets

Prognostic analysis of digestive system tumors used 1197 tumor samples. First, 1134 gene sets significantly associated with prognosis were screened from 4872 immune gene sets by univariate Cox regression analysis. Based on the prognosticIGS, the consistent clustering method of the R package “ConsensusClusterPlus” was used to classify the digestive system tumors into three subtypes (DSTS), namely subtype 1 (N=657), subtype 2 (N=273), and subtype 3 (N=267) ( Figures 3A-C ). The relationship between tumor type and subtype is shown in  Table S1 . The immune gene set enrichment score was the highest in subtype 2, followed by subtype 1, and the lowest in subtype 3 ( Figure 3D ). Kaplan-Meier survival analysis showed that subtype1 had the best prognosis, subtype 2 had the worst prognosis, and subtype 3 had an intermediate prognosis ( Figure 3E ). The above results suggest that DSTS can effectively discriminate patients with different prognosis.

 

Figure 3 | Tumor subtypes based on immunologic gene sets. (A) Delta area plot showed the relative change in area under the CDF curve. (B) Consensus matrices of the DST cohort for k=3. (C) Consensus cumulative distribution functions (CDF) of the consensus matrix for each k value (indicated by colors). (D) Gene set heatmap and clinicopathological features of the three subtypes identified. (E) Kaplan-Meier overall survival curves for the three subtypes. (F) Venn plot of the results of the analysis of differences between different subtypes. 



To explore the mechanisms behind the prognostic differences between the different subtypes, we performed a differential analysis of the gene sets between the IGSS subtypes. There were 534 differential gene sets between subtypes 1 and 2, and 555 differential gene sets between subtypes 1 and 3. Then, taking the intersection of the two differential results, we obtained 299 differential gene sets ( Figure 3F ). These gene sets were then applied to LASSO regression analysis, and finally, a prognostic model consisting of nine gene sets was constructed ( Figures 4A, B ). The nine gene sets are: Gene Set 1 (GSE17301_ACD3_ACD28_VS_ACD3_ACD28_AND_IFNA2_STIM_CD8_TCELL_UP), Gene Set 2 (GSE20366EXVIVO_VS_HOMEOSTATIC_CONVERSION_TREG_DN), Gene Set3 (GE5542_IFNG_VS_IFNA_TREATED_EPITHEIAL_CELLS_24H_UP), Gene Set4 (GSE35543_IN_VIV

 

Figure 4 | Construction of an IGS-based risk prediction model. (A) Least absolute shrinkage and selection operator (LASSO) coefficient profiles of the fractions of IGSs. (B) Ten fold cross-validation for tuning parameter selection in the LASSO model. (C) Risk score measured by survival receiver operating characteristic (ROC) curves in the training cohort. The area under the ROC curve (AUC) was 0.69, 0.7, and 0.63 at 2, 3, and 6 y, respectively. (D–F) Kaplan-Meier curves for overall survival by risk score group in the training (D), validation (E) and entire cohorts (F). (G–I) KEGG pathway analysis of the genes in Gene Sets 1–3. 



O_NTREG_VS_CONERTED_EX_ITREG_DN), Gene Set5 (GSE19198_1H_VS_24H_IL21_TREATED_TC

ELL_DN), Gne Set6 (GSE37301_AG2_KO_VS_RAG2_AND_ETS1_KO_NK_CELL_DN), Gene Set7 (GSE14699_DELETIONAL_TOLERANCE_VS_ACTIVATED_CD8_TCELL_DN), Gene Set8 (GSE17580_UNINFETED_VS_S_MANSONI_INF_TREG_UP), Gene Set9 (GSE6566_STRONG_VS_WE

AK_DC_STIMULATED_CD4_TCELL_UP).  Table S2  summarizes the genes included in gene sets 1-9. By calculating the sum of the products of ES and coefficients for each gene set, we can quantify the prognosis of each patient. Risk Score = (Gene Set 1 × -0.016) + (Gene Set 2 × -0.105) + (Gene Set 3 × -0.644) + (Gene Set 4 × 0.008) + (Gene Set 5 × 1.017) + (Gene Set 6 × -0.102) + (Gene Set 7 × -1.032) + (Gene Set 8 × 0.867) + (Gene Set 9 × -2.585). Use X-tile to calculate optimal cutoffs for risk scores based on patients’ survival data to classify patients in the training cohort into low-risk and high-risk groups. Kaplan-Meier curves were drawn to confirm that patients in the high-risk group had a significantly higher risk of survival in the training cohort (P < 0.0001) ( Figure 4D ). At the same time, Kaplan-Meier curves were also drawn in the validation and the whole cohort, consistent with the results of the training cohort, patients in the high-risk group had a lower overall survival time than those in the low-risk group (P = 0.013, P < 0.0001) ( Figures 4E, F ). Furthermore, the risk score showed the strong predictive power of 2-, 3-, and 6-year survival in the training cohort (AUC = 0.69, 0.7, and 0.63, respectively) ( Figure 4C ). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed that gene sets 1-9 most enriched in DNA replication, Cell cycle, Bacterial invasion of epithelial cells, Mannose type O-glycan biosynthesis, Viral myocarditis, Fatty acid degradation, Human T-cell leukemia virus 1 infection, Hematopoietic cell lineage, Aldosterone synthesis and secretion ( Figures 4G-I ). The enrichment of the other six gene sets is shown in  Figure S1 .


 3.4 Correlation of risk prediction model with immune cell infiltration and expression of immune checkpoints

The heatmap of the high- and low-risk groups shows that the high-risk group has a higher gene set enrichment score ( Figure 5A ). Infiltration of 22 ICs in the digestive system cohort was analyzed using the CIBERSORT package. We found that the infiltration of B cells memory, Plasma cells, T cells CD4 memory activated, T cells follicular helper, Mast cells activated, and Eosinophils was higher in the low-risk group. In contrast, B cells naïve, T cells CD4 memory resting, T cells regulatory (Tregs), Neutrophils, and Mast cells resting had higher infiltration levels in the high-risk group ( Figure 5B ). The stromal score and immune score of all samples were obtained using the ESTIMATE algorithm, and the scores ranged from -1009.408 to 1112.625 and -607.9489 to 1571.0439, respectively. There were significant differences in the stromal score and immune score in the high and low-risk groups, and they were all higher in the high-risk group ( Figures 5D, E ). Correlation analysis showed that risk scores were negatively correlated with Mast cells activated, T cells CD4 memory activated, and Eosinophils, while positively correlated with stromal scores, immune scores, Mast cells resting, and T cells regulatory (Tregs) ( Figure 5F ). In addition, we compared the expression of immune checkpoint molecules including CD274, PDCD1, PDCD1LG2, CTLA4, HAVCR2, LAG3, and TIGIT in high-risk and low-risk groups. We found that the expression levels of immune checkpoint molecules were significantly higher in the high-risk group compared with the low-risk group ( Figure 5C ). We analyzed simple nucleotide variation data from the digestive system cohort to characterize somatic mutations in high- and low-risk groups. We found that the overall mutation rate was significantly higher in the low-risk group (92.28 vs. 83.59). Except for TP53, KRAS, TTN, MUC16, LRP1B, ARID1A, CSMD3, FLG, SYNE1, APC, PIK3CA, RYR2, OBSCN, PCLO, FAT4, and DNAH5, these genes had high mutation rates in both high-risk and low-risk groups. Compared with the low-risk group, the high-risk group had higher mutation rates of HMCN1, PCDH15, SPTA1, and USH2A, while compared with the high-risk group, the low-risk group had higher mutation rates of CSMD1, ZFHX4, FAT3, ADGRV1mutation rate is higher ( Figures 5G, H ). In addition, the risk score was also significantly negatively correlated with TMB and had higher values in the low-risk group ( Figures 5I, J ).

 

Figure 5 | Correlation of risk prediction model with immune cell infiltration,immune checkpoints, and somatic mutation. (A) Heatmap of immune gene set enrichment scores for high- and low-risk groups. (B) Immune cell infiltration in low- and high-risk groups. (C) Compared with the low-risk group, the expression levels of immune checkpoint molecules in the high-risk group were significantly increased. (D, E) Violin plots show significant associations between risk group and stromal score (D), immune score (E). (F) Correlation between risk score and infiltrating immune cell density and stromal/immune score. (G, H) Somatic mutation profiles of the 20 most frequently mutated genes in low- and high-risk groups. (I, J) Correlations of risk scores with TMB. The violin plot showed that the low-risk group had higher TMB than the high-risk group (I). TMB was significantly negatively correlated with risk score (J) . Statistical significance was set at P<0.05, shown as *P<0.05,**P<0.01, ***P<0.001. 




 3.5 Nomogram construction

The nomogram transforms the complex regression equation into a visual graph, making the results of the prediction model more readable and facilitating the evaluation of patients. Construct a prognostic nomogram based on clinical information such as age, tumor stage, and cancer status, and generate a quantitative method for predicting the prognosis of patients with cancer of the digestive system ( Figure 6A ). Calibration curves for nomograms showed good agreement between predictions and observations in the training cohort. A good agreement was also observed across validation and the entire cohort ( Figures 6B–D ). Moreover, the 2-year, 3-year, and 6-year ROC curves directly show the value of risk factors. The nomogram had the highest accuracy, with areas under the ROC curve (AUC) of 0.738, 0.762, and 0.703, indicating appropriate clinical applicability of the nomogram ( Figures 6E–G ).

 

Figure 6 | Construction and validation of a nomogram in patients with digestive system tumors. (A) Nomograms used to predict 2-, 3-, and 6-year overall survival for patients in the training cohort. (B–D) Calibration curves of nomograms in terms of agreement between predicted and observed 2-, 3-, and 6-y outcomes in the training (B), validation (C), and entire (D) cohorts. Dashed line at 45°represents perfect prediction, and the actual performance of our nomogram is the red, blue, and pink lines. (E) ROC curve for predicting 2-year OS by risk score. (F) ROC curve for predicting 3-year OS by risk score. (G) ROC curve for predicting 6-year OS by risk score. 




 3.6 Use GEO datasets to verify diagnostic model and prognostic model

Get GSE37182 (COAD), GSE23400 (ESCA), GSE22058 (LIHC), GSE62452 (PAAD), GSE90627 (READ), GSE37023 (STAD) from the GEO database to verify the diagnostic model. We used these datasets to evaluate the ability of tumors and normal tissues in diagnostic models, showing the high accuracy of diagnosis (AUC was 0.9736, 0.9576, 0.9884, 0.8067, 0.9993, 0.975) ( Figures 7A-F ). Use GSE39582 (COAD), GSE53624 (ESCA), GSE10186 (LIHC), GSE62452 (PAAD), GSE87211 (READ), and GSE84433 (STAD). Among them, COAD, ESCA, and READ are consistent with our TCGA database. Higher risk scores indicate that patients are more likely to survive. However, the survival rate of patients with high-risk scores in LIHC, PAAD, and STAD is higher ( Figures 7G-L ).

 

Figure 7 | GEO datasets verification diagnostic model and prognostic model for digestive system tumors (A–F) The ROC curve of the diagnostic model on the GEO dataset. [(A), COAD; (B), ESCA; (C), LIHC; (D), PAAD; (E), READ; (F), STAD]. (G–L) The survival curve of the prognostic model on the GEO dataset. [(G), COAD; (H), ESCA; (I), LIHC; (J), PAAD; (K), READ; (L), STAD]. 





 4 Discussion

It is worth noting that the latest development of new cancer treatment methods is mainly concentrated on early intervention. Munoz and Plevritis et al. (30) propose a predictive model that uses estrogen receptors and human epidermal growth factor receptors 2 to determine the potential survival results. Similarly, Chen et al. (31) use lncRNA data in the TCGA database to obtain five lncRNA signatures for independent risk factors for OC recurrence. HUANG et al. (32) use clinical pathological risk factors to build a radiological characteristics and radioactive group diagram of lymph nodes metastasis of colorectal cancer, which facilitates the preparation prediction before surgery. However, most of these studies are based on the analysis of single genes. In our research, we focus on the collection of immune genes, not a single gene, which will improve our understanding of the overall function of IC (33–35).

First, we used the XGBoost algorithm to construct a diagnostic model based on a set of 57 immune genes differentially expressed between normal and cancer samples. The high AUC values indicate that our model is accurate and effective in diagnosing tumors in the digestive system, and that the immune system is involved in the development and progression of cancer.

There were 534 and 555 differentially expressed immune gene sets between subtypes 1 and 2 and between subtypes 1 and 3, respectively. Although there were also significant differences in the expression of IGS between subtypes 2 and 3 (n = 486), we found poor prognosis for both subtypes. Subtype 1 had the best prognosis compared to subtypes 2 and 3. There are also different clinical, molecular and immune associations with subtypes 2 and 3. Therefore, we compared the differential expression of IGS between subtypes 1 and 2 and between subtypes 1 and 3 to better elucidate the underlying mechanisms of subtype 1.

Discovery of nine gene sets to construct IGS-based prognostic models provides new insights into functional diversity of TIME, leading to potential biomarkers and therapeutic targets for cancer management. The Kaplan-Meier curve confirmed that patients with high-risk scores had a higher chance of survival in the training cohort. The results of the internal and external validation sets were largely consistent with the above results.

To improve prognostic accuracy, we combined risk scores, age, sex, tumor stage, cancer status, and residual tumors to construct a lineup and ROC curves for 2, 3, and 6 years of survival. The results show that the line diagram has good clinical applicability. In addition, calibration curves show that prognostic immune scores predict clinical outcomes in patients. Taken together, this study provides a comprehensive immune map of tumors in the digestive system, resulting in diagnostic and prognostic models that can be used as biomarkers for early diagnosis to initiate treatment and predict patient survival.

Numerous studies have reported the influence of tumor microenvironment on tumor development and prognosis including esophagus (36), pancreas (37), colorectal cancer (38), gastric cancer (39) and melanoma (40). However, this study still has some limitations. First, the patients in the TCGA database that we used lacked some clinical information, such as acute infection or immune system disease, which would affect the results of the analysis. In addition, information on more meaningful risk factors for diagnosis and prognosis, such as smoking, alcohol consumption, and family history, was incomplete. In the future, we need to collect more complete clinical information for analysis to further improve the reliability of the results. Second, because all samples were from retrospective collections, further prospective studies are needed to validate the results. We will apply the analytical results to the clinic.


 5 Conclusions

All in all, we have established an IGS-based diagnostic model that enables accurate early diagnosis of digestive system tumors. In addition, we construct DSTS to provide new insights into the relationship between immune processes and TIME features, while IGS-based prognostic prediction models can accurately predict the prognosis of DST patients, and their predictive ability is verified in GEO data. Diagnostic and prognostic models can be used as useful tools for early diagnosis of biomarkers and the development of new strategies for cancer immunotherapy.
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Gastric cancer is a tumor type characterized by lymph node metastasis and the invasion of local tissues. There is thus a critical need to clarify the molecular mechanisms governing gastric cancer onset and progression to guide the treatment of this disease. Long non-coding RNAs and mRNA expression profiles associated with early and local advanced gastric cancer were examined through microarray analyses, with GO and KEGG analyses being employed as a means of exploring the functional roles of those long non-coding RNAs and mRNAs that were differentially expressed in gastric cancer. In total, 1005 and 1831 lncRNAs and mRNAs, respectively, were found to be differentially expressed between early and local advanced gastric cancer. GO and KEGG analyses revealed several pathways and processes that were dysregulated, including the RNA transport, ECM-receptor interaction, and mRNA splicing pathways. In co-expression networks, E2F1, E2F4, and STAT2 were identified as key transcriptional regulators of these processes. Moreover, thrombospondin-2 was confirmed as being expressed at high levels in more advanced gastric cancer by both the GEO and TCGA databases. RNA-sequencing analyses of SGC-790 cells transfected to express thrombospondin-2 further revealed this gene to enhance NF-kB and TNF pathway signaling activity. These results offer insight into gastric cancer-related regulatory networks and suggest thrombospondin-2 to be an important oncogene that drives the progression of this deadly cancer type.
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1 Introduction

Gastric cancer (GC) is among the deadliest cancers in the world, and affected patients are broadly grouped into those with early and advanced disease. Early GC is restricted to the mucosal and submucosal layers irrespective of lymph node status, and can be effectively treated via surgical resection in many cases. In contrast, individuals with advanced disease exhibit a poor prognosis (1). Moreover, as there are few reliable symptoms or diagnostic biomarkers, a majority of patients are only diagnosed when the disease is already in an advanced stage. The mechanisms that govern GC progression are highly complex and tied to the aberrant expression and activity of a variety of cancer-associated genes (2). It is thus vital that these mechanisms be unraveled so as to guide the identification of novel biomarkers capable of aiding in the diagnosis and treatment of GC. In previous reports, mRNA expression-based approaches to detecting cancers at various stages of progression have been conducted (3).

Long non-coding RNA (lncRNAs) are over 200 nucleotides in length and regulate a diverse array of tumor-associated processes at the transcription and post-transcriptional levels, including epigenetic modifications, cellular differentiation, and cell cycle progression. Through chromosomal looping, for example, certain lncRNAs can drive chromatin rearrangement and thus affect transcription factor (TF) binding so as to alter transcriptional activity (4). A growing body of evidence supports the dysregulation of lncRNA expression in many malignancies including colorectal, breast, and renal cancer (5–7). While there have been some previous efforts to profile patterns of lncRNA expression associated with GC, relatively little remains known regarding how these patterns changes with disease progression. The present study was thus developed to compare lncRNA and mRNA expression patterns between early and local advanced GC patients. By constructing a co-expression network incorporating those mRNAs and lncRNAs that were differentially expressed, key signaling regulators and pathways were identified so as to clarify critical progression-associated genes.




2 Materials and methods



2.1 Tissue samples

In total, 26 paired primary GC tumor tissue samples and paracancerous tissue samples were obtained between February and August 2017. These patients included 13 with stage T1N0M0 and 13 with stage T4N3M0 disease, none of whom had undergone preoperative radiotherapy or chemotherapy. These patients either underwent radical distal gastrectomy or total gastrectomy, with pathological TNM staging having been assessed by three experienced pathologists in accordance with the National Comprehensive Cancer Network’s Clinical Practice Guidelines.




2.2 RNA extraction, microarray profiling and functional enrichment analyses

After isolation, GC patient tissues were snap-frozen with liquid nitrogen followed by storage at -80°C. OE Bioinformatics Technology Co., Ltd. (Shanghai, China) performed RNA extraction and all microarray profiling analyses, with samples being labeled, hybridized, and washed based on provided directions as detailed in prior studies (8).




2.3 Construction of the co-expression network

Potential correlative relationships between lncRNA co-expressed protein-coding genes and TF targets were assessed through Pearson correlation analyses. Hypergeometric distributions were used to assess GO term and pathway enrichment for coding genes exhibiting high coefficients, with the top 200 predicted relationships among differentially expressed lncRNAs and functional prediction terms being selected using Q-values and frequency counts, which was described in in prior studies (8).




2.4 Real-time quantitative reverse transcription-PCR

An RNeasy Mini Kit (217184, Qiagen, CA, USA) was used to extract RNA based on provided direction. Following analyses of RNA integrity and purity, a superscript III platinum kit (R250-01, Invitrogen) was used based on provided directions to prepare cDNA. SYBR Green I (CS7561, Invitrogen) was then used to conduct qPCR analyses with the ABIPrism 7500 instrument (Applied Biosystems) with the following settings: 40 cycles of 95°C for 10 s, 60°C for 30 s, and 70°C for 45 s. Relative gene expression was assessed based upon comparative threshold cycle (CT) values via the 2(−ΔΔCt) method, with GAPDH having been used for normalization. Primers were designed in accordance with target gene DNA sequences. The sequences of the primers used were as follows:

	MUC6-F: 5′- AATTGTGATCTCTCAGGACGAG-3′

	MUC6-R: 5′- CCTGAAGACCGTGATGTTGC-3′

	THBS2-F: 5′- GACACGCTGGATCTCACCTAC-3′

	THBS2-R: 5′- GAAGCTGTCTATGAGGTCGCA-3′

	SOSTDC1-F: 5′- CCTAACTGGATTGGAGGAGGCT-3′

	SOSTDC1-R: 5′- TCTGGGTACGGGTTTTGTCATT-3′

	TLR5-F: 5′- CACGGAAGGTTGTGATGAA-3′

	TLR5-R: 5′- GAGTGTCCAGGTGTTTGAG-3′

	COL8A1-F: 5′- AGAACTACAACCCGCAGAC-3′

	COL8A1-R: 5′- TTGAATAGAGCAACCCACA-3′

	MT1G -F: 5′- AAGTGCAAAGAGTGCAAATGC-3′

	MT1G -R: 5′- AGCAAAGGGGTCAAGATTGTAG-3′

	GAPDH-F: 5′-CGACATGGAGAAAATCTGGCAC-3′

	GAPDH-R: 5′-GATAGCACAGCCTGGATAGCAA-3′






2.5 Cell culture and transfection

SGC-790 cells were obtained from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Science (Shanghai, China) and were cultured in DMEM containing 10% FBS (Invitrogen, CA, USA) containing penicillin/streptomycin (Invitrogen) in a 5% CO2 incubator at 37°C. Full-length thrombospondin-2 (THBS2) cDNA was prepared via PCR with specific primers selected based on the GenBank THBS2 reference sequence, with this cDNA then being cloned into the pcDNA3.0 eukaryotic expression vector (Genechem, Shanghai, China). Prior to transfection, SGC-790 cells were plated overnight in 4 cm dishes, followed by transfection with appropriate constructs using Lipofectamine 3000 (Invitrogen).




2.6 RNA-seq library preparation and sequencing

Trizol was used to extract total RNA based on provided directions, after which a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) was used to measure RNA concentrations and purity, while an Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA) was utilized to measure the integrity of isolated RNA. A TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, CA, USA) was then used based on provided directions to prepare a sequencing library. All sequencing and analyses were performed by OE Bioinformatics Technology Co., Ltd. (Shanghai, China).

An Illumina HiSeq X Ten instrument was used to conduct 150 bp paired-end sequencing. Raw fastq data filed were initially processed with Trimmomatic, and clean reads were obtained via the removal of those reads considered of low quality. These clean reads were then aligned to the GRCh38 human reference genome with HISAT2, after which Cufflinks was used to calculate FPKM values for individual genes, while HTSeq-count was used to generate read counts. R was used to identify differentially expressed transcripts (P<0.05 and FC>2 or FC<0.5). Hierarchical clustering analyses of identified differentially expressed transcripts were then performed, after which GO and KEGG enrichment analyses of differentially expressed genes were conducted based upon hypergeometric distributions with R.




2.7 Statistical analysis

Data are means ± standard deviations, and were compared via Student’s t-tests using SPSS 19.0. P<0.05 was the threshold of significance.





3 Results



3.1 Analysis of mRNA and lncRNA dysregulation between early and local advanced GC

Initial global transcriptomic analyses identified 79,404 lncRNAs and 37,549 mRNAs, which were grouped into hierarchical clustering heat maps comparing local advanced and early GC tumor tissues to matched paracancerous healthy tissues (Figures 1A, B). In total, Venn diagram analyses revealed 1,005 dysregulated lncRNAs (516 upregulated, 489 downregulated) as well as 1,831 dysregulated mRNAs (1,277 upregulated, 554 downregulated) when comparing the difference set between local advanced and early GC (Figure 1C). The top 20 most dysregulated lncRNAs in local advanced disease identified via this approach were compiled in Table 1, with NONHSAT214974 and NONHSAT214368 respectively having been identified as the most downregulated and most upregulated lncRNAs. the most up-regulated. The top 20 most dysregulated mRNAs were similarly compiled in Table 2.




Figure 1 | Microarray-based profiling of mRNAs and lncRNAs differentially expressed between GC tumors and paracancerous tissues. (A) Hierarchical clustering heatmap of transcripts differentially expressed between local advanced GC and paracancerous tissues. (B) Hierarchical clustering heatmap of transcripts differentially expressed between early GC and paracancerous tissues. (C) Venn diagram analysis of lncRNAs and mRNAs differentially expressed between locally advanced GC vs. paracancerous tissues and early GC vs. paracancerous tissues.




Table 1 | Top 20 dysregulated lncRNA between gastric cancer with and without lymph node metastasis.




Table 2 | Top 20 dysregulated mRNA between gastric cancer with and without lymph node metastasis.






3.2 Functional enrichment analyses of dysregulated lncRNAs and mRNAs

To examine the possible functional roles of those lncRNAs found to be differentially expressed in GC, GO and KEGG enrichment analyses of the top 200 most differentially expressed lncRNAs were performed. These lncRNAs were found to be enriched in GO terms including mRNA splicing, mitotic cell cycle, and extracellular matrix organization (Figure 2A), as well as in corresponding KEGG pathways including the spliceosome, RNA transport, ribosome biogenesis in eukaryotes. and ECM-receptor interaction pathways (Figure 2B). Similarly, differentially expressed mRNAs were enriched in GO terms including extracellular matrix organization, cellular response to zinc ions, poly(A) RNA binding, extracellular matrix structural constituent, extracellular matrix, and perinuclear region of the cytoplasm (Figure 3A), as well as in KEGG pathways including the ECM-receptor interaction and mineral absorption pathways (Figure 3B).




Figure 2 | GO and KEGG pathway analyses of lncRNAs differentially expressed between early-stage and locally advanced GC. (A) The top 6 biological process GO terms corresponding to dysregulated lncRNAs. (B) The top 6 KEGG terms corresponding to dysregulated lncRNAs. Annotated terms and numbers of genes associated with those terms are respectively shown on the y-axis and the x-axis.






Figure 3 | GO and KEGG pathway analyses of mRNAs differentially expressed between early-stage and locally advanced GC. (A) The top 10 GO terms in each category corresponding to dysregulated mRNAs. (B) The top 30 KEGG pathways enriched in mRNAs dysregulated in locally advanced GC.






3.3 Co-expression network analyses

Next, a co-expression network was constructed incorporating those lncRNAs and mRNAs that were co-expressed (Pearson’s correlation coefficient ≥ 0.99). In an effort to identify the potential trans-regulatory functions of the lncRNAs within this network, those mRNAs that were co-expressed with lncRNAs and were known to be regulatory targets of specific TFs were further analyzed. This approach suggested that the identified lncRNAs may be associated with the regulatory activity of E2F1, E2F4, and STAT2 (Figure 4). In the constructed co-expression network, individual mRNAs and lncRNAs were correlated with anywhere between 1 and 10 lncRNAs (Figure 5), thus suggesting that the complex inter-regulatory relationships among these transcripts may be central to the process of GC progression.




Figure 4 | Profiling of transcription factors associated with lncRNAs most significantly dysregulated between local advanced GC and early GC.






Figure 5 | TF-lncRNA-mRNA network analysis. mRNAs, lncRNAs, and TFs are respectively represented with green, red, and blue nodes.






3.4 qPCR-based validation of microarray results

To confirm the results of the above analyses, a qPCR approach was next used to confirm the differential expression of six mRNAs. The expression level of lncRNAs had been verified in previous studies (8). In this analysis, the expression of six filtered mRNAs was verified by qRT-PCR in another 10 early GC and 10 local advanced GC patients. SOSTDC1, TLR5, MT1G, and MUC6 were downregulated in locally advanced tumor tissue samples, whereas COL8A1 and THBS2 were upregulated (P<0.05, Figure 6). These results were consistent with the finding from the microarray conducted above.




Figure 6 | qPCR-based validation of 6 mRNAs ((A) THBS2, (B) SOSTDC1, (C) COL8A1, (D) TLR5, (E) MT1G, (F) MUC6) dysregulated between local advanced GC and early GC.






3.5 THBS2 is related to GC progression

As it was identified as one of the most upregulated mRNAs associated with locally advanced GC, THBS2 was selected for further validation experiments. Analyses of the GEO and TCGA databases revealed the upregulation of THBS2 in GC tumor tissues relative to normal paracancerous tissues (TCGA: P<0.01; GSE66229: P=0.003; GSE54129: P<0.0001; GSE27342: P<0.0001; Figures 7A–C, E). THBS2 was also expressed at significantly higher levels in advanced tumors relative to those collected from patients with early-stage disease (Figures 7D, F). Kaplan-Meier analyses revealed that patients expressing high levels of THBS2 exhibited poorer overall survival within the TCGA cohort (P<0.01, Figure 7G). As such, THBS2 may be related to GC progression.




Figure 7 | Analysis of THBS2 expression dynamics in GC. THBS2 mRNA levels were analyzed in the TCGA (E) and GEO databases ((A) GSE66229, (B) GSE54129, (C) GSE27342). THBS2 expression was compared across various stages of GC in the TCGA (D) and GEO (F) databases. Patient overall survival as a function of THBS2 expression was analyzed in the TCGA database (G).






3.6 Identification of genes potentially regulated by THBS2

Lastly, an RNA-seq approach was used to identify patterns of differential gene expression between SGC-790 cells that had been transfected with control and THBS2 overexpression constructs. In total, comparisons of these cells revealed 445 and 23 genes that were significantly up- and downregulated, respectively (FC>2, FC<0.5, P<0.05). These genes were further arranged into a hierarchical cluster heatmap (Figure 8A), and were subjected to GO and KEGG enrichment analyses revealing them to be enriched in GO terms including binding, transporter activity, extracellular matrix, and cell junction (Figure 8B). Moreover, they were enriched in the TNF signaling, transcriptional misregulation in cancer, and NF-kB signaling pathways (Figure 8C).




Figure 8 | RNA-seq analysis of gene expression patterns in control and THBS2-overexpressing SGC-790 cells. (A) Dysregulated mRNAs are represented using a heatmap. (B) Top GO terms associated with mRNAs that were differentially expressed in SGC-790 cells overexpressing THBS2. (C) Top KEGG pathways associated with mRNAs that were differentially expressed in SGC-790 cells overexpressing THBS2.







4 Discussion

High-throughput sequencing analyses are widely employed as tools to explore the genomic responses to particular drugs, disease states, and cancers. Here, a microarray approach was employed to generate co-expression networks composed of the core regulators of GC pathogenesis and progression. In total, 1,005 lncRNAs (516 upregulated, 489 downregulated) and 1,831 mRNAs (1,277 upregulated, 554 downregulated) were capable of effectively differentiating between early-stage and locally advanced GC, with these results being in line with a previous report (9). These progression-related genetic changes included several mRNAs and lncRNAs of known oncogenic relevance, thus highlighting a valuable foundation for future efforts to test GC progression-related targets (10, 11).

GO and KEGG pathway analyses were implemented as a means of exploring the functional roles of the transcripts found to be differentially expressed in the context of GC progression. Dysregulated lncRNAs were found to be enriched in GO biological process terms including mRNA splicing, mitotic cell cycle, and extracellular matrix organization, as well as in KEGG pathways including the spliceosome, RNA transport, ribosome biogenesis in eukaryotes, and ECM-receptor interaction pathways. These lncRNAs may therefore act as key regulators and viable targets associated with GC progression. Similarly, differentially expressed mRNAs were found to exhibit patterns of expression in line with those reported previously (3), and GO and KEGG pathways indicated that they may be related to extracellular matrix organization and other pathways relevant to GC progression such that they may be promising targets for therapeutic intervention. Moreover, a constructed TF-lncRNA-mRNA network highlighted E2F1, E2F4, and STAT2 as potentially important TFs associated with the regulatory activity of identified GC-related lncRNAs.

Thrombospondin-2 is a matrix glycoprotein that has been shown to regulate key activities including ECM remodeling, cellular adhesion, proliferation, and angiogenesis (12). The expression of THBS2 varies among cancers, and its precise relevance as a driver of tumor progression is still the subject of controversy (13–15). Here, THBS2 was the mRNA that was most upregulated in local advanced GC relative to early cases. Analyses of the GEO and TCGA databases similarly confirmed that GC tumors exhibited THBS2 upregulation relative to healthy paracancerous tissue, and that this gene was more significantly upregulated in tumors that were more advanced. To confirm the relevance of THBS2 as a functional regulator of tumor progression rather than an incidentally upregulated target, an RNA-seq analysis of GC cells overexpressing this gene was conducted, revealing that increased THBS2 expression was associated with enhanced TNF and NF-kB signaling pathway activity, in addition to being related to the transcriptional misregulation in cancer pathway. As such, THBS2 may function as a critical oncogene that regulates the progression of GC.

In conclusion, these analyses offer new microarray-based insights into the roles played by particular lncRNAs and mRNAs in the context of GC progression. Further analyses of these data have the potential to guide the further clarification of the mechanisms governing the progression of this deadly disease. Moreover, THBS2 was identified as a potential key regulator and therapeutic target associated with this cancer type. We will further verify the function and specific mechanism of THBS2 in GC cell metastasis and invasion through biological experiments. Furthermore, our ongoing investigations will seek to extend these data by identifying additional GC-related lncRNAs with the potential to serve as diagnostic or prognostic biomarkers related to GC progression.
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Background

The currently available prediction models, such as the Cox model, were too simplistic to correctly predict the outcome of gastric adenocarcinoma patients. This study aimed to develop and validate survival prediction models for gastric adenocarcinoma patients using the deep learning survival neural network.



Methods

A total of 14,177 patients with gastric adenocarcinoma from the Surveillance, Epidemiology, and End Results (SEER) database were included in the study and randomly divided into the training and testing group with a 7:3 ratio. Two algorithms were chosen to build the prediction models, and both algorithms include random survival forest (RSF) and a deep learning based-survival prediction algorithm (DeepSurv). Also, a traditional Cox proportional hazard (CoxPH) model was constructed for comparison. The consistency index (C-index), Brier score, and integrated Brier score (IBS) were used to evaluate the model’s predictive performance. The accuracy of predicting survival at 1, 3, 5, and 10 years was also assessed using receiver operating characteristic curves (ROC), calibration curves, and area under the ROC curve (AUC).



Results

Gastric adenocarcinoma patients were randomized into a training group (n = 9923) and a testing group (n = 4254). DeepSurv showed the best performance among the three models (c-index: 0.772, IBS: 0.1421), which was superior to that of the traditional CoxPH model (c-index: 0.755, IBS: 0.1506) and the RSF with 3-year survival prediction model (c-index: 0.766, IBS: 0.1502). The DeepSurv model produced superior accuracy and calibrated survival estimates predicting 1-, 3- 5- and 10-year survival (AUC: 0.825-0.871).



Conclusions

A deep learning algorithm was developed to predict more accurate prognostic information for gastric cancer patients. The DeepSurv model has advantages over the CoxPH and RSF models and performs well in discriminative performance and calibration.





Keywords: gastric adenocarcinoma, survival prediction, DeepSurv, deep learning, machine learning




Introduction

Gastric cancer remains essential worldwide, with more than 1 million new cases and an estimated 769,000 deaths in 2020 alone, ranking fifth in incidence and fourth in mortality worldwide (1). Notably, the incidence of gastric cancer among young adults worldwide is increasing (2). Adenocarcinoma is the most common subtype of gastric cancer, accounting for 90% of gastric cancer cases (3, 4). The prognosis of gastric cancer varies depending on the type of pathology, molecular subtype, genome, patient’s diet, and physical factors (3). The diversity of prognostic factors provides a challenge for clinicians to predict patient survival based on personal experience accurately.

To improve the precision of lung cancer survival estimations, Cox proportional hazard models and the Kaplan-Meier method have gained popularity in predicting outcomes (5, 6). For example, a nomogram is a reliable tool that can quantify risk by combining and clarifying significant clinical characteristics for clinical oncology. The Kaplan-Meier method uses only the target survival state and time to construct the patient’s survival function (7). However, these traditional models have limitations in the clinical setting of cancer patients, including accurate assessment of overall survival and time to progression. In addition, it is not sufficient to consider only linear relationships between clinical characteristics in clinical decision-making, which does not correspond to the actual clinical situation (8). Therefore, a model that can better account for complex nonlinear variables is needed, which can provide more accurate predictions for clinical decision-making. Accurate prediction of patient survival after diagnosis improves the accuracy of patient prognosis. It might ultimately lead to better-informed decision-making regarding the physician’s and the patient’s family’s efforts to boost a cancer patient’s condition.

Machine learning has more advantages than cox regression models, where the default ending is a simple linear relationship with the variables (9–11). Machine learning is a discipline that focuses on how to make computers learn relationships between data. It allows for constructing unique statistical models from massive data sets that may include hundreds or thousands of data points (12). Machine learning models are built based on machine learning algorithms that can incorporate many variables and data volumes for learning, thus clarifying the complex relationships between variables and outcomes. It is not limited to traditional linear relationships alone. Compared to traditional cox regression models, machine learning predictive models may be more appropriate for the clinical setting and guide clinical decision-making. Artificial neural networks are a subclass of machine learning. Neural networks first process signals in individual neurons and then link different neurons to parameterize the weights of the signals to identify highly complex linear and nonlinear relationships among the input data (13). Deep learning comprises many neural networks that can process more complex information (14).

After reviewing the most relevant advanced studies, we found that many studies have used deep learning models for analytical methods for surgical oncology research. However, most studies have focused on diagnostic applications, such as automated quantification of radiographic images, digital histopathology image interpretation, or biomarker analysis (15–19). To our knowledge, there are few examples of published studies using deep learning models for prognostic prediction in surgical oncology. In gastric cancer research, deep learning techniques have been applied to digital histopathology image interpretation and image feature discrimination. However, to our knowledge, only a few studies have focused on predicting the survival of gastric cancer patients. As an algorithmic structure, neural networks can receive a large amount of feature information and learn the correlation between features, including complex nonlinear relationships. Deep learning networks are the superposition of multiple neural network structures, and this model explains the complex linear and nonlinear relationships between variables. Katzman et al. developed a novel deep learning method using a deep learning network to integrate Cox proportional hazards for survival analysis, referred to as the deep learning survival neural network (DeepSurv) (20). The authors show that the deepsurv model can achieve the same, if not superior, performance as the traditional published survival model.

This study aimed to develop models for predicting the survival of patients with gastric adenocarcinoma using the deep learning survival neural network and compared the predictive performance with other standard survival models. Expect a best-in-class model to provide accurate survival predictions for clinical decision-making.



Method



Data source

The Surveillance, Epidemiology, and End Results (SEER) database is publicly available nationwide. Searched the database for gastric cancer cases and their corresponding details between 2000-2019 using SEER*Stat version 8.4.0 software, which contains 17 data centres. First, patients with cancer at the primary site of the stomach were retrieved based on the location code and tumor nature code in the International Classification of Diseases of Oncology. Furthermore, the tumor was ensured to be the first primary tumor of the patient based on the frequency codes provided in the SEER database. Second, to focus on patients with adenocarcinoma, we included only patients aged >20 with ICD-O-3 tissue/behavior codes 8140/3, 8141/3, 8142/3, 8143/3, 8144/3, 8262/3, and 8323/3, ensured that they had complete follow-up information, for a total of 56,177 patient information. Then we removed the cases with reliable information according to the variables we included. A flowchart displaying the detailed selection process is presented in Figure 1.




Figure 1 | The flow diagram of patients with gastric adenocarcinoma selection.





Variable’s definitions

The following parameters were collected from the sample: age at diagnosis, sex, race, marital status, site of the primary tumor, pathological grade, Summary Stage, pathological primary tumor T stage according to AJCC 7th edition (T0-T2/T3/T4/unknown-NA), pathological according to AJCC 7th edition primary tumor lymph node staging (N0/N1/unknown-NA), pathological primary tumor metastasis information according to AJCC 7th edition, AJCC staging, targeted surgical resection of all visually visible cancer sites (yes/no), regional lymph node dissection information, chemotherapy information, radiotherapy information, Months from diagnosis to treatment, number of lymph node biopsies, number of positive lymph node biopsies, tumor size (based on the largest tumor diameter), presence of bone metastases, brain metastases, lung metastases, liver metastases, overall survival time and disease-specific deaths. After screening, we only used the information of patients diagnosed from 2004-2015 because the information outside this period had some missing data. These missing data include complete information on radiotherapy, chemotherapy, and tumor size, which are essential for our model building.



Model development

The random grouping of datasets relied on the sklearn package in python. The function “sklearn.model_selection” was applied to randomly divide all patients into training and test cohorts with a ratio of 7:3. Two algorithms - one based on neural networks (DeepSurv) and one based on machine learning (RSF) - were selected for training. A multivariate CoxPH model was also constructed for comparison. DeepSurv is a deep feed-forward neural network that can be applied to survival prediction. The network consists of many neurons, divided into three main parts: an input layer, an output layer, and a hidden layer (10, 20). The graphic representation of DeepSurv is given in Figure 2. Additional information on model training is shown in the Supplementary Material.




Figure 2 | Diagram of the deep learning procedure.





Model evaluation

The C-index, a correlation coefficient between anticipated survival risks and actual survival times, was used to assess the models’ accuracy. A C-index value of 0.5 denotes a random prediction. In contrast, a C-index value of 1.0 denotes an accurate forecast. Kang’s approach was used to determine whether the C-index of the two models differed. Additionally, Brier scores—which range from 0 to 1, with 0 being the best outcome—were obtained. They represent the mean square difference between the observed patient state and the expected survival probability. In practice, a model is deemed helpful if its Brier score is less than 0.25. To measure the overall validity of the model over all available periods, an Integrated Brier Score (IBS) was also generated. The 1-, 3-, 5-, and 10-year O.S. were calibrated using a calibration curve to compare anticipated and actual survival. Receiver operating characteristic (ROC) curves were produced, and area under the curve (AUC) values were computed for 1-, 3-, 5-, and 10-year survival to evaluate the time-dependent sensitivities and specificities of the models. The prediction model is then trained using the training data, and after several iterations, the algorithm determines the best learning rate and least amount of value loss.



Statistical analysis

A basic statistical description of the data was performed using the R programming language (https://www.r-project.org/). U-tests for continuous variables and chi-square tests for categorical variables were used to assess baseline differences between the training and test sets. This study used Python software (https://www.python.org/) to perform the other calculations and analyses. Cox regression models were built based on the lifeline package for python. For the K-M survival analysis in this study, the machine learning and survival learning models are built based on python’s sick-survival 0.19.0 package (21). Python’s PyTorch package does the construction of deep learning models (22). The data visualization is done by GraphPad Prism 9 (https://www.graphpad-prism.cn/) and python.




Results



Basic characteristic

A total of 14177 individuals with gastric adenocarcinoma reported in the SEER database between 2004 and 2015 were included in the research. The primary patient characteristics are shown in Table 1. 9742 cases were female (69%), and 4435 were male (31%); 11660 cases were 20-80 years old (82%), and 2517 cases were 80+ years old (69%). The predominant race of the case species included in the study was white (69%), and 9083 cases were married (64%). The majority of tumors were in C16.0 (37%), grade III/IV (58%), and AJCC stage I (28%). 11121 cases underwent resection of the primary tumor (78%), and 3080 cases did not receive surgical treatment (22%). The dataset was randomly divided into the training cohort (n = 9923) and testing cohort (4254) at a ratio of 7:3. For each variable, there were no significant changes between the training cohort and the test cohort. There were also no survival differences between the two groups (p = 0.28).


Table 1 | Clinical and pathological features of patients with gastric adenocarcinoma.





Model comparisons

With the training data, survival models were created based on CoxPH regression, Random Survival Forest (RSF), and DeepSurv (a deep learning-based model). The performance of these three models was evaluated by comparing Harrell’s c-index, which assesses the agreement between anticipated hazards and actual survival, applied to both the training and testing set. The three models performed differently, with DeepSurv’s c-index on testing sets reaching 0.770, RSF 0.766, and the CoxPH model 0.755. The characteristics gradually increased from eleven to twenty-three. In CoxPH regression, the first eleven characteristics were statistically significant variables (Tables 2, 3). Subsequently, more statistically significant and unimportant characteristics were added. While RSF and CoxPH models did not exhibit the steady increasing trend when statistically inconsequential characteristics (sex, radiation recodes, tumor liver metastasis, brain metastasis, lung metastasis, and Lymph node dissection) were introduced, DeepSurv’s c-index did as the features were added one at a time (Figure 3). Although these factors were statistically unimportant in the CoxPH study, they are nevertheless thought to be crucial for prediction and decision-making in a clinical environment. The IBS of the three models were 0.142 (DeepSurv), 0.150 (RSF), and 0.151 (CoxPH) (Figure 4).


Table 2 | Univariate CPH analysis.




Table 3 | Multivariate CPH analysis.






Figure 3 | C-index performance of the DeepSurv, RSF, and COXPH models. (A) C-index performance on train cohort. (B) C-index performance on train cohort. (C) Summary of C-index for each models. DeepSurv fared the best of the three models, displaying a considerably more positive trend. The numbers 1 to 5 indicate the different variable compositions. The addition of statistically insignificant factors is seen in Points 4 and 5. Point 1 indicates the Age, Race, Marital status, Summary Stage, T stage, M stage, Surgery of the primary site, regional nodes examined, regional nodes positive, Tumor bone metastasis, and Tumor size. Point 2 adds new variables, including Primary Site and Grade. Point 3 adds variable N stage, AJCC stage, and chemotherapy. Point 4 continues to add variables Months from diagnosis to treatment and sex. Point 5 then adds the remaining insignificant variables from the cox analysis.






Figure 4 | Prediction error curve. A useful model will have a Brier score less than 0.25 as a standard.



The calibration plots demonstrated that the DeepSurv model, followed by the CoxPH, RSF, and 1-, 3-, 5-, and 10-year overall survival rates, had the highest concordance between model prediction and actual observation (Figure 5). The AUC was more prominent for the DeepSurv model than for the three other models (1-year-AUC of DeepSurv: 0.828, RSF:0.818, CoxPH: 0.815; 3-year-AUC of DeepSurv: 0.859, RSF: 0.850, CoxPH: 0.859; 5-year-AUC of DeepSurv: 0.868, RSF: 0.864, CoxPH: 0.850; 10-year-AUC of DeepSurv: 0.871, RSF: 853, CoxPH: 0.852) (Figure 5). The results demonstrated that compared to RSF and traditional CoxPH models, deep learning models, particularly the DeepSurv model, were more reliable in predicting the survival prognosis of patients with gastric adenocarcinoma.




Figure 5 | The receiver operating curves (ROC) and calibration curves for 1-, 3-, 5-, 10-year survival predictions. ROC curves for (A) 1-, (C) 3-, (E) 5-, (G) 10-year survival predictions. calibration curves for (B) 1-, (D) 3-, (F) 5-, (H) 10- year survival predictions.





Feature importance

The assessment of feature importance identified features important to model accuracy for prognosis. For the DeepSurv model and RSF model construction, the features ranked in the top 15 in importance are shown in Figure 6. For the RSF model, AJCC staging, positive regional nodes, primary site surgery, regional node examination, and chemotherapy are located at the top. The importance ranking measured by the DeepSurv model differs from that of the RSF model.




Figure 6 | Feature importance for DeepSurv and random survival forest (RSF) models, only the top 15 variables in importance are shown in the figure. (A) is the importance of features measured by the RSF model. (B) is by DeepSurv. AJCC stage (AJCC), Regional nodes positive (RNP), Surgery of the primary site (SPS), Regional nodes examined (RNE), Chemotherapy (CHE), T stage(T), radiation recodes (R.R.), N stage (N), Summary Stage (S.S.), Primary Site (P.S.), M stage (M), Months from diagnosis to treatment (MDT), Marital status (M.S.).






Discussion

For patient counselling, follow-up, and therapy planning, accurate prediction of gastric adenocarcinoma survival is essential. Previous research has shown that several prognostic markers, such as patient age, tumor size, histological type, tumor grade, and metastasis, can affect a patient’s chance of surviving after being diagnosed with gastric adenocarcinoma. In parallel, genetic and imaging data is being analyzed for gastric adenocarcinoma patient survival. The limits of the linear relationship between variables anticipated by the traditional CoxPH model become clear in high-dimensional data. Because deep learning can completely disclose potential nonlinear relationships in data, it is used in survival analysis. This technique has been successfully used to analyze clinical, imaging, and genetic data in recent years. As far as we know, this approach has not been applied to gastric adenocarcinoma. In order to predict the survival of patients with gastric adenocarcinoma, we created one deep-learning model and evaluated its performance against two conventional models.

This study developed various models for predicting the survival of patients with gastric adenocarcinoma using data from the SEER database. The neural network DeepSurv model performed the best, followed by RSF and CoxPH.The training dataset’s C-index value for the DeepSurv model was 0.773, while the test dataset’s value was 0.770. There is a slight difference between the values of the three models on the C-index. We reviewed the relevant literature, and the gap between their models` c indices was between 0.005 and 0.024 (23–26). Therefore, the DeepSurv model is advantageous in predicting the survival rate of gastric adenocarcinoma patients. DeepSurv’s performance in discrimination and calibration for projecting 1-, 3-, 5-, and 10-year survival was further evaluated by ROC and calibration curves. When dealing with huge samples, many variables, and nonlinearity, the DeepSurv model outperforms previous models by using deep learning techniques to represent the probability of occurrences as a function of time.

In this study by gathering afflicted individuals who resided in the United States from the SEER database, this study created a DeepSurv model of the survival rate of patients with stomach adenocarcinoma. In order to determine risk variables for the prognosis of 9923 patients with gastric adenocarcinoma in the training cohort, we first performed a Cox proportional-hazards regression analysis. Age, race, marital status, tumor grade, primary site, AJCC TNM stage, summary stage, chemotherapy, tumor size, months from diagnosis to treatment, primary site surgery, regional nodes examined, positive regional nodes, information on tumor bone metastasis, radiation recodes, and grade were among these risk factors (p<0.05) (Table 3). The remaining six variables (included Sex, Radiation recodes, Tumor brain metastasis, Tumor lung metastasis, lymph node dissection) although exhibited as non-significant variables in the CoxPH regression analysis (p>0.05) do assist in the predictive performance of the DeepSurv model (Figure 3). This may be due to the superiority of deep learning algorithms. Input, hidden, and output layers comprise the three-layer network structure used by the DeepSurv technique (27). The hidden layer has a multilayer structure for variable conversion, and the output layer is the converted target variable. The input layer contains each linear or nonlinear predictor variable. By using multilevel fusion and transformation, the DeepSurv technique applies deep learning technology to combine various linear and nonlinear components into a linear combination in order to anticipate result events. The importance ranking measured by the DeepSurv model differs from that of the RSF model. The calculation of Permutation Importance is based on the model that has already been trained. The data of one variable in the dataset is disrupted, the other variables are kept unchanged, and the degree of change in the results is observed, giving a weighted score to that variable. DeepSurv is a deep feed-forward neural network. Compared with ordinary feed-forward neural networks, DeepSurv allow more than one hidden layer and applies modern techniques such as weight decay regularization, Rectified Linear Units (ReLU), Batch Normalization and learning rate scheduling (20). Random survival forest (RSF) is a random forest method for analyzing right-censored survival data (28). The basic structure of RSF as a decision tree-based machine learning algorithm is different from that of deep feed-forward neural networks, which should be the fundamental reason for the different results in measuring the importance of features. According to several study findings, the predictions generated using the DeepSurv model are superior to those made using conventional linear prediction models (29–31).

Our study showed advantages in discrimination and capacity compared to previous studies predicting gastric cancer survival. Wang (32) used a nomogram to fit data from gastric adenocarcinoma patients in the SEER database from 2014 to 2015 to predict O.S., with a c-index of 0.707 for the test cohort. In our study, the discrimination of the CoxPH model was slightly improved (0.755), which may be related to the fact that we included more cases. The algorithm proposed by Shapiro (33) progressed under predicting 1-year survival, with an AUC of 0.63 in the internal validation dataset (34). Although our DeepSurv model slightly outperformed the Shapiro algorithm in predicting 1-year survival (AUC of DeepSurv: 0.828), what makes our study more significant is that using the deep feed-forward neural network algorithm. Our model has an advantage over the extant prognostic models for gastric cancer patients. However, comparison with other models should be further investigated due to gaps in the selection of variables and the number of cases.

There were several restrictions placed on the current investigation. First, for the patients with gastric adenocarcinoma gathered from the SEER database, some potentially vital information was lacking, such as whether tumors were surgically removed, the kind of chemotherapy used, medications, the patient’s psychological status, religious beliefs, and level of education, as well as their family’s history of tumors. Many contemporary studies showed that perioperative chemotherapy could significantly improve progression-free and overall survival in patients with operable gastric or lower esophageal adenocarcinomas (35, 36). Using neoadjuvant chemotherapy significantly increases overall survival in complete pathologic response patients compared to neoadjuvant chemoradiotherapy (37). The performance of the current prognostic prediction model would be further improved with well-developed information. Second, the established DeepSurv prediction model was not tested using additional data; our analysis only contained data for patients with stomach adenocarcinoma who resided in certain regions of the United States. Only internal validation was performed in this study. The generalizability and accuracy of the DeepSurv model may require significant additional data for external validation. Third, while it is being built, the DeepSurv model has its intrinsic limits. Because the black-box model has hidden layers, we cannot fully comprehend the calculations made during model building or the resulting restrictions. Future research should make the necessary efforts to address the issues above.



Conclusions

A deep learning algorithm was developed to predict more accurate prognostic information for gastric cancer patients. The DeepSurv model has advantages over the CoxPH and RSF models and performs well in discriminative performance and calibration.
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Objectives

DNA mismatch repair deficiency (dMMR) status has served as a positive predictive biomarker for immunotherapy and long-term prognosis in gastric cancer (GC). The aim of the present study was to develop a computed tomography (CT)-based nomogram for preoperatively predicting mismatch repair (MMR) status in GC.



Methods

Data from a total of 159 GC patients between January 2020 and July 2021 with dMMR GC (n=53) and MMR-proficient (pMMR) GC (n=106) confirmed by postoperative immunohistochemistry (IHC) staining were retrospectively analyzed. All patients underwent abdominal contrast-enhanced CT. Significant clinical and CT imaging features associated with dMMR GC were extracted through univariate and multivariate analyses. Receiver operating characteristic (ROC) curve analysis, decision curve analysis (DCA) and internal validation of the cohort data were performed.



Results

The nomogram contained four potential predictors of dMMR GC, including gender (odds ratio [OR] 9.83, 95% confidence interval [CI] 3.78-28.20, P < 0.001), age (OR 3.32, 95% CI 1.36-8.50, P = 0.010), tumor size (OR 5.66, 95% CI 2.12-16.27, P < 0.001) and normalized tumor enhancement ratio (NTER) (OR 0.15, 95% CI 0.06-0.38, P < 0.001). Using an optimal cutoff value of 6.6 points, the nomogram provided an area under the curve (AUC) of 0.895 and an accuracy of 82.39% in predicting dMMR GC. The calibration curve demonstrated a strong consistency between the predicted risk and observed dMMR GC. The DCA justified the relatively good performance of the nomogram model.



Conclusion

The CT-based nomogram holds promise as a noninvasive, concise and accurate tool to predict MMR status in GC patients, which can assist in clinical decision-making.
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Introduction

Gastric cancer (GC) was the fifth most common malignancy and the fourth leading cause of cancer deaths globally in 2020 and remains an aggressive and important cancer worldwide, especially in Asian countries (1, 2). GC carries a poor prognosis and shows marked complexity and heterogeneity in clinical characteristics and response to treatments. Recently, underlying molecular classification driving differences in treatment outcomes has been proposed by The Cancer Genome Atlas (TCGA) project and the Asian Cancer Research Group (ACRG) (3, 4). Microsatellite instability (MSI) with a high mutational load is one of the four molecular subtypes of GC (3, 4). MSI refers to the accumulation of repetitive insertion or deletion mutations in short repetitive DNA sequences as a consequence of DNA mismatch repair deficiency (dMMR), which leads to failure in repairing the errors (5).

A growing body of evidence has supported that patients with MSI-high (MSI-H)/dMMR GC have impressive and durable responses to immune checkpoint inhibition and survival benefits from that (6–10). MSI-H status is an inversely negative predictive factor for neoadjuvant/adjuvant chemotherapy in resectable GC (11–13). Therefore, MSI/mismatch repair (MMR) status has remarkable clinical utility. Universal testing for MSI by polymerase chain reaction (PCR) or MMR status using IHC in GC is recommended in all newly diagnosed patients by the National Comprehensive Cancer Network (NCCN) and the Chinese Society of Clinical Oncology (CSCO) guidelines (14, 15). The incidence of MSI-H GC varies between 8%-22% among different countries and ethnicities (16, 17). However, PCR and immunohistochemistry (IHC) have low cost-effectiveness because of the relatively low prevalence of MSI-H/dMMR and are usually performed postoperatively or require sufficient preoperative biopsy tissue.

In contrast, computed tomography (CT) scan which is readily available and noninvasive is used routinely for preoperative evaluation of GC. CT provides morphological information about primary tumors and locoregional/metastatic spread of the disease. Previous studies have shown that tumors with different MSI/MMR statuses have some differences in CT image features (18, 19), but screening for dMMR GC has ignored that. Therefore, we aimed to develop a robust and user-friendly nomogram based on noninvasive gastric CT scans for the preoperative identification of dMMR GC patients.



Materials and methods


Patients

Our institutional review board approved this retrospective study, and the requirement for written informed consent was also waived. Initially, we performed a search of electronic medical records between January 2020 and July 2021 and identified a total of 1258 consecutive patients with surgically confirmed GC. Inclusion criteria were as follows: (a) underwent routine abdominal contrast-enhanced CT before surgical resection; (b) availability of IHC staining for analysis of MMR protein expression. Patients (a) who received neoadjuvant chemoradiotherapy prior to imaging; (b) with a history of other malignant tumors; (c) with distant metastasis during the operation; (d) with poor-quality images; (e) with invisible target lesions on CT images and (f) with diffuse or multiple GC lesions detected were excluded. The final study cohort comprised 53 dMMR patients and 106 MMR-proficient (pMMR) patients who were randomly selected (Figure 1).




Figure 1 | Flowchart of the patient selection and patient exclusion.





Pathological analysis

The postoperative pathological diagnosis and immunohistochemical staining were judged by two experienced pathologists. Tumor histological type, localization, ulceration, degree of differentiation, invasion depth and lymphovascular invasion were evaluated according to the 8th edition of AJCC cancer staging criteria of GC.

IHC for MMR protein (MLH1, MSH2, MSH6, and PMS2) expression was used to determine the MMR status and routinely performed by a standard streptavidin biotin-peroxidase procedure. Tumors displaying loss of at least one MMR protein were collectively referred to as dMMR, and those with intact expression were referred to as pMMR.



CT images acquisition

Abdominal contrast-enhanced CT examinations of patients were performed using a 64-channel CT (SOMATOM Definition Flash; Siemens Healthcare, Erlangen, Germany). Patients were instructed to fast for at least 6 hours prior to CT examination. Twenty minutes before scanning, patients were intravenously administered 10 mg of anisodamine to minimize gastrointestinal peristalsis and then drank 800-1000 ml water to expand the stomach. The CT scans were performed with the patient in the supine position and covered the entire abdomen from the diaphragmatic dome to the pubic symphysis. The images were acquired with the following parameters: a tube voltage 120 of kVp, a tube current of 200 mAs, detector collimation of 0.6 mm, an image matrix of 512 × 512, a slice thickness of 5 mm, a slice interval of 5 mm, and a pitch of 0.6 mm. After the unenhanced scan, 100 ml of iodinated contrast agent was administered at a rate of 3 ml/s into the antecubital vein with an automatic injector pump. The arterial and portal venous phases were obtained at 30-35 s and 65-70 s after injection of contrast material, respectively. The enhanced axial CT images were reconstructed with a section thickness of 1 mm for multiplanar reformation (MPR) reconstruction.



Image interpretation

All the obtained images were evaluated retrospectively by two experienced abdominal radiologists (with 10 and 6 years of experience in abdominal radiology) who were blinded to the histopathological results. All variables included clinical data, morphological features, and CT quantitative parameters. Morphological feature analysis was independently performed by two radiologists, and the final results were determined by consensus, while the acquisition of quantitative parameters was jointly completed by both radiologists. The variables on CT were defined and measured as follows: tumor location (upper third of the stomach, middle third of the stomach and lower third of the stomach), tumor size and tumor thickness (the longest and thickest diameter of tumor on axial, sagittal, or coronal CT image), surface ulceration (absent or present), adjacent organ invasion (absent or present), growth pattern (localized or infiltrative type), and the largest lymph node size (short-axial diameters of the largest lymph node < 0.8 cm or ≥ 0.8 cm). A circular region of interest (ROI, a least 20 mm2 for large lesions and a circular with diameter slightly smaller than tumor thickness for small ones) was positioned to encompass as much of the most strongly enhanced portion of the tumor and the abdominal aorta as possible at the same slice of the portal venous phase by the two radiologists together. The average CT attenuation values of each tumor parenchyma (CTAVtumor) and abdominal aorta (CTAVaorto) were finally obtained to calculate the normalized tumor enhancement ratio (NTER) using the following formula: NTER (%) = CTAVtumor/CTAVaorto * 100. Additionally, other clinical data were recorded, including age, gender, hypertension and so on.



Statistical analysis

Continuous data distributions were verified using the Shapiro−Wilk test. Normally distributed data were presented as the mean ± standard deviation, and data with a nonnormal distribution were presented as medians and ranges (25th, 75th percentiles). Categorical variables were expressed as frequencies and percentages. In univariate analysis, differences between the two groups were compared using Student’s t test or the Mann−Whitney U test for continuous data and using the chi-square or Fisher’s exact test for categorical variables. Receiver operating characteristic (ROC) curve analysis was employed to evaluate the predictive value of each continuous parameter, which showed statistically significant differences and aided in determining their optimal cutoff value. Subsequently, the significant variables from the univariate analysis were entered into the multivariate binary logistic regression using the stepwise method. Finally, a nomogram was generated based on the identified independent predictors. The nomogram was internally validated by bootstrapping with 1000 resamples. To quantify the model performance in predicting MMR status, we assessed model discrimination using the AUC (area under the curve) and calibration using a calibration curve combined with the Hosmer−Lemeshow test. Additionally, the decision curve analysis (DCA) was utilized to determine the clinical practicability of the nomogram.

All data were processed in SPSS software (version 26.0.0; IBM Corp., Armonk, NY, USA) and R software (version 4.1.2; R Foundation for Statistical Computing, Vienna, Austria). A two-sided p value of < 0.05 indicated statistical significance.




Results


Clinical characteristics of the study patients

Of the 1258 consecutive GCs, 97 (7.7%) patients had dMMR status. A total of 159 patients, comprising 53 with dMMR and 106 with pMMR, were enrolled in this study. The demographic and clinical characteristics of the patients are summarized in Table 1. GCs with dMMR were more likely to be older, female and have a N0 stage. There were no significant differences with regard to hypertension, histological differentiation degree or T stage between groups.


Table 1 | Demographic and clinical characteristics of the study patients.





Comparison of CT features between dMMR and pMMR GC patients

Differences in CT features between dMMR and pMMR GC patients are presented in Table 2. Significant differences were observed in location, surface ulceration, adjacent organ invasion, tumor size and NTER. The tumor size of the dMMR tumors was substantially larger, and the NTER was lower than that of pMMR tumors. Well-defined margins, thicker lesions and short-axial diameters of the largest lymph node ≥ 0.8 cm were found more often in dMMR patients, but the difference was not statistically significant (P = 0.094, P= 0.084, and P = 0.050, respectively).


Table 2 | Comparison of CT features between dMMR and pMMR GC patients.





Analyzing dMMR risk factors and building a CT-based predictive nomogram

Post-hoc comparison revealed that dMMR tumors were significantly more frequently found in the upper stomach than in the middle and lower regions, while there was no significant differences between tumors in the middle and lower stomach. Thus, the latter two subgroups were pooled into a single group for subsequent comparisons, hereafter named the “middle-lower” group. Then, we organized the continuous variables into meaningful and dichotomous categories according to the optimal cutoff value by ROC curve (Table 3).


Table 3 | ROC curve analysis results for classification of the patients.



To select final predictors, eight candidate predictors with a P ≤ 0.05 in the univariate logistic analysis were included when performing the stepwise logistic regression analysis. Gender, age, tumor size and NTER emerged as significant independent predictors of the dMMR phenotype in GC patients (Table 4). Based on the multivariate analysis results, a predictive nomogram incorporating the above four factors was then constructed (Figure 2).


Table 4 | Risk factors for predicting dMMR tumor in GC.






Figure 2 | CT-based preoperative nomogram for dMMR risk prediction in GC patients.





Performance and validation of the nomogram

Using an optimal cutoff value of 6.6 points, the nomogram provided better AUC values than each risk factor for dMMR (AUC = 0.895) (Figure 3), with a sensitivity, specificity, NPV, PPV and accuracy of 84.91%, 81.13%, 91.49%, 69.23% and 82.39%, respectively. To further evaluate the predictive ability of this model without overfitting, the corrected AUC obtained by internal validation using the bootstrap method was 0.896 (95% CI 0.837-0.950). The calibration curve demonstrated good consistency between the predicted risk and observed dMMR probability (Figure 4), and the Hosmer−Lemeshow test also indicated that there was no departure from a perfect fit (P = 0.945). Furthermore, the DCA justified relatively good performance for the nomogram model according to clinical application (Figure 5).




Figure 3 | Receiver operating characteristic curves of the nomogram. AUC: area under the curve.






Figure 4 | Calibration curve of the nomogram. When the solid line (representing the nomogram) was closer to the the dotted line (“Ideal”, representing an ideal model), the predictive performance of the nomogram was better.






Figure 5 | Decision curve analysis of the nomogram.The gray line is for all patients with dMMR, the black line line is for no patients were dMMR, and the blue line represents the nomogram model. The graph depicts the expected net benefit per patient relative to the nomogram prediction of dMMR risk. The farther the blue line is to the grey and black lines, the better clinical value the nomogram holds.






Discussion

The clinical significance of MSI/MMR status in GC patients, which can serve as a positive predictive biomarker for immunotherapy and long-term prognosis (11), has become widely recognized worldwide. Many consequent attempts at developing prediction models based on pathological slices or findings to predict MSI-H/dMMR in GC have been made in recent years. Kather et al. (2), Muti et al. (20) and Valieris et al. (21) proposed deep learning classifiers for detecting MSI/MMR status in GC from digital histological images and confirmed their good performance. Additionally, a prediction model presented in the study conducted by Suzuki et al. (22) involved pathological T and M stage. Immune checkpoint inhibitors are recommended by the guidelines for unresectable locally advanced or metastatic GCs with MSI-H/dMMR (14). The patients are not candidates for surgical treatment and could not obtain definitive pathological diagnosis. Based on this, we established a robust nomogram model based on radiologic features to preoperatively and noninvasively identify dMMR GCs.

Our nomogram with favorable discrimination (AUC = 0.895) and calibration was internally confirmed to be relatively stable through bootstrap validation. A multivariate set of predictors identified by logistic regression analysis comprised gender, age, tumor size, and NTER, of which the latter two could be available as a result of routine enhanced CT. GC with dMMR was more prevalent in female and older patients in the current cohort, which was almost well recognized by previous studies (11, 16, 22–25). Recent reliable evidence suggests that the most common age cutoff value is 65 or 70 years (16, 22), while ours is 65 years.

Other known strong predictors included tumor size and NTER measured by enhanced CT. Given that the stomach is a hollow organ, the gastric filling state increases the uncertainty of the evaluation of tumor size. The contribution of tumor size to the prediction of MMR status in GC remains controversial. Seo et al. (16) reported that GC with MSI-H was more likely associated with a larger tumor size (≥ 5 cm), while some research suggested that there was no significant difference in tumor size between the two groups (25, 26). Additionally, a research group evaluated tumor size through tumor thickness by CT and revealed that the CT tumor thickness of the dMMR group was less than that of the pMMR group (18). However, a nonsignificant difference was seen between the two groups with respect to tumor thickness in this study. This study reported a cutoff value close to that reported in previous studies on tumor size in GC. The enhancement patterns of lesions are very important CT features. Our study demonstrated that the NTER of dMMR GC was significantly lower than that of pMMR GC. In other words, dMMR GC presents a lower degree of enhancement and less blood supply than pMMR GC. Wu et al. (19) obtained analogous results in colorectal cancer (CRC) in which the MSI CRC had significantly lower normalized iodine concentration values in dual-energy CT. This discrepancy may be partially explained by differences in microscopic features. In the 2000s and 2010s, it was demonstrated that vascular endothelial growth factor expression and microvessel count were lower in MSI gastric and colon carcinomas than in their microsatellite stable (MSS) counterparts (27–29). Also, in line with previous research (16, 22, 25), tumor location differed significantly between the two groups. Nevertheless, it was not an independent predictor for dMMR GC in this study. A study of Fan et al. (30) suggested that hypertension is one of the clinical features with high predictive value to discriminate low- and high-MSI expression of CRC and occurs with greater frequency in MSI-H CRC. However, similar results were not observed in this study and another Chinese study (31).

Using an optimal cutoff value of 6.6 points, the user-friendly and well-fitted nomogram achieved a sensitivity of 84.91% and a specificity of 81.13% to detect the presence of dMMR in our study populations. For convenience, we could transform that into an integral model to make it more applicable to clinical work: 5 points for female patients; 3 points for older patients; 4 points for larger tumors; and 4 points for tumors having lower NTER. Total points of ≤ 4, 5-11, and ≥ 12 corresponded to probabilities of dMMR of 5.13%, 59.10%, and 96.97%, respectively. Likewise, the high NPV (91.49%) of the nomogram may contribute to the recognition of patients at higher risk for non-dMMR events, which may reduce the time and cost involved in identifying dMMR GC.

This study has several limitations. First, its selection bias and other inherent weaknesses associated with a retrospective observational study were difficult to avoid. Second, few studies have observed that multiple GCs have a relatively high incidence of MSI-H/dMMR than solitary GCs (16, 32). But given the extremely low number of multiple GC cases, we excluded those patients. This may have had an impact on the outcomes. Third, the study was conducted in only one single tertiary medical center, and the sample size was not sufficiently large. As such, future studies must focus on involving a larger cohort and external validation at multiple centers to fully substantiate the transportability and generalizability of the presented nomogram.

In conclusion, our proposed nomogram model incorporating clinical and CT features shows satisfactory performance and makes preoperative prediction of dMMR in GC possible. This might provide clinicians with an easily available and cost-effective tool to assist in clinical decision-making, such as obtaining adequate endoscopic samples for detection and even immunotherapy. In the future, multicenter large-scale validation of the screening model justifies further study.
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Introduction

The efficacy and safety of immunotherapy have been widely recognized in gastrointestinal-related cancers. However, the efficacy of neoadjuvant camrelizumab for locally advanced esophageal squamous cell carcinoma (ESCC) has not been firmly established. This study compared the efficacy of camrelizumab in combination with neoadjuvant DCF (docetaxel, cisplatin and fluorouracil), with DCF alone for ESCC, and exploring biomarkers related to immune infiltration of the ESCC immunotherapy response.





Methods

We enrolled and randomly assigned patients with stage II-IVa ESCC to two study treatments: camrelizumab combined with docetaxel, cisplatin and fluorouracil (DCF) regimen and DCF regimen alone. The tissue for multiplex immunofluorescence (mIF) was obtained before and after neoadjuvant therapy. The Response Evaluation Criteria in Solid Tumors RECIST Version 1.1 (RECIST 1.1) and Tumor Regression Grade (TRG) was used to evaluate efficacy.





Results

A total of 30 patients were enrolled in the study. Following neoadjuvant camrelizumab, the objective response rate (ORR) and the disease control rate (DCR) were 46.7% (7/15) and 95.7% (14/15), respectively. No patients reported complete remission, while ORR and DCR in the chemotherapy group were 26.7% (4/15) and 86.7% (13/15), respectively. R0 resection after neoadjuvant treatment was achieved in 3 out of 15 patients in the combined group and in all patients (15/15) in the chemotherapy group. In the combined group, M1-type tumor-associated macrophages and CD56dim NK cells were more abundant in responders than in non-responders (p < 0.05). A higher M1/M2 ratio was observed in responders (p < 0.05). With respect to the NGS, among the copy number amplified genes, the 11q13 amplicon (CCND1/FGF19/FGF4/FGF3) showed the highest frequency (47%, 7/15).





Conclusions

Neoadjuvant camrelizumab combined with chemotherapy improved ORR in locally advanced ESCC. M1-type tumor-associated macrophages and CD56dim NK cells might be utilized to predict camrelizumab efficacy.





Keywords: esophageal squamous cell carcinoma, neoadjuvant therapy, camrelizumab, M1 macrophage, immune microenvironment




1 Introduction

The esophageal squamous cell carcinoma (ESCC) is a high-mortality cancer with complex etiology. In China, 252,500 new cases and 193,900 deaths have been reported during 2016 (1). The five-year survival rate is poor, ranging from 23% to 38% (2–4). Regarding the non-metastatic ESCC, neoadjuvant chemoradiation followed by esophagectomy is the recommended treatment strategy by current National Comprehensive Cancer Network guidelines (5). Despite neoadjuvant chemoradiation and surgery, the 3-year survival rate of non-metastatic ESCC is 60%. A Real world, multicenter JCOG1109 study conducted by Satoru Matsuda evaluated neoadjuvant DCF versus CF in ESCC (6). Survival analysis showed that DCF group OS was significantly longer than CF group, but he recurrence free survival rate following resection is 50% only at 2 years in DCF group (6). The ESCORT phase 3 trial investigated the efficacy and safety of camrelizumab plus chemotherapy vs placebo plus chemotherapy as a first-line treatment in advanced or metastatic ESCC. The study showed that camrelizumab prolonged overall survival and improved response rates (7). A pilot study suggested good efficacy and acceptable tolerance of neoadjuvant camrelizumab plus chemotherapy in locally advanced ESCC (7). Another Chinese study reported similar findings (8). A single-center, single arm study using neoadjuvant immunotherapy plus chemotherapy in locally advanced ESCC evaluated the predictive power of T cell cytotoxicity in the tumor microenvironment (9, 10). An increasing number of studies found that neoadjuvant immunotherapy is beneficial in patients with ESCC. However, biomarkers associated with efficacy have not been firmly recognized. In addition, chemotherapy has never been used as control treatment.

The use of immunotherapy has been one of the most promising developments in ESCC. A positive response to immunotherapy usually relies on dynamic interactions between tumor cells and immunomodulators inside the tumor microenvironment (11). Neoadjuvant immunotherapy may shrink the tumor, downstage nodal status and increase the likelihood of margin-negative resection (12). This pilot study aimed at investigating prospectively the efficacy and safety of neoadjuvant camrelizumab combined with chemotherapy vs. chemotherapy alone for locally advanced ESCC. Additionally, we explored potential tumor immune microenvironment biomarkers predicting camrelizumab efficacy.




2 Materials and methods



2.1 Patient characteristics

This was a single-centered prospective, randomized controlled trial performed in patients with stage II–IVa ESCC admitted to the Xijing Hospital of Digestive Diseases, Fourth Military Medical University from Mar 2018 to Apr 2021. The enrollment criteria included: (1) Patients must be aged 18–75 years; (2) Patients with esophageal squamous cell carcinoma diagnosed by histology; (3) The primary treatment of patients with ESCC had no previous operation;(4) According to eighth edition of TNM stages, patients were divided into T2N0~1M0 or T3~4aN1~2M0 esophageal squamous cell carcinoma; (5) ECOG PS score is 0-1; (6) Estimated lifetime ≥ 3 months; (7) At least one measurable lesion (CT examination diameter ≥ 1cm, other examination methods >= 2cm); (8) Patients who can be received liquid diet at least; no signs of the before esophageal perforation; Without distant metastasis; The patients also can tolerate the operation; (9) The function of main organs is normal. The exclusion criteria were: (1)age over 75 years; (2) with severe cardiac and pulmonary dysfunction or various diseases that were not tolerable to intravenous chemotherapy; (3) there were immune diseases or were unsuitable for immunotherapy in the active period of hepatitis B; (4) cervical esophageal cancer, other malignant tumors or multiple sources of malignant tumors were diagnosed within 5 years; (5) without chemotherapy, surgery or traditional Chinese medicine treatment before enrollment; (6) related clinical data was incomplete. Thirty patients who met the inclusion criteria were randomly divided into the combination group (15 cases) and the simple chemotherapy group (15 cases).

The study was done in accordance with the Declaration of Helsinki and the Good Clinical Practice Guideline. The protocol and all amendments were approved by the institutional review board or independent ethics committee of each study site. All patients provided written informed consent.




2.2 Patient treatment

Neoadjuvant immunotherapy combined chemotherapy (combined group): (I) camrelizumab 200 mg, intravenous infusion, d1; (II) docetaxel 60 mg/m2 + oxaliplatin 85 mg/m2 intravenous drip, d1 + 5-FU 700 mg/m2/day as a continuous intravenous infusion for 5 days (days 1–5) every 3 weeks. Neoadjuvant chemotherapy (simple chemotherapy group): (I) docetaxel 60mg/m2 + oxaliplatin 85 mg/m2, intravenous drip, d1 + 5-FU 700 mg/m2/day as a continuous intravenous infusion for 5 days (days 1–5) every 3 weeks. Assignments were based on a predetermined randomization scheme (using a random number table) in a 1:1 (n = 15 patients per group) allocation ratio. All patients were treated for 21 days as a cycle, and surgery was performed 4–6 weeks after three cycles at 3 patients in combined group, 15 patients in chemotherapy group. Before the operation, the whole-body imaging examination and evaluation were performed, including neck, chest, upper abdomen contrast-enhanced CT, and upper gastrointestinal angiography.




2.3 Evaluation of response

Postoperative pathological examination was needed to determine whether the cutting edge was negative. According to RECIST version 1.1, the response of the tumor was examined after Neoadjuvant therapy by the researcher. Most common forms of medical exams conducted in this study were radiographic tests, such as CT and MRI. The outcome was divided into complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The proportion of CR + PR was objective response rate (ORR), and the proportion of CR + PR + SD was disease control rate (DCR). Adverse events were any adverse clinical events that occurred in treatment, and were evaluated according to CTCAE 4.0.

The tumor regression degree was evaluated by the proportion of scar and residual tumor, and it was grading into 5 degrees according to Mandard’s TRG system (13): grade 1 is no residual tumor, grade 2 is residual tumor <10%, grade3 is residual tumor 10–50%, grade 4 is residual tumor >50%, grade 5 is no regression. Endoscopic biopsy was used to evaluate the effectiveness of patients in the combined group who did not have surgery.




2.4 NGS and TIME

Tumor samples were collected from core-needle biopsies at baseline before neoadjuvant and from the surgical specimen obtained at the time of surgery after neoadjuvant in both groups(combined group: n = 18, chemothery group: n = 30). Tumor samples were collected from core-needle biopsies in 12 patients after neoadjuvant in without surgery combined groups(n = 12). These freshly cut tissue sections were used for analysis of the tumor microenvironment multiplex fluorescence immunohistochemistry (mIHC) analysis. Tumor samples for NGS were collected from core-needle biopsies at baseline before neoadjuvant(n = 15).

The fresh tissue samples were obtained from a gastroscopic biopsy for next generation sequencing in combined group. Combined group provides peripheral blood samples which were analyzed for germline mutations. Paraffin embedding and formalin fixation were used to fix the specimens for testing. Genomic DNA was processed by 3DMed Clinical Laboratory Inc a College of American Pathologists (CAP)-accredited and Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory for NGS on Illumina Nextseq 10000 to >10000X coverage.

Investigation of the TIME was performed by 3D Medicines, Inc. PD-L1 expression was assessed using the PD-L1 IHC 22C3 pharmDx assay (Agilent Technologies, CA, USA) and was expressed as combined positive score (CPS) by dividing the number of PD-L1-stained tumor and immune cells with the total number of viable tumor cells and multiplying by 100. Tumor parenchyma and stroma were differentiated by pan-CK staining (The pan-CK positive area with DAPI staining was defined as tumor region, and the pan-CK negative area with DAPI staining was defined as stroma region). The quantities of various cell populations were expressed as the number of stained cells per square millimeter (cells/mm2) and as the percentage of positively stained cells in all nucleated cells (%). The consistency and percentage of 19 biomarkers in tumor and stroma regions were figured out by detecting signal channel or multiple-channel, namely PD-L1+, PD-1+, pan-CK+, PD-L1+&pan-CK+, PD-1+&pan-CK+, PD-1+&PD-L1+&pan-CK+, CD3+, CD8+, PD-1+&CD8+, CD4+, FoxP3+, CD4+&FoxP3+(Treg), CD20(B cell), CD56(NK cell), PD-L1+&CD68, CD68+CD163-(M1 macrophage), and CD68+CD163+(M2 macrophage). Multiplex immunofluorescence (mIF) staining was conducted using the PANO 7-plex IHC kit following manufacturer’s instructions (Panovue, Beijing, China). Multiplex stained slides were scanned using a Mantra system (PerkinElmer, MA, USA) configured to capture fluorescent spectra at 20 nm wavelength intervals from 420 nm to 720 nm with a fixed exposure time and an absolute magnification of ×200 and ×100. All scans for each slide were then superimposed to obtain a single image. Images of unstained and monoplex stained slides were used to extract tissue autofluorescence and the spectrum of each fluorophore, respectively. They were also used to create a spectral library required for multispectral unmixing using the inForm Image Analysis software v.2.4 (PerkinElmer, MA, USA). Slide images were reconstructed without autofluorescence using this spectral library. The quantity of immune cells was expressed as the number of stained cells per square millimeter.




2.5 Statistical analysis

Huiyan Luo et al. reported that the median progression-free survival was 6.9 months in the camrelizumab-chemotherapy (paclitaxel and cisplatin) group vs 5.6 months in the placebo-chemotherapy (paclitaxel and cisplatin) group (HR for progression or death, 0.56 [95% CI, 0.46-0.68] (14). On the basis of evidence from these studies, we predicted that 1-year PFS rate would be 28% in the neoadjuvant camrelizumab combined with DCF group and 7% in the DCF group. The randomization ratio is 1:1. Therefore, for the comparison of neoadjuvant camrelizumab combined with DCF with neoadjuvant DCF, a sample size of 33 patients per group was needed for 80% power with a two-sided significance level of 0.05. To compensate for a 15% drop out, an optimum sample size for this clinical trial was 72 patients, which came to 36 patients in each group. The current interim analysis was based on population after the inclusion of 30 patients.

Sample size calculations were performed in PASS 11.0 software. R (version 4.0.2). software was used for statistical analysis. The continuous variables per the normal distribution were expressed by means ± standard deviation, and a t-test was used. The classified variables were expressed by cases (%), and the chi-square test or Fisher exact probability method was used. The ordered variables and the continuous variables not in accordance with the normal distribution were tested by rank-sum test. P<0.05 was considered statistically significant.





3 Results

We enrolled 30 patients between March 2018 and April 2021. The baseline characteristics were similar between the study groups (Table 1). There was no significant difference between the two groups regarding age, gender, history of smoking, site of primary tumor, grading and staging (p > 0.05).


Table 1 | Clinical characteristic of squamous cell carcinoma before chemotherapy.





3.1 Clinical and pathological findings

There was no significant difference between the two groups (Table 2). In the combined group, two patients showed a complete response (13.3%), five patients showed a partial response (33.3%), seven patients reported a stable disease (46.7%) and a single patient reported a progressive disease (6.7%). The objective response rate (ORR) and the disease control rate (DCR) were 46.7% (7/15) and 93.3% (14/15), respectively. In the chemotherapy group, no patients reported a complete response. Four patients reported a partial response (26.7%), two patients reported a progressive disease (13.3%) and nine patients reported a stable disease (60.0%). The ORR and DCR were 26.7% (4/15) and 86.7% (13/15), respectively.


Table 2 | Comparison of two groups after neoadjuvant therapy.



After three courses of neoadjuvant therapy, the surgical resection of the tumor was performed within 3 to 4 weeks. In the combined group, twelve patients did not undergo any surgery. Four patients were unable to undergo surgery due to the progression of lesions or serious adverse events, while two patients reported financial difficulties. Six patients declined surgery because the subjective symptoms disappeared. A follow-up gastroscopy showed no residual viable tumor cells in these six patients. In the chemotherapy group, all patients underwent surgery.




3.2 Responders and non-responders

In the combined group, 2 patients showed a complete response (13.3%), 5 patients showed a partial response (33.3%), 7 patients reported a stable disease (46.7%), and one patient showed disease progression (6.7%). Twelve patients did not undergo any surgery. Three of them showed tumor cells in biopsy tissues and were considered non-responders. The other nine patients showed no signs of tumor cells and were considered responders. The other three patients were identified as non-responders. After surgery, they achieved a tumor regression grading of 3, 4 or 5. In the chemotherapy group, four patients with partial response were considered responders. Other nine patients with stable disease and two patients with progressive disease were considered non-responders.




3.3 Changes in the tumor immune microenvironment

The results are presented in Figure 1. No significant differences were found regarding the density of CD3+ T cells, CD4+ T cells, CD8+ T cells, M1 tumor-associated macrophages, CD20+ B cells and T cells expressing PD1 before and after neoadjuvant therapy in the combined group. The CD56dim cells were significantly decreased in the stromal zone in the combined group, but not in the tumor zone in the chemotherapy group.




Figure 1 | Dynamic changes of densities in the tumor microenvironment (tumor and stromal regions) before and after neoadjuvant therapy; Combined, immunochemotherapy; Pre, pre- neoadjuvanttherapy; Post, post- neoadjuvanttherapy; D, density; S, stroma region; T, tumor region; M1, CD68+CD163- macrophage; M2, CD68+CD163+ macrophage; CD56B, CD56 bright NK cell; CD56D, CD56 dim NK cell; P < 0.05, Significant difference.






3.4 Immune biomarkers of responders and non-responders

The fluorescent multiplex immunohistochemical analysis investigated the tumor immune microenvironment. Densities and percentages of CD8+ T cells, CD4+ T cells, FoxP3+ T cells, CD20+ B cells, M1 and M2 tumor-associated macrophages and NK cells (CD56dim and CD56bright) were quantified. The M1 tumor-associated macrophages and CD56dim NK cells were more abundant in the stromal zone of responders, compared to non-responders (p < 0.05) (Figure 2 and Figure 3). No differences were observed in the chemotherapy group (p = 0.976 and p = 0.385). The M1/M2 ratio in the tumor zone was significantly higher in responders than in non-responders (p < 0.05) (Figure 4). No significant difference was observed in the chemotherapy group. Representative images of combined group and chemotherapy group mIHC images showed in Figure 5. The density of M1 macrophages, CD56+, CD4+, CD8+, and CD20+ immune cells in the responder were higher than nonresponder.




Figure 2 | Comparison of densities of M1 macrophages and CD56dim NK cells in the stromal zone between responders and non-responders the significance level of M1 macrophages and CD56dim NK cells from baseline between the two groups were compared. R, responder; nR, non-responder; Combined, immunochemotherapy; D, density; S, stroma region; M1, CD68+CD163- macrophage; M2, CD68+CD163+ macrophage; P < 0.05, Significant difference.






Figure 3 | Comparison of percentages of M1 macrophages in tumor (T) and stromal (S) regions between responders and non-responders.The significance percentage of M1 macrophages from baseline between the two groups were compared. R, responder; nR, non-responder; Combined, immunochemotherapy; P, percentage; S, stroma region; T, tumor region; M1, CD68+CD163- macrophage; P < 0.05, Significant difference.






Figure 4 | Comparison of densities and percentages of M1/M2 ratio in the tumor zone between responders and non-responders. The significance level of M1/M2 from baseline between the two groups were compared. R, responder; nR, non-responder; Combined, immunochemotherapy; D, density; S, stroma region; M1, CD68+CD163- macrophage; M2, CD68+CD163+ macrophage; P < 0.05, Significant difference.






Figure 5 | The immune cell biomarkers of tumor tissue samples from representative patients brfore treated with neoadjuvant immunochemotherapy. In responder and nonresponder, tissues from ESCC patients were stained with multiplex immunofluorescence for immune cell biomarkers, indicated by distinct colors. The density and percentage of CD68+CD163-, CD68+CD163-, CD56+, CD4+, CD8+, and CD20+ immune cells in the tumor center or stroma were analyzed from top to bottom. Representative images showing the multiplex immunofluorescence staining for identifying the immune cell subsets in the tumor immune microenvironment; Tissue-1: CD68, cyan, opal 480; CD163, red, opal 620; CD8, magenta, opal 690; Tissue-2: CD56, cyan, opal 480; CD4, opal 520, red; CD20, Green, opal 620; Two tissue samples were utilized for analysis; Multiplex stained slides were scanned using a Vectra Polaris Quantitative Pathology Imaging System (Akoya Biosciences) at 20 nm wavelength intervals from 440 nm to 780 nm. All scans for each slide were then superimposed to obtain a single image.






3.5 Genomic analysis

The next-generation sequencing analysis showed deleterious somatic variations in the combined group, including single-nucleotide variants (15/15, 100%) and copy number variations (10/15, 67%) (Figure 6). TP53 showed the highest mutation rate (12/15, 80%), with a proportion of 6/9 in responders and 4/6 in non-responders (p = 1.0, Fisher exact´s test). Of interest, 7 out of 15 (47%) patients reported co-mutations of CCND1, FGF19, FGF4 and FGF3. While no significant differences were found in these co-mutations genes between responders (4/9) and non-responders (3/6) (p = 1.0, Fisher exact´s test). Microsatellite stability was observed in all samples obtained from the combined group, with a mean tumor mutational burden of 7.86 ± 2.75 mutations/Mb.




Figure 6 | The landscape of genomic analysis conducted at the baseline in ESCC patients undergoing neoadjuvant camrelizumab combined with chemotherapy.






3.6 Safety

The incidence of adverse events is reported in Table 3. There were mainly haematological events in the combined treatment group. The main grade 3 and 4 adverse events were haematologic toxicities in combined group and chemotherapy group (grade 3-4 leukopenia 20.0% vs 6.7%, grade 3-4 neutropenia 13.3% vs 6.7%), grade 1 and 2 adverse events occurred mainly in the combined treatment group(grade 1-2 anemia 53.3% vs 26.7%, grade 1-2 leukopenia 20.0% vs 6.7%, grade 1-2 thrombocytopenia 46.7% vs 20.0%, grade 1-2 neutropenia 13.3% vs 0%). The addition of camrelizumab to systemic chemotherapy led to an increased risk for severe leukopenia. Three events were reported in the combined group, compared with one event reported in the chemotherapy group. Considering severe neutropenia, 2 events were reported in the combined group and one event was reported in the chemotherapy group. The safety profile was similar between the two study groups in non-hematologic. There were no serious postoperative complications after surgery in either group, there were no new complication.


Table 3 | Adverse events comparison of the two groups.







4 Discussion

Immunotherapy with immune checkpoint inhibitors has revolutionized the treatment for advanced cancers, including esophageal cancer. Camrelizumab is now used as a second-line therapy for advanced or metastatic ESCC. We found that neoadjuvant camrelizumab combined with chemotherapy may be a promising therapeutic approach for locally advanced ESCC. A phase III open label study (ESCORT) has recently determined the efficacy of camrelizumab vs. chemotherapy for advanced ESCC (15). The median overall survival for the camrelizumab group was 8.3 months, compared to 6.2 months for the chemotherapy group. Another phase II, single arm study (ESPRIT) investigated camrelizumab combined with paclitaxel and nedaplatin as neoadjuvant therapy for 23 patients with locally advanced ESCC (16). The ORR was 56.5% and the DCR was 100%. In Shen and Wu’s group, patients underwent neoadjuvant chemotherapy in combination with immunotherapy. The DCR have been reported in both researches (96.4% and 100%, respectively) (8, 17). In the current study, the R0 resection rates are in the range of 91.2% - 100% (8, 15–17). R0 resection rate is 95.4% in our in our laboratory during 2019 – 2022. Our findings were consistent with these studies. Nagai et al. investigated neoadjuvant chemotherapy and subsequent esophagectomy for 141 Asiatic patients with ESCC (18). About 7.1% of the patients showed a pathological complete response. Upon endoscopic evaluation, no response, partial response and good response were observed in 46 (32.6%), 54 (33.3%) and 41 (29.1%) of the patients, respectively. In our study, we found a discordance between imaging and pathological assessments. Inflammation may mimic tumor invasion and, therefore, lead to false positive results (19). The response rate in previous studies was slightly higher than that in our study, ranging from 53.7 to 64.3% (20). This can be due to different issues, including selection and observation bias. Consistently with Nagai et al., 6.7% (1/15) of patients in the chemotherapy group reported a pathological complete response.

Previously, Wang et al. investigated the genetic alternations of Chinese patients with ESCC (21). We conducted a gene mutation analysis using next-generation sequencing techniques. TP53 was the most common mutated gene, with a mutation rate of 87% (13/15). Wang et al. reported a slightly lower mutation rate. Among the copy number amplified genes, the 11q13 amplicon (CCND1/FGF19/FGF4/FGF3) showed the highest frequency (47%, 7/15). This result was consistent with previously published reports (21, 22). The CCND1/FGF19/FGF4/FGF3 co-amplification has been previously associated with a poor prognosis (22). However, we did not find similar findings.

The tumor microenvironment is characterized by the presence of tumor cells, stromal cells and immune cells (23). The composition of the tumor microenvironment may affect the antitumor immune response (24). We investigated the dynamic changes of the tumor immune microenvironment before and after neoadjuvant therapy in both groups. Compared to chemotherapy alone, neoadjuvant camrelizumab combined with chemotherapy influenced the densities of CD3+, CD4+ and CD8+ T cells, M1 tumor-associated macrophages, CD20+ B cells and T cells expressing PD1 in the tumor microenvironment. The immune cells were more abundant in the tumor microenvironment, resulting in a more prolonged efficacy of neoadjuvant camrelizumab.

Immune cells, which are vital components of the tumor microenvironment, play a central role in immune responses to cancer (11, 25, 26). Immune biomarker can be used as predictors of immunotherapy, including when combined with chemotherapy. However, most biomarkers do not predict responses when immunotherapy is combined with chemotherapy. Yang et al. demonstrated that a higher presence of CD56dim NK cells was associated with a better pathological response (10). Jiang and colleagues previously showed that M1 macrophages in the tumor stroma are prognostic in patients with ESCC (27). In particular, patients with a high infiltration of M1 macrophages in the tumor stroma showed a better overall survival compared to patients with a low infiltration (28). In our study, we found that M1 tumor-associated macrophages and CD56dim NK cells in the tumor stroma were associated with a better response to neoadjuvant camrelizumab combined with chemotherapy. In the chemotherapy group, we did not find similar findings. The M1 tumor-associated macrophages are considered antitumor effector cells enhancing antigen-presenting ability of dendritic cells (25, 26, 28). The CD56dim NK cells are the major subset of NK cells in peripheral blood that kill cancer cells by secreting perforins and granzymes (29, 30). Yang and colleagues reported that CD56dim NK cells were significantly more abundant in responders than in non-responders when camrelizumab was combined with chemotherapy (10). However, the study was limited by the absence of a control group. We reported similar findings with the implementation of a control group, excluding the possibility that chemotherapy alone could affect the immune microenvironment.

For instance, whereas several researchs have found that TAMs generally have a detrimental impact on the prognosis of gastric patients (31–33), several investigations have found the opposite (34, 35). Most studies do not really evaluate M1 and M2 TAMs independently; instead, they solely include the total number of macrophages (M1 + M2) in their analyses. To reconcile these controversies, research has demonstrated that polarization of TAMs in cancer, especially the M1/M2 ratio, is a more physiologically meaningful indication for cancer prognosis than TAM concentrations as a whole (36–38). These studies has been suggested that patients with higher M1/M2 ratio have a more favorable prognosis. Mechanistically, a higher M1/M2 ratio promotes cytokine production of T cells (39). Therefore, the M1/M2 ratio is a crucial factor in determining a patient’s prognosis. In this study, we evaluated the M1/M2 ratio of responders and non-responders in both study groups. The M1/M2 ratio in the combined group was significantly higher in responders than in non-responders, suggesting that a higher M1/M2 ratio may enhance the tumor killing properties of infiltrating T cells. A previous in vitro study reported that a high M1/M2 ratio was not associated with an antineoplastic effect in CT26 tumors (40). The contrasting finding may be due to an overabundance of M2 macrophages, whose role in promoting tumor growth is dual (41, 42).

Consistent with previously published studies, the majority of reported adverse events were acceptable in both groups (15). Patients in the combined group experienced mild to moderate thrombocytopenia more often than patients in the chemotherapy group. Nausea, anemia and thrombocytopenia were the most common adverse events described in the chemotherapy group. A few severe adverse events were also reported, such as severe leukopenia and neutropenia.

This study is affected by some limitations. First limitation regards the sample size due to poor sample accessibility, which could still be considered not large enough, although other similar studies have already obtained meaningful results with even smaller sample sizes (9, 10). It is important to emphasize that this is an interim study in which the evaluation of response to neoadjuvant related M1/M2 was developed. The next step will consist of selecting a much larger sample to validate the observed results.

Secondly, most of the patients in the combined group did not undergo surgery. Thus, gastroscopic biopsy samples were evaluated instead of using the Mandard tumor regression grading system. Thirdly, we did not do a survival analysis due to insufficient survival data.




5 Conclusions

We showed that neoadjuvant camrelizumab combined with chemotherapy improved ORR numerically in locally advanced ESCC compared to chemotherapy alone. High baseline M1/M2 ratios in the tumor region were potentially associated with a better response to neoadjuvant camrelizumab combined with chemotherapy, implying a potential role as prognostic markers. Further studies with a larger sample size are warranted to define the M1/M2, M1 tumor associated macrophages and CD56dim NK cell values for predicting efficacy.
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Background

Advanced gastric cancer (AGC) is a malignant disease with limited therapeutic options and a poor prognosis. Recently, immune checkpoint inhibitors (ICIs), represented by inhibitors of programmed cell death 1 (PD-1)/programmed death-ligand 1 (PD-L1), have emerged as a potential gastric cancer (GC) therapy.





Case presentation

This case study aimed to reveal the tumor response to neoadjuvant chemotherapy combined with camrelizumab in a patient with AGC based on the characteristics of the clinical pathology, genomics variation, and gut microbiome. Samples from a 59-year-old male patient diagnosed with locally advanced unresectable GC (cT4bN2M0, high grade) presenting PD-L1-positive, deficient mismatch repair (dMMR), and highly specific gut microbiota enrichment were subjected to target region sequencing, metagenomic sequencing, and immunohistochemistry staining. The patient received neoadjuvant therapy, including camrelizumab, apatinib, S-1, and abraxane, which eventually promoted dramatic tumor shrinkage without serious adverse effects and allowed subsequent radical gastrectomy and lymphadenectomy. Finally, the patient achieved pathologic complete response (pCR), and the recurrence-free survival time was 19 months at the last follow-up in April 2021.





Conclusions

The patient with PD-L1-positive, dMMR, and a highly specific gut microbiota enrichment exhibited a pCR to neoadjuvant chemoimmunotherapy.





Keywords: camrelizumab, conversion therapy, Mismatch-repair deficiency, pathologic complete response, advanced gastric cancer





Introduction

Gastric cancer (GC) is the sixth most frequently diagnosed malignant tumor worldwide, and it is one of the major causes of malignant disease morbidity and mortality in China (1, 2). Despite major advances in GC therapy in recent years, advanced GC (AGC) has remained a challenge in clinical practice. Chemoimmunotherapy is a more recent development in managing patients with advanced malignancy, including GC (3, 4). While The use of immune checkpoint inhibitors (ICIs) in conjunction with neoadjuvant chemotherapy to treat AGC is still debatable.

The validated checkpoint inhibitor response predictors include programmed death ligand-1 (PD-L1) expression, the tumor mutational burden (TMB), microsatellite status, and gut microbiota (5). Today, it is common practice to assess PD-L1 expression and deficient mismatch repair (dMMR) to assess the viability of immunotherapy, particularly for colorectal cancer. The diversity of the microbiome can also influence how the ICI responds (6). This case study involves a patient diagnosed with unresectable AGC with high PD-L1 expression (a tumor proportion score (TPS) of 5% and a combined positive score (CPS) of 80-90) and dMMR in the tumor tissues. This patient achieved pathologic complete response (pCR) after treatment with camrelizumab combined with apatinib, S-1, and abraxane.





Case presentation

A 59-year-old male presented with epigastric pain and difficulty swallowing and was referred to our outpatient department. He had smoked for 40 years, had never taken medication, and occasionally drank alcohol. The physical examination was unremarkable. The serum values of the tumor markers, such as a-fetoprotein, carcinoembryonic antigen, and carbohydrate antigen 19-9, were almost normal. An abdominal computed tomography (CT) scan showed the circumferential wall of the lower section of the esophagus, cardiac and corpus thickening in the portal phase, and delayed enhancement of the thickening esophagus and stomach wall and perigastric lymph nodes (Figure 1A). Positron emission tomography (PET) confirmed 2-fluoro-2-deoxy-D-glucose (FDG)-avidity in the lower section of the esophagus, cardiac and corpus, and perigastric lymph nodes at stations 1, 3, 7, 9, 11, and 16. Subsequent endoscopy at our center revealed stenosis of the lower esophageal cavity, elevated circumferential lesions of the gastric body with involvement of the cardia, and biopsy-proven adenocarcinoma. A multidisciplinary team debate recommended that the patient start out with conversion therapy because the tumor was borderline resectable.




Figure 1 | The treatment process and clinical outcome of the patient who achieved a pathologic complete response to conversion therapy. (A) Computed tomography scan shows the different stages of the primary lesions over time. (B) PD-L1 assay of the primary lesion on needle biopsy by immunohistochemical staining with DAKO 22C3 antibody. Magnification, ×200. (C) Pathological results of the primary specimens at baseline and after treatment with chemoimmunotherapy. Magnification, ×200. (D) Illustrating the timeline of the treatment course of the patient.



To assess a 620-gene panel of genomic change, a tissue sample acquired during an endoscopy was subjected to next-generation sequencing (NGS) with the patient’s permission (GloriousMed Clinical Laboratory Co., Shanghai, China), while the PD-L1 expression was also detected via immunohistochemistry (IHC). Genomic testing identified somatic mutations, including KMT2D Q3612del, FLCN F157del, CASP8 F414C, and LATS2 G223R, while the germline mutations of the DNA damage repair pathway genes included BLM S801T, MLH3 T1348I, MSH6, K646R, and ROS1 M1340T. No mutations were detected in TP53, CDH1, or ERBB2 (Table 1). The tumor mutational burden (TMB) was 2.25 mut/Mb, defined as TMB-low. The IHC results showed that the PD-L1 CPS of the tissue sample was 80-90 and the PD-L1 TPS was about 5%, indicating high PD-L1 expression (Figure 1B). Moreover, shotgun sequencing was done to determine the gut microbiota makeup for assessing the efficacy of immunotherapy. We observed an overrepresentation of specific strains, such as Akkermansia muciniphila, Bifidobacterium longum, Odoribacter, and Veillonella (Table 2). Chemoimmunotherapy was applied in response to these findings after the patient gave informed consent. After four-cycle treatment with camrelizumab (200 mg, day 1, i.v.), apatinib (250 mg, daily, oral), S-1 (80 mg/day, days1-14, oral), and abraxane (200 mg, days 1 and 8, i.v.), CT scans in January 2020 showed lesion shrinkage in the esophagus, stomach, and perigastric lymph nodes (Figure 1A). Next, the patient received S-1 monotherapy for two cycles between January 2020 and March 2020 due to personal reasons. CT scans in March 2020 revealed effective tumor downsizing in the esophagus, stomach, and perigastric lymph nodes.


Table 1 | Genetic mutations of cancer-related pathways in the gastric cancer tissues obtained by endoscopy.




Table 2 | Gut microbiota possibly related to response to immune checkpoint inhibitors for this patient.



Due to significant tumor shrinkage, the patient received curative resection in March 2020. The anterior gastric wall, the cardia at the lesser curvature, and the gastric fundus were all palpable with tough masses and numerous swollen lymph nodes surrounding the stomach, as revealed by intraoperative exploration. The tumor proliferated upward to above the esophageal hiatus and the left diaphragm. Eventually, the lower esophagus, entire stomach, part of the left diaphragm, and perigastric lymph nodes were surgically removed. Specimens were then sent for further pathological evaluation. No cancer cells or positive lymph nodes were found in any of the resected specimens, indicating that the patient achieved pCR after conversion therapy. The histological assessement revealed severe necrosis and fibrosis. (Figure 1C). The entire course of the clinical treatment is illustrated in Figure 1D. The patient continued to exhibit disease stability at the time of the last follow-up in April 2021 and achieved pCR lasting more than 19 months.





Discussion

Anti-PD-1/PD-L1 inhibitors have proven superior to standard therapy when used to treat a variety of advanced solid tumors (7). Although anti-PD-1/PD-L1 inhibitors and chemotherapy have been approved for the first-line treatment of AGC, there is presently no accepted standard of care for some locally advanced patients that may benefit from surgery (8). For patient treatment, research is currently being done to determine any potential advantages of combining chemotherapy with anti-PD-1/PD-L1 inhibitors. The current attempt to treat our patient with unresectable AGC using camrelizumab in combination with apatinib, S-1, and abraxane has been quite successful. We hypothesize that the positive outcome of our patient can be attributed to high PD-L1 expression and dMMR status given the relatively high levels of CPS and MSH6 mutation in the tissue samples.

As a potential reference, a randomized phase 3 clinical trial (also known as KEYNOTE-062) investigated the efficacy and safety of pembrolizumab for AGC or gastroesophageal junction cancer (9). In a population with CPS ≥ 10, patients receiving pembrolizumab showed a significantly favorable response, with longer survival times than those receiving chemotherapy (cisplatin and fluorouracil or capecitabine), which showed that immunotherapy with ICIs against PD-1/PD-L1 should be revisited and improved as the first-line AGC treatment strategy (9). Patients receiving pembrolizumab outlived those receiving chemotherapy for AGC with dMMR, according to a comparison of their survival rates (9). Coincidentally, researchers treated 12 patients with dMMR rectal cancer using dostarimab, a monoclonal antibody inhibitor of PD-1, with all patients achieving pCR (10). Extensive studies that have been conducted recently have shown how crucial the combination of immunotherapy and chemotherapy is for first-line AGC treatment (8, 11). The CheckMate-649 trial, the most significant clinical trial for AGC thus far, revealed that combining nivolumab and chemotherapy prolonged progression-free and overall survival of patients with CPS ≥ 5, compared with chemotherapy (8). Similar to this, the Attraction-4 trial, which focused on the Asian population particularly, confirmed the efficacy of nivolumab and chemotherapy when used together as a first-line AGC treatment. In terms of progression-free survival and the objective response percentage of patients, the combination was superior to chemotherapy alone (11). The early findings of the current studies offered strong support for the use of chemoimmunotherapy as a first-line therapy for AGC.

Based on the results of the DELIVER trial, it is likely that the composition of the gut microbiome influences the effectiveness of anti-PD-1 therapy, while specific bacterial genera in the gut microbiome are positively correlated with patient outcomes in AGC (12). Akkermansia muciniphila and Bifidobacterium longum have been found to promote anticancer efficacy (13). Microbiota analyses revealed a high abundance of Akkermansia muciniphila and Bifidobacterium longum in the fecal samples of our patient, demonstrating that the clinical effectiveness of immunotherapy was more likely to be improved by these particular strains. Further research has shown that fecal microbiota transplant can increase the treatment response in advanced melanoma by overcoming anti-PD-1 resistance (14, 15). These unexpected results have significant implications for treating patients with advanced cancer, even though the sample sizes used in the current research are not yet sufficiently scalable. There are various current initiatives to validate these findings in AGC patients.





Limitations

The chemotherapy backbone utilized here is not used in other parts of the world and is approved in China.





Conclusion

A Chinese patient with unresectable AGC and high PD-L1 and dMMR expression who responded favorably to the combined therapy is the subject of this case report. The development of future chemoimmunotherapy techniques for AGC is significantly influenced by the results of targeted NGS of a panel of hundreds of cancer genes.
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Diffuse type gastric cancer was identified with relatively worse prognosis than other Lauren’s histological classification. Integrin β1 (ITGB1) was a member of integrin family which played a markedly important role in tumorigenesis and progression. However, the influence of ITGB1 in diffuse gastric cancer (DGC) remains uncertain. Here, we leveraged the transcriptomic and proteomic data to explore the association between ITGB1 expression and clinicopathologic information and biological process in DGC. Cell phenotype experiments combined with quantitative-PCR (q-PCR) and western blotting were utilized to identify the potential molecular mechanism underling ITGB1.Transcriptomics and proteomics both revealed that the higher ITGB1 expression was significantly associated with worse prognosis in DGC, but not in intestinal GC. Genomic analysis indicated that the mutation frequency of significantly mutated genes of ARID1A and COL11A1, and mutational signatures of SBS6 and SBS15 were markedly increased in the ITGB1 low expression subgroup. The enrichment analysis revealed diverse pathways related to dysregulation of ITGB1 in DGC, especially in cell adhesion, proliferation, metabolism reprogramming, and immune regulation alterations. Elevated activities of kinase-ROCK1, PKACA/PRKACA and AKT1 were observed in the ITGB1 high-expression subgroup. The ssGSEA analysis also found that ITGB1 low-expression had a higher cuproptosis score and was negatively correlated with key regulators of cuproptosis, including FDX1, DLAT, and DLST. We further observed that the upregulated expression of mitochondrial tricarboxylic acid (TCA) cycle in the ITGB1 low-expression group. Reduced expression of ITGB1 inhibited the ability of cell proliferation and motility and also potentiated the cell sensitive to copper ionophores via western blotting assay. Overall, this study revealed that ITGB1 was a protumorigenic gene and regulated tumor metabolism and cuproptosis in DGC.




Keywords: diffuse gastric cancer, Integrin β1, metabolism, cuproptosis, molecular landscape




1 Introduction

Worldwide, the number of deaths due to gastric cancer accounts for 7.7% of the deaths due to tumors every year, ranking fourth, which seriously threatens human health and attracts the attention of numerous medical practitioners (1). There are many histological classification methods for gastric cancer, and some of them are commonly used, including Lauren classification (2, 3). According to Lauren classification, gastric cancer is mainly divided into two types: intestinal-type gastric cancer (IGC) and diffuse-type gastric cancer (DGC), in addition to mixed type and undetermined type (4, 5). IGC and DGC are significantly different in pathogenesis, epidemiology, and clinicopathology perspective, and the pathogenesis of IGC is closely related to environmental factors (6). The pathogeny of DGC appears to be independent of environmental influences, with a relatively young age of onset, multiple in women, and often a familial background (7–9). In relative terms, the incidence of DGC has increased, and some progress has been made in recent years in the study of gastric cancer, but little is known about the molecular landscape of DGC (10). Therefore, a comprehensive understanding of the genetic alterations and expression perturbations underlying DGC heterogeneity is necessary to guide the diagnosis and treatment of DGC.

Integrin β1 (ITGB1) is a member of the integrin family (11–13). The integrin family contains at least 18 α subunits and 8 β subunits, which can form 24 integrins known to have different tissue distribution and overlapping ligands specificity (14, 15). Integrins were α/β heterodimeric cell surface receptors that play a key role in cell adhesion (16) and migration (17, 18) as well as growth and survival (19, 20). The beta-1 subfamily includes 12 unique integrin proteins that bind different extracellular matrix molecules, control extracellular integrin binding, and affect cell adhesion or migration (21, 22). Meanwhile, intracellular signal transduction information transcribed from the cytoplasmic tail domain of beta-1 cells contributes to the regulation of cell proliferation (23, 24), cytoskeletal reorganization, and gene expression (25, 26). Some studies have also demonstrated that ITGB1 was involved in a variety of activities, including embryonic development (27, 28) and blood vessel (29–31), as well as tumor metastasis (32, 33) and angiogenesis (34). There is growing appreciation that ITGB1 was related to the occurrence and development of tumors, such as pancreatic cancer (35, 36), breast cancer (26, 37), and lung cancer (38–40). While the roles of ITGB1 in gastric cancer were remain unknown, especially in DGC.

The mutational signatures were that ongoing mutational processes reflected biological processes active in cancer and could be used as biomarkers to monitor treatment response or as therapeutic anticancertargets (41–43). For example: signature 1 represented the deamination of methylated cytosine which was a process that occurred throughout life, signature 4 could match the signature of smoking and signature 7 was associated with ultraviolet (UV) radiation exposure and also maybe indicate errors in the DNA repair pathway. These mutational signatures caused higher tumor mutational burden and diverse immune response (44). Gains and losses of DNA, also known as copy number variants (CNV), are prevalent in cancer and contribute to cancer initiation, progression and therapeutic resistance (45, 46). However, these genomic alterations on DGC in relation to ITGB1 have not been well described.

Copper is a microscale substance participating in various biological processes. The deregulation of intracellular and extracellular copper homeostasis may influence the biological processes, while recent studies showed that copper-mediated cytotoxicity, named “cuproptosis”, changed the development and progression of cancer. Although cuproptosis occurred by the insufficient or excessive abundance of heavy metal ions, cuproptosis was a novel cell death pathway distinct from ferroptosis, which depended on the mitochondrial tricarboxylic acid cycle rather than glycolysis. Deregulation of copper homeostasis made mitochondrial stress, which gathered lipoylated mitochondrial enzymes and lose related Fe-S cluster proteins, and then triggered cuproptosis (47–49). Some studies have demonstrated that altered Cu homeostasis is directly related to the progression of several neurodegenerative diseases, including Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS) (50). At present, a growing appreciation of the effect of Copper dependent death on tumor progression and prognosis, such as: bladder cancer (51), triple-negative breast cancer (52) and clear cell renal cell carcinoma (53). However, there is a research gap on cuproptosis in DGC.

ITGB1 is one of the most common genes that associated with adhesion in the tumor. However, its potential association with patient’s survival and tumor biology in DGC remains undiscovered. In this study, we found that ITGB1 expression was associated with DGC patient’s prognosis by analyzing transcriptomic and proteomic sequencing dataset. Downregulation of ITGB1 also inhibited the DGC cell proliferation and motility abilities. Through enrichment analysis, we found that ITGB1 was associated with tumor metabolism and immune regulation. We further explored the genomic alteration and identified that the defective DNA mismatch repair mutational signature was associated with ITGB1 expression dysregulation. Given that ITGB1 was significantly correlated with the cuproptosis-related genes, novel strategies triggered to cuproptotic cell death was expected to regulate the fate of ITGB1 overexpressed DGC. Results explored in this study can enhance understanding of molecular mechanism and guide the targeted therapeutic application of ITGB1 for the DGC.




2 Materials and methods



2.1 Genomic and clinical data

Transcriptomic data were obtained from ACRG, TCGA and CPTAC cohorts and proteomics data were obtained from PKU and CPTAC cohorts. Phosphoproteome were mainly derived from CPTAC cohort. A total of 142 samples from ACRG cohort, 68 samples from TCGA cohort, 74 samples from CPTAC cohort and 82 samples from PKU cohort were included in this study. DGC patients were divided into ITGB1 high expression and low expression subgroup based on the median expression (RNA or protein level) value as cutoff. Somatic mutations (MuTect2), CNV data (SNP array) and clinical data of the selected DGC cohort were extracted from TCGA cohort (https://portal.gdc.cancer.gov). The GISTIC score and gene copy number amplification and deletion data for each sample were analyzed by GISTIC 2.0 software and plotted by maftools package (54, 55). All extracted DNA and RNA for sequencing were obtained from primary untreated tumor tissues. Association of ITGB1 subgroup with clinical information, including age, gender, clinical stage, overall survival, and molecular subtype, was also collected from these studies and is presented in Table S1. For proteomics and phosphoproteomics, iTRAQ-labeld LC-MS/MS analysis was performed, and the relative protein abundance of each gene was log2 transformed and centered at zero to obtain the final relative abundance values, which were constructed into an expression matrix. Differential analysis and enrichment analysis were subsequently performed according to different subgroups of ITGB1.




2.2 Deciphering the mutational signature operative in the genome

Mutational signatures exacted from aggregated DGC samples (n = 68) genomic data by using the previous framework (56). The method based on variant non-negative matrix factorization can automatically find the appropriate number of mutational signatures. The mutation portrait matrix A was divided into two nonnegative matrices W and H. The matrices W represented mutational processes and the matrices H represented the corresponding mutational activities. The rows of matrix A represents the 96 mutational contexts which rooted in combinations of 6 mutational types (i.e., C > A, C > G, C > T, T > A, T > C, and T > G) and their 5′- and 3′-adjacent bases, and the columns represents the DGC samples. The extracted mutational portrait of DGC was compared and annotated by cosine similarity analysis against the COSMIC (57, 58).




2.3 GSEA and network analysis

The R package limma (59) was used to evaluate the differential expressed genes in DGC samples with ITGB1-low and ITGB1-high groups. Briefly, we inputted the normalized expression data into lmFit and eBayes functions, the differential statistics were calculated by the limma package. Afterwards the logFC produced by limma performed GSEA referring to the KEGG reference gene set (download from MSigDB database v7.1). The enrichment plot obtained from the fast gene set enrichment analysis algorithm was implemented in the Bioconductor R package fgsea.




2.4 PTM-SEA and KSEA analysis

The variation in biological processes among different ITGB1 expression subgroups were investigated site-centric PTM Signature Enrichment Analysis (PTM-SEA) on phosphoproteomics data sets with the PTM signatures database (PTMsigDB) (60). Kinase-substrate enrichment analysis (KSEA) were performed by KESA App website (https://casecpb.shinyapps.io/ksea/) using phosphosite data according to its manual with the cutoff of p < 0.05 and substrate count more than 1.




2.5 Inference of infiltrating cells in the TME

The 64 immune and stromal cell types (spanning multiple adaptive and innate immunity cells, hematopoietic progenitors, epithelial cells, and ECM cells) were inferred by the gene signature–based xCell algorithm (61). Gene expression profiles were prepared using standard annotation files, and data were uploaded to the xCell web portal (https://xcell.ucsf.edu/), with the algorithm run using the xCell signature.




2.6 Gastric cancer cell line and drug sensitivity analyses

Available clinical annotation and expression profile of human gastric cancer cell lines (N=40) were obtained from the Broad Institute Cancer Cell Line Encyclopedia (CCLE) project (https://portals.broadinstitute.org/ccle/). Gene dependency screening system (CERES and RNAi) and drug sensitivity database (GDSC1 and PRISM) were accessed from the dependency map (DepMap) portal (https://depmap.org/portal/).




2.7 Cell culture

MKN-45 cells were kindly provided by Key Laboratory for Experimental Teratology of the Ministry of Education, Department of Pathology, School of Basic Medical Sciences, Shandong University. MKN-45 cells were maintained in 1640 medium (Gibco) supplemented with fetal bovine serum (FBS, 10% PAN), penicillin (100U/mL, Thermo Fisher), and streptomycin (100U/mL, Thermo Fisher) and cultured in 95% air and 5% CO2 at 37°C. The 1% O2 stimulation was maintaining MKN-45 cells by 1640 medium (Gibco) supplemented with fetal bovine serum (FBS, 10% PAN), penicillin (100U/mL, Thermo Fisher), and streptomycin (100U/mL, Thermo Fisher) and cultured in 94% N2, 5% CO2, and 1% O2 at 37°C.




2.8 Cell transfection

Lentivirus particles of shNC (Negative control), shITGB1-1, shITGB1-2 (ITGB1 knockdown), Vector (vector control), or ITGB1 (ITGB1 overexpression) for humans were purchased from Genomeditech. MKN-45 cells were infected by 1640 medium (Gibco) supplemented with fetal bovine serum (FBS, 10% PAN), penicillin (100U/mL, Thermo Fisher), lentivirus, polybrene (0.1%) and streptomycin (100U/mL, Thermo Fisher) for 48h and selected with puromycin (0.5μg/ml, MedChemExpress) for 7 days.




2.9 Quantitative real-time PCR

Total RNA from cells was extracted by Trizol reagent (Vazyme, China). RNA was reversely transcribed into cDNA by HiScript III RT SuperMix for qPCR (Vazyme, China) following the manufacturer’s instructions. The quantitative real-time polymerase chain reaction (qRT-PCR) method was used to detect mRNA expression levels by the ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) protocol on Applied Biosystems QuantStudio 1 Real Time PCR system (Applied Biosystems, ThermoFish). The primer sequences were used for qRT-PCR as follows: for ITGB1, 5′- GTCGTGTGTGTGAGTGCAAC-3′ (forward), 5′- GCTGGGGTAATTTGTCCCGA′ (reverse). GAPDH was used as reference for mRNA. The relative expression levels of mRNA were calculated by using the 2−ΔΔCt method in which higher 2−ΔΔCt reflects higher expression.




2.10 Western blotting analysis and antibodies

In brief, total cell lysates were prepared with cell lysis buffer. After denaturing via boiling, total protein was quantified using a BCA protein assay kit (Solarbio). Equivalent amounts of protein were separated by SDS-PAGE at 80 V for 2.5h and transfected to PVDF membranes for 1.5h. The membranes were washed using 1% TBST by three cycles of 5 minute after incubation with Primary antibodies targeting ITGB1 (Proteintech, 12594-1-AP), FDX1 (Proteintech, 12592-1-AP), LIAS (Proteintech, 11577-1-AP), DLD (Proteintech, 16431-1-AP), DLST (abcam, ab177934), DLAT (Proteintech, 13426-1-AP), PDHA1 (Proteintech, 18068-1-AP), PDHB (Proteintech, 14744-1-AP), GLS (Proteintech, 29519-1-AP) and β-actin (Proteintech, 20536-1-AP) at 4°C overnight. Then membranes were treated with secondary antibodies (Proteintech, SA00001-2).




2.11 CCK-8 assay

Cell proliferation assays were performed with Cell Counting Kit-8 (DojinDo, Japan) according to the manufacturer’s protocol and detected at 0h, 24h, 48h, 72h and 96 h.




2.12 Colony formation

Knockdown or forced overexpression of ITGB1 in MKN-45 cells (2×103cells/well) were seeded into 6-well plates and cultured for 1 weeks at 37°C, and the culture medium was replaced with fresh medium every 4 days. Then, cells were washed using PBS, fixed with 4% paraformaldehyde for 30 min at room temperature, and stained with 0.5% crystal violet for 30 min at room temperature. The number of colonies (containing >50 cells) was observed and counted using an optical microscope.




2.13 Migration and invasion assay

For migration and invasion analysis, cell (migration: 3 × 105/mL, invasion: 5 × 105/mL) suspension (200 μl of serum-free medium) were seeded onto 8-mm Pore Transwell Inserts (Corning) coated with Matrigel for invasion assay, or without Matrigel for migration assay. Lower chambers were filled with complete medium (600 μl). Cells on the Transwell Inserts were then fixed with paraformaldehyde/PBS (4%) for 30 min. Next, fixed cells were stained with hematoxylin solution (Sigma-Aldrich) for 30min. Then microphotograms of the cells migrated onto the lower side of the filter were imaged using a microscope. From the microphotograms, cells that migrated or invaded onto the lower side of the filter were manually counted. Cell numbers were quantified from ten randomly selected fields with the same area.




2.14 Wound healing assay

Knockdown or forced overexpression of ITGB1 in MKN-45 cells were seeded into 6-well plates and allowed to grow until > 95% confluence. And then the cell layer was gently scratched through the central axis using a sterile plastic tip and loose cells were washed away by PBS and the media replaced with serum free media. Quantification of cell motility by measuring the distance between the invading fronts of cells in three random selected microscopic fields (×100) for each condition and time point (0h, 24h, 48h).




2.15 Statistical analysis

Statistical analyses in this study were generated by R-4.0.1. For quantitative data, statistical significance for normally distributed variables was estimated by Student’s 2-tailed t-tests, and non-normally distributed variables were analyzed by the Wilcoxon’s rank-sum test. The χ2 test and Fisher’s exact test were used to analyze contingency tables depending on specific grouping condition. Correlations between two quantitative variables were then analyzed and described using Spearman’s correlation coefficient. Kaplan Meier survival analysis were used to analyze the survival with R survival package (survminer 2.40-1). Cox regression analysis was used to test the association between ITGB1 and survival outcomes, controlling for age, gender, stage. Experiment statistical analyses were carried out using Prism 8 (GraphPad). Data were obtained from at least three independent experiments and for statistical significance were analyzed using Student’s t-test or Wilcoxon’s rank-sum test. P < 0.05 was considered statistically significant.





3 Results



3.1 ITGB1 predictive of survival in DGC

DGC patients were divided into ITGB1 high and low expression subgroup based on the median expression (RNA or protein level) value as cutoff. In Kaplan-Meier survival analysis, we found that the ITGB1-low subgroup has a better survival outcomes compared with the ITGB1-high subgroup among the DGC from transcriptomic dataset (ACRG cohort: P = 0.00044, Figure 1A; TCGA cohort: P = 0.048, Figure 1C; log-rank test) and proteomic dataset (PKU cohort: P = 0.016, Figure 1E; log-rank test). When controlled for age, gender, and stage in multivariate Cox proportional hazards regression analysis, we found that the ITGB1 remains significantly associated with better prognosis in the three cohorts (ACRG cohort: HR, 1.79 [95%CI, 1.15–2.78], P = 0.010, Figure 1B; TCGA cohort: HR, 2.64 [95%CI, 1.05–6.60], P = 0.04. Figure 1D; PKU cohort: HR, 4.98 [95%CI, 1.85–13.41], P = 0.001, Figure 1F). However, the prognosis between the two ITGB1 subgroups was not significant in the intestinal-type gastric cancer of ACRG and TCGA cohort (ACRG cohort: P = 0.5, Figure S1A; TCGA cohort: P = 0.18, Figure S1B; log-rank test, IGC samples was not existed in PKU cohort). In short, ITGB1 could be a potential prognostic indicator for patients with DGC,




Figure 1 | The survival analysis of ITGB1 in human DGC Kaplan-Meier curves of relapse-free survival according to ITGB1 high and low groups in the ACRG diffuse-type GC cohort (A) TCGA diffuse-type GC cohort (C) and PKU diffuse-type GC cohort (E). Forest plot representation of the Multivariate Cox regression model delineated the association between ITGB1 and survival in the three cohorts (B, D, F). Age, gender or stage were taken into account.






3.2 ITGB1 as a protumorigenic factor in DGC

To determine the previous findings on the association of ITGB1 with DGC, we further explored the biological mechanism from a cellular perspective. We generated MKN-45 cells with ITGB1 knockdown and overexpression by shRNA (sh-ITGB1) (Figure 2A). According to colony formation assay (Figure 2B) and cell counting kit 8 (CCK8) assay (Figure 2C), knockdown of ITGB1 in MKN-45 cells markedly decreased cell proliferation. While overexpression of ITGB1 markedly increased cell proliferation. In addition, transwell assay (Figures 2D–G) and wound healing assay (Figures 2H, I) showed that ITGB1 knockdown also significantly decreased the migration and invasion. Overexpression of ITGB1 markedly increased the migration and invasion. These results suggested that ITGB1 played a protumorigenic role in DGC.




Figure 2 | Effect of ITGB1 knockdown or forced ITGB1 expression in DGC cells (A) Confirmation of knockdown or forced expression of ITGB1 in MKN-45 cells by Quantitative-PCR (q-PCR) combined with Western blotting analysis. Cell proliferation assay in MKN-45 cells with shNC (negative control), shITGB1-1, shITGB1-2 (ITGB1 knockdown), Vector (vector control), or ITGB1 (ITGB1 overexpression) by colony formation (B) and cell counting kit-8 (CCK8) assays (C). Cell migration (D) and invasion (E) assays in MKN-45 cells with shNC (negative control), shITGB1-1, shITGB1-2 (ITGB1 knockdown). Cell migration (F) and invasion (G) assays in MKN-45 cells with Vector (vector control), or ITGB1 (ITGB1 overexpression). (H) and (I) Cell migartion assay in MKN-45 cells with shNC (negative control), shITGB1-1, shITGB1-2 (ITGB1 knockdown), Vector (vector control), or ITGB1 (ITGB1 overexpression). *, P<0.05; **, P<0.01; ***, P<0.001.






3.3 Tumor genomic characteristics in DGC

Somatic mutational profiles of DGC patients from the ITGB1-low group and the ITGB1-high group studies were analyzed in TCGA cohort. We found that the ITGB1-low group had significantly higher tumor non-silent mutation load, compared with the ITGB1-high group (Wilcoxon rank-sum test, P = 0.0089, Figure S2A). We next evaluated mutations of individual genes (such as common oncogenic driver mutations, TP53, KRAS, and PTEN; EMT associated genes, CDH1, and CTNNB1) that may be associated with ITGB1 (Figure 3A). Samples with ARID1A, MUC6, and COL11A1 mutations were significantly more frequent in ITGB1 low subgroup than high subgroup (Fisher exact test, P < 0.05). Interestingly, mutations in COL11A1, RASA1, PTEN, MCF1, PLB1, and KRAS were only found in ITGB1-low group. Calculating the number of single nucleotide variants in the matrix of 96 possible mutations with trinucleotide background found that predominant mutations in DGC were featured by the C>T transitions at ApCpN trinucleotide sites. Specifically, the C>T transition at ApCpA were highlighted in low ITGB1 subgroup, whereas the T>G transition at GpTpC were elevated in high ITGB1 subgroup (Figure 3B), suggested the specific mutational processes operative in ITGB1 subgroup heterogeneity. Subsequently, we analyzed the gene copy number variation of DGC in different ITGB1 expression subgroup. In general, the chromosomal copy number variation (both gain and loss) of the ITGB1-low group was relatively higher than the ITGB1-high group (Figure 3C). Focal level SCNAs revealed that the specific cytobands (FDR<0.01) in each ITGB1 subgroup. As shown by genome plot, the cytobands in 7q21.2, 15q26.1 in low ITGB1 score subgroup, and 8p23.1, 8q21.11, 8q24.13, 8q24.21, 19q12 in high ITGB1 subgroup contained the markedly amplified focal regions; cytobands in 3p14.2, 5q12.1, 6p25.3, 9q21.3, 9p23 in low ITGB1 subgroup contained the frequently deleted regions (Figures 3D, S2B). To further explore the mutational processes operative in patients with DGC, we extracted the mutation signatures from the mutational profile (Figure S2C). The identified four mutational signatures (eg. signatures 1, 2, 3, 4) were re-annotated them against the Catalogue of Somatic Mutations in Cancer (COSMIC-v3) signature nomenclature by using cosine similarity analysis (Figures S2D, 3E). We observed that the SBS1 signature consisted largely of C>T transition that was associated with spontaneous or enzymatic deamination of 5-methylcytosine in most cancers. The SBS17b signature was associated with T>G for some unknown reasons. The SBS15 and SBS6 signature was associated with C>T transition due to defective DNA mismatch repair. Meanwhile, we observed that the percentage of mutations of SBS6 signature and SBS15 signature were markedly higher in the ITGB1-low group, while the percentage of mutations of SBS17b was markedly higher in the ITGB1-high group (Figure 3F).




Figure 3 | The mutational signature and the chromosomal copy number variation in DGC (A) Mutational landscape of significantly mutated genes in TCGA cohort were stratified by the ITGB1-low and the ITGB1-high groups. The middle panel describes the mutation relation of significantly mutated genes across analyzed cases with mutation types color-coded differently. (B) Lego plot representation of mutation patterns in the ITGB1-low group and the ITGB1-high group. Single-nucleotide substitutions were divided into six categories with 16 surrounding flanking bases. The pie chart in upper left showed the proportion of six sorts of mutation patterns. (C, D) The chromosomal copy number variation of somatic cell in the ITGB1-low and the ITGB1-high groups. The chromosome names were on the x-axes, whereas y-axes was the gain or loss of chromosome copy number mutation frequency in different ITGB1 groups. (E) The mutational activities of corresponding extracted mutational signatures (SBS1, SBS17b, SBS15 and SBS6). The trinucleotide base mutation types were on the x axes, whereas y axes showed the percentage of mutations in the signature attributed to each mutation type. (F) Mutational exposures (number of mutations) were attributed to each mutation signature. The percentage of mutations were on the y axes.






3.4 Identification of proteins and phosphorylation pathways associated with ITGB1

To get closer to the most primitive manifestation of the DGC, we analyzed it from the phosphoproteome level. It was well known that phosphorylation was one of the most common and important modification patterns of proteins. In CPTAC database we performed a differential analysis and identify the phosphorylation sites associated with ITGB1 (such as: upregulated: TNS1_s1477, TNS1_s1164, FLNA_s966 and FLNA_t2167; downregulated: GSTA1_s202, GSTA3_s202 and KCNQ1_s27) in DGC (Figure 4A, Table S2). By analysis of ITGB1 combining proteomics and phosphorylation proteomics in the CPTAC and PKU databases (CPTAC: P < 0.01; PKU: P < 0.05), we functional annotated the biological processes associated with ITGB1. In order to further explore the biological significance of ITGB1, we conducted GO enrichment and Metascape analysis in the protein level and phosphorylated protein level. Enriched biological processes summarized that in the phosphorylated protein level, the ITGB1 was concentrated on Actin filament-based process, Signaling by Rho GTPases, Focal adhesion, mRNA processing, and so on (Figures 4B–D), and in the protein level, the ITGB1 was characterized by Metabolism of RNA, Translation, Vesicle-mediated transport, Hemostasis, and others (Figures S3A–C). Biological processes associated with metabolism raking in the top 50 were Metabolism of RNA, Peptide metabolic process, Cellular amide metabolic process, Selenoamino acid metabolism, and ncRNA metabolic process. By Metascape analysis, we performed protein-protein interaction enrichment analysis (phosphorylated protein level: Figures 4D, E; protein level: Figures S3D, E). The network generated by enrichment analysis consisted of a series of protein clusters. Therefore, we divided the set of proteins that physically interacted into 10 sub-clusters based on the MCODE method, and proteins with the same clusters were characterized by the same GO terms and KEGG pathways. Cluster MCODE1 associated with Smooth Muscle Contraction (R-HSA-445355), Structural molecule activity (GO:0005198), Muscle contraction (R-HSA-397014), et.al, which consisted of SRPRA, ITGA1, ALB, et al. Cluster MCODE2 associated with Translation (R-HSA-72766), ECM-receptor interaction (HSA04512), which consisted of SPCS2, EIF3E, DDOST, et al. Cluster MCODE3 associated with Regulation of expression of SLITs and ROBOs (R-HSA-901055), Signaling by ROBO receptors (R-HSA-376176), Cellular responses to stress (R-HSA-2262752), et.al, which consisted of PSMD2, STT3B et al. Then according to the enrichment analysis, we drew a heat map of ITGB1 related biological processes (Figure S3F) and genes which targeted by and regulated ITGB1 (Figures S3G, H). We found lots of biological processes, target genes, and regulated genes associated with ITGB1 (such as target genes: DLX6, FOXG1, HES4, et.al; regulated genes: IRF9, HIF1A, ERG, et.al).




Figure 4 | The landscape of biological processes of ITGB1 in DGC by the joint analysis of CPTAC and PKU in the phosphorylation level (A) Phosphorylation site regulated by ITGB1 in CPTAC database. Metascape enrichment network visualization summarized different biological processes (B) and relevance (C) in the phosphorylation level. The name of biological processes were showed in the right of chart. (D) Divided the set of proteins that physically interacted into 10 sub-clusters based on the MCODE method and proteins with the same clusters were characterized by the same GO terms and KEGG pathways. (E) The landscaoe of protein-protein interacting between and within the MCODE clusters. (F) The phosphorylation pathways in different ITGB1 groups were evaluated by the single sample GSEA (ssGSEA). (G) Kinase-Substrate Enrichment Analysis (KSEA) revealed the kinases associated with ITGB1.



Meanwhile, in order to find out the association of ITGB1 with phosphorylation-related pathways, we applied the differential phosphorylated protein to perform ssGSEA/post-transcriptional modification (PTM) analysis and composed a heatmap to visualize the relative abundance. We found that the phosphorylation processes of kinase CK2A1/CSNK2A1, CDK2, and U0126 (MEK inhibitor) were upregulated in the ITGB1-low group, and ROCK1, PKCA/PRKCA, PLK1, and Lepin were upregulated in the ITGB1-high group (Figure 4F). Kinase-Substrate Enrichment Analysis (KSEA) revealed that some kinases (like ROCK2, CDK5, DMPK, GSK3A, MYLK, CIT, ROCK1, PRKCA, GSK3B, MAPK8, MAPK1, TGFBR2, MAP2K4, PRKG1, AURKB, and DAPK3) expression up-regulated and some kinases (like CLK1 CSNK2A1, CDK7, and CDK2) expression down-regulated (Figure 4G, Table S3). These results further revealed the protein phosphorylation profile underlying ITGB1 dysregulation and provided the comprehensive insights on ITGB1-mediated transcriptional modification.




3.5 Molecular features and extracted related pathways associated with ITGB1

Previous studies have identified different molecular subtypes nomenclature of DGCs on the basis of transcriptomic and genomic analysis. Here, we also investigated the association of ITGB1 expression subgroup with previous identified clinical and molecular characteristics (Figures 5A, S4A). Interestingly, the MSS/TP53+ subtype (ACRG-defined), GI.HM-indel and Immune-C2 (TCGA-defined), RNA2 and metabolism subtype (CPTAC-defined), PX1-cell cycle (PKU-defined) were predominantly enriched in ITGB1 low expression subgroup, whereas EMT subtype (ACRG-defined), GI.GS subtype and Immune-C3 (TCGA-defined), RNA1 and invasion subtype (CPTAC-defined), PX2-EMT subtype (PKU-defined) was strongly enriched in ITGB1 high expression subgroup (Figure 5A upper panel, Figure S4A). The differentially expressed RNA in CPTAC, ACRG, and TCGA cohorts were also illustrated (Figure 5A lower panel and Figure 4B). The mRNA levels (such as, RAB31, NRP2, ANTXR1, and CLIC4) were upregulated and the mRNA levels (such as, PGC, TFF2, and GKN1) were downregulated in CPTAC, ACRG, and TCGA cohorts (Table S4). To explore the effects of ITGB1 on biological process, we performed GSEA analysis with KEGG database on RNA levels from ACRG, TCGA, and CPTAC cohorts; and protein levels from CPTAC cohorts. GSEA with ring heatmap indicated that ITGB1 high expression was significantly enriched in immune inflammation, cell adhesion and migration, tumorigenesis pathway, whereas the ITGB1 low expression was predominately enriched in cell cycle and DNA repair, metabolism (Figure 5B). Interestingly, metabolism pathway related to aerobic respiration (citrate cycle TCA cycle, oxidative phosphorylation, drug metabolism other enzymes) and glycan-related circuits were negatively associated with ITGB1 expression. We further performed the ssGSEA analysis by using the identified immune-oncology signatures curated form Zeng et al. studies (62). ITGB1-low group had a significantly higher enrichment score compared with the ITGB1-high group in metabolism (citric acid cycle, pentose phosphate, pyruvate metabolism, glyoxylate and dicarboxylate metabolism, gluconeogenesis, oxidative phosphorylation, and purine biosynthesis) and DNA Repair (Base Excision Repair). In contrast, the cell migration and cell matrix (EMT, CAF, Pan F-TBRs) and tumor inflammation (Macrophages Bind, Hypoxia, MDSC) had significantly more enrichment in the ITGB1-high group (Wilcoxon rank-sum test, Figure 5C). These findings were also verified in the ACRG cohort (Wilcoxon rank-sum test, Figure S4C).




Figure 5 | Enrichment analysis of ITGB1 related genes, pathways and immune regulation alteration (A) The relative RNA and protein expression of cell proliferation, cell cycle, metabolism, cell adhesion and immune regulation in different ITGB1 groups were evaluated in ACRG TCGA and CPTAC cohorts. (B) Enriched analysis in different pathways (Immune regulation, Cell cycle and DNA repair, Metabolism, Cell proliferation and Cell adhesion and migration). (C) Related metabolism and other pathways ssGSEA was calculated and compared in different ITGB1 groups from TCGA cohort. (D) The relative abundance of tumor-infiltrating leukocytes (TILs) with ITGB1 grouping in diffuse GC from TCGA datasets was estimated by the CIBERSORT algorithm. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001.



Furthermore, we evaluated (with the xCell algorithm) the abundance of cell subpopulations in the DGC microenvironment using gene expression data. We found that tumor inflammation cells, fibroblasts cells, and endothelial cells (Astrocytes, cDC, Chondrocytes, Fibroblasts, Hematopoietic stem cells (HSC), Megakaryocytes, Mesangial cells, Monocytes, Neurons, Tregs, Smooth muscle) had a more enrichment in the ITGB1-high group. While CD4+ memory T-cells, common lymphoid progenitors (CLP), Epithelial cells, Keratinocytes, Megakaryocyte–erythroid progenitors (MEP), MSC, plasmacytoid dendritic cells (pDC), Plasma cells, pro B-cells, Sebocytes, and Th1 cells had a better enrichment in the ITGB1-low group (Figure 5D).




3.6 ITGB1 mediated cuproptosis

Previous enrichment analysis revealed that ITGB1 was negatively associated with mitochondria TCA metabolism. As one of the metabolism of the most important substance, glucose metabolism is vital for organisms to maintain homeostasis. Recent studies showed that cuproptosis, a novel form of cell death, was based on glucose metabolism, which was characterized by mitochondrial tricarboxylic acid (TCA) cycle and protein lipoylation (47, 48). In consideration of previous findings that the citric acid cycle was higher in the ITGB1-low group, we further explored the association of ITGB1 and cuproptosis signature. Further analysis indicated that cuproptosis signature score was markedly higher in the ITGB1-low group rather than in the ITGB1-high group (Wilcoxon rank-sum test, p = 1.6e-5, Figure 6A). In Kaplan-Meier survival analysis, we found that the cuproptosis-high group demonstrated a better survival compared with the cuproptosis-low group among the patients with DGC (TCGA cohort: P = 0.036, Figure S5A; ACRG cohort: P = 0.048, Figure S5B; log-rank test). We examined the relationship between known cuproptosis-related-genes and ITGB1 through Spearman analysis. A heatmap of the correlation matrix demonstrated that ITGB1 was negatively correlated with DLST, DLAT, FDX1, ATP7B, and PDHA1, but positively correlated with PDHB and GLS (Figure 6B, Table S5). Correlation between FDX1 and ITGB1 was shown in dot plot among ACRG, TCGA and CPTAC cohorts (ACRG cohort: Spearman r = -0.31, P < 0.001, Figure 6C; TCGA cohort: Spearman r = -0.36, P < 0.001, Figure S5C; CPTAC cohort: Spearman r = -0.39, P < 0.001; Figure S5D).




Figure 6 | Association of ITGB1 with cuproptosis in DGC (A) Cuproptosis was stratified by ITGB1. (B) Correlations between ITGB1 and the cuproptosis-related-gene using Spearman analysis. The negative correlation was marked with blue and positive correlation with red. (C) Correlation analysis between ITGB1 and FDX1 in ACRG cohort. (D) Western blotting analysis of ITGB1, LIAS, DLD, DLST, DLAT, FDX1, PDHA1, PDHB and β-actin in MKN-45 cells with or without knockdown. (E) Western blotting analysis of ITGB1, LIAS, DLD, DLST, DLAT, FDX1, PDHA1, PDHB and β-actin in MKN-45 cells with or without overexpression. *, P<0.05; **, P<0.01; ***, P<0.001.



Subsequently, we verified the findings via molecular experiments. Western blotting analysis indicated that the knockdown of ITGB1 in MKN-45 cells increased the protein levels of LIAS, DLD, DLST, DLAT, FDX1, PDHA1 and reduced the protein level of PDHB by stimulating 1% O2 for 8h and 1uM CuCl2, 200 nM Elesclomol for 7h (Figure 6D). On the contrary, forced overexpression of ITGB1 decreased the protein levels of these genes and increased the protein level of PDHB (Figure 6E). These findings suggested that ITGB1 may be involved in cuproptosis in DGC.




3.7 ITGB1-associated potential therapeutic compounds

We further investigated the cell viability and drug sensitivity in relation to ITGB1 expression with GC cell model. The cancer-dependent score was analyzed using genetic dependency of RNAi and CRISPR screening dataset from DepMap database (https://depmap.org/portal/download/). Median CERES score in these cell lines was -0.27 (CERES below 0.2 means the gene is an essential gene), and most of the RNAi score were below 0 (RNAi approach to 0 means the gene is not an essential gene, Figure S6). These findings indicated that ITGB1 could be regarded as an essential gene in GC.

We also explored the potential compounds in treating the ITGB1 high expressed DGC tumors by using the Genomics of Drug Sensitivity in Cancer (GDSC) database (Figure 7A) and Profiling Relative Inhibition Simultaneously in Mixtures (PRISM) database (Figure 7B). Agents with significant negative correlation between ITGB1 and drugs IC50 were screened across the GC cell lines (Devimistat: Spearman r = -0.706, P = 0.006; CCT.018159: Spearman r = -0.584, P = 0.036; AS605240: Spearman r = -0.557, P = 0.047; Dabrafenib: Spearman r = -0.553, P = 0.049; Telatinib: Spearman r = -0.580, P = 0.018; Fluvastatin: Spearman r = -0.543, P = 0.029; GSK429286A: Spearman r = -0.524, P = 0.037; NVP-BEZ235: Spearman r = -0.523, P = 0.037; Figure 7B, Table S6). These potential therapeutic agents were highly negatively correlated with the ITGB1 and may have potential therapeutic implications for patients with high ITGB1.




Figure 7 | Correlation analysis between ITGB1 and candidate targeted drugs in GDSC-V1 database (A) and PRISM V2 database (B).







4 Discussion

In this study, we comprehensively analyzed the molecular landscape and clinical relevance of ITGB1 dysregulation in DGC, and revealed the ITGB1 mediated cuproptosis signaling in regulating the tumorigenesis of DGC (Figure 8). Cell phenotype experiment demonstrated that ITGB1 was a protumorigenic factor and inducing the proliferation, migration, and invasion properties of DGC. Meanwhile, we extracted tumor genomic characteristics from DGC, and found that ITGB1 was associated with tumor mutation load, dMMR signature, and copy number variations. We further performed a phosphoproteomic analysis to determine the altered pathway in phosphorylation level. By enrichment analysis of ITGB1 differentially expressed molecules, we found that in addition to being associated with tumor adhesion, ITGB1 was also significantly associated with tumor immune and metabolism. Given the significant correlation between ITGB1 and cuproptosis score, further western blotting analysis verified that ITGB1 influenced the cuproptosis-related-genes (such as FDX1, LIAS, DLD, DLST, DLAT, PDHA1, and PDHB). Finally, we analyzed the cell dependency score of ITGB1 in DGC cell lines and analyzed the GDSC and PRISM databases to identify candidate drugs, identifying eight drugs (Devimistat, CCT.018159, AS605240, Dabrafenib, Telatinib, Fluvastatin, GSK429286A, and NVP-BEZ235) that were significantly associated with ITGB1.




Figure 8 | The workflow of tumor mutational burden and metabolic characteristics associated with ITGB1 in DGC.



In recent studies, ITGB1 was not only able to promote tumor progression by participating in multiple tumor-related signaling pathways such as p53 (63), EMT (34), and PI3K/AKT (20, 64), which regulate the expression of proto-oncogenes or suppressors but also serve as important biomarkers to assess the prognosis of cancer patients (33, 65). Researchers found that ITGB1 was able to influence cell function and thus influence tumor development and progression. For example, in cancer cells, ITGB1 can bind to EpCAM and regulate cell adhesion (66); The high expression of ITGB1 may be related to the poor prognosis of colorectal cancer and can lead to the migration and invasion of colorectal cancer cells (67). CNV caused amplification on oncogenes and the deletion on tumor suppressor genes led to or promoted the occurrence and development of tumors. Previous studies reported that MYC which located on chr8p24.21 locus (amplified in ITGB1 high subgroup), can promote malignant progression of gastric cancer cells (68). GATA6 which located on chr18q11.2 locus (amplified in ITGB1 low subgroup), suppressed migration and metastasis by regulating the miR-520b/CREB1 axis in gastric cancer (69). Fibroblast growth factor 19 (FGF19) which located on chr11q13.3 locus, facilitated the self-renewal of liver cancer stem cells (70). Meanwhile, these genes of phosphorylation related with ITGB1 also facilitated or inhibited the occurrence and development of tumor. ROCK2 in gastric cancer cell promoted tumor cell proliferation, metastasis and invasion (71). CDK5 suppressed the metastasis of gastric cancer cells (72). MYLK repressed gastric cancer progression (73). The overexpression of ROCK1 can promote proliferation (74), invasion and migration (75, 76) in gastric cancer. The overexpression of MAPK can promote proliferation and tumorigenesis in gastric cancer (77). CDK2 can regulate cell cycles (78) and aerobic glycolysis (79) in gastric cancer. Inhibition of CSNK2A1 decreased the proliferative and invasive activity of breast cancer cells (80). However, how to change the biological function by ITGB1 needs further study. Consistently, the integrin family was implicated as an important inducer of tumorigenesis, and it was significantly implicated in cancer metastasis (81), drug resistance (82), and immune evasion (83), and it was clear that ITGB1 was one of the most important integrin family members. In terms of metabolism, current studies have shown that integrin activity can regulate insulin sensitivity in adipocytes and thereby systemic metabolism (84). Meanwhile, Na KH et al. found that the hypoxia could affect integrin α4 expression to trophoblast invasion during early implantation (85). While few recent studies have focused on ITGB1 and metabolism, the specific mechanism remains to explore. We found that ITGB1 plays a crucial role in metabolic pathways and cuproptosis in DGC cells.

Devimistat (CPI-613) was one of the inhibitors of energy metabolism in mitochondria and can effectively inhibit the tricarboxylic acid cycle (86). Devimistat may affect cuproptosis by affecting the tricarboxylic acid cycle, but the specific mechanism needs further study, and it can be used as an effective targeted drug for ITGB1 related DGC. In recent study, drugs related to cuproptosis can also be used to the treatment of tumors. Disulfiram, a copper ionophore, targeted glioblastoma stem cells (87). Elesclomol can targeted treatment of melanoma (88). From this study, we found that drugs related to cuproptosis can also be used as targeted drugs for ITGB1 to treat DGC.

In summary, ITGB1 was associated with worse prognosis and regulated tumor metabolism and cuproptosis in DGC. Our findings may provide new targets for developing improved DGC therapies by influencing the cuproptosis and metabolic pathway in combination with anti-ITGB1 biotherapy.

The main limitation of this research was using the public dataset from different cohorts, which have somewhat heterogeneous in patients’ derivation and data processing. In addition, we utilized multiple genomic and transcriptomic datasets for analysis. The dataset with RNA sequencing was available in ACRG, TCGA and CPTAC cohorts and the proteomics data were obtained from PKU, and CPTAC cohorts. As a result, the association between biological process and gene expression, including analysis of metabolic reprogramming and cuproptosis pathways, needs further validation. Due to the current limited availability and difficult culture conditions of DGC cell lines, further exploration and verification were needed to perform in other GC cell lines. Moreover, drug related analysis the mutation landscape were inferred by bioinformatics methods, and the specific mechanism and dose-effect relationship were still unknown, which needs further molecular biological research and clinical trials.




5 Conclusion

This study discovered a new phenomenon of ITGB1 regulating cuproptosis and verified by cytological experiments. Explored in this study can enhance understanding of molecular mechanism and guide the targeted therapeutic application of ITGB1 for the DGC.
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Cholangiocarcinoma (CCA) is a highly malignant tumor of the hepatobiliary system that has failed to respond to many traditional therapies to a certain extent, including surgery, chemotherapy and radiotherapy. In recent years, the new therapeutic schemes based on immunology have fundamentally changed the systemic treatment of various malignant tumors to a certain extent. In view of the immunogenicity of CCA, during the occurrence and development of CCA, some immunosuppressive substances are released from cells and immunosuppressive microenvironment is formed to promote the escape immune response of its own cells, thus enhancing the malignancy of the tumor and reducing the sensitivity of the tumor to drugs. Some immunotherapy regimens for cholangiocarcinoma have produced good clinical effects. Immunotherapy has more precise characteristics and less adverse reactions compared with traditional treatment approaches. However, due to the unique immune characteristics of CCA, some patients with CCA may not benefit in the long term or not benefit at all after current immunotherapy. At present, the immunotherapy of CCA that have been clinically studied mainly include molecular therapy and cell therapy. In this article, we generalized and summarized the current status of immunotherapy strategies including molecular therapy and cell therapy in CCA in clinical studies, and we outlined our understanding of how to enhance the clinical application of these immunotherapy strategies.
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1 Introduction

Cholangiocarcinoma (CCA) is a highly malignant tumor of the digestive system with a poor prognosis that poses a significant therapeutic challenge (1). Based on their anatomical distribution, they are classified as intrahepatic (iCCA), perihilar (pCCA), or distal (dCCA) (2). Treatment outcomes are extremely poor due to early local invasion, susceptibility to multiple metastases, poor effectiveness of most treatment options, and frequent drug resistance (3, 4). Moreover, due to the lack of early specific molecular markers to detect cholangiocarcinoma, most cholangiocarcinoma is already at an advanced stage when detected (5, 6). Despite the efforts of many studies, clinical transformation remains stagnant, making the treatment of cholangiocarcinoma more difficult. Surgical resection is the only potentially curative treatment option for CCA. However, only approximately 15% of patients with iCCA have a removable stage at initial diagnosis, and the postoperative recurrence rate is more than 60% (7, 8). Systemic chemotherapy is one of the recognized first-line treatments for patients with metastatic and advanced cholangiocarcinoma, but the prognosis after this treatment remains poor, with 5-year survival rates below 40% (9, 10). Radiotherapy as adjuvant or palliative treatment has a limited impact on the survival of patients with cholangiocarcinoma (11–13). Currently, only a minority of CCA patients have the opportunity to undergo radical resection. Nonetheless, median survival beyond 30 months is challenging even with radical resection (14). Especially for patients with advanced CCA, there are few effective treatments that can improve clinical outcomes. Therefore, there is an urgent need to develop more effective treatment options to improve the clinical prognosis of CCA patients, especially those with advanced CCA.

Over the past decade, tumor immunotherapy has emerged as an emerging treatment for various cancers, including melanoma, urothelial tumors, non-small cell lung cancer, and liver cancer (15). Tumor immunotherapy refers to using immunological principles and methods to activate immune cells in vivo and enhance the body’s anti-tumor immunity, so as to specifically remove minimal residual tumor lesions, slow down tumor growth, and alleviate immune tolerance (16). In other words, the goal of cancer immunotherapy is to break the mechanism of cancer immune escape, thereby reawakening immune cells and destroying tumor cells. Due to its minimal side effects and excellent therapeutic effect, it is gradually becoming the future development direction of tumor treatment, and is known as the fourth most important cancer treatment method after surgery, radiotherapy and chemotherapy (17–19). In a word, from the perspective that CCA is an immunogenic cancer, immunotherapy will provide a promising treatment strategy to improve the survival benefit of patients with CCA.




2 Background on immunotherapy for cholangiocarcinoma

Cholangiocarcinoma is an immunogenic tumor (16). It is characterized by fewer tumor parenchyma cells and more tumor interstitial cells compared with other solid tumors (20). It has a microenvironment controlled by inflammation and rich immune cells, mainly composed of T and B lymphoid cells, macrophages, neutrophils, natural killer cells, and other subsets of immune cells (21). On the one hand, in the innate immune system of cholangiocarcinoma, macrophages, as the first line of defense, have strong heterogeneity and play a crucial role in CCA (22, 23). Macrophage infiltration is closely related to angiogenesis and increased regulatory T cell (Treg) infiltration (24). Dendritic cells (DCs) belong to antigen presenting cells (APCs), which are the sentinels of the human immune system. They can keenly capture the small difference between tumor cells and normal cells, and transmit this difference to the armed police T-lymphocytes in the human immune system, which is crucial in activating the adaptive immune response (25). On the other hand, in adaptive immune response of cholangiocarcinoma, tumor infiltrating lymphocytes (TIL) are a highly heterogeneous population, including CD8 + T cells, CD4 +T cells, B cells and Treg (26, 27). They play an important role in CCA immune surveillance and elimination of tumor cells. CD8 + T cells is one of the main effector cells of tumor immune adoptive therapy. They bind to target cells through the receptor TCR on their membranes, releasing various lysosomes, thus promoting the dissolution and death of target cells (28).

The immune microenvironment in CCA could be characterized by excessive secretion of cytokines and chronic persistent inflammatory infiltration, which could induce the proliferation of tumor bile duct cells (29, 30). The high-density infiltration of tumor associated macrophages may play a role in supporting the metastasis and degradation of extracellular matrix (31). This helps CCA cells escape from immune system (32). Therefore, this immunological characteristic of cholangiocarcinoma creates an unfavorable element for the host’s adaptive immune response to CCA. Our better understanding of the immune microenvironment of cholangiocarcinoma is helpful to improve the prognosis of CCA patients through immunotherapy.




3 Molecular therapy

The main principle of molecular therapy is to inject specific molecular agents into the patient’s body to regulate the body’s specific immune response. The main agent used is immune checkpoint inhibitors (ICIs). The related content of ICIs is an attractive issue at the territory of cancer treatment, which has made vast progress in the treatment of cancers originated from different organizations and organs (33). ICIs mainly include (34): (1) Programmed cell death protein 1 (PD-1) inhibitors. It is represented by pembrolizumab and nivolumab. (2) PD-L1 inhibitors. It is represented by durvalumab, avelumab and atezolizumab. (3) Cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitors. It is represented by tremelimumab and ipilimumab. CCA cells can use these inhibitors to limit or evade antitumor immune responses, including by affecting the synthesis of immune checkpoint associated proteins (35). At present, numerous clinical studies of ICIs related to iCCA, pCCA and dCCA are performing. Several results of clinical trials and cases have shown that patients with certain genotypes of CCA may benefit from treatment with ICIs.



3.1 PD-1 and PD-L1 inhibitors

PD-1 is a membrane-spanning protein located on the surface of T lymphocytes that eliminates antitumor immune reactions and facilitates cancer immune evade from cytotoxic T cells in the course of carcinogenesis, while PD-L1 is a PD-1 ligand molecule expressed by tumor cells. PD-1 is related to immune responses and the immune microenvironment of cholangiocarcinoma (36). In Tumor Microenvironment (TME), PD-1 and PD-L1 molecules combine to induce T lymphocyte failure, leading to tumor immunosuppression. Hence, blocking the PD-1/PD-L1 signal axis by inhibiting the combination of them can gradually improve the adaptive immune system, reverse the phenomenon of immune suppression, and restore the response of cancer cells to T cells. Using monoclonal antibodies to cut off the PD-1/PD-L1 pathway has shown a good effect with long-lasting responses and prolonged survival in patients with some cancer types including CCA. What’s more, these reactions usually last for many years or never disappear and do not cause severe toxicity for vast majority of patients (15). Based on this, we believe that it is a potential and promising therapeutic strategy for CCA.

In fact, the response of patients with different molecular types of tumors to immunotherapy is inconsistent. At present, it is believed that PD-L1, MMR, MSI, and high TMB positive of some tumor patients may have a good response to immunotherapy. This is because a high level of mutation‐associated neoantigens can be distinguished by immune cells (37). At the same time, the study found that, with the continuous increase of TMB, the progression free survival (PFS) and objective response rate of CCA patients treated with ICIs may increase (38). There are some case reports have showed that patients with irresectable or recurrent metastatic biliary tumor have achieved partial remission (PR) or complete remission (CR) through ICIs treatment. Therefore, these successful individualized treatment schemes provided important guidelines for the management of patients with last-stage cholangiocarcinoma. High expression of immune checkpoints in CCA patients is related to poor prognosis, especially with short relapse free survival and overall survival. Due to the immune escape mechanism, the high expression of PD-L1 may be related to the rapid progress and poor prognosis of the tumor. Meta-analysis of eleven researches about cholangiocarcinoma and PD-1 found that the expression of PD-L1 in cholangiocarcinoma cancer cells went together with TNM staging. Overexpression of PD-L1 predicted poor overall survival rate (OS), and overexpression of PD-L1 also predicted short disease-free survival (DFS) period (39). In addition, similar conclusions have been found in other studies that high lymphatic metastasis, TNM stage and poor prognosis are closely related to PD-L1 positive (40, 41). Another study demonstrated by section staining that a high count of CD8+T cells in tumor parenchyma and stroma resulted in worse OS and DFS, and a high expression of PD-L1 resulted in worse overall survival (OS). Immunosuppression of PD-L1 may be a potential treatment for CCA patients who are unable to undergo surgery (42).

One study showed that PD-L1 is mainly expressed by inflammatory cells in tumors with dense lymphocyte infiltration. Their results suggested that CCA patients who have dense intratumoral lymphocytic infiltration may be a suitable treatment character for PD-L1/PD-1 inhibitors (43). Else, a study showed tumors could create their own tumor microenvironment to enhance PD-L1 expression, and then relying on this pathway to achieve immune escape in CCA with dense lymphocytic infiltrates (44). Driven by these studies, single-inhibitor drugs have gradually entered clinical use, and two of the most representative drugs in CCA are: pembrolizumab and Nivolumab (Opdivo). In 2017, the FDA recommended the utilization of pembrolizumab to treat cancers including cholangiocarcinoma (45). National Comprehensive Cancer Network (NCCN) guidelines recommended the use of pembrolizumab as one of the treatment options for tumors (including biliary malignancies) with defective microsatellite instability (MSI) or mismatch repair (MMR) characteristics. A study of defective mismatch repair cancers treated with pembrolizumab in cholangiocarcinoma patients has showed an excellent objective response rate (ORR=40.9%) (46). Nivolumab is an immune checkpoint inhibitor that essentially exploits its PD-1 -binding properties to IgG4 immunoglobulin. In a small sample size study of cholangiocarcinoma tumor samples, it was found that nivolumab expression could be detected at different levels in tumor microenvironment, both in tumor cells and immune cells (35). And it has been demonstrated that PD-1 expression increased in CCA patients with CD4+ and CD8+ tumor‐infiltrating lymphocytes (TILs), and the level of effector cytokines in TILs was positively correlated with nivolumab (47). One phase II trial showed that TILs could play a significant role in adjusting the interaction between ICI and tumor microenvironment (45). The research also showed that this inhibitor with radiotherapy or chemotherapy in CCA treatment have been examined and shown a good therapeutic prospect (45). These data showed that nivolumab might provide a novel therapeutic choice for cholangiocarcinoma patients.

Certainly, with more and more studies, we have found that ICIs combination therapy is better than ICIs monotherapy. Clinical trials of anti-PD-1/PD-L1 medicine combined with other therapies for CCA patients are currently in full progress at the moment. The study found that nivolumab is superior to single drug immunotherapy when used in combination with CTLA-4 inhibitor ipilimumab (41). In addition, in the model of CCA subcutaneous tumor, the combined use of verteporfin and anti-PD-1antibodies down regulated the tumor burden compared with the use of two medicines alone (48). Another study showed that anti-PD-1 immunotherapy combined with radiotherapy is an up-and-coming one. In this study, Liu et al. presented a 68-years-old iCCA patient in advanced stage who is not suitable for chemotherapy, after six cycles of ICIs therapy, the primary tumor narrowed but new lung and lymph gland metastasis were found, which indicated a mixed response. Radiotherapy was then started, concomitant with continuing ICIs immunotherapy. The combination treatment ultimately led to complete remission of primary tumors and all metastatic tumors, and almost no treatment related adverse events occurred (49). Besides, Zhang et al. reported that the first patient with last-stage intrahepatic cholangiocarcinoma with PD-L1 positive and high tumor mutation load was successfully eradicated after using tyrosine kinase inhibitors (TKIs) combined with ICIs immunotherapy to shrink the tumor. In this case, a thirty-eight years old young woman was diagnosed with stage IV iCCA. The test report of this patient indicated that the tumor mutation load was high and the expression of PD-L1 was positive. After receiving seven cycles of PD-1 inhibitor combined with TKIs therapies, the patient underwent radical operation, and it is noteworthy that her postoperative pathological type is well (50). A case report showed a patient with metastatic iCCA who was not sensitive to first-line chemotherapy therefore was included in the phase I study of sintilimab therapy. In addition, the tumor mutation load in this patient was low and with microsatellite instability. The patient was completely relieved after three courses of treatment. Therefore, the author believed that PD-1 inhibitor combination therapy may be a feasible treatment for patients with advanced cholangiocarcinoma who are not sensitive to chemotherapy (51). Zhao reported four cases of intractable advanced CCA patients who managed to control the tumor with anti-PD-1 antibodies together with SBRT (52). A study conducted in patients with unresectable iCCA showed that the efficacy and safety of HAIC (n=58) or TACE (n=39) combined with ICIs immunotherapy or TKIs were more positive than that of HAIC and TACE alone (53). Li et al. found that PD-1 inhibitor combined with S-1 and nab paclitaxel can be used to achieve the transformation treatment of advanced refractory CCA. This combination therapy is safe and effective, and can significantly prolong the survival of patients (54). Previous evidence suggested that PD-1 inhibitors are suitable for patients who have high TMB, high microsatellite instability (MSI-H), deficient mismatch repair (dMMR), and PD-L1 positive expression. But a new study came to a different conclusion. It found that SBRT combined with PD-1 inhibitor can effectively treat patients who have low TMB, MSI, pMMR and PD-L1 expression negative in advanced or recurrent CCA. This finding is of great significance, because it may expand the indications of combined therapy, so that those patients who were not previously suitable for immunotherapy can benefit from immunotherapy (34). Integrating these findings, we believe that PD-1 and PD-L1 inhibitors have a significant role in the treatment of cholangiocarcinoma, and the combination therapy may be one of the important options for patients with advanced CCA.

Of course, the PD-1/PD-L1 treatment of cholangiocarcinoma is extremely complex, and there are also some other studies on this aspect. Because PD-L1 in CCA is predominantly derived from tumor-associated macrophages (TAMs), PD-1 blockade can be enhanced by targeting tumor-associated macrophages and granulocyte-myeloid-derived suppressor cells (55). One study has found that PD-L1 is related to p-ERK, and the down-regulation of KRAS can down-regulate the expression of PD-L1 through this pathway in CCA (56). Based on this, relevant therapeutic strategies can be developed to influence the responsiveness of CCA to ICIs. Else, the study found that stimulation of some antigen-presenting cells (dendritic cells and macrophages) with CD40 agonists can enhance the ICIs effect in CCA (57). In addition, a very important regulator, CMTM4, was identified in CCA patients, which can positively regulate PD-L1 and stabilize PD-L1 by affecting the post-translational biological manifestations (58).




3.2 CTLA4 inhibitors

Another important aspect of ICIs treatment is CTLA4 inhibitor. CTLA-4 molecules can be highly expressed on the surface of activated T cells such as Tregs, and interact with its ligands to produce signals that affect the activation and proliferation of T cells (59–62). The CTLA-4 mono-cloning antibody ipilimumab is the first immunosuppressant approved for marketing by the US FDA. One study has found that ipilimumab could cooperate with Nivolumab to significantly improve the clinical outcome of patients with intrahepatic CCA (63). Furthermore, some research teams have conducted two clinical trials to investigate the efficacy of CTLA-4 monoclonal antibody tremelimumab and PD-1 monoclonal antibody durvalumab combined with first-line chemotherapy or TACE to cure advanced unresectable biliary system malignant tumors (41). Of course, these studies are ongoing, and we expect the results will bring good news for the treatment of cholangiocarcinoma.

Researchers have done a lot of work in clinical research related to cholangiocarcinoma immune checkpoint, and we summarized it (Table 1). Certainly, it is generally believed that PD1/PD-L1 monoclonal antibody has stronger anti-tumor effect than CTLA-4 monoclonal antibody. Compared with CTLA-4, PD-1/PD-L1 inhibitors produce less toxic and side effects on human body and exhibit better overall efficacy. The phase III head-to-head trial has found that the effectiveness of PD-1 pathway blocking (pembrolizumab, 33%-34%) is better than that of CTLA-4 blocking (ipilimumab, 12%). At the same time, the survival rate (1 year) of PD-1 treatment was higher than that of CTLA-4 (71, 72). Therefore, we believed that PD1/PD-L1 will become an important branch of tumor treatment in the following years.


Table 1 | Clinical trials related to immune checkpoint therapy in CCA.







4 Cell therapy

Cell therapy of cholangiocarcinoma is mainly to activate the specific or non-specific immune function of the body through cell transplantation or cell vaccine, enhance the body’s immunity, so as to improve the survival of patients with CCA.



4.1 Treatment with cell transplantation

Main methods of cell transplantation, such as adoptive immune response cell therapy (ACT) is to isolate cells with good immune activity from cancer patients, perform proliferation and functional verification in vitro, and then transplant them into patients, so as to increase the quantity of immune cells against tumor. At present, there are three main methods for this scheme: TIL therapy, chimeric antigen receptor T cell technology (CAR-T) and T cell receptor chimeric T cells (TCR-T) (73). TIL cell therapy refers to the treatment of isolating tumor infiltrating lymphocytes from tumor tissue, which is also a therapy of reinfusion to patients after in vitro culture and expansion. The effector cells of TIL therapy are the population with a high proportion of tumor specific T cells and rich diversity, so it has the advantages of multiple targets, strong tumor tendency and invasion, and small side effects (74). TCR-T therapy is a therapeutic method using antigen specific TCR transduced T cells, while CAR-T therapy is a method using CAR gene to apply T cells (75). TCR-T and CAR-T have received extensive attention and research because they can target and distinguish specific cancer cells by expressing unique receptors. And the birth of the two therapies can remove the restriction on whether more high-quality antigen reactive T cells can be obtained from tumor tissues of CCA patients (76).

The success of ACT in treating CCA has been reported in some case studies, but its exact efficacy still needs to be further proved by large sample trials (77, 78). Presently, the reliable evidence for treating CCA patients with ACT is confined to some case reports and occasional series of cases enrolled in a single arm phase II clinical study (79). In the year of 2006, A case report first proposed the clinical effectiveness of a CCA patient who received adoptive cell therapy. In this study, an iCCA patient with lymph node metastasis acquired curative excision and was transplanted with subsidiary CD3-activated T cells added cancer peptide- or lysate-pulsed dendritic cells. After the treatment, the patient has survived for more than 3.5 years (77). In 2014, Rosenberg’s team from the National Institute of Health (NIH) covered an example of a metastatic cholangiocarcinoma. The patient received TIL infusion which was co-cultured with antigen-presenting cells (APCs) transplanted with non-reproductive cell non-synonymous mutations found in the cancer, leading to cancer extinction for more than half a year (78). Some studies on the prognostic significance of TIL treatment for CCA patients show that patients with large number and high density of CD8+T cells show better OS or DFS (80). The study found that the large number of CD8+T cells at the tumor margin was related to OS prolongation. Similarly, higher CD4+T cell density at tumor margin is associated with better OS or DFS, and the distribution of CD8+T cells within and around the tumor also affects the prognosis of CCA patients (74, 78).

Another phase I clinical trial (NCT01869166) showed that CAR-T cell therapy was safe in people with advanced, unresectable biliary cancer. Among 17 evaluable patients, 1 patient achieved complete remission and 10 patients were in stable condition (81). One case reported a CCA patient with mediastinal lymph node metastasis in stage IV, who received Vγ9Vδ2 T cell immunotherapy, the immune function was improved and TNM stage decreased (82). Besides, one phase II clinical trial reported that a CCA patient who participated in the adoptive cell therapy experiment and transfused mutation-specific CD4+ T cells after chemotherapy failure, and the tumor achieved partial remission 7 months later (78). In addition, some clinical studies on ACT are in progress, such as clinical trial of security and effectiveness of the CAR-T to treat intrahepatic cholangiocarcinoma (NCT03633773). The fourth generation CAR-T cells have been confirmed in the tissue model in vitro by targeting CD133 (83). Since more than 50% of cholangiocarcinoma express CD133, the fourth-generation CAR-T cell therapy targeting this target is of great significance for patients with CCA (83).

There are also some early cell therapies, such as lymphokine activated killer cell (LAK) therapy and cytokine induced killer cell (CIK) therapy. LAK treatment works by stimulating the immunocompetent cells of peripheral blood lymphocytes with interleukin-2 (IL-2). That is a mixture of lymphocytes, including T lymphocytes and NK cells. In vitro, LAK cells have antigen-independent killing effect on tumor cells. They could kill tumor cells not only by recognizing the surface structure of target cells, but also by secreting cytokines. The mechanism of this target killing is very similar to that of NK cells. This therapeutic effect has been well demonstrated in a variety of malignancies (84). Compared with LAK cells, CIK cells have many advantages: faster proliferation rate, wider tumor killing spectrum, higher tumor killing activity, sensitive to multi drug-resistant cancer cells, less toxic to normal bone marrow hematopoietic precursor cells, can resist the apoptosis of effector cells caused by cancer cells (84). Due to CIK cells originate from the venous blood of sick patients or fitness people, it is relatively easy to culture and expand. At present, CIK cells are widely used in adjuvant treatment of tumors (85). According to this, a great number of clinical experiments were carried out to treat lots of tumors, such as kidney cancer Hodgkin’s lymphoma, leukemia and liver cancer. However, there are few studies on the clinical application of CIK cells in CCA. In one study, by using CCA transplantation of SCID mouse models researchers have found that human CIK cells, composed of CD3+T cells and CD3+/CD56+T cells, can reduce the cell growth (86). In addition, for CCA cells, CIK cells which expressing inducible co-stimulator had the cytotoxic effect (87).




4.2 Treatment with vaccines

In addition to cell transplantation, there are also tumor vaccines in the cell therapy of cholangiocarcinoma. Tumor vaccine is extracted from allogeneic or autologous cancer cells, and its components include tumor associated antigen (TAA) or tumor specific antigen (TSA). Its role is to stimulate acquired immune response to attack tumor cells, eliminate the immunosuppression condition result from tumor products, enhance the vaccine potential of TAA, and increase the autoimmunity to attack tumors. It can generally be grouped in four broad categories (tumor cell vaccine, gene vaccine, polypeptide vaccine and dendritic cell (DC) vaccine) by the production source of cancer vaccine.

In a retrospective study, 65 advanced CCA patients received DC vaccine treatment at the same time, 15% of them were relatively stable after 6 months of treatment and had good tolerance to the vaccine (88). A recent study also found that DC vaccine combined with chemotherapy can improve the prognosis of CCA patients more than DC vaccine alone (89). One study has found some distinct antigens, such as FCGR1A, TRRAP and CD247, which can be used to manufacture anti-cholangiocarcinoma mRNA vaccine (90). Other studies have found that two antigens that CCA is more sensitive to are mucin protein 1 (MUC1) and wilm’s tumor protein 1 (WT1) (91, 92). A phase I study result of MUC1 vaccine in the patients with biliary cancer also showed that the vaccine was safe (93). A clinical research using WT1 peptide vaccine combined with gemcitabine in the treatment of biliary cancer included 8 patients with advanced CCA, and found that the tumor control rate of biliary cancer was close to 50% (94). In some case reports and prior clinical experiments, vaccines originated from peptide and DC vaccines have shown positive clinical results (95). In a phase 1 study, nine patients with unresectable BTC were treated with vaccines from four polypeptides, including LY6K, DEPDC1, IMP3, and TTK protein kinase, and the 4 peptides were shown to be extremely effective. What’s more, DEPDC1 and LY6K are very promising candidates for causing an obvious cytotoxic lymphocyte (CTL) reaction, and thereby improving the PFS and OS (96). In one research, thirty-six iCCA patients were injected with autologous tumor lysate added DC vaccine, and activated T cells were transferred at the same time. The OS and median PFS of patients receiving adjuvant treatment with tumor vaccine were 31.9 months and 18.3 months respectively, which were significantly improved compared with 17.4 months and 7.7 months of patients receiving surgery alone (97). DC vaccine would be an acceptable and excellent treatment to prevent postoperative recurrence and improve survival rate of CCA patients.

However, according to the current research conclusion, for most tumors, including cholangiocarcinoma, the single therapy with cancer vaccine usually cannot achieve good clinical effect. Because cancer has multiple immune escape mechanisms, the efficacy of single cancer vaccine therapy is relatively low, and any cancer vaccine alone cannot achieve the expected efficacy. In addition, it is often difficult to evaluate the clinical efficacy of cancer vaccines in patients with cholangiocarcinoma, because the immune status of these patients is often seriously affected by their exposure to other treatments such as surgery, radiotherapy and chemotherapy. The difficulty in evaluating the efficacy further hinders the development of new cancer vaccine drugs (76). The impact of tumor vaccine on CCA patients needs further research and verification. But it is believed that tumor vaccine can be considered as adjuvant therapy for advanced CCA.





5 Summary

Immune checkpoint monoclonal antibody plays the role anti-carcinoma by strengthening the now available immune system, but to some extent, it cannot promote immunocytes to target tumors. Cancer vaccine eliminates tumor cells by stimulating unique immune response, but the curative effect is not excellent. However, ACT can directly kill tumors or stimulate the immune response of the body to kill tumor cells, but this research direction is still in the initial stage. The specificity and targeting of the therapy are the research focus at present and the advanced direction in the future. As a matter of fact, we deeply think that researches are needed to assess the clinical application of cell therapy for the treatment of CCA. There is still a long way to go to treat cholangiocarcinoma with this method.

The treatment of cholangiocarcinoma is complex and difficult, immunotherapy provides us with a new vision in this sphere. In this article, we summarized four immunotherapeutic strategies related to cholangiocarcinoma (Table 2, Figure 1). We hope that the existing and ongoing studies can be used as a reference for the immunotherapy of cholangiocarcinoma to further enhance the efficacy of immunotherapy and mitigate adverse effects during treatment. However, according to the conclusions of various studies we have obtained, the immunotherapy methods for CCA have their own advantages and disadvantages, and not one scheme can solve a large class of problems. In addition, we still need to note that compared with other tumors, CCA is highly heterogeneous, and the application of immunotherapy in patients with CCA varies significantly from individual to individual. Moreover, there is currently a lack of very specific targets for immunotherapy of CCA, which leads to the slow progress compared with other diseases. Of course, researchers have also made many attempts in these areas, especially immunotherapy combined with targeted therapy and chemotherapy, or local treatment of CCA, which may open up new options and further expand the treatment scope of CCA. We believe that, in the future, with a deeper understanding of the immunotherapy model for cholangiocarcinoma, these immunotherapy methods and immune combination therapies will provide new ideas for the treatment and management of cholangiocarcinoma.


Table 2 | Some immunotherapeutic strategies currently used in clinical trials to treat CCA.






Figure 1 | Schematics of molecular and cell therapy in cholangiocarcinoma. The interaction of PD-1/PD-L1 and CTLA4 with cholangiocarcinoma immunotherapy (left); The interaction of tumor vaccine and ACT with cholangiocarcinoma immunotherapy (right).
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Introduction

The platelet-lymphocyte ratio (PLR), neutrophil-lymphocyte ratio (NLR), and systemic immune-inflammation index (SII) are markers for systemic inflammatory responses and have been shown by numerous studies to correlate with the prognosis of gastric cancer (GC). However, the diagnostic value of these three markers in GC is unclear, and no research has examined them in combination. In this study, we investigated the value of the PLR, NLR, and SII individually or in combination for GC diagnosis and elucidated the connection of these three markers with GC patients’ clinicopathological features.



Methods

This retrospective study was conducted on 125 patients diagnosed with GC and 125 healthy individuals, whose peripheral blood samples were obtained for analysis. The preoperative PLR, NLR, and SII values were subsequently calculated.



Results

The results suggest that the PLR, NLR, and SII values of the GC group were considerably higher than those of the healthy group (all P ≤ 0.001); moreover, all three parameters were notably higher in early GC patients (stage I/II) than in the healthy population. The diagnostic value of each index for GC was analyzed using receiver operating characteristic (ROC) curve analysis and area under the curve (AUC) calculation. The diagnostic efficacy of the SII alone (AUC: 0.831; 95% confidence interval [CI], 0.777–0.885) was expressively better than those of the NLR (AUC: 0.821; 95% CI: 0.769–0.873, P = 0.017) and PLR (AUC: 0.783; 95% CI: 0.726–0.840; P = 0.020). The AUC value of the combination of the PLR, NLR, and SII (AUC: 0.843; 95% CI: 0.791–0.885) was significantly higher than that of the combination of the SII and NLR (0.837, 95% CI: 0.785–0.880, P≤0.05), PLR (P = 0.020), NLR (P = 0.017), or SII alone (P ≤ 0.001). The optimal cut-off values were determined for the PLR, NLR, and SII using ROC analysis (SII: 438.7; NLR: 2.1; PLR: 139.5). Additionally, the PLR, NLR, and SII values were all meaningfully connected with the tumor size, TNM stage, lymph node metastasis, and serosa invasion (all P ≤ 0.05). Elevated levels of the NLR and SII were linked to distant metastasis (all P ≤ 0.001).



Discussion

These data suggest that the preoperative PLR, NLR, and SII could thus be utilized as diagnostic markers for GC or even early GC. Among these three indicators, the SII had the best diagnostic efficacy for GC, and the combination of the three could further improve diagnostic efficiency.





Keywords: gastric cancer, diagnosis, systemic immune-inflammation index, neutrophil-lymphocyte ratio, platelet-lymphocyte ratio




1 Introduction

A report published by the International Agency for Research on Cancer, the 2020 update on the global burden of cancer, showed that gastric cancer (GC) has the fifth highest incidence among all cancers with a mortality rate that ranks fourth in cancer-related deaths worldwide (1).In China, GC is the most common gastrointestinal tumor (2). The 5-year survival rate for early-stage GC after operation surpasses 97% (3). Unfortunately, because the early symptoms of GC are atypical, patients with GC are usually detected in the middle and late stages, with the 5-year survival rate being poor (4, 5). Therefore, diagnosing GC as early as possible is key to effective treatment and prognosis. Currently, endoscopy is the most common and effective method for diagnosing GC (6), but it is not suitable for mass screening of GC because of its invasive nature, low tolerability, and high cost. Moreover, the GC detection rate heavily depends on the endoscopist’s level of practice. Therefore, identifying a noninvasive, inexpensive, easily accessible, specific, and sensitive biological indicator is crucial for the early diagnosis of GC.

The immune inflammatory response can promote blood vessel growth, stimulate tumor cell proliferation, invasion, and metastasis, and decrease immunomodulatory responses (7), which are directly linked to the occurrence and development of tumors (8, 9). The platelet-lymphocyte ratio (PLR), neutrophil-lymphocyte ratio (NLR), and systemic immune-inflammation index (SII) are biological indicators that can reflect the status of systemic immune inflammation and are easy to measure and calculate (10). According to previous studies, the PLR, NLR, and SII are linked to the tumor-node-metastasis (TNM) stage, lymph node metastasis, and the invasion depth of GC. They can potentially be used as indicators to evaluate prognosis in GC patients (10–12). The SII combines three types of inflammatory cells, platelets, neutrophils, and lymphocytes, to more comprehensively exhibit the balance between the inflammatory status and host immune response (13, 14). The SII has a significantly higher predictive power than the PLR and/or NLR for survival in GC patients (10, 15–17). Recent research has shown the value of the PLR and NLR in diagnosing GC (18, 19), but the diagnostic value of the SII is unclear. No studies have reported results of combining the PLR, NLR, and SII.

In this study, we investigated the value of the PLR, NLR, and SII, individually or in combination, in diagnosing GC. This work can offer new insight into the early diagnosis of GC.



2 Materials and methods


2.1 Participants

We retrospectively examined 125 GC patients who were originally diagnosed at Taiyuan Central Hospital of Shanxi Medical University between May 2017 and March 2022. The 8th edition of the American Joint Committee on Cancer (AJCC)/TNM tumor classification system was used to classify the tumors (20). The enrollment criteria for patients were as follows: (a) diagnosis with the testing of tissue acquired during gastroscopy and verified by postoperative pathology; (b) no radiotherapy, chemotherapy, or immunotherapy performed prior to surgery; and (c) available pretreatment routine blood indicators. The exclusion criteria for candidates were as follows: (a) preoperative combination of serious infectious, autoimmune, or cardiovascular diseases; (b) treatment with antiplatelet medication or statins within 3 months prior to blood examination; (c) received anti-inflammatory and/or blood transfusion therapy within 1 month prior to blood examination; (d) recurrent GC; and (e) combined hematological system diseases and history of other systemic malignancies within 5 years. We enrolled 125 patients in the GC group based on these criteria, which comprised 95 men and 30 women (mean age: 61.91 ± 10.82 years; range: 26–82 years).

For the healthy control (HC) group, we chose 125 healthy subjects who visited the hospital for routine physical examination. They had no history of treatment with antiplatelet therapy, inflammatory disease, autoimmune disease, hematological disease, or cancer. The HC group had 87 men and 38 women (mean age: 59.86 ± 13.32 years; range: 35–89 years).

This study was approved by the Ethics Committee of Taiyuan Central Hospital of Shanxi Medical University (2022010). Because the protocol involved a retrospective study, informed consent was waived, and patient data were treated confidentially.



2.2 Methods

All participants had 2 mL of venous blood drawn from the cubital vein on the day of admission or early the next morning with an empty stomach for complete blood cell count measurement. The total platelet, absolute neutrophil, total white blood cell (WBC), and absolute lymphocyte counts were acquired using a blood cell analyzer (MaiRui BC6800 PLUS,Shenzhen, China). The SII was determined by the formula SII = (P × N)/L, where L, N, and P are the lymphocyte, neutrophil, and platelet counts, respectively. The absolute neutrophil and lymphocyte values were used to calculate the NLR values. The total number of platelets and absolute values of lymphocytes were used to calculate the PLR values.



2.3 Statistical analysis

Data were analyzed using MedCalc version 20.0 (MedCalc Software, Mariakerke,Belgium) and SPSS 25.0 (SPSS, Chicago, IL, USA) statistical software. Measures obeying normality are expressed as the mean ± standard deviation (SD). Non-normal values are expressed as the median and quartiles. Comparisons between groups were carried out using the Mann-Whitney U-test or t-test. The chi-square test was used to evaluate the categorical variables. The inflammatory indicator levels were compared between groups using the Kruskal-Wallis test. Intergroup comparisons were performed using Bonferroni correction. The diagnostic values of the PLR, NLR, and SII alone and in combination were compared by plotting the receiver operating characteristic (ROC) curve, and the optimal cut-off values were determined for the three inflammatory markers. Statistical significance was defined as P-values less than 0.05.




3 Results


3.1 Laboratory indicators for both groups

Statistical data, such as sex and age, and the levels of various serum biomarkers of the two groups of participants in this study are shown in Table 1. There were no statistical differences in sex or age between the GC and control groups. Compared with the control group, GC patients had significantly higher PLR, NLR, and SII values, higher WBC platelet and neutrophil counts, and a lower lymphocyte count, all of which were statistically significant (P < 0.05).


Table 1 | Laboratory values of gastric cancer patients and healthy controls.





3.2 Diagnostic value of the PLR, NLR, and SII alone and in combination for GC

As shown in Table 2, the optimal cut-off values for the PLR, NLR, and SII were determined to be 139.5, 2.1, and 438.7, respectively, for GC diagnosis when the Youden index was taken as the maximum value. As shown in Table 2 and Figure 1, the area under the curve (AUC) value of the SII (AUC: 0.831; 95% confidence interval [CI]: 0.779–0.875) was considerably higher than those of the NLR (AUC: 0.821; 95% CI: 0.768–0.866; P = 0.016) and PLR (AUC: 0.783; 95% CI: 0.783; P = 0.016) when the PLR, NLR, or SII were applied alone to diagnose GC. In addition, the SII had the highest specificity and sensitivity values: 94.40% and 68.80%, respectively. When the three inflammatory indices were combined, the AUC increased to 0.843 (95% CI: 0.791–0.885). The AUC value of the combination of the PLR, NLR, and SII was significantly greater than that of the combination of the SII and NLR (0.837, 95% CI: 0.785–0.880, P<0.05), PLR (P = 0.020), NLR (P = 0.017), or SII alone (P < 0.001).


Table 2 | Diagnostic efficiency of the platelet-lymphocyte ratio, neutrophil-lymphocyte ratio, and systemic immune-inflammation index individually and in combination for gastric cancer patients.






Figure 1 | The diagnostic efficiency of the PLR, NLR, and SII alone and in combination for gastric cancer was analyzed by ROC curves. ROC, receiver operating characteristic; AUC, area under the ROC curve; PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; SII, systemic immune-inflammation index.





3.3 Diagnostic value of the PLR, NLR, and SII for early-stage GC

There were three study groups (Table 3): the HC group (n = 125, 87 men and 38 women; mean age: 59.86 ± 13.32 years; range: 35–89 years), early-stage (I/II) group (n = 64, 49 men and 15 women; mean age: 61.83 ± 10.34 years; range: 26–81 years), and progressive-stage (III/IV) group (n = 61, 46 men and 15 women; mean age: 62.00 ± 10.31 years; range: 35–82 years). The three groups did not significantly differ in age or sex. We performed an analysis based on TNM staging (Table 3 and Figure 2), which indicated that the PLR, NLR, and SII values were significantly higher in early-stage (I/II) and progressive-stage (III/IV) GC patients than in healthy controls. All three inflammatory indices were notably higher in progressive-stage GC patients than in early-stage GC patients, and the differences were statistically significant (all P < 0.05).


Table 3 | Systemic inflammation laboratory values for various TNM staging.






Figure 2 | The association of the platelet-lymphocyte ratio (PLR), neutrophil-lymphocyte ratio (NLR), and systemic immune-inflammation index (SII) with the TNM stage in gastric cancer patients. (A) SII; (B) NLR; (C) PLR.





3.4 Correlations between the PLR, NLR, and SII and GC patients’ clinicopathological characteristics

Relative to the optimal cut-off values, we divided the three inflammatory indices into high- and low-value groups. As displayed in Table 4, the PLR, NLR, and SII values were significantly linked with the tumor size, tumor infiltration depth, and lymph node metastasis (all P < 0.05). Elevated SII and NLR values were accompanied by distant metastasis (both P < 0.001), while the PLR was not linked to distant metastasis (P = 0.163). No meaningful correlations existed (P > 0.05) between the three indicators and GC patients’ clinicopathological features, such as the degree of tumor differentiation, tumor location, and the presence of lymphatic vessel or nerve infiltration.


Table 4 | Correlations between gastric cancer patient clinicopathological features and preoperative platelet-lymphocyte ratio, neutrophil-lymphocyte ratio, and systemic immune-inflammation index.






4 Discussion

Previous studies have indicated that tumor cells can enter the peripheral blood in the early stages of different types of cancer (21). Therefore, circulating tumor cell (CTC) counts in the peripheral blood can possibly be used to diagnose cancer early, understand tumor progression, and assess prognosis (22, 23). However, evaluating CTCs has a limited value in the early diagnosis of various types of cancer because of their rarity and the high cost and complexity associated with the technique (24). A sustained inflammatory response can stimulate tumor growth, invasion, and metastasis (25), and the risk of developing cancer can be reduced with the use of non-steroidal anti-inflammatory drugs (26, 27). Inflammatory immune cells are a crucial component of the tumor microenvironment (7). Reactive oxygen species (ROS) secreted by neutrophils can result in DNA damage, and incomplete or inaccurate repair of genes may lead to carcinogenesis (28). In addition, neutrophils synthesize and secrete oncostatin M and vascular endothelial growth factor (VEGF) to initiate angiogenesis and stimulate tumor growth, thereby furthering the invasion and metastasis of the tumor (29). Lymphocyte activity can reduce tumor cell proliferation and migration rates and plays a crucial part in tumor immunosurveillance (25). The immune response is suppressed following reduced lymphocyte levels, which is directly linked to the occurrence of GC (30). Platelet levels are typically high in cancer patients (31), and activated platelets can promote tumor growth and blood vessel formation through the release of VEGF-integrin (32). Previous studies have shown GC patients have significantly higher neutrophil and platelet counts and significantly lower lymphocyte counts than healthy populations (18, 19). An elevated SII, NLR, or PLR value represents higher levels of inflammation and dysregulation of the immune-inflammation balance in the body, which may be closely related to cancer formation and progression (13, 19). Therefore, the PLR, NLR, and SII may be potential biological indicators for the early diagnosis of GC, as they can indicate the level of inflammation in the body.

In our study, the preoperative SII, NLR, and PLR values were considerably higher in the GC group than in the control group. Compared with the values in the healthy population, the PLR, NLR, and SII were notably elevated in early-stage (stage I/II) GC. This suggests that the preoperative PLR, NLR, and SII could potentially be accurate diagnostic indicators for GC, even at early stages. While evaluating the diagnostic value of the NLR and PLR, Fang et al. (18) learned that these factors were considerably higher in GC patients than in the healthy population, with these differences being more pronounced in the early tumor stages. Similar results were found in colon cancer, where Peng et al. (33) indicated that both the NLR and PLR were considerably higher in early-stage (stage I/II) colon cancer patients than in the healthy population. By plotting ROC curves, we found that applying the SII, NLR, or PLR alone had a better diagnostic value for GC. In addition, the SII had the highest AUC, sensitivity, and specificity values, indicating that the SII individually had the best diagnostic efficacy among the three inflammatory indices examined. This may be because the SII combines three inflammatory cell types, neutrophils, lymphocytes, and platelets, thus allowing for a more integrated and comprehensive representation of the level of inflammation in the body. We subsequently analyzed the diagnostic value of the combination of the PLR, NLR, and SII, which resulted in a higher AUC value than those with all three individually and the combination of SII and NLR. This suggests that the combination of the PLR, NLR, and SII is the most effective for GC diagnosis and may be an important tool that can complement existing diagnostic methods. No previous research has examined the value of the SII in diagnosing GC, nor has any study reported the combined application of the PLR, NLR, and SII for this purpose. Our study verifies the importance of the preoperative SII in GC diagnosis and shows that using the SII, NLR, and PLR in combination has a higher diagnostic value. Our work provides a safer, noninvasive, economical, and simple biological indicator for early GC screening and diagnosis, which can benefit people at high risk of GC.

Furthermore, we found here that the PLR, NLR, and SII differed significantly with the tumor size, invasion depth, lymph node metastasis, and TNM stage, while the SII and NLR were also linked to distant tumor metastasis. These three indices were not correlated with the degree of tumor differentiation and location or the presence/absence of lymphovascular or nerve infiltration. This study reveals the relationship of the SII, NLR, and PLR with GC clinicopathological features, suggesting that inflammation-related indicators may be potential markers of disease progression in GC patients. They may be valuable as a complement to TNM staging for evaluating GC patient survival before surgery and when selecting preoperative treatment options. In a study of 412 GC patients, Hirahara et al. (10) found that patients with higher SII levels had larger tumors, deeper infiltration, increased lymph node metastasis, more advanced TNM stages, and a worse prognosis, consistent with the results of previous studies (10, 11, 15, 16). Similarly, higher NLR and PLR values were associated with more advanced TNM stages in GC patients (19) and shorter postoperative survival time (12, 34, 35). However, there have been few studies on the relationships between the SII and the clinical features of GC, and the conclusions remain controversial. Additional prospective, large-sample, multicenter studies are required to explore this topic in the future.

Most previous research has examined the role of the PLR, NLR, and SII in evaluating the survival of GC patients, while few have explored the value of the PLR and NLR in diagnosing GC. Nevertheless, the value of the SII in diagnosing GC remains unclear. Our study comprehensively analyzed the value of the PLR, NLR, and SII in GC diagnosis. To our knowledge, this is the first study to examine the diagnostic value of combining the PLR, NLR, and SII in GC. However, our study has a few limitations, as it was a single-center study with Chinese participants. As a result, more investigations are required to verify whether the findings can be generalized to other countries and ethnicities. Second, because this study was carried out retrospectively, there may have been a selection bias. Finally, this study only compared patients with GC and healthy individuals. The PLR, NLR, and SII values in individuals with benign gastric disease are unknown, and further research is required to investigate these in the future.



5 Conclusions

In summary, the PLR, NLR, and SII have important diagnostic value in GC, including early-stage GC. The SII has the highest efficacy for GC diagnosis when applied individually, while combining all three parameters had the greatest diagnostic value.
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Background

Nivolumab is approved in Japan as a second-line treatment for patients with advanced esophageal squamous cell carcinoma (ESCC) resistant to fluoropyrimidine and platinum-based drugs. It is also used in adjuvant and primary postoperative therapies. This study aimed to report real-world data on nivolumab use for esophageal cancer treatment.





Methods

In total, 171 patients with recurrent or unresectable advanced ESCC who received nivolumab (n = 61) or taxane (n = 110) were included. We collected real-world data of patients treated with nivolumab as a second- or later-line therapy and evaluated treatment outcomes and safety.





Results

Median overall survival was longer and progression-free survival (PFS) was significantly longer (p = 0.0172) in patients who received nivolumab than in patients who received taxane as a second- or later-line therapy. Furthermore, subgroup analysis for second-line treatment only showed the superiority of nivolumab in increasing the PFS rate (p = 0.0056). No serious adverse events were observed.





Conclusions

In real-world practice, nivolumab was safer and more effective than taxane in patients with ESCC with diverse clinical profiles who did not meet trial eligibility criteria, including those with poor Eastern Cooperative Oncology Group performance status, comorbidities, and receiving multiple treatments.
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1 Introduction

Squamous cell carcinoma is the most common histologic esophageal cancer type, accounting for approximately 90% of all cases worldwide (1, 2). In Japan, fluoropyrimidine plus platinum was used as a first-line treatment for unresectable, advanced, or recurrent esophageal cancer, and taxane-based drugs were used as a second-line treatment until the discovery of nivolumab (3, 4). Taxanes have hematological, gastrointestinal, and neurological adverse effects (5) and are associated with low long-term survival rates, rendering them less effective (6, 7).

Nivolumab is a fully human immunoglobulin-G4 monoclonal antibody that enhances T-cell anti-tumor activity by inhibiting the expression of the programmed cell death protein-1 (PD-1) receptor (8, 9). The efficacy and safety of nivolumab for the treatment of unresectable advanced or recurrent esophageal squamous cell carcinoma (ESCC) have been demonstrated in the ATTRACTION-1 trial, whereas the superiority of nivolumab over taxane has been demonstrated in the ATTRACTION-3 trial. Nivolumab has been approved as a new second-line treatment for patients with advanced ESCC who are resistant to fluoropyrimidine and platinum drugs (10, 11). The results of the CheckMate 577 and CheckMate 648 trials have demonstrated the efficacy of nivolumab as an adjuvant or first-line therapy (12, 13). However, data on the efficacy and adverse events (AEs) of nivolumab monotherapy in clinical practice are limited.

In clinical practice, nivolumab may also be used in patients who do not meet the eligibility criteria for clinical trials, including patients with poor Eastern Cooperative Oncology Group performance status (ECOG PS), those with comorbidities, and those receiving multiple treatments. Drug efficacy should be assessed in clinical trials and real-world settings. Real-world clinical data on nivolumab use have been reported for gastric and head and neck cancers (14, 15); however, the corresponding data for esophageal cancer have not been reported. Combination chemotherapy with nivolumab is being increasingly used in clinical settings; therefore, the availability of prospective data for nivolumab monotherapy is limited. Herein, we report real-world data on safety and outcomes in patients treated with nivolumab as a second- or later-line monotherapy, as well as in patients previously treated with taxanes as a second- or later-line treatment.




2 Methods



2.1 Patients

The study involved 171 patients with recurrent or unresectable advanced ESCC treated with nivolumab or taxane as a second- or later-line therapy at Hiroshima University Hospital from October 2008 to November 2021. Taxane was used in 110 patients from 2008 to 2020, and nivolumab was used in 61 patients from 2016 to 2021. Data on the clinical characteristics of patients were obtained from our surgical database and medical records. The clinicopathologic diagnosis of tumors was based on the tumor-lymph node-metastasis (TNM) classification (16). Clinical tumor response to nivolumab or taxane was evaluated according to the Response Evaluation Criteria in Solid Tumors (17). Five patients without target lesions (second-line therapy: two patients, later-line therapy: three patients) were identified and excluded from the analysis of treatment response and progression-free survival (PFS).




2.2 Treatment protocol

Nivolumab (240 mg) was administered intravenously for 30 min every two weeks (each cycle of six weeks). Paclitaxel (100 mg/m2) was administered for 60 min once weekly for six weeks, followed by no treatment for one week (each cycle of seven weeks). Docetaxel (75 mg/m2) was administered for 60 min every three weeks (each cycle of three weeks) until disease progression or toxicity was observed. No prophylaxis was used in the nivolumab group. In the paclitaxel and docetaxel groups, dexamethasone at 6.6 mg was administered as an antiemetic.

Treatment was interrupted or delayed in some patients owing to AEs. In such cases, the treatment was resumed when considered safe by the attending physician based on the patient’s general condition, symptoms, and blood test results; doses were reduced according to paclitaxel- and docetaxel-related toxicities. The dose was not reduced in patients administered nivolumab.

The results of the ATTRACTION-1 and ATTRACTION-3 trials showed that nivolumab is effective, leading to its approval for use in Japan regardless of programmed cell death protein-1 ligand-1 (PD-L1) expression (10, 11). Consequently, to reduce the economic burden on patients, we did not evaluate PD-L1 status as a part of routine practice in our institute. AEs were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE) version 4.0. The data on AEs were obtained from our surgical database and were confirmed by reviewing the medical records and blood test results again. Patients who were already using oral medications for hormonal abnormalities prior to the start of treatment (one female patient with hypothyroidism and one female patient with hyperthyroidism) were not included in the analysis due to treatment-related AEs. When an AE occurred, basically at the point when the patient was rated grade 2 by the CTCAE, treatment by drug therapy, i.e., drugs to relieve symptoms, was used. For example, for diarrhea, bowel regulators and antidiarrheals were used.

The treatment plan for each patient with unresectable, advanced, or recurrent ESCC was defined after a discussion among the surgeons, oncologists, and radiologists. Blood tests, chest x-rays, electrocardiograms, echocardiograms, and pulmonary function tests were performed to evaluate the functional parameters of vital organs before treatment. Appropriate anti-tumor treatment approaches, such as chemotherapy, radiation therapy, surgery, or combinations of these modalities were recommended based on the patient’s overall condition, neoadjuvant or adjuvant therapy use, and metastasis site. Surgical resection was performed only in cases of solitary or localized recurrence and completely resectable tumors, such as in cases of localized lymph node recurrence or oligometastasis of the lung or skin. Symptomatic brain metastases were also surgically resected.

All patients underwent clinical response assessment using computed tomography (CT) imaging after three courses each of chemotherapy and nivolumab. The patients were also examined whenever their symptoms worsened. CT imaging was performed promptly for efficacy evaluation if the tumor volume was large, or the patient’s condition was poor. In contrast, if the patient’s condition was stable and some tumor shrinkage was observed, the examination was delayed at the discretion of the attending physician.




2.3 Statistical analysis

The results are presented as number (%) or median value unless stated otherwise. Comparisons between groups were performed using independent sample t-tests. Enumerated data were analyzed using a chi-squared (χ2) test. Survival rates were analyzed using the Kaplan–Meier curves and compared using the log-rank test. PFS was defined as the time from the date of nivolumab or taxane treatment initiation to the time when disease progression was determined. Overall survival (OS) was defined as the time from the date of nivolumab or taxane treatment initiation to death from any cause or the last follow-up visit. Patients who were admitted after May 2021 (nine patients in the nivolumab group) were excluded from the prognostic analysis owing to a short follow-up period. Statistical analyses were performed using JMP Pro 15 software (2019; SAS Institute, Cary, NC, USA). Statistical significance was set at p < 0.05.




2.4 Ethics statement

The Institutional Review Board of Hiroshima University (approval number: 2225) approved the study protocol and waived the need for informed consent from patients owing to the retrospective nature of the study.





3 Results



3.1 Clinicopathological characteristics

The clinicopathological characteristics of the 171 patients with recurrent or unresectable advanced ESCC (mean age, 66.2 ± 9.2 years; male, n = 151; female, n = 20) were compared between the nivolumab (n = 61) and taxane (n = 110) groups (Table 1).


Table 1 | Clinicopathological characteristics of patients treated with nivolumab or taxane.



In contrast to clinical trials, this study involved cases with ECOG PS 2: 6 (9.8%) in the nivolumab group and 2 (1.8%) in the taxane group. Before the administration of nivolumab or taxane, 79 (46.2%), 131 (76.6%), and 171 (100%) patients were treated with surgery, radiation therapy, and chemotherapy, respectively. Patients in the nivolumab group were older than those in the taxane group (70.0 ± 8.3 versus 64.1 ± 9.0 years; p < 0.0001).




3.2 Effects of nivolumab and taxane

The effects of nivolumab and taxane are shown in Table 2. An objective response was defined as a complete or partial response. Disease control was defined as a complete response, partial response, or stable disease. As a second- or later-line therapy, nivolumab versus taxane yielded a complete response rate of 1 (1.6%) versus 3 (2.9%), an objective response rate of 12 (19.6%) versus 19 (18.1%), and a disease control rate of 28 (45.9%) versus 44 (41.9%), respectively. When nivolumab versus taxane was used only as a second-line therapy, the complete response rate was 1 (2.7%) versus 1 (1.3%), the objective response rate was 11 (29.7%) versus 12 (15.4%), and the disease control rate was 21 (56.7%) versus 32 (41.0%), respectively.


Table 2 | Treatment response to nivolumab or taxane.






3.3 Nivolumab- and taxane-related AEs

In the nivolumab group, the major events resulting from non-hematologic toxicity were rash, fatigue, decreased appetite, and diarrhea (Table 3). Some hematologic toxicities were observed. In the taxane group, non-hematologic toxicities included fatigue, decreased appetite, diarrhea, arthralgia, nausea, alopecia, stomatitis, peripheral sensory neuropathy, and pneumonia. The most common hematologic toxicity-related events were decreased white blood cell and neutrophil counts, anemia, and febrile neutropenia.


Table 3 | Summary of treatment-related adverse events.



Severe treatment-related AEs were recorded in eight of the 61 (13.1%) patients in the nivolumab group (grade 3, 8 [13.1%]; grade 4, 0; grade 5, 0) and 78 of the 110 (70.8%) patients in the taxane group (grade 3, 50 [45.4%]; grade 4, 26 [23.6%]; grade 5, 2 [1.8%]). The treatment-related AEs that led to treatment discontinuation were interstitial pneumonia (n = 1 [1.6%]) in the nivolumab group and interstitial pneumonia (n = 3 [2.7%]) and pneumonia (n = 1 [0.9%]) in the taxane group. Dose delays and reductions due to treatment-related AEs were more common in the taxane group (n = 32 [29.0%]) than in the nivolumab group (n = 7 [11.5%]). Rash, interstitial pneumonia, pancreatitis, hepatopathy, renal dysfunction, adrenal hypofunction, and thyroid hypofunction were immune-related AEs and adverse events that were characteristic of nivolumab. Immune-related AEs were observed in 20 patients (32.7%) in the nivolumab group. The most common immune-related AEs were rash in 9 (14.7%) patients and thyroid hypofunction in 8 (13.1%) patients. A total of nine patients, all of whom were male, received hormones-affecting drugs as a therapy during this treatment. In the nivolumab group, four male patients who developed thyroid hypofunction were treated with levothyroxine sodium hydrate. One male patient with adrenal hypofunction was treated with hydrocortisone. One male patient with interstitial pneumonia was treated with prednisolone and methylprednisolone. In the taxane group, three male patients with interstitial pneumonia were treated with prednisolone and methylprednisolone.




3.4 OS and PFS of patients treated with nivolumab or taxane

A prognostic analysis with a follow-up period of at least 15 months was performed for patients in both the nivolumab and taxane groups. The treatment-specific survival curves for nivolumab versus taxane as a second- or later-line treatment showed numerically better OS rates in the former than in the latter group (hazard ratio [HR] 0.82, 95% confidence interval [CI] 0.58–1.18, p = 0.3023) (Figure 1A). The median OS estimates of patients in the nivolumab and taxane groups were 8.4 (95% CI 7.4–14.7) and 8.2 months (95% CI 6.6–10.5), respectively. The 1-, 2-, and 3-year survival rates of patients in the nivolumab versus taxane groups were 39.5% versus 36.1%, 25.5% versus 12.4%, and 18.4% versus 6.4%, respectively.




Figure 1 | (A) Overall survival (OS) and (B) progression-free survival (PFS) of all patients treated with nivolumab or taxane as a second- or later-line treatment. (C) OS and (D) PFS of patients treated with nivolumab or taxane as a second-line treatment. Five patients without target lesions were excluded from the analysis of PFS (second-line therapy: 2 patients, later-line therapy: 3 patients). (A) Hazard ratio (HR) for death 0.82 [95% confidence interval (CI) 0.58–1.18]; p = 0.3023. Nivolumab, median 8.4 months (95% CI 7.4–14.7). Taxane, median 8.2 months (95% CI 6.6–10.5). (B) HR for death 0.64 (95% CI 0.44–0.92); p = 0.0172. Nivolumab, median 4.2 months (95% CI 2.5–6.8). Taxane, median 2.8 months (95% CI 2.5–3.4). (C) HR for death 0.77 (95% CI 0.49–1.19); p = 0.2455. Nivolumab, median 9.4 months (95% CI 7.0–18.5). Taxane, median 8.2 months (95% CI 6.0–10.1). (D) HR for death 0.53 (95% CI 0.34–0.83); p = 0.0056. Nivolumab, median 4.4 months (95% CI 2.2–9.5). Taxane, median 2.7 months (95% CI 2.3–3.5).



The treatment-specific PFS curves for nivolumab versus taxane as a second- or later-line treatment showed statistically better PFS rates in the former than in the latter group (HR 0.64, 95% CI 0.44–0.92, p = 0.0172) (Figure 1B). The median PFS estimates of the nivolumab and taxane groups were 4.2 (95% CI 2.5–6.8) and 2.8 (95% CI 2.5–3.4), respectively. The 6- and 12-month PFS rates of the nivolumab versus taxane groups were 42.7% versus 18.5% and 24.9% versus 7.2%, respectively.




3.5 OS and PFS of patients treated with nivolumab or taxane as a second-line treatment

The treatment-specific survival curves for nivolumab versus taxane as a second-line treatment showed numerically better OS rates in the former than in the latter group (HR 0.77, 95% CI 0.49–1.19, p = 0.2455) (Figure 1C). The median OS rates of patients in the nivolumab and taxane groups were 9.4 (95% CI 7.0–18.5) and 8.2 months (95% CI 6.0–10.1), respectively. The 1-, 2-, and 3-year OS rates of patients in the nivolumab versus taxane groups were 41.9% versus 35.4%, 30.7% versus 14.3%, and 20.2% versus 5.4%, respectively.

The treatment-specific PFS curves for nivolumab versus taxane as a second-line treatment showed statistically better PFS outcomes in the former than in the latter group (HR 0.53, 95% CI 0.34–0.83, p = 0.0056) (Figure 1D). The median PFS estimates of the nivolumab and taxane groups were 4.4 (95% CI 2.2–9.5) and 2.7 (95% CI 2.3–3.5), respectively. The 6- and 12-month PFS rates of the nivolumab and taxane groups were 45.7% versus 18.7% and 33.0% versus 6.6%, respectively.





4 Discussion

Herein, we summarized real-world clinical data on the efficacy and safety of nivolumab monotherapy and taxane as a second- or later-line treatment. The present study findings may help elucidate real-world outcomes, including those in patients with diverse clinical profiles who do not meet trial eligibility criteria—patients with poor ECOG PS, patients with comorbidities, and patients receiving multiple treatments.

The proportion of Japanese patients in the ATTRACTION-3 trial was 65.4% (274/419). The efficacy and safety of nivolumab compared with those of taxane were reported by Takahashi et al. in a study with baseline characteristics of patients compared to those of patients in this study (18). However, the present study included fewer patients with ECOG PS 0 in the nivolumab group than the previous study (49.2% [30/61] vs. 61.0% [83/136]). The inclusion of patients with ECOG PS 2 is a unique feature of real-world datasets; patients with poor general health who do not qualify for clinical trials are administered treatment in clinical practice.

As a second-line treatment, nivolumab yielded better median OS rates than taxane (9.4 vs. 8.2 months). This finding is comparable to that of the ATTRACTION-3 trial, which reported an OS rate of 10.9 months and an OS rate of 13.4 months in a Japanese subpopulation (11, 18). The corresponding estimates for the taxane groups in the ATTRACTION-3 trial were 8.4 and 9.4 months, respectively (11, 18). The slightly poorer OS estimates in this study than in the previous study could be attributed to the discrepancies in study population characteristics; clinical trials have clearly defined enrolment criteria in contrast to clinical practice. The proportion of patients with ECOG PS 0 in the nivolumab group was lower than that in the taxane group; patients with poor ECOG PS or clinical status were more likely to be ineligible for the subsequent treatment. The higher mean age of the nivolumab group in this study than in previous reports and the fact that the nivolumab was administered to older patients may also have influenced the results (11, 18).

In the second-line treatment, the median PFS was significantly longer in the nivolumab group than in the taxane group (4.4 vs. 2.7 months). The corresponding values for nivolumab in the ATTRACTION-3 trial were 1.7 and 2.7 months in the overall population and Japanese subpopulation, respectively. In the taxane group, the corresponding values in the ATTRACTION-3 trial were 3.4 and 3.8 months, respectively, which were comparable to those in this study (11, 18). The superiority of nivolumab in this study over that in the ATTRACTION-3 trial may be due to several factors. First, in clinical trials, CT imaging evaluations are performed at strictly defined time points; in contrast, in clinical practice, CT imaging evaluations may be postponed in patients whose condition is stable and who have achieved a certain degree of tumor shrinkage.

In addition, clinical trials involve high rates of protocol adherence; in contrast, in clinical practice, the patient’s condition may preclude treatment completion every two weeks, as scheduled. The interval between imaging exams may be further extended if the patient’s general condition deteriorates to the point where the continuation of treatment becomes difficult and the patient is transferred for the best supportive care. Thus, the interval between imaging evaluations may have been slightly extended in the real-world dataset, increasing the intervals between PFS assessments.

The Kaplan–Meier curve obtained in this study was comparable to that obtained in the ATTRACTION-3 trial for the overall population and Japanese subpopulation. The curves crossed after approximately four months, with nivolumab being superior to taxane in terms of both OS and PFS (11, 18). These results reflect the characteristics of immune checkpoint inhibitors, which are ineffective in some patients and may lead to survival curve dips, as well as long-lasting effects in patients with a responsive disease. Factors associated with immune checkpoint inhibitor efficacy include PD-1 and PD-L1 expression, mutation burden, CD8 lymphocyte count, interferon-γ level, and interleukin 12; nevertheless, it remains challenging to accurately predict clinical efficacy (19–22). Recent meta-analysis reports on the association between PD-L1 and immune checkpoint inhibitor treatment efficacy have shown no survival benefit of immune checkpoint inhibitor-based regimens compared to chemotherapy alone in subgroups with tumor proportion scores of less than 1% (23). Further studies are required to identify predictors of treatment efficacy in this context.

The long-lasting efficacy of immune checkpoint inhibitors in responsive cases is referred to as a “tail plateau” (24). Our results showed a tail plateau in the nivolumab group; a similar pattern was not observed in the taxane group. This long-lasting effect may have resulted in the superiority of the nivolumab group over the taxane group in terms of OS and PFS. Although the detailed mechanisms underlying the tail plateaus are unknown, it is possible that an immunological memory, a key feature of the adaptive immune system, is responsible for this prolonged response. Specifically, the adaptive immune system can mount a sustained response to a specific epitope or antigen over an extended period (25, 26).

The safety results are comparable to those of the Japanese subpopulation in the ATTRACTION-3 trial, although there were more cases of grade 1 and 2 AEs in the taxane group (18). Immune-related AEs are discrete toxicities caused by nonspecific activation of the immune system that can affect almost any organ system. Several studies have reported AE rates of less than 30% for anti-PD-1 agents (27, 28). Here, the incidence of immune-related AEs was 20 (32.7%) in the nivolumab group.

Immune-related AEs may include cutaneous, gastrointestinal, endocrine, pulmonary, and musculoskeletal events, which are well-known and commonly experienced. Cardiac, hematologic, renal, neurologic, and ophthalmologic events are also well-known but not frequent (29). Most AEs are mild to moderate; however, severe and life-threatening AEs have been reported, with treatment-related mortality rates of up to 2% in clinical trials (27, 30). Here, there were no cases of treatment-related deaths. Immune-related AEs are rarely severe; however, the associated risks should be considered and identified early when using this treatment.

This study has some limitations. It was based on data from a single institution, and the number of patients was relatively small. Furthermore, the results of the ATTRACTION-3 trial showed that nivolumab was effective and thus, it was approved for use in patients with and without PD-L1 expression. Therefore, PD-L1 expression could not be evaluated. Many patients in the taxane group were treated before nivolumab was approved as a second-line treatment, and the timing of treatment in the two groups differed. Different treatment timings may have led to differences in treatment management. In addition, docetaxel and paclitaxel were examined collectively as a taxane group, similar to that in the ATTRACTION-3 trial, but the efficacy and safety of the two drugs may differ. Subjects whose drug dose was reduced according to their general condition were also included.

Unlike the ATTRACTION-3 trial, this study provides real-world data on patients with diverse profiles, such as those with poor ECOG PS, those with comorbidities, and those receiving multiple treatments. However, nivolumab monotherapy did not cause any serious AEs in this study. In addition, the patients treated with nivolumab had numerically longer OS and statistically longer PFS than patients treated with taxanes.

In conclusion, nivolumab was safer to use and more effective than taxane in real-world practice for patients with ESCC with diverse clinical profiles who did not meet trial eligibility criteria, including patients with poor ECOG PS, patients with comorbidities, and patients receiving multiple treatments.
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Background

The transition from a healthy gastric mucosa to gastric cancer is a multi-step process. Early screening can significantly improve the survival rate of gastric cancer patients. A reliable liquid biopsy for gastric cancer prediction is urgently needed and since tRNA-derived fragments (tRFs) are abundant in various body fluids, tRFs are possible new biomarkers for gastric cancer.





Methods

A total of 438 plasma samples from patients with different gastric mucosal lesions as well as healthy individuals were collected. A specific reverse transcription primer, a forward primer, a reverse primer, and a TaqMan probe were designed. A standard curve was constructed and an absolute quantitation method was devised for detection of tRF-33-P4R8YP9LON4VDP in plasma samples of individuals with differing gastric mucosa lesions. Receiver operating characteristic curves were constructed to evaluate the diagnostic values of tRF-33-P4R8YP9LON4VDP for individual with differing gastric mucosa. A Kaplan–Meier curve was established to calculate the prognostic value of tRF-33-P4R8YP9LON4VDP for advanced gastric cancer patients. Finally, a multivariate Cox regression analysis was performed to assess the independent prognostic value of tRF-33-P4R8YP9LON4VDP for advanced gastric cancer patients.





Results

A detection method for plasma tRF-33-P4R8YP9LON4VDP was successfully established. Levels of plasma tRF-33-P4R8YP9LON4VDP were shown to reflect a gradient change from healthy individuals to gastritis patients to early and advanced gastric cancer patients. Significant differences were found among individuals with differing gastric mucosa, with reduced levels of tRF-33-P4R8YP9LON4VDP significantly related to a poor prognosis. tRF-33-P4R8YP9LON4VDP was found to be an independent predictor of an unfavorable survival outcome.





Conclusions

In this study, we developed a quantitative detection method for plasma tRF-33-P4R8YP9LON4VDP that exhibited hypersensitivity, convenience, and specificity. Detection of tRF-33-P4R8YP9LON4VDP was found to be a valuable means by which to monitor different gastric mucosa and to predict patient prognosis.
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Introduction

Gastric cancer ranks fourth in lethality among cancer-related deaths (1). A lack of obvious discomfort at the early stages of the disease is the principal reason for the low-survival rate among patients with gastric cancer. If the tumor is diagnosed and treated at a localized stage, the prognosis is improved. Using reliable liquid biopsy analysis to detect cancer-related biomarkers is convenient and non-invasive for cancer screening. Therefore, a novel biomarker that is appropriate for discriminating gastric cancer patients from healthy individuals is clinically important.

Researchers have recognized that small RNAs are crucial players in a range of biological processes (2, 3). tRNA-derived fragments (tRFs) are fragments derived from mature tRNAs or pre-tRNAs (4). Based on the cleavage site of tRNAs, tRFs can be grouped into 3’ UtRF, 5’-tRFs, 3’-tRFs, i-tRFs, 5’-tRNA halves (5’-tRHs), and 3’-tRHs (5). tRFs are involved in the pathophysiology of various diseases. For example, tRFVal promotes gastric cancer progression via interaction with the chaperone, EEF1A1, which results in the degradation of P53 in a ubiquitin-dependent manner (2). Further, tRF3008A attenuates progression of colorectal cancer by destabilizing Forkhead Box K1 (FOXK1) in an Argonaute (AGO)-dependent manner (3).

Emerging studies have found tRFs to be abundant in various body fluids (6, 7) and dysregulated in various diseases (8–10), which suggests that tRFs may be promising biomarkers. Our team is interested in the evaluation of tRFs as biomarkers for gastric cancer. In a previous study, we found that relative to healthy individuals, gastric cancer patients had dysregulated tRF plasma profiles (11). Herein, one of these dysregulated tRFs, tRF-33-P4R8YP9LON4VDP (tRF-33), was assessed by an absolute quantification method, for its diagnostic potential as a plasma screening method for detection of patients with differing gastric mucosal lesions.





Materials and methods




Plasma samples

A total of 438 plasma samples were assessed, including 106 pairs of pre- and post-operative plasma samples from patients with advanced gastric cancer, 72 gastritis patients, 48 early gastric cancer patients, and 106 healthy individuals were obtained from September 2018 to October 2021. Peripheral venous blood samples were collected and centrifuged at 3000 rpm, with obtained plasma stored at -80°C before RNA extraction. Gastric mucosal lesions were identified by pathology.

The clinicopathologic data of advanced gastric cancer patients were collected. Participants with gastric cancer were not treated with antitumor agents, radiotherapy, or immuno-therapy. Moreover, patients with other malignant tumors, infectious diseases, or serious systemic diseases were excluded. All of the clinical diagnoses were confirmed by pathological examination. The study was approved by the Human Research Ethics Committee of Ningbo University (No. 2019022501). All of the participants enrolled provided signed written informed consent.





Isolation of total RNA and reverse transcription

The total RNA from 250 or 500 µL of plasma was first extracted with TRIzol LS (Invitrogen, Germany). Then, 8 µL of enzyme-free water was added to dissolve the extracted RNA. The concentration and purity of the total RNA were determined with a NanoDrop ultraviolet spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). A260/A280 ratio of 1.8 – 2.1 was considered acceptable.

For the reverse transcription of tRF-33, a specific stem-loop reverse transcription (RT) primer (5’-ACAGACGAGGGTACCTCCTCTCTTCTCTACTCGTGTCCTACCCTCGTCTGTCAGGCG-3’; Figure 1A) and cDNA synthesis kits (Tiosbio, Beijing, China) were used. The reaction system included an RT master mix with a double-stranded specific nuclease, RT primer, total RNA solution, and enzyme-free water. The reaction temperature was 37°C for 30 min and then 85°C for 5 min.




Figure 1 | Establishment of the detection method for tRF-33-P4R8YP9LON4VDP in plasma. (A) Schematic representation of the method for detection of tRF-33. (B) The formula for the standard curve. (C) The T–A cloning sequencing results of the qRT-PCR product of tRF-33-P4R8YP9LON4VDP.







Quantitative PCR detection based on TaqMan probe

A quantitative real-time polymerase chain reaction (qPCR) was performed using a 5G qPCR Premix (Toroivd, Shanghai, China) containing dUTP, Mg2+, DNA polymerase, and PCR buffer. The reaction system contained 10 µL of the 5G qPCR Premix, 0.8 µL of the cDNA, 1.4 µL of the forward primer, 1.4 µL of the reverse primer, 0.8 µL of the TaqMan probe, and 5.6 µL of enzyme-free water. The reaction mixtures were then incubated in accordance with the instructions of the manufacturer. The primers are listed in Figure 1A and include: 5’-GGTACCTCCTCTCTTCTCTACT-3’ (Forward primer), 5’-GCATGGGTGGTTCAGTGGTAGA-3’ (Reverse primer), and 5’-FAM-TTCTCGCCTGACAGACGAGGGTAGGA-TAMRA-3’ (TaqMan probe).





Construction of the standard curve for the quantification of tRF-33-P4R8YP9LON4VDP (tRF-33)

To detect the tRF-33 amount in plasma, the qRT-PCR product of tRF-33 was first inserted into plasmid pUC57 (General Biology, Anhui, China), constructing the recombinant plasmid pUC57-tRF-33. Then, eight concentration gradients, based on the initial concentration of the plasmid DNA solution (150 ng/µL) were prepared. The number of copies of the diluted plasmid DNA were calculated based on the formula: 6.02×1023×concentration of plasmid DNA solution (ng/µL)/(660×2783). Then, the lg (number of copies) of the eight diluted plasmid DNA concentrations were determined by transformation. The Cq values of the eight diluted plasmid DNA concentrations were determined by qPCR. According to the lg (number of copies) and the corresponding Cq values, a regression curve was constructed.

For the detection of plasma samples, the Cq value of each sample was achieved by absolute quantification. The number of plasma copies of tRF-33 were calculated based on the standard curve (Figure 1B) and the concentration of plasma tRF-33 (copies/mL) on the volume of total RNA.





Statistical analysis

Data analyses were performed with GraphPad Prism v8.0 (San Diego, CA, USA) and SPSS Statistics Version 18.0 (Chicago, IL, USA). Simple linear regression was used to construct the standard curve with lg (number of copies) and the corresponding Cq values. The data of tRF-33 levels, expressed as median with interquartile, were inconsistent and fitted abnormal distribution. Tamhane′s T2 and Dunnett′s T3 were used for the analysis of inconsistent data. Diagnostic values were analyzed by constructing receiver operating characteristic (ROC) curves. A Kaplan–Meier curve was used to evaluate prognostic performance, followed by univariate and multivariate Cox proportional regression analyses.






Results




Detection method for tRF-33-P4R8YP9LON4VDP amount in plasma

Since tRF-33 is a short RNA of 33 nt, a hairpin RT primer was designed. The loop part of the RT primer was designed to form a discontinuous complementary sequence of 5’-ACAGACGAGGGTA-3’ and 5’-TACCCTCGTCTGT-3’ to form a stem-loop, which was connected to tRF-33 by a hydrogen bond through its 3’-sticky end (5’-CAGGCG-3’) during transcription (Figure 1A). Then, forward and reverse primers as well as the TaqMan probe were added (Figure 1A). The sequencing results of the qRT-PCR product confirmed the specificity of the primers (Figure 1C).

To detect the absolute amount of tRF-33 in plasma, a standard curve (Y = −3.578 × X + 44.07) was constructed based on the eight diluted plasmid DNA concentrations and the corresponding Cq values (Figure 1B). The correlation coefficient was 0.9896, indicating a good linear relationship for the range of plasmid DNA concentrations.

To investigate the diagnostic significance of tRF-33 in gastric cancer, we detected the tRF-33 abundance in the plasma samples from patients and healthy individuals. The amount of tRF-33 in the plasma of patients with advanced gastric cancer was lower than that of healthy individuals (p < 0.001) or patients with gastritis (p < 0.05) (Figure 2A). Moreover, tRF-33 also showed lower level in early gastric cancer patients than that of healthy individuals (p < 0.001) or patients with gastritis (p < 0.05). The results suggest the potential value of tRF-33 for identification of different gastric pathologic states. However, no statistical significance was observed between the early and advanced gastric cancer patients, or healthy controls and gastritis patients. To assess the usefulness of tRF-33 for monitoring the post-operative condition of advanced gastric cancer patients, we assessed the amount of tRF-33 in paired pre-and post-operative plasma samples, however, no statistical significance was found in the paired pre-and post-operative plasma samples (Figure 2A). The reason might be due to small sample size and over-dispersed data distribution.




Figure 2 | Expression levels and diagnostic values of tRF-33-P4R8YP9LON4VDP in different cohorts. (A) The amount of tRF-33 in the plasma showed a gradient change in healthy individuals (HC, n = 106), benign lesion (BL, n = 72), early gastric cancer (EGC, n = 48), pre-operative advanced gastric cancer [AGC (Pre-op), n = 106), and the paired post-operative plasma of advanced gastric cancer patients [AGC (Post-op), n = 106]. *p < 0.05, ***p < 0.001, ns, no significance. Tamhane′s T2 and Dunnett′s T3 were used. (B) Receiver operating characteristic (ROC) curve analysis of tRF-33 for healthy individuals and patients with benign lesions. (C) ROC curve analysis of tRF-33 for healthy individuals and early gastric cancer patients. (D) ROC curve analysis of tRF-33 for healthy individuals and advanced gastric cancer patients. (E) ROC curve analysis of tRF-33 for patients with benign lesion and early gastric cancer patients. (F) ROC curve analysis of tRF-33 for patients with benign lesion and advanced gastric cancer patients. (G) ROC curve analysis of tRF-33 for early and advanced gastric cancer patients. AUC, area under ROC curve.



We evaluated relationships among plasma tRF-33 level and clinicopathologic parameters of advanced gastric cancer patients. First, based on cut-off value, the patients were grouped into a tRF-33 low-level group (n = 52) and a high-level group (n = 54). As shown in Table 1, low plasma levels of tRF-33 were related to poor tumor differentiation grade, bigger tumor size, and higher carbohydrate antigen 125 (CA125) levels in advanced gastric cancer patients. There were no relationships with other parameters such as patient age, gender, carcinoembryonic antigen (CEA), α-fetoprotein (AFP), CA199 levels, tumor-node-metastasis (TNM) stage, tumor invasion degree, or distant metastasis (Table 1).


Table 1 | The correlation between the amount of tRF-33-P4R8YP9LON4VDP in plasma and clinicopathological features of gastric cancer patients.







Clinical diagnostic significance of tRF-33-P4R8YP9LON4VDP

To assess the diagnostic monitoring potential of tRF-33 for different gastric pathologic states, we plotted receiver operating characteristic (ROC) curves for different groups of patients. As shown in (Figure 2) and Table 2, the area under the ROC curve (AUC) was 0.757 (p < 0.0001), differentiating between early gastric cancer patients and healthy individuals (Figure 2C). At the cut-off value of 334748, tRF-33 demonstrated 45.8% sensitivity, 96.2% specificity, 92.4% positive predictive value (PPV), and a 64.0% negative predictive value (NPV) (Table 2). We also found that tRF-33 was effective in distinguishing advanced gastric cancer patients from healthy individuals (AUC: 0.766, p < 0.0001) (Figure 2D; Table 2). Further, tRF-33 also differentiated early or advanced gastric cancer patients from gastritis patients (AUC: 0.717, 0.635, respectively; Figures 2E, F; Table 2). However, tRF-33 did not significantly differentiate advanced gastric cancer patients from early gastric cancer patients, or gastritis patients from healthy controls (Figures 2B, G). These results demonstrate tRF-33 to be efficient at differentiation of gastric cancer patients from healthy individuals and gastritis patients.


Table 2 | The diagnostic value of tRF-33-P4R8YP9LON4VDP in monitoring gastric mucosa of different pathological states.







Relationship of reduced levels of tRF-33-P4R8YP9LON4VDP with an unfavorable prognosis

Data for survival and follow-up were available for most of the study participants, however two patients who were lost to follow-up. Patient death was used as the clinical endpoint event for calculation of overall survival (OS), with an average approximating 21 months. By comparison of Kaplan–Meier curves, patients with reduced levels of tRF-33 had poorer survival expectancy than those with higher tRF-33 levels (p<0.001; Figure 3A). Univariate Cox regression analysis demonstrated a relationship between plasma tRF-33 level and poor survival (HR: 0.367, 95% CI: 0.189–0.713, p< 0.01; Figure 3B). Moreover, multivariate Cox analysis demonstrated tRF-33 down-regulation to predict an unfavorable prognosis for advanced gastric cancer patients (HR: 0.371, 95% CI: 0.139–0.996; p<0.05; Figure 3C), independent of other tumor markers such as; differentiation degree, tumor size, TNM stage, tumor invasion degree, or distant metastasis.




Figure 3 | Diagnostic values of tRF-33-P4R8YP9LON4VDP. (A) Kaplan–Meier survival curve based on tRF-33 levels and overall survival (OS) of advanced gastric cancer (AGC) patients. (B, C) Forest plots of the univariate and multivariate Cox proportional regression analysis for OS in the AGC cohort.








Discussion

More than 76 million gastric cancer-related deaths have been reported and more than one million newly diagnosed gastric cancer have been reported on a yearly basis (1). According to recent GLOBOCAN statistics, the occurrence of gastric cancer varies widely in different regions. East Asians have the highest incidence, with 32.5 new cases per 10 million male residents and 13.2 new cases per 10 million female residents (1). Because of the silent symptoms of early gastric cancer, most patients are identified at an advanced stage (12). Identification of asymptomatic individuals suffering from gastric cancer is dependent upon the method of screening. Upper gastrointestinal endoscopy followed by pathologic assessment is the gold standard for gastric cancer discrimination. However, the risks for hemorrhage and perforation make this approach less desirable. With poor sensitivity and specificity for the commonly used tumor markers for gastric cancer prediction (13), there is an urgent need to develop novel gastric cancer biomarkers that improve early gastric cancer detection.

tRFs were first discovered in the1970s in the urine of cancer patients (14). In recent decades, tRFs have been identified as functional non-coding RNAs (ncRNAs) (4). Many studies have demonstrated tRFs to be ubiquitous in all domains of organisms (15–17) and to participate in various biological processes by interaction with diverse proteins or RNAs, regulating gene expression (2, 18). Moreover, accumulating evidence has shown differential tRF profiles in tumor tissues and body fluids from cancer patients (3, 19–21). Furthermore, several studies have shown that some tRFs are tissue-specific (22, 23). For example, Torres et al. demonstrated tRNAArgCCT derived 5’-tRFArgCCT to be specifically detected in the brain but not in other tissue such as testis, ovary, heart, skeletal muscle, or liver. In contrast, tRNAGlnCTG derived 3’-tRF GlnCTG was found in heart, skeletal muscle, and liver but not in the brain (23). These results suggest the possibility that tRFs may be markers or molecular targets for specific cancers. Abnormal tRF expression has been associated with several diseases including cancers (24), autoimmune diseases (21), and neurodegenerative diseases (8).

Recent studies have found expression of diverse tRFs in different biological samples. For example, Xue et al. detected serum tRFs by the SYBR Green RT-PCR method (25). Wang et al. detected plasma tRF levels by relative quantification (26). In order to assess plasma tRF levels in reduced volumes, we combined the methods of specific reverse transcription and absolute quantification (Figure 1). This combination has been rarely reported. To detect tRF-33 in the low-volume plasma, we designed a specific hairpin structure RT primer, which effectively extended the first strand during cDNA synthesis (Figure 1A). The advantages of this method are as follows. First, the connection between RT primer 3’ sticky end (5’-CAGGC-3’) and the end of tRF-33 had complete sequence complementarity, which improved the efficiency and specificity of the reverse transcription (Figure 1A). Second, the hairpin structure of the RT primer that extended the first strand during the cDNA synthesis was beneficial for the design of amplification primers.

As there is no universally acceptable control for plasma RNA quantitation (27), we constructed a standard curve (Y = −3.578 × X + 44.07) for the purpose of absolute quantification (Figure 1B), which effectively improved the detection efficiency and reduced detection costs. During the amplification process, we designed a specific probe complementary to the first strand to increase the binding efficiency and subsequent amplification (Figure 1A). The developed detection method allowed us to achieve accurate and reliable quantification of tRF-33 in low-volume plasma.

As the development of gastric cancer is a gradual process, we were curious about whether tRF-33 was associated with dynamic changes in the gastric mucosa. We analyzed the tRF-33 levels in the plasma samples of individuals with differing gastric mucosa. Strikingly, tRF-33 showed a gradient change from healthy individuals to patients with gastritis, early gastric cancer, and advanced gastric cancer (Figure 2A), indicating the potential of tRF-33 for dynamic monitoring of the progression of different gastric mucosal lesions. Further, based on patient clinicopathologic data, we found that reduced tRF-33 was related to poor tumor differentiation, bigger tumor size, and a higher level of CA125 (Table 1), which prompted us to evaluate its diagnostic and prognostic value in gastric cancer.

Recent studies have confirmed the value of tRFs as biomarkers for the detection of various types of cancers. For example, Xue et al. identified the clinical significance of tRFMetCAT and tRFValTAC in pancreatic ductal adenocarcinoma (PDAC) diagnosis with AUCs of 0.687 and 0.793, respectively (25). Wang et al. demonstrated the diagnostic values of tRFArgCCT-017, tRFGlyCCC-001, and tiRNAPheGAA-003 in breast cancer by construction of joint ROC curves (26). In this study, the clinical significance of tRF-33 for monitoring different gastric mucosal lesions was assessed by ROC curves between different cohorts. In this manner, tRF-33 levels distinguished early gastric cancer patients from the healthy individuals, with sensitivity and specificity of 45.8% and 96.2%, respectively. Advanced gastric cancer patients were distinguished from the healthy individuals, with sensitivity and specificity of 63.2% and 84.9%, respectively (Figure 2 and Table 2). Further, tRF-33 also showed clinical value for distinguishing early gastric cancer patients and advanced gastric cancer from gastritis patients, with sensitivities of 72.9%, 60.4%, respectively, and specificities of 65.3%, 66.7%, respectively (Figure 2 and Table 2). Moreover, survival analysis of advanced gastric cancer patients demonstrated that downregulated of tRF-33 related to an unfavorable survival (Figure 3).





Conclusion

We developed a method for quantitative detection of plasma tRF-33 by use of a hairpin RT primer and absolute quantification. tRF-33 was found to be a promising biomarker for monitoring gastric cancer patient progression. Results demonstrated, by multivariate prediction models, that tRF-33 is an independent variable for prediction of unfavorable survival outcomes for patients with gastric cancer.
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Background

The neutrophil to lymphocyte ratio (NLR) is a cost-effective and easily identifiable inflammatory biomarker that has been shown to be closely associated with tumor prognosis and predict survival in patients with multiple malignancies. However, the predictive value of NLR in patients with gastric cancer (GC) treated with immune checkpoint inhibitors (ICIs) has not been fully explored. Therefore, we conducted a meta-analysis to explore the potential of NLR as a predictor of survival in this population.





Methods

We systematically searched the PubMed, Cochrane Library, and EMBASE databases from inception to the present for observational researches on NLR and its relationship with progression or survival in GC patients receiving ICIs. To assess the prognostic significance of NLR on overall survival (OS) or progression-free survival (PFS), we used fixed or random-effect models to derive and combine hazard ratios (HRs) with 95% confidence intervals (CIs). We also examined the relationship between NLR and treatment efficacy by calculating relative risks (RRs) with 95% CIs for objective response rate (ORR) and disease control rate (DCR) in patients with GC receiving ICIs.





Results

Nine studies of 806 patients were eligible. OS and PFS data were obtained from 9 and 5 studies, respectively. In nine studies, NLR was associated with poor survival, the pooled HR was 1.98 (95% CI 1.67- 2.35, p < 0.001), indicating a significant association between high NLR and worse OS. We conducted subgroup analyses based on study characteristics to confirm the robustness of our findings. A relationship between NLR and PFS were reported in five studies with a HR of 1.49 (95% CI 0.99- 2.23, p = 0.056), which was not significantly associated. Pooling four studies that examined the correlation between NLR and ORR/DCR in GC patients, we observed a significant correlation between NLR and ORR (RR = 0.51, p = 0.003), but no significant correlation between NLR and DCR (RR = 0.48, p = 0.111).





Conclusion

In summary, this meta-analysis indicates that increased NLR is significantly linked to worse OS in patients with GC receiving ICIs. In addition, lowering NLR can improve ORR. Thus, NLR can serve as a predictor for prognosis and treatment response in GC patients treated with ICIs. Nevertheless, further high-quality prospective studies are required to verify our findings in the future.





Keywords: gastric cancer, meta-analysis, neutrophil to lymphocyte ratio (NLR), biomarker, immune checkpoint inhibitors (ICIs)




1 Introduction

According to projections from the International Agency for Research on Cancer (IARC), by 2020 there would be 1,089,103 new cases of gastric cancer (GC) globally, accounting for 5.6% of all diagnosed cancer cases, with 768,793 deaths attributable to the disease (1). GC remains the fourth most frequent type of cancer, with a high mortality rate (2). Conventional therapies have limited clinical efficacy, and the median overall survival rate for advanced GC is only approximately 8 months (3). Over the past decade, immune checkpoint inhibitors (ICIs) with monoclonal antibodies that suppress programmed cell death protein 1 (PD-1), PD-L1, and cytotoxic T lymphocyte antigen 4 (CTLA-4) has emerged as a promising therapeutic option for various cancers (4). After surgery, chemotherapy, radiation, and targeted therapy, immunotherapy has become an effective treatment technique and one of the breakthroughs in cancer treatment (5). ICIs can effectively interrupt the interaction of immune checkpoints, thereby disrupting tumor cells by activating the host’s immune system. Compared with traditional therapies, immune therapy has demonstrated potent efficacy and tolerable toxicity (6).

Chronic inflammation is linked to various steps of tumorigenesis, including cell transformation, invasion, proliferation, and angiogenesis (7). The systemic inflammatory response plays a significant role in the origin, progression, and metastasis of cancer and has a bearing on the clinical outcomes of cancer patients (8, 9). Tumor cells and associated inflammatory cells release large amounts of cytokines, chemokines, and other inflammatory factors at different stages of tumor development, invasion, and metastasis, promoting tumor cell growth (10). Proven tumor-induced systemic inflammatory responses have been found to be effective prognostic biomarkers in many cancers. For example, a low lymphocyte-to-monocyte ratio (LMR) before therapy is related to advanced clinicopathological characteristics and poor prognosis in individuals with pancreatic cancer (11). In numerous malignancies, including hepatocellular carcinoma and colorectal cancer, the neutrophil-to-lymphocyte ratio (NLR) in peripheral blood has been shown to have a prognostic relationship (12, 13). NLR is a simple and conveniently obtained biomarker that can measure the inflammatory status of the immune system.

ICIs are an important component of current GC treatment, particularly for advanced stage patients. Multiple studies have shown that both ICIs monotherapy and combined strategies with chemotherapy or other therapies significantly improve the survival of advanced GC patients (14–17). In patients who are Epstein-Barr virus (EBV) positive or microsatellite instability (MSI) positive, ICI has shown better response rates (18, 19). In Japan, nivolumab is now licensed for the treatment of patients with advanced stomach cancer who are resistant to standard chemotherapy. However, more inexpensive and convenient markers are needed to predict the efficacy and response to immunotherapy. Currently, there is no meta-analysis examining the predictive significance of NLR and its changes in GC patients treated with ICIs.

Therefore, we included retrospective or prospective cohort studies comparing the difference in prognosis and treatment response between high and low NLR for patients with advanced or locally advanced GC treated with ICIs to investigate the prognostic value of NLR for this group of patients.




2 Methods and materials



2.1 Search strategy

This meta-analysis was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (20). Two independent researchers conducted a search of PubMed, Embase, and Cochrane Library to identify relevant papers on the prognosis of NLR in GC patients treated with immune checkpoint inhibitors, from inception to July 15, 2022. The following search terms were used to investigate the predictive significance of NLR and ICIs in patients with GC: (“neutrophil-lymphocyte ratio” OR “neutrophil-to-lymphocyte ratio” OR NLR) AND (“gastric cancer” OR “gastric adenocarcinoma”) AND (“PD-L1 inhibitor” OR “immune checkpoint inhibitor” OR “programmed death ligand-1 inhibitor” OR “immunotherapy”). The search terms were slightly modified for different databases. In addition, references of selected articles were screened to avoid missing any relevant studies.




2.2 Inclusion and exclusion criteria

Articles that met the following criteria were included (1): studies on patients with histopathologically confirmed advanced or locally advanced gastric cancer, (2) studies reporting long-term survival data, including overall survival (OS) or progression-free survival (PFS), objective response rate (ORR), or disease control rate (DCR), or provided data sufficient to calculate these outcomes, (3) studies published in English, and (4) studies reporting hazard ratios (HRs) or relative risks (RRs) with 95% confidence intervals (CI), either directly or obtained from the original research. The following exclusion criteria were applied: (1) studies reporting on the predictive significance of inflammatory markers without specific information on NLR, (2) studies without sufficient data, (3) conference abstracts, letters, editorials, expert opinions, reviews, and case reports.




2.3 Data extraction

Two researchers independently extracted the subsequent data from each article, and inconsistencies were resolved via discussion or consultation with a third researcher: first author, publication year, study country, study design, total number of cases and NLR value, subject age (mean or median), HR for OS and PFS with corresponding 95% CI, and ORR or DCR data.




2.4 Study quality assessment

The Newcastle-Ottawa Scale (NOS) was used to assess study quality. Two researchers independently scored eight questions each, on a scale of 0-9. Studies scoring more than 6 points were considered of high quality (21).




2.5 Statistical methods

Statistical analysis was performed using Review Manager 5.3 and STATA 14.0 software. RR were used to assess the relationship between NLR and ORR or DCR in patients with gastric cancer. HR and their associated 95% CI were used to evaluate possible associations of NLR with OS and PFS. Heterogeneity between studies was assessed by the Cochran’s Q-test and I2, and appropriate effect models were selected based on them. Random effect models were used when I2 > 50% or p-value < 0.10 (for the Q-test) indicated significant heterogeneity. Otherwise, fixed effect models were used. We evaluated publication bias by observing the symmetry of the funnel plot, as well as by Begg regression and Egger’s linear regression methods, and p-values > 0.05 were deemed as indicative of no publication bias. We also conducted sensitivity analyses to determine the influence of each study on OS and PFS, and eventually, we calculated pooled statistics.





3 Results



3.1 Literature search results

The process of literature selection was illustrated in Figure 1. At the outset, 113 studies were identified through database searches. Upon screening the titles and abstracts, 64 studies were excluded as they failed to meet the inclusion criteria, including duplicate reports, conference abstracts, reviews, and case reports. Five articles were also excluded as full text could not be obtained. Finally, nine observational cohort studies, including eight retrospective and one prospective study, were included in the meta-analysis, totaling 806 patients (22–30). The main features of the included studies were summarized in Table 1. The studies were published since 2014, with most conducted in Japan. The sample sizes ranged from 26 to 185, with seven studies using only Nivolumab and the remaining two studies using multiple ICIs that included Nivolumab. All included articles had NOS scores as shown in Table 2. Overall, the quality of the data was sufficient to explore the prognostic significance of NLR in patients with GC receiving ICIs therapy.




Figure 1 | PRISMA flow chart for selection and inclusion of eligible studies.




Table 1 | Baseline characteristics of all included studies.




Table 2 | Quality assessment using the Newcastle-Ottawa Scale (NOS).






3.2 Relationship of primary outcome measure (OS) and secondary outcome measure (PFS) to NLR

All nine studies reported on the relationship between NLR levels and OS in GC patients treated with ICIs. After conducting a heterogeneity test, the results showed no heterogeneity (P = 0.275 > 0.1, I2 = 18.9% < 50%), indicating that a fixed-effects model was appropriate for the meta-analysis. The pooled HR was 1.98 (95% CI: 1.67 to 2.35, P < 0.001), suggesting that higher NLR values were associated with worse OS in GC patients (Figure 2A).




Figure 2 | Forest plot for the association between NLR and (A) overall survival (OS) and (B) progression-free survival (PFS).



Five studies reported on the relationship between NLR levels and PFS in GC patients receiving ICIs. A random-effects model was used due to considerable heterogeneity among the included studies (P = 0.045 < 0.1, I2 = 58.9%). The combined HR was 1.49 (95% CI: 0.99 to 2.23, P = 0.056). However, the association between an increase in NLR and PFS in patients receiving ICIs was not statistically significant (Figure 2B).




3.3 Assessment of publication bias

To assess publication bias, HRs and their associated 95% CIs for OS and PFS were aggregated and evaluated using a funnel plot and the Begg and Egger tests. The funnel plots for both OS and PFS showed good symmetry (Figure 3A for OS and Figure 3B for PFS). The Begg test (p = 1.0 for OS, p = 0.462 for PFS) and Egger test (p = 0.412 for OS, p = 0.597 for PFS) indicated that there was no significant publication bias for OS (Figures 4A, B) and PFS (Figures 4C, D).




Figure 3 | Funnel plot for (A) overall survival (OS) and (B) progression-free survival (PFS).






Figure 4 | Begg and egger test for overall survival (OS) (A, B); Begg and egger test for progression-free survival (PFS) (C, D).






3.4 Assessment of sensitivity analysis

Sensitivity analyses showed no significant effect of any study on the observed effect size for the association between NLR and OS and PFS. Furthermore, no significant change occurred by removing any of the articles in this study, which indicates that the random-effects model used above was stable. (Figure 5A for OS and Figure 5B for PFS).




Figure 5 | Sensitivity analysis for the association between NLR and (A) overall survival (OS) and (B) progression-free survival (PFS).






3.5 Subgroup analysis

To ascertain the origin of OS heterogeneity, we conducted a subgroup analysis. Our findings indicate that high-NLR indicated worse OS among patients, regardless of publication country (China, Japan, or Korea), sample size (≥ 100 or < 100), cut-off value (> 3 or ≤3), or analytical model (multivariate or univariate) (Table 3).


Table 3 | Results of subgroup analysis for impact of NLR on overall survival.






3.6 Association between NLR and ORR/DCR

In four of these studies, shown in Figure 6, the relationship between NLR and therapy effectiveness (ORR or DCR) in patients with GC receiving ICIs was investigated. NLR and ORR had a significant relationship (RR = 0.51; p = 0.003). However, NLR and DCR had no significant relationship (RR = 0.48; p = 0.111).




Figure 6 | Forest plot for the association between NLR and (A) objective regression rate (ORR) and (B) disease control rate (DCR).







4 Discussion

Gastric cancer is the fourth most common cancer worldwide and the second leading cause of cancer-related deaths (31, 32). In addition to genetic factors, the incidence of GC can also be attributed to various pathogenic infections, resulting in high morbidity and mortality (33, 34). Despite the progress made in multimodal therapy for GC, recurrence of the disease is still common (35). Furthermore, owing to the absence of early diagnostic markers, GC is frequently diagnosed in its advanced stages, significantly diminishing the likelihood of survival, dependable biomarkers are critically necessary to facilitate early detection and survival forecasting.

Thus, many studies have investigated related inflammatory factors and tumor prognosis to use biological indicators to predict survival outcomes after a certain treatment and provide timely intervention to improve patient survival rates (36, 37). Among the inflammatory factors, NLR has been widely studied by scholars because of its low cost and easy availability. Some previous studies have researched whether NLR can predict the prognosis of GC. Han et al. demonstrated that pre-operative NLR is an independent prognostic factor in patients with GC and were associated with worse survival (38). Hirahara et al. found that the outcome of treatment and prognosis in patients with advanced gastric cancer can be predicted by the combination of NLR and platelet-to-lymphocyte ratio (PLR) (39). Wang et al. demonstrated that pretreatment NLR could be a prognostic factor for survival in locally advanced gastric cancer receiving adjuvant chemotherapy after D2 resection (40).

While several studies have evaluated the predictive value of NLR in patients, to our knowledge, no meta-analysis has yet comprehensively examined whether NLR predicts survival outcomes in GC patients receiving ICIs. To address this gap in knowledge, we conducted a meta-analysis of data from nine relevant trials involving 806 patients from three countries to determine whether survival outcomes could be predicted by NLR values in gastric cancer patients treated with ICIs. Our analysis found that higher NLR values were associated with a lower survival rate and a significant correlation existed between high NLR and poor OS, with the combined HR of NLR and OS being 1.98. In addition, reducing NLR increased ORR, while high NLR played a negative role in ORR in patients treated with ICIs. However, the relationship between NLR and PFS was not statistically significant (p = 0.056).

It is important to note that our study has several limitations. First, all studies included in this analysis were conducted on gastric cancer patients in Asian countries, with seven of the studies coming from Japan. Although subgroup analyses did not reveal significant differences between the studies in the three countries, the regionalization of the studies suggests caution should be applied in extrapolating the results to Western countries due to potential differences in biology. Second, the majority of the included studies were retrospective, which would have resulted in a reduced level of evidence. Finally, some studies with relatively small sample sizes may have introduced selection bias.




5 Conclusion

In conclusion, our meta-analysis suggests that a higher NLR is significantly correlated with worse OS and adverse ORR in GC patients treated with ICIs. NLR may serve as a promising biomarker for predicting prognosis and treatment response. However, more large-scale, multicenter, high-quality prospective trials are required to validate our findings.
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Objective

Apatinib and irinotecan are used as systematic therapies for advanced gastric adenocarcinoma (GAC) and gastroesophageal junction adenocarcinoma (GEJA), while the evidence for their combination as second-line therapy in these patients is limited. This study aimed to evaluate the efficacy and safety of second-line apatinib plus irinotecan for the treatment of GAC and GEJA.





Methods

In this prospective, multicenter phase II clinical study, 28 patients with advanced GAC or GEJA who received second-line apatinib plus irinotecan were recruited.





Results

In total, 1 (3.6%) patient achieved complete response, 7 (25.0%) patients achieved partial response, 13 (46.4%) patients had stable disease, and 4 (14.3%) patients showed progressive disease, while clinical response was not evaluable or not assessed in 3 (10.7%) patients. The objective response rate and disease control rate were 28.6% and 75.0%, respectively. Meanwhile, the median (95% confidence interval (CI)) progression-free survival (PFS) was 4.5 (3.9-5.1) months, and the median (95% CI) overall survival (OS) was 11.3 (7.4-15.1) months. By multivariate Cox regression analysis, male sex, liver metastasis, and peritoneal metastasis were independently associated with worse PFS or OS, while treatment duration ≥5 months was independently associated with better OS. In terms of the safety profile, 89.3% of patients experienced treatment-emergent adverse events of any grade, among which 82.1% of patients had grade 1-2 adverse events and 64.3% of patients had grade 3-4 adverse events.





Conclusion

Apatinib plus irinotecan as second-line therapy achieves a good treatment response and satisfactory survival with tolerable safety in patients with advanced GAC or GEJA.





Keywords: second-line apatinib plus irinotecan, gastric adenocarcinoma, gastroesophageal junction adenocarcinoma, treatment efficacy, safety




1 Introduction

Gastric adenocarcinoma (GAC) and gastroesophageal junction adenocarcinoma (GEJA) are prevalent and dangerous malignancies worldwide, with more than 1 million newly diagnosed cases and over 0.7 million deaths in 2020 (1–3). It has been reported that the incidence of GAC has declined, while that of GEJA has steadily increased in recent years (4–6). Moreover, there is a large proportion of GAC and GEJA patients with advanced disease at diagnosis who lose the opportunity for potentially curative surgical resection (7, 8). According to the guidelines recommended by the Chinese Society of Clinical Oncology, the first-line systematic therapy for advanced GAC and GEJA is fluorouracil-based chemotherapy plus immunotherapy (combined with trastuzumab if the tumor presents human epidermal growth factor receptor 2 (HER2)-positive), while the second-line therapy is limited and merely includes paclitaxel, docetaxel, and irinotecan monotherapy or their combination, as well as paclitaxel and ramucirumab combination (9, 10).

Angiogenesis mediated by vascular endothelial growth factor (VEGF) has been identified as a key factor that facilitates the progression and metastasis of GAC and GEJA (11). Therefore, the application of antiangiogenic agents for the treatment of GAC and GEJA has received close attention. For instance, ramucirumab, a monoclonal antibody targeting VEGF receptor-2, has been approved by the Food and Drug Administration (FDA) for the treatment of advanced GAC and GEJA (12, 13). Meanwhile, apatinib, an oral tyrosine kinase inhibitor that also targets VEGF receptor-2, has been recommended as the third-line treatment for advanced GAC and GEJA in China since it dramatically prolongs progression-free survival in patients with advanced GAC and GEJA (9, 14). In the last two years, some clinical studies have shown that advanced GAC or GEJA patients who receive second-line apatinib plus chemotherapy present satisfactory response and survival, suggesting that apatinib plus chemotherapy may serve as a potential second-line therapy for advanced GAC and GEJA (14–21). In addition, a recent phase II study investigating ramucirumab plus irinotecan as second-line therapy in patients with advanced GAC also reveals the efficacy and safety of VEGF receptor-2 inhibitor plus irinotecan in those patients (22). However, more evidence is needed to facilitate the application of second-line apatinib plus chemotherapy for the treatment of advanced GAC or GEJA.

The current prospective, multicenter, phase II clinical study aimed to evaluate the treatment response, survival benefit, and adverse events of second-line apatinib plus irinotecan in advanced GAC or GEJA patients.




2 Methods



2.1 Participants

Between July 2017 and January 2022, 28 patients with advanced GAC or GEJA who received apatinib plus irinotecan as second-line treatment were recruited in this prospective, multicenter, single-arm, phase II clinical study. The inclusion criteria were as follows (1): 18-70 years old; (2) diagnosed with locally advanced or metastatic GAC/GEJA; (3) more than one measurable objective tumor lesion by spiral CT examination under Response Evaluation Criteria In Solid Tumors (RECIST) v1.1; (4) first-line chemotherapy failure before recruitment; (5) Eastern Cooperative Oncology Group performance status (ECOG PS) of 0 or 1; (6) acceptable hepatic and renal function; and (7) expected survival of more than 3 months. In consideration of safety, each subject should undergo UGT1A1*28 and UGT1A1*6 testing before enrollment. Patients with UGT1A1*28 (6/6) and *6 (G/G), UGT1A1*28 (6/6) and *6 (G/A), or UGT1A1*28 (6/7) and *6 (G/G) were eligible for enrollment. The exclusion criteria were (1) hypersensitivity to apatinib or irinotecan; (2) prior exposure to irinotecan or vascular endothelial growth factor receptor (VEGFR) inhibitors (such as apatinib, sorafenib, sunitinib); (3) uncontrolled hypertension (> 140/90 mmHg); (4) bleeding tendency; (5) received thrombolytics or anticoagulants; and (6) pregnant or lactating women. The study was approved by the First Hospital of China Medical University Institutional Review Board (No. 2016-197-10) with registration number NCT03116555 (https://clinicaltrials.gov). Each subject signed informed consent.




2.2 Treatment

Patients received oral apatinib (Jiangsu Hengrui Medicine, Jiangsu, China) 250 mg once daily every 3 weeks (as a treatment cycle). Irinotecan (Jiangsu Hengrui Medicine, Jiangsu, China) was administered 180 mg/m2 intravenously on the first day every 3 weeks (once every three weeks as a treatment cycle). In each treatment cycle, apatinib intermittent dose discontinuous were allowed if severe adverse events occurred, and patients would continue to treatment after the symptoms of adverse events disappeared or were ameliorated. The treatment was continued until progressive disease, the occurrence of intolerable toxicities, or the patient refused treatment.




2.3 Efficacy and safety assessments

The patients received radiographic evaluations every 6 weeks until progressive disease or intolerant toxicities. The treatment response was calculated through RECIST (v1.1). Each subject was closely followed up until death or lost to follow-up. The last follow-up date was June 1, 2022. The primary endpoint was progression-free survival (PFS), referring to the interval from treatment beginning to progressive disease or death. The secondary endpoints included overall survival (OS), objective response rate (ORR), and disease control rate (DCR). OS was defined as the interval from treatment beginning to death. The National Cancer Institute Common Terminology Criteria for Adverse Events (v4.0) was applied for grading adverse event severity.




2.4 Statistical analysis

The sample size was calculated via a hypothesis based on a previous study that the proportion of ORR was 26.9% with a confidence interval width of 0.369 (23). With a significance (α) level of 0.05, the minimum sample size was 25, adjusted to 28 for drop-out possibility. The statistical analyses were conducted using SPSS v27.0 (IBM Corp., USA), and the figures were created using GraphPad Prism v8.01 (GraphPad Software Inc., USA). PFS and OS are shown via Kaplan−Meier curves and were analyzed using the log-rank test. The survival analyses were performed via univariable and multivariable Cox regression analyses (backward stepwise methods; all factors were included). Comparison analyses were completed using the chi-square test or Fisher’s exact test. A P value <0.05 indicated statistical significance.





3 Results



3.1 Baseline characteristics

The patients had a mean age of 58.3 ± 7.5 years, consisting of 6 (21.4%) females and 22 (78.6%) males. There were 22 (78.6%) patients with tumors in the gastric and 6 (21.4%) patients with tumors in the gastroesophageal junction. Meanwhile, 7 (25.0%), 5 (17.9%), 5 (17.9%), 8 (28.6%), and 7 (25.0%) patients had tumor metastases on the liver, lung, peritoneum, lymph node, and others. In addition, 16 (57.1%) patients had <2 metastatic sites, while 12 (42.9%) patients had ≥2 metastatic sites. Regarding treatment history, 18 (64.3%) patients had a history of surgery; 20 (71.4%) patients received treatment <5 months, and 8 (28.6%) patients received treatment ≥5 months. Other baseline characteristics are specifically shown in Table 1. The specific previous first-line treatment regimens are shown in Supplementary Table 1.


Table 1 | Baseline characteristics of patients.






3.2 Treatment response

The median treatment duration of apatinib plus irinotecan was 3.8 months, with a range of 0.6-17.2 months. After treatment, clinical response was not evaluable or not assessed in 3 (10.7%) patients. There was 1 (3.6%) patient who achieved complete response (CR) and 7 (25.0%) patients who achieved partial response (PR). Meanwhile, 13 (46.4%) patients had stable disease (SD), and 4 (14.3%) patients showed progressive disease (PD). Therefore, the ORR was 28.6%, and the DCR was 75.0% (Table 2).


Table 2 | Treatment response.






3.3 PFS and OS

Survival-related information was recorded, and PFS and OS were calculated to evaluate the long-term efficacy of second-line apatinib plus irinotecan. The data showed that the median (95% confidence interval (CI)) PFS was 4.5 (3.9-5.1) months (Figure 1A). Meanwhile, the median (95% CI) OS was 11.3 (7.4-15.1) months (Figure 1B). Moreover, apatinib intermittent dose suspension did not affect ORR, DCR, PFS, or OS (all P>0.05) (Supplementary Table 2).




Figure 1 | Survival. PFS (A) and OS (B) in advanced GAC or GEJA patients receiving second-line apatinib plus irinotecan.






3.4 Factors affecting PFS and OS

Univariate Cox regression analysis showed that gender (male vs. female) (P=0.020, hazard ratio (HR)=11.306) and liver metastasis (yes vs. no) (P=0.001, HR=7.375) were associated with worse PFS, while current treatment duration (≥5 months vs. <5 months) (P=0.007, HR=0.185) was associated with better PFS. Multivariate Cox regression analysis showed that gender (male vs. female) (P=0.004, HR=43.299), liver metastasis (yes vs. no) (P=0.005, HR=14.965), and peritoneal metastasis (yes vs. no) (P=0.002, HR=23.177) were independently associated with worse PFS, whereas current treatment duration (≥5 months vs. <5 months) (P=0.029, HR=0.043) was independently associated with better PFS (Table 3).


Table 3 | Factors related to PFS by Cox’s proportional hazards regression analysis.



In terms of OS, liver metastasis (yes vs. no) (P=0.001, HR=8.377) and peritoneal metastasis (yes vs. no) (P=0.021, HR=3.948) were associated with shorter OS. Further multivariate Cox regression analysis confirmed that liver metastasis (yes vs. no) (P<0.001, HR=30.140) and peritoneal metastasis (yes vs. no) (P=0.002, HR=14.600) were independently associated with unfavorable OS (Table 4).


Table 4 | Factors related to OS by Cox’s proportional hazards regression analysis.






3.5 Adverse events

A total of 89.3% of patients experienced treatment-emergent adverse events of any grade, among which 82.1% of patients had grade 1-2 adverse events and 64.3% of patients had grade 3-4 adverse events.

Regarding hematological adverse events, the incidences of leukopenia, neutropenia, anemia, and thrombocytopenia of any grade were 60.7%, 60.7%, 50.0%, and 35.7%, respectively. Meanwhile, the incidences of grade 3-4 leukopenia, neutropenia, anemia, and thrombocytopenia were 28.6%, 46.4%, 14.3%, and 14.3%, respectively.

In terms of non-hematological adverse events, the most common ones of any grade were nausea (46.4%), elevated g-glutamyltransferase (GGT) (42.9%), diarrhea (42.9%), and fatigue (39.3%). In addition, grade 3-4 non-hematological adverse events were elevated GGT (14.3%), diarrhea (10.8%), elevated bilirubin (7.1%), elevated alanine aminotransferase (ALT) (3.5%), elevated aspartate aminotransferase (AST) (3.5%), hypertension (3.5%), and hand-foot syndrome (3.5%) (Table 5).


Table 5 | Adverse events.







4 Discussion

Irinotecan is one of the standard second-line chemotherapies for advanced GAC or GEJA, which could be metabolized into SN38, a DNA topoisomerase I inhibitor, thus suppressing the duplication of DNA and synthesis of RNA and exerting antitumor efficacy (24). Because of its spectral antitumor efficacy and wide application in digestive cancers, the current study chose irinotecan in combination with apatinib, a VEGFR-2 inhibitor that specifically represses angiogenesis to hinder tumor progression (25). In addition, a previous study suggested that irinotecan-based chemotherapy plus ramucirumab (another VEGFR-2 inhibitor) achieves a better treatment response than paclitaxel plus ramucirumab (26), which implied the potential superiority of irinotecan plus a VEGFR-2 inhibitor versus other chemotherapies plus a VEGFR-2 inhibitor. According to previous studies, the common dose of apatinib is 500 mg daily (15, 18, 19). Meanwhile, considering that advanced GAC or GEJA patients might be impossible to tolerate 150-180 mg/m2 irinotecan on the first day every 2 weeks, the dosage in our phase I clinical trial (data not published) was set as 500 mg apatinib daily and 180 mg/m2 irinotecan on the first day every 3 weeks (as a treatment cycle) to promote tolerability. However, all 3 patients experienced grade 3 adverse events, which mainly included diarrhea, hypertension, and granulocytopenia. The adverse events resulted in drug cessation in 2 of the 3 patients, and the dose of apatinib was reduced to 250 mg daily in the other patient. Therefore, in the current phase II study, the dose of apatinib was set as 250 mg daily and that of irinotecan was set as 180 mg/m2 on the first day every 3 weeks to increase the tolerability.

The application of second-line apatinib plus chemotherapy for the treatment of GAC and GEJA has become a hotspot in recent years. For instance, it has been reported that in patients with advanced GAC or GEJA refractory to first-line chemotherapy, the ORR is 21.6%, and the DCR is 83.8% (18). Meanwhile, a randomized, controlled trial revealed that second-line apatinib plus docetaxel achieved an ORR of 18.4% and DCR of 60.5% in advanced GCA or GEJA patients who failed first-line chemotherapy (17). Moreover, in advanced GAC patients who receive second-line apatinib plus chemotherapy (including docetaxel, paclitaxel, oxaliplatin, capecitabine, and tegafur), a total of 18.5% of patients achieve an objective response, and 92.6% of patients achieve disease control (15). In addition, a recent retrospective, real-world study investigated second-line or above apatinib plus irinotecan in patients with advanced gastric cancer (27). The current study was a prospective, multicenter, phase II clinical study focusing on second-line apatinib plus irinotecan in patients with advanced GAC or GEJA, which could further verify the therapeutic potential of second-line apatinib plus irinotecan for the treatment of these patients. The data revealed that the ORR and DCR were 28.6% and 75.0%, respectively, in advanced GAC or GEJA patients who received second-line apatinib plus irinotecan, which was within the range of previous study-reported ORR and DCR (15–21). In addition, the ORR and DCR were numerically higher than those in advanced GAC patients receiving second-line chemotherapy (19). A possible explanation could be that apatinib inhibited the progression of GAC and GEJA by suppressing angiogenesis, while chemotherapy directly killed tumor cells (24, 28). Therefore, the combination of these two antitumor agents with different mechanisms of performance might exert good effects on treating GAC and GEJA. Thus, the treatment response was acceptable in patients receiving second-line apatinib plus irinotecan. In the current study, 3 patients were excluded from treatment response evaluation. The reasons were as follows (1): The first patient was nonlocal. He/she failed to be followed up due to COVID-19, and the treatment response was not evaluated in this patient. (2) The second patient had poor drug consistency after 2 cycles of treatment. In addition, treatment response was not evaluated in this patient. (3) The third patient died after 1 cycle of treatment, which was considered to be associated with disease progression but not the drugs. Treatment response was not evaluated in this patient.

The survival of patients with advanced GAC or GEJA is quite unfavorable; it has been reported that the 5-year survival rate in these patients ranges from 5% to 30% (6, 29, 30), which is partly caused by the limited treatment choice after failure of first-line therapy. Previous studies have shown that second-line apatinib plus chemotherapy achieves certain survival in GAC or GEJA patients. For instance, in advanced GAC or GEJA patients receiving second-line apatinib plus chemotherapy (including docetaxel, paclitaxel, oxaliplatin, capecitabine, and tegafur), the median PFS and OS are 3.06 and 6.51 months, respectively (15). Meanwhile, in advanced GAC patients who receive second-line apatinib plus S-1, the median PFS and OS are 143.1 days (approximately 4.77 months) and 211.6 days (approximately 7.05 months), respectively (20). In the current phase II clinical study, it was observed that the median PFS and OS were 4.5 and 11.7 months, respectively, in advanced GAC or GEJA patients receiving second-line apatinib plus irinotecan. The PFS in the current study was within the range in previously reported studies, while the OS was numerically longer than that previously reported (15–21), which could be explained by the fact that some of the patients were locally advanced in our study and might have longer survival. Another possible explanation might be that compared with other studies, patients in the current study tended to have milder disease conditions and better performance status, such as younger age, lower ECOG PS score, and fewer metastatic sites, which contributed to a longer OS. Additionally, data from multivariate Cox regression analysis revealed that male sex, liver metastasis, and peritoneal metastasis were independent risk factors for worse PFS or OS, which were all well-recognized risk factors for mortality in advanced GAC or GEAJ patients in previous studies (31, 32). However, patients with these factors should not be excluded from the upcoming trial since these factors were prevalent in patients with advanced GAC or GEJA. Conversely, clinicians should pay close attention to patients with these factors to achieve better management in those patients.

According to previous reports, the hematological adverse events of apatinib plus chemotherapy mainly refer to leukopenia, neutropenia, anemia, and thrombocytopenia, whose incidences range from approximately 15% to 60% (14–21, 33). Regarding the non-hematological adverse events of apatinib plus chemotherapy, the common ones are fatigue, nausea and vomiting, elevated transaminase, diarrhea, etc., whose incidence ranges from approximately 30% to 75% (14–21, 33). The current phase II clinical study showed that the category of hematological and non-hematological adverse events was in line with previous studies; meanwhile, the incidences of these adverse events were also within the range of previous reports (14–21, 33). Meanwhile, the incidence of febrile neutropenia was 3 (10.7%). Growth factors were allowed for the treatment, but not for the prevention, of neutropenia. In addition, there were 12 patients who continued the original treatment regimen until the end of the study, 5 patients who stopped treatment due to treatment-emergent adverse events, and 11 patients with dose reduction due to treatment-emergent adverse events. These findings suggested that second-line apatinib plus irinotecan was tolerated in advanced GAC or GEJA patients.

This study might serve as vital evidence for the use of second-line apatinib plus irinotecan in patients with advanced GAC or GEJA, while some limitations of this study should be clarified. First, the sample size of this study was not large enough; further studies should verify our findings in a larger cohort. The possible reasons for slow accrual for the trial are listed as follows: a. most patients with GAC or GEJA were resectable, and the number of patients with advanced GAC or GEJA was small; b. with the continuously widening application of PD-1 inhibitors in China, an increasing number of patients were willing to receive PD-1 inhibitors. Therefore, the current study only enrolled 28 patients. Second, this study was a prospective, single-arm study; thus, further randomized controlled trials or meta-analyses might be needed to validate the efficacy and safety of second-line apatinib plus irinotecan. Third, the patients in this study received different first-line treatments, which could be a potential confounding factor. Fourth, the underlying mechanisms of apatinib plus irinotecan in inhibiting GAC or GEJA should be further explored by in vitro and in vivo experiments.

Collectively, apatinib plus irinotecan as second-line therapy achieves a good treatment response and satisfactory survival with tolerable safety in patients with advanced GAC or GEJA, which could serve as a potential treatment option for these patients. However, these findings should be further verified in studies with larger sample sizes to provide more reliable evidence to support second-line apatinib plus irinotecan in patients with advanced GAC or GEJA.
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Background

The impact of age on the efficacy and safety of immunotherapy remains controversial. The previous studies simply classified patients into younger and older groups, which might not reflect the real impact of young age on immunotherapy efficacy. The current study aimed to explore the efficacy and safety of immune checkpoint inhibitor (ICI) combined therapy in young (aged 18–44 years), middle-aged (aged 45–65 years), and old (aged >65 years) patients with metastatic gastrointestinal cancers (GICs), and further determine the role of immunotherapy in young patients.





Methods

Patients with metastatic GIC including esophageal cancer (EC), gastric cancer (GC), hepatocellular cancer (HCC), and biliary tract cancer (BTC) who received ICI combination therapy were enrolled, divided into young (aged 18–44 years), middle-aged (aged 45–65 years), and old (aged >65 years) groups. The clinical characteristics, objective response rate (ORR), disease control rate (DCR), progression-free survival (PFS), overall survival (OS), and immune-related adverse events (irAEs) were compared among three groups.





Results

A total of 254 patients were finally included, with 18, 139, and 97 cases in the young (aged 18–44 years), middle-aged (aged 45–65 years), and old (aged >65 years) groups, respectively. Compared to middle-aged and old patients, young patients had lower DCR (all p < 0.05) and also had inferior PFS (p < 0.001) and OS (p = 0.017). The multivariate analyses showed that young age was an independent prognostic factor for PFS [hazard ratio (HR) 3.474, 95% confidence interval (CI) 1.962–6.150, p < 0.001] and OS (HR 2.740, 95% CI 1.348–5.570, p = 0.005). Subsequent safety analyses referring to irAEs demonstrated no significant differences for distribution frequency among each age group (all p > 0.05), whereas patients with irAEs displayed better DCR (p = 0.035) and PFS (p = 0.037).





Conclusion

Younger GIC patients (aged 18–44 years) showed poor efficacy for ICI combined therapy, and irAEs could be used as a clinical biomarker to predict ICI efficacy in metastatic GIC patients.





Keywords: gastrointestinal cancers, ICIs combined therapy, young, prognosis, irAEs





Introduction

Gastrointestinal cancers (GIC), mostly composed of esophageal cancer (EC), gastric cancer (GC), colorectal cancer (CRC), pancreatic cancer (PC), hepatocellular cancer (HCC), and biliary tract cancer (BTC), account for 26% of global cancer incidence and 35% of all cancer-related deaths, which makes them one of the most common groups of malignancy worldwide (1). A large portion of patients have unresectable or metastatic disease at the time of diagnosis due to the late detection and high heterogeneity of these malignancies. Traditional chemotherapy, radiotherapy, and targeted therapy have been disappointing with a dismal 5-year survival in advanced stage disease (2). Over the last few decades, immune checkpoint inhibitors (ICIs) against programmed death receptor 1 (PD-1), programmed death receptor ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) have emerged as a revolutionary option for cancer treatment. However, unlike in lung cancer or melanoma, the response rates to immunotherapy in GIC are relatively low (3). More recently, ICIs plus other therapies like other ICIs, chemotherapy, radiotherapy, and targeted therapy have been shown to synergistically promote the efficacy of ICI monotherapy in GIC patients, which has been confirmed in several randomized controlled trials (RCTs) and systematic reviews (4–6). However, there is a lack of knowledge about predicting response to combining immunotherapies of GIC patients.

Currently, cancer is classically understood as a “disease of aging”, with a significantly higher incidence in patients aged ≥65 years (7). Compared with younger people, the immune system of older people can undergo a remodeling process during aging, which involves immune dysregulation in both cellular and humoral responses (8). It is speculated that older patients seem to obtain limited benefits from ICI treatment compared to younger patients. Some reports have demonstrated that ICI therapy is less effective in older people than in younger people (9, 10). However, a recent study found that young patients showed a worse response to immunotherapy than old patients. A further study reported that regulatory T cells (Tregs) are specifically increased within the tumor microenvironment of young patients. CD8+ T cells, which are the primarily activated cell type by anti-PD-1 checkpoint targeting as a tumor cell killer, are also decreased in melanoma tumors from younger patients (11). Meanwhile, many studies did not find ICI efficacy difference between young and elderly patients (12–14). Obviously, the definitions of young patients were quite inconsistent in previous studies and most studies simply classified patients into younger and older groups, which may not reflect the real impact of young age on immunotherapy efficacy. Cheng et al. indicated that age-specific impact on GC survival was possibly in a V-shaped distribution, i.e., the middle-aged subgroups showed better prognosis than the younger and oldest subgroups (15). However, it is not clear whether age will affect the immunotherapy efficacy like this pattern.

Therefore, in the present study, we divided GIC patients into three subgroups according to age of diagnosis: young (aged 18–44 years), middle-aged (aged 45–65 years), and old (aged >65 years), asutilized by previous studies (16–18), to compare the immunotherapy efficacy and safety of young age with that of middle age and old age, respectively, and hoped to further determine the role of immunotherapy in young GIC patients.





Methods




Patient screening and data collection

This study retrospectively analyzed the medical data of patients with EC, GC, HCC, and BTC who received ICI combination therapy in the Fourth Hospital of Hebei Medical University from November 2018 to December 2021. Inclusion criteria were as follows (1): imaging confirmed as metastatic GIC before treatment initiation; (2) patients who received ICI combination therapy; (3) detailed and complete clinical data; and (4) no relevant infection or acute or chronic inflammatory reaction before treatment initiation. The metastatic patterns were defined as any metastatic lesion in the liver, lung, bone, peritoneum, brain, distant lymph nodes, and other distant organs. Exclusion criteria were as follows: (1) patients treated with anti-PD-1 monotherapy; (2) combined with other tumor history, infection, or blood system disease; (3) patients who gave up treatment or refused to accept assessment; and (4) patients without complete medical records and laboratory results.

Study characteristics were extracted, including age, sex, performance status (PS) score, cancer type, therapy line, treatment modality, and immune-related adverse events (irAEs). Peripheral venous blood was collected from all patients on an empty stomach within 1 week before treatment initiation. The following laboratory indexes were collected: albumin level, neutrophil-to-lymphocyte ratio (NLR), lactate dehydrogenase (LDH), and creatinine clearance rate (Ccr). The study protocol was tested and approved by the ethics committee of The Fourth Hospital of Hebei Medical University (2020KS001), and due to the retrospective nature of this study, a waiver of informed consent was applied for these analyses.





Treatment and assessment

Patients received ICI combination with chemotherapy or/and targeted therapy every 3 weeks in the clinical setting. Treatment continued until disease progression, clinical worsening, treatment-related adverse events, or patient refusal. Table S1 lists cancer type, treatment lines, number of patients in each therapeutic schedule, and types of immunotherapy drugs, targeted drugs, and chemotherapy drugs. Before starting the treatments, all patients received enhanced thoracic–abdominal–pelvic computed tomography (CT) scan. The CT image sets were retrieved and re-assessed according to the staging criteria for GIC, including EC, GC, HCC, and BTC. Treatment response was assessed with the Response Evaluation Criteria in Solid Tumours (RECIST) version 1.1 criteria (https://ctep.cancer.gov/protocolDevelopment/docs/recist_guideline.pdf#search=%22RECIST%201.1%22) and the modified RECIST 1.1 for immune-based therapeutic (iRECIST). Complete response (CR) was defined as the complete disappearance of the target lesion after chemotherapy. Partial response (PR) was defined as a reduction in the total diameter of each target lesion by 30% or more. Progressive disease (PD) was defined as at least a 20% increase in the sum of the long diameters of all target lesions and an absolute value for the increase of more than 5 mm, or the appearance of new lesions. Stable disease (SD) was defined as no change in target lesions. The objective response rate (ORR) was defined as the percentage of patients with a CR or PR among all the treated patients. The disease control rate (DCR) was defined as the percentage of patients who have achieved CR, PR, and SD. The toxicities of anti-PD-1 therapy were assessed according to the National Cancer Institute Common Terminology Criteria for Adverse Event (NCI-CTCAE), version per protocol (https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_40). Other adverse events including progression of malignancy and adverse events caused by chemotherapy drugs or targeted drugs were excluded.





Follow-up and study outcomes

Clinical information was obtained from patients’ medical records. All patients were followed up via re-hospitalization or re-examinations in the outpatient clinic or by telephone until mortality due to any reasons or loss of follow-up. Progression-free survival (PFS) was defined as the period from treatment initiation until the date of disease progression, death, or study cutoff, whichever occurred first. Overall survival (OS) was defined as time from treatment initiation to the date of death from any cause or study cutoff. The end point of follow-up was 1 May 2022 or the date of death.





Statistical analysis

All statistical analyses were performed using SPSS 24.0 software package (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 9 (GraphPad Software, San Diego, CA). Qualitative variables and continuous variables were described as frequencies, percentages, mean, standard deviation, and median. Group comparison of qualitative variables was performed using Pearson’s chi-squared test or two-sided Fisher’s exact test, while continuous variables were compared with Student’s t-tests or Mann–Whitney U-test. Survival among different age groups was evaluated using the Kaplan–Meier method and log-rank tests. Univariate and multivariate Cox proportional hazards were performed to explore prognostic factors for survival. p < 0.05 was considered statistically significant, and all reported p-values are two-sided.






Results




The baseline clinical characteristics of patients

A total of 254 patients were enrolled in this study, with 18 (7.1%), 139 (54.7%), and 97 (38.2%) cases in the young (aged 18–44 years), middle-aged (aged 45–65 years), and old (aged >65 years) groups, respectively. Figure 1 shows the selection procedure of the study cohort based on inclusion and exclusion criteria. The median age of the three groups was 39 (range, 22–44 years), 58 (range, 45–65 years), and 70 (range, 66–88 years) years. Among them, there were 79 esophageal cancer patients who received anti-PD-1 antibodies in combination with chemotherapy or/and targeted therapy, 106 gastric cancer patients who received anti-PD-1 antibodies plus chemotherapy or/and targeted therapy, 51 hepatocellular cancer patients who received anti-PD-1 antibodies in combination with targeted therapy, and 18 biliary tract cancers patients who received anti-PD-1 antibodies in combination with targeted therapy or/and chemotherapy (Table S1).




Figure 1 | Flowchart of patient enrollment and exclusion.



The detailed baseline clinical characteristics of different age groups are summarized in Table 1. Compared with the middle-aged and old groups, the proportions of ICI plus chemotherapy were significantly lower in the young group (all p < 0.05). Young patients also have higher baseline Ccr level than those of middle-aged and old patients (all p < 0.05). Meanwhile, young patients were different from the middle-aged group in the proportion of female patients (p = 0.036). However, the young group shared some features with the middle-aged group rather than with the old group, including the proportion of esophageal cancer (p = 0.008), ICI plus targeted therapy (p = 0.021), and the baseline LDH level (p = 0.016).


Table 1 | The baseline clinical characteristics of different age groups.







Treatment efficacy

The patients with PD were all patients with icPD (immunity confirmed PD). As shown in Table 2, the ORR of the three age groups was 11.1% (2/18), 26.6% (37/139), and 26.8% (26/97), with no significant difference for each age group (all p > 0.05). Stratified by therapy line, ICI combined therapy in the first-line or second-line setting was associated with higher ORR than that in later line treatment (p = 0.044). The DCR of the three age groups was 38.9% (7/18), 74.1% (103/139), and 74.2% (72/97), respectively. We did not find a significant difference between the middle-aged and old groups (p = 0.913), but the young group showed a significantly lower DCR (all p < 0.05). We also observed that the patients with good PS, esophageal cancer, ICI combined therapy in the first-line or second-line setting, an occurrence of irAEs, and baseline albumin level > 39.2 g/L displayed higher DCR (all p < 0.05). Moreover, ICI plus chemotherapy had higher DCR than ICI combined with other therapies (p = 0.003).


Table 2 | The clinical response to treatment according to characteristics of patients.







Prognostic analysis

To determine the potential role of age on PFS, Kaplan–Meier plots were applied. The median PFS was 1.8, 7.3, and 9.8 months in the young, middle-aged, and old groups. We did not find significant PFS difference between the middle-aged and old groups (p = 0.719), but young patients had the worst PFS (p < 0.001) (Figure 2A). Stratified by PS score and therapy line, we found that the patients with good PS and who received ICI combination therapy in the first-line or second-line setting were associated with better PFS (all p < 0.05). Moreover, we also observed an improvement in terms of PFS in patients who developed irAEs (p = 0.024) (Figure 2B). Next, we performed multivariate analyses to identify independent prognostic factors for PFS. As the Cox-proportional hazard model in Table 3 shows, age was an independent prognostic factor for PFS, with the hazard ratio (HR) of 3.474 [95% confidence interval (CI) 1.962–6.150, p < 0.001] for those aged <45 years and 1.137 (95% CI 0.798–1.621, p = 0.478) for 45–65 years. Other independent prognostic factors for PFS were PS score (HR 1.605, 95% CI 1.151–2.240, p = 0.005), therapy line (HR 2.092, 95% CI 1.450–3.019, p < 0.001), and irAEs (HR 0.694, 95% CI 0.492–0.978, p = 0.037).




Figure 2 | Kaplan–Meier curves for progression-free survival (PFS) and overall survival (OS) stratified by age and immune-related adverse events (irAEs). (A) for PFS in different age group; (B) for PFS in patients with or without irAEs; (C) for OS in different age group; (D) for OS in patients with or without irAEs.




Table 3 | Univariate and multivariate analyses for progression-free survival.



At data cutoff, 99 (40.0%) deaths had occurred, 146 (57.5%) patients were alive, and 9 (3.5%) cases were lost to follow-up. The median OS of the three age groups was 6.2, 24.1, and 19.1 months, respectively. Figure 2C shows that old age was not inferior to middle age in predicting OS (p = 0.969), but the young age group had the worst OS (p = 0.017). In addition, Table 4 shows that the patients with good PS, who received ICI combination therapy in the first-line or second-line setting and ICI plus chemotherapy, and with baseline albumin level > 39.2 g/L were associated with better OS (all p < 0.05). Moreover, patients with irAEs showed superior OS compared with patients without irAEs, but without statistical difference (p = 0.660) (Figure 2D). Multivariate Cox analysis indicated that young age was an independent prognostic factor for OS (HR 2.740, 95% CI 1.348–5.570, p = 0.005). Moreover, therapy line (HR 1.753, 95% CI 1.092–2.812, p = 0.020) and baseline albumin level (HR 0.457, 95% CI 0.292–0.714, p = 0.001) remained as independent prognostic factors for OS (Table 4).


Table 4 | Univariate and multivariate analyses for overall survival.







Safety analysis

The overall incidence of irAEs was 35.0% (89/254) with grade 3 or higher irAEs of 3.9% (10/254). The most common irAEs were thyroid disorders (50/89, 56.2%), skin disorders (16/89, 18.0%), and elevated cardiac enzymes (10/89, 11.2%). Table 5 shows the relationship between characteristics of patients and irAEs. The results indicated no significant differences in the incidence of irAEs for each age group (all p > 0.05). IrAEs occurred in 25 patients with hepatocellular cancer (25/51, 49.0%), which was significantly higher than those with other GICs (p = 0.019). However, compared with other GICs, the incidence of irAEs in gastric cancer (25/106, 23.6%) is significantly lower (p = 0.001). Meanwhile, when irAEs were evaluated according to sex and treatment modality, women were more likely to experience irAEs than men (p = 0.029), and ICI plus chemotherapy significantly decreased the rate of irAEs than ICI combined with other therapies (p = 0.006).


Table 5 | Relationship between characteristics of patients and immune-related adverse events.








Discussion

Despite the fact that ICI immunotherapies have changed the landscape of cancer treatment for several advanced solid tumors, little is known about the impact of age on clinical efficacy and safety of ICI combined therapy in GIC patients. A meta-analysis performed indicated comparable efficacy of ICI-based combination therapy in younger and older patients with non-small cell lung cancer (NSCLC) with a cutoff age of 65 years (19). Another meta-analysis also did not find a difference in survival benefit of immunotherapy in older (≥65 years) vs. younger (<65 years) patients including 37 phase 2 or 3 randomized clinical trials of 23,760 patients (20). Patients were commonly classified into young and old groups based on the different cutoff value of age (65 or 70 years) (13, 19), which may partly lead to the failure of identifying the role of immunotherapy in young patients. However, we believe that the immune function of people of different ages is different, and the analysis of only older than or younger than an age point may mask the response of different age groups to ICIs. In the current study, we compared the clinical efficacy and safety of ICIs combined therapy of young age with that of middle age and old age. Patients aged 18–44 years showed a lower DCR and poorer survival, but there was no significant difference on the efficacy of ICI combination therapy between middle-aged (aged 45–65 years) and old (aged >65 years) patients, which indicated that young GIC patients showed poor efficacy for ICI combined therapy.

Several meta-analyses of clinical trials in multiple cancer types treated with ICI demonstrated similar results to our study and found that older patients can benefit more from immunotherapy than younger patients (21–24). However, the cause of low immunotherapy response in young patients is still unclear and several reasons may explain this. Castro et al. presented evidence that younger patients showed the strongest effects of major histocompatibility complex (MHC)-based driver mutation selection, which may influence the availability of mutant peptides capable of driving effective response to ICI therapy (25). A recent study by Kugel et al. indicated that intratumoral CD8+ T cells:Treg ratios of younger melanoma patients treated with PD-1 inhibitors significantly decreased compared to older patients and a similar result was observed in young mice (11). Therefore, young GIC patients may not be good candidates for immunotherapy, and further studies with evidence of high level are needed.

In addition, young patients have higher baseline LDH levels than old patients in our cohort. Elevated LDH is a negative prognostic biomarker not only because it is a key enzyme involved in cancer metabolism, but also because it alters the tumor microenvironment in hematologic and solid neoplasms, allowing tumor cells to suppress and evade the immune system (26). Its increase exhibited a negative effect for ipilimumab on metastatic melanoma in clinical applications (27, 28). However, we did not find elevated LDH to be associated with the immunotherapy efficacy and survival of patients in our study. The difference from other studies may be explained by cutoff value variations. Nonetheless, this might explain at least partly the poor ICI response in young patients in our study, and prospective new studies are needed to provide more information on this subject. Moreover, with the improvement of health habits, there are fewer and fewer opportunities to contact pathogenic microorganisms in childhood so as to obtain a sound immune system. Patients older than 45 years old may have much stronger immune systems to initiate immune response for this reason. Nevertheless, our results suggested that a detailed age stratification should be carried out when evaluating the efficacy of immunotherapy to deal with an aging society.

We also explored the safety of ICI combined therapy in young, middle-aged, and old patients. The overall incidence of irAE was 35.0% with grade 3 or higher irAEs of 3.9% in GIC, which was comparable with the previously reported incidence (29, 30). The most common adverse events were thyroid disorders, skin disorders, and elevated cardiac enzymes. Although the creatinine clearance rate significantly decreased with age, we found no significant differences in the incidence of irAEs for each age group. Several retrospective reviews focused on this issue also did not find statistically significant differences in irAEs based on age (31–33), so did another retrospective case–control study of patients involving melanoma, renal cell carcinoma, or NSCLC with three age groups: <65 years old, 65–74 years old, and ≥75 years old (34). These results suggest that ICIs could be safely used in older patients. Our study also observed significantly better DCR and a higher PFS in irAE patients, which confirmed the suggestions that irAE onset might become the first clinical biomarker for anti-PD-1 antibody response in patients with indications to receive ICIs (35–37). Our study also showed that women were more likely to develop irAEs than men, and ICI plus chemotherapy significantly decreased the rate of irAEs than ICI combined with other therapies. However, our series did not explore the relationships for different irAE symptoms and grades with different characteristics and immunotherapy response due to the relatively small sample size, and further research is necessary to explore this further.

The present study had some limitations, namely, its retrospective nature, patients having different treatment backgrounds, patients coming from one center, and the small sample size (n = 18) of those <45 years. However, to our knowledge, this was the first study that determined the role of ICI combined therapy in GIC patients with detailed age stratification. Findings from this pilot project would build the foundation for future research with more patients and more centers. Given this, there is an urgent need for a larger, multicenter prospective study to explore the predictive power of the age for ICI combined therapy to consolidate our findings.





Conclusions

In summary, younger GIC patients (aged 18–44 years) showed poor efficacy for ICI combined therapy, and irAEs could be used as a clinical biomarker to predict ICI efficacy in GIC patients. Further studies are warranted to figure out the age-specific mechanisms of ICI combined therapy.
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Esophageal cancer is a common malignant tumor with a high degree of malignancy. Understanding its pathogenesis and identifying early diagnostic biomarkers can significantly improve the prognosis of esophageal cancer patients. Exosomes are small double-membrane vesicles found in various body fluids containing various components (DNA, RNA, and proteins) that mediate intercellular signal communication. Non-coding RNAs are a class of gene transcription products that encode polypeptide functions and are widely detected in exosomes. There is growing evidence that exosomal non-coding RNAs are involved in cancer growth, metastasis and angiogenesis, and can also be used as diagnostic and prognostic markers. This article reviews the recent progress in exosomal non-coding RNAs in esophageal cancer, including research progress, diagnostic value, proliferation, migration, invasion, and drug resistance, provide new ideas for the precise treatment of esophageal cancer.
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1 Introduction

Esophageal cancer (EC) is one of the malignant tumors with high incidence and a serious threat to human health and life worldwide. Although significant progress has been made in the diagnosis, treatment, and pathogenesis of esophageal cancer for more than half a century, the five-year survival rate is still less than 20% (1). Moreover, its incidence and mortality continue to increase each year. The EC pathogenesis has not been clarified. The morbidity and mortality may be related to many factors. In recent years, many epidemiological studies have shown that esophageal cancer occurrence results from long-term interaction between genetic and environmental factors (2, 3). Because most esophageal cancer patients are in the middle and advanced stages of the disease when they are treated, the treatment methods are very limited (4). The primary treatment for esophageal cancer is surgery (5, 6). Even after rigorous surgical treatment, EC patients’ leading causes of death are tumor recurrence and distant metastases. New noninvasive biomarkers and therapeutic targets must be identified to improve esophageal cancer patients’ survival rate and quality of life.

Exosomes are a type of microvesicle with a size of 40~100 nm that are widely distributed in bodily fluids such as blood, saliva, and urine and are secreted into the circulatory system by cells. The vesicle carries various biological information molecules, such as mRNA, miRNA, and DNA fragments (7) which are often related to carcinogenesis, invasion, and metastasis (8). In recent years, detecting specific information molecules in exosomes for diagnosing malignant cancers have become a research priority.

Non-coding RNAs (ncRNAs) used to be considered as a class of gene transcription products that do not possess protein-coding functions, but more and more studies have shown that some ncRNAs can encode to produce functional polypeptides (9), and such ncRNAs and polypeptides can be confirmed to often have high conservation and homology by sequencing and mass spectrometry. Among them, lncRNAs and circRNAs can participate in regulating transcription and translation processes directly by performing functions such as protein scaffolding, regulatory splicing, and loop-roll translation, or indirectly regulating signaling pathways by influencing other RNAs as miRNA sponges, thus participating in regulating tumorigenesis and development (10–12). ncRNAs are widely found in exosomes (13–15). In addition, miRNAs do not circulate in the body in a free state; they generally bind to AGO2 or lipoproteins or are encapsulated by vesicles such as exosomes before entering the circulation (as shown in Figure 1) (5). Compared to miRNAs that bind to proteins and circulate in vivo, exosomal miRNAs may have better structural stability, target specificity and functional direction.




Figure 1 | Synthesis, secretion and functional characteristics of exosomal miRNA. First, miRNA genes are transcribed into primary miRNAs (pri-miRNAs) in the nucleus, which range in length from hundreds to thousands of bases and contain one to several hairpin stem-loop structures with a 5’cap and a 3’polyA tail. The pri-miRNA is then further processed by the nuclease Drosha and its cofactor Pasha to form a precursor miRNA (pre-miRNA), consisting of 70 nucleotides, which is then transported into the cytoplasm via the GTP-dependent Exprotin-5 complex. Finally, the pre-miRNA is further cleaved by Dicer enzyme to form double-stranded miRNA:miRNA, then one miRNA chain is degraded, and the other mature miRNA chain binds to the 3’UTR of the target mRNA, so that the target mRNA is degraded or translation is inhibited, so as to achieve the purpose of regulating protein expression. miRNAs do not circulate in the body in a free state. They generally bind to AGO2 or lipoproteins, or are encapsulated by vesicles such as exosomes before entering the circulation.



Many studies have found tumor-derived exosomes in the circulating blood of esophageal cancer patients (16–18). These exosomes include numerous tumor-related specific molecules, such as mRNA, protein, lipid, and non-coding RNA., making them a powerful signal transmission function (19). Due to the necessity for numerous signal exchanges between the tumor and surrounding supporting cells, the exosome secretion increases significantly, participating in the regulation of tumor microenvironment and metastasis, and might play a key role in it. The analysis and detection of tumor exosomes can assist in early diagnosis, efficacy evaluation and prognosis analysis of tumors (20). For example, in esophageal squamous cell carcinoma, high miRNA-21 expression in exosomes can reflect 100% of the tumor level. Moreover, high miRNA-21 expression in exosomes often indicates extensive invasion and recurrence (21).




2 Exosomes research progress

Studies of exosomes date back to 1946 when Chargaff and West reported that plasma clotting time increased after ultracentrifugation (22). The researchers attributed this phenomenon to subcellular procoagulant factors, which are small lipid-rich vesicles with 20 to 50 nm in diameter; in 1967, Wolf called it “platelet dust” (23). Endocytic vesicles were first identified in mature mammalian reticular cells (immature erythrocytes) in 1983 by Stahl’s (24) and Johnstone’s teams (25). In 1987, Johnstone et al. (26) defined vesicles formed in multivesicular bodies by endocytosis and released by the fusion of multivesicular bodies with plasma membrane as “exosomes”. In the following decade, exosomes were not taken seriously by researchers. In 1996, Raposo et al. (27) reported that exosomes secreted from B lymphocytes, which carry MHC class II molecules, costimulatory factors, and adhesion factors, could represent antigens. Studies have shown that these B cell-derived exosomes can directly stimulate the antitumor response of CD4+ cells. In 2007, Valadi et al. (28) found that RNA can be exchanged between different cells through exosomes and confirmed that tumor exosomes could promote or inhibit the growth and metastasis of tumor cells. The 2013 Nobel Prize in Physiology or Medicine was awarded by United States scientist James E. Rothman and Randy W.Schekman, Thomas C. Three scientists from Südho were awarded for their discovery of the regulatory mechanism of vesicular trafficking, the main transport system in cells, which pushed exosomes to a new climax. However, during the past decade, significant advancements have been achieved in this field of study, particularly the discovery of exosomal miRNA activity, which is crucial in cancer research. Therefore, exosomes can be used as diagnostic markers and prognostic indicators for tumors (29). Due to its characteristics can also be used as a carrier for drugs and functional molecules, providing a novel clinical therapeutic mode (30).




3 Diagnostic value of exosomal ncRNA in EC

The “Asian esophageal cancer belt” extends from northern Iran through the Central Asian republics to Mongolia and north-central China. It is a special high-risk area for Esophageal squamous cell carcinoma (ESCC), with China alone accounting for more than half of the global cases (31). Because the early symptoms of EC are not obvious, patients are often in the middle and late stages when they are diagnosed, severely impacting their families and daily lives (32). Therefore, early detection and prompt treatment of esophageal cancer are of clinical importance (33). There is increasing evidence that early diagnosis and accurate prediction of treatment effects can significantly improve the ESCC patient’s prognosis (34). However, the specificity and sensitivity of its diagnostic and prognostic biomarkers remain unsatisfactory. Numerous studies have shown that cancer cell-derived exosomes contain specific nucleic acids and proteins that reflect the cancer cells’ origin (35). Therefore, exosomes are novel and potential biomarkers in many cancer types (36). Compared to other cancer biomarkers (such as circulating tumor cells (CTC) and circulating tumor DNA (ctDNA), exosomes have the advantages of sufficient quantity, strong stability, and strong accessibility (37, 38). Almost all cancer cell types can secrete numerous exosomes, and exosomes exist in almost all body fluids, such as blood, saliva, urine, tissue fluid and cerebrospinal fluid, which broadens the selection range of liquid biopsy sample sources (37, 39).



3.1 Exosomal miRNA in EC

Lin et al. (40) showed the presence of miRNA in EC patients’ saliva and animal saliva exosomes. Furthermore, the chimeric RNA level in saliva exosomes can be used for the first time as a noninvasive biomarker for detecting early and late EC for postoperative monitoring, therapeutic response, and tumor recurrence (41).

The study of Li et al. (37), by comparing small RNAs in salivary exosomes from ESCC patients with RNA from healthy controls, a cancer-rich dual sesncRNA profile (i.e., tRNA-GlyGCC-5 and sRESE) was identified in salivary exosomes, which represents a non-invasive, convenient, and reliable biomarker for human ESCC diagnosis, prognosis, and especially prediction of preoperative patients who may benefit from adjuvant therapy.

Furthermore, samples from 51 patients with ESCC and 41 patients with benign illnesses were collected (i.e., the control group). Exosomal miR-21 levels were significantly increased in ESCC groups compared to controls (42). Exosome miR-21 may be a useful biomarker for detecting ESCC progression or efficacy of ESCC.




3.2 Exosomal IncRNA in EC

Yan et al. (43) found that serum exosomal lncRNA can be used as a biomarker for diagnosing and prognosis of EC. Furthermore, the lncRNA of four UCA1, ESCCAL-1, PEG10 and POU3F3 was most significantly up-regulated in EC exosomes. Similarly, increased expression levels are also observed in patients with advanced disease stages. Using ROC analysis, some lncRNAs showed high diagnostic values, e.g. AUCs for UCA1 and POU3F3 were 0.733 and 0.717, respectively. Based on these findings, the exosomal lncRNA combination provides a more sensitive diagnosis of ESCC, particularly for early disease. In Huang et al. (44), lncRNA PCAT1 was present in ESCC cell-derived exosomes and upregulated in the serum of ESCC patients. Further studies have shown that PCAT1 is an oncogene in ESCC and promotes ESCC progression by binding to miR-326. PCAT1 can be used as a therapeutic target and a potential non-invasive biomarker for ESCC patients.





4 Influence of exosomal ncRNA on migration, and invasion of EC

In the field of tumor research, there have been considerable literature reports that exosomes can participate in many tumors’ progression, including promoting tumor proliferation, metastasis, and invasion (45, 46), inhibiting tumor cell apoptosis (47), regulating cell cycle (48, 49) and autophagy (50). The tumor-derived exosomal lncRNA ZFAS1 promotes proliferation. It inhibits apoptosis by up-regulating STAT3 and down-regulating miR-124, thus benefiting ESCC cells’ tumorigenesis (8). Tumor-derived exosomal miR-19b-3p can target Chromosome 10 promote EC cell invasion and inhibit apoptosis (51). Matsumoto et al. demonstrated that tumor-derived exosomes (52)could promote tumor progression and malignant transformation by altering gene expression and tumor cell phenotype (48). For example, Tumor-derived exosomal lncRNA PCAT1 (prostate cancer-associated transcript 1) promote ESCC cell proliferation via the sponge tumor suppressor miR-326 (44).

Cancer-associated fibroblasts (CAFs) are one of the most important components of the tumor microenvironment and play an essential role in tumor occurrence and development (53). Similarly, CAFs have been shown to contribute to tumor development and progression (52, 54). Zhao et al. found that CAF-derived exosomes could improve the ESCC cells’ growth and migration through the Hedgehog signaling pathway (55). Furthermore, CAFs use the exosomal miR-451 as a signaling molecule, providing a favorable niche for tumor cell migration and cancer progression (56).

Tumor-associated macrophages (TAM) are infiltrating macrophages in tumor tissues. The researchers found that exosomes secreted by ESCC cells can induce macrophage polarization to the M2 type through its content miR-301a-3p. Moreover, the TAMs proangiogenic switch is triggered by exosomes miR-301a-3p secreted by ESCC cells through PTEN/PI3K/AKT signaling pathway (57). These studies highlight the important role of exosomes in the growth and migration of EC.




5 Exosomal ncRNA promote drug resistance in ESCC

Chemoradiotherapy is one of the most common treatments for advanced esophageal cancer, and chemotherapy resistance signifies chemotherapy failure. Therefore, the mechanism of human chemoradiotherapy resistance and how to reverse chemoradiotherapy resistance are pressing issues that must be resolved in tumor treatment. In tumors, most exosomes are tumor development promoters (58–60). Exosomes can serve as tumor signaling vectors. One of the adverse clinical impacts of exosomes as a source of tumors is their capacity to transfer resistance horizontally (61–63). Drug-resistant tumor cells can transfer drug resistance to sensitive cells through exosomes (18, 64), thus generating new anti-tumor cell reservoirs. Exosomes from drug-resistant tumor cells may confer resistance phenotype to sensitive cells through intercellular signaling.

Kang et al. found that exosomes from gefitinib-resistant cells containing the long non-coding RNA lncRNA PART1 promoted gefitinib resistance in ESCC via the miR-129/blc-2 axis (65). Exosomes containing miR-21 from cisplatin-resistant cells promote the development of cisplatin resistance in ESCC by targeting programmed cell death 4 (PDCD4) (66).Additionally, exosomal miR-193 delivery to ESCC cells increases cisplatin resistance by activating the janus kinase (JAK)-STAT signaling pathway (67). Furthermore, ESCC-derived exosomal lncRNA POU3F3 transforms fibroblasts (NF) into CAFs, and these CAFs can secreted IL-6 then enhances cisplatin resistance in ESCC cells (68). A recent study found that the hypoxic tumor cell-derived exosomal miR-340-5p confers radioresistance in ESCC by targeting KLF10/UVRAG (69). The miR-340-5p level in plasma exosomes is closely related to radiotherapy response and prognosis. MiR-340-5p may be a therapeutic target for overcoming radioresistance in ESCC. Luo et al. demonstrated that tumor-derived exosomal miR-339-5p enhanced the radiosensitivity of ESCC cells by targeting Cdc25A (70). These studies suggest that exosomes are vital in regulating resistance to EC therapy. It is believed that with further research, the role and mechanism of exosomes in esophageal cancer resistance will be gradually revealed and finally applied to clinical practice.




6 Targeted delivery of modified exosomes and their prospects

Exosomes are widely distributed and can shuttle freely in the body, known as the “Trojan Horse”. Exosomes have a role in various physiological and metabolic processes in the body, as they facilitate the flow of information between cells (71–73) (Figure 2). Meanwhile, exosomes also have the characteristics of non-immunity and easy penetration of cell membranes and can be specifically recognized by receptor cells (74). Therefore, exosomes have unique natural advantages as drug delivery vehicles (75). Research on drug delivery by exosomes has become a hot spot in recent years. Some small-molecule chemical and gene drugs have been successfully loaded into exosomes, showing great potential in treating various cancers (76, 77).




Figure 2 | Exosomes and their cargoes, extracted from human plasma or saliva, are widely involved in the pathophysiology of ESCC: (A) Early diagnosis; (B) prognosis; (C) Therapeutic response evaluation.



Researchers at Oxford University have used exosomes as carriers to load therapeutic siRNA for treating Alzheimer’s disease. By modifying exosomes to have specific cell targeting, they not only successfully passed the blood-brain barrier but also accurately delivered therapeutic siRNA to target cells, reducing the mRNA and protein expression levels of corresponding genes in target cells, thus achieving the purpose of disease treatment (78, 79).

Exosomes are vital as drug carriers in enhancing anti-cancer response and targeted drug delivery (77, 80, 81). Exosomes can transport small molecules, such as nucleic acids, to target cells, and there are increasing studies using exosomes as vectors to deliver therapeutic nucleic acids for cancer treatment (82, 83). As a natural RNA vector, exosomes have high circulating stability and inherent homing ability, which has the advantage of simultaneous loading of multiple therapeutic nucleic acids compared with conventional antitumor delivery systems (84). Shtam et al. reported using exosomes to deliver latent therapeutic siRNAs against cancer cells to target cells. The successful delivery of siRNA to recipient cells was observed using confocal microscopy and flow cytometry. The significant reduction of oncogene protein levels and the mass death of cancer cells further proved that siRNA could be effectively delivered to target cells (85).In addition, Adriamycin-and paclitaxel-loaded exosomes have been used in cancer therapy with low immunogenicity and toxicity (86, 87). The utility of paclitaxel-loaded exosomes has improved efficacy in treating multidrug-resistant cancer cells (80). Cumulatively the above studies indicate that exosomes are an effective tool for carrying and delivering anticancer drugs.




7 Discussion

In this article, we attempt to summarize the exosomal ncRNAs’ role in the diagnosis, growth, metastasis, drug resistance and targeted delivery of EC. Additionally, we discussed using exosomal ncRNA as biomarkers and therapeutic tools for the diagnosis, prognosis and prediction of EC.

Although exosomal ncRNA has considerable application potential, challenges prevent its practicality. First, clinical samples require more accurate and standardized purification methods. Secondly, there are multiple bioactivators in exosomes and their main functional components still need further study. Currently, there is no standardized method for isolating and identifying exosome from biological body fluids. The methods used in the reported study lack repeatability and inconvenience, which limits their widespread use. Moreover, an ideal exosome enrichment strategy with high purity and efficiency cannot be obtained. Due to the lack of large-scale exosomes for clinical research, exosome-based engineering applications are limited to cellular or animal experiments. Finally, a systematic and in-depth study on the exocrine mechanism involved in tumor occurrence and development is lacking, Implementing exosomal ncRNA based diagnosis and treatment strategies still faces significant difficulties, but these tactics must be translated into practical application soon to assist EC patients.
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Purpose

The present study aimed to compare immune activation among different irradiated sites and identify potential short-term efficacy prognostic factors in patients with advanced squamous cell esophageal carcinoma (ESCC) who received radiotherapy (RT) and immunotherapy.





Patients and methods

We recorded the clinical characteristics, blood cell counts, and derived blood index ratios, including neutrophil-to-lymphocyte ratio (NLR), lymphocyte-to-monocyte ratio (LMR), platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (SII), at three time points (before, during, and after RT) in 121 patients with advanced ESCC who had received RT and immunotherapy. Chi-square test and univariate and multivariate logistic regression analyses were used to calculate the relationships among inflammatory biomarkers (IBs), irradiated sites, and short-term efficacy.





Results

Delta-IBs were calculated as (medio-IBs - pre-IBs) ÷ pre-IBs. The medians of delta-LMR, and delta-ALC were the highest, whereas the median of delta-SII was the lowest in patients with brain radiation. Treatment responses were observed within 3 months after RT or until the beginning of the next line therapy, and the disease control rate (DCR) was 75.2%. The areas under the receiver operating characteristic curve (AUCs) for delta-NLR and delta-SII were 0.723 (p = 0.001) and 0.725 (p < 0.001), respectively. Multivariate logistic regression analysis showed that the treatment lines of immunotherapy (odds ratio [OR], 4.852; 95% confidence interval [CI], 1.595-14.759; p = 0.005) and delta-SII (OR, 5.252; 95% CI, 1.048-26.320; p = 0.044) were independent indicators of short-term efficacy.





Conclusion

In this study, we found that RT to the brain had a stronger immune activation effect than RT to extracranial organs. We also found that earlier-line immunotherapy plus RT and a decrease in SII during RT may generate better short-term efficacy in advanced ESCC.





Keywords: squamous cell esophageal carcinoma, inflammatory biomarkers, immune activation, irradiated sites, short-term efficacy




1 Introduction

Squamous cell esophageal carcinoma (ESCC) is the most common histological type of esophageal cancer (EC) in China (1, 2). Most patients have advanced or metastatic disease when diagnosed, with a 5-year survival rate of less than 20%. Immune checkpoint inhibitors (ICIs), mainly targeting programmed cell death receptor-1 (PD-1) and its ligand (PD-L1), have greatly improved outcomes and have been added to the current standard of care, which includes platinum-based chemotherapy. However, the current study demonstrated that the survival benefit from ICIs alone is limited, as patients frequently develop immune resistance, regardless of whether the tumor is immunogenic or whether the microenvironment is immune-suppressive (3). Thus, combination strategies for advanced ESCC patients receiving immunotherapy are required to overcome immune resistance and achieve optimal therapeutic benefits.

Radiotherapy (RT), another pillar of advanced EC treatment, can activate the innate and adaptive immune responses by enhancing the presentation of tumor antigens and increasing T lymphocyte infiltration to potentiate the effects of immunotherapy, which involves a variety of inflammatory cells, cytokines, and chemokines in the tumor microenvironment (4–7). Zhang and colleagues found that in locally advanced ESCC, RT plus anti–PD-1 antibody as first-line therapy is safe and feasible (8). Studies have shown that systemic inflammation is a hallmark of the development and progression of malignant tumors, which usually occurs when the balance between the inflammatory cells (neutrophils and monocytes) and tumor-specific lymphocytes becomes disrupted (9, 10). RT activates pro-inflammatory factors including interferons and chemokines that attract activated T cells into tumors (11). When the anti-cancer therapy triggered by RT works, the body improves the immune status by increasing the lymphocyte count and decreasing monocytes, which leads to increased lymphocyte count and lymphocyte-to-monocyte ratio (LMR) (12). Moreover, a number of inflammatory biomarkers (IBs) and their derived ratios have been investigated as prognostic indicators in various cancers. The systemic immune inflammation index (SII), an integrated indicator based on peripheral lymphocyte, neutrophil, and platelet counts, is a strong prognostic indicator for patients with several tumor types (13). Recent studies have revealed that higher neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR) are associated with poorer outcomes in ESCC (14, 15). Lymphocytes are important in promoting antitumor immunity, and a higher lymphocyte-to-monocyte ratio (LMR) generally indicates better survival and response to immunotherapy (15–17). The mentioned IBs and their derived ratios change when patients undergo RT and immunotherapy, as a result of differences in radiosensitivity among different immune cell types (18).

However, local relapses often occur following RT, suggesting RT-induced responses are inadequate to maintain antitumor immunity (19). Many preclinical studies (6, 19) have validated that locoregional tumor control increases when radiotherapy is combined with checkpoint blockade immunotherapy. Clinical studies in colorectal cancer and non-small cell lung cancer (NSCLC) also showed that RT synergized with ICIs and improved the therapeutic effect (20, 21). The increased infiltration of CD8 effector cells and increased ratio of CD8 effector cells to regulatory T cells may explain this immune-based mechanism for combinatorial efficacy (22). In addition, previous studies have reported that, as a result of spatial intratumor heterogeneity and temporal heterogeneity in ESCC, the bulk tumor might include a diverse collection of cells harboring distinct molecular signatures and cancer-related signaling pathways with differential levels of sensitivity to treatment (23–26). Inherent differences exist in the immune microenvironment of different metastatic sites, from the relatively immune-privileged brain protected by the blood-brain barrier to the lung and liver, which are constantly exposed to antigens and have a relatively immunotolerant microenvironment. Studies have also shown that stereotactic ablative RT (SAR) induces systemic immunologic changes that are dependent on the irradiated site (27). Consequently, we speculated that the synergistic effect of RT and immunotherapy on different metastases could produce different immune system changes; however, few studies have explored how to optimize RT with immunotherapy for advanced ESCC with multiple metastases to achieve the optimal combined response.

In this study, we collected the mentioned IBs to examine the immune activation effect among different irradiated sites during radioimmunotherapy and explore the potential factors related to short-term efficacy in advanced ESCC patients who received RT as well as immunotherapy.




2 Patients and methods



2.1 Study design and patients

This retrospective study reviewed data of patients who had received radiotherapy (RT) for advanced ESCC with immunotherapy at Shandong Cancer Hospital and Institute between July 2019 and December 2021. We enrolled in the study 121 patients who had received RT for primary or metastatic solid tumors after or concurrent with immunotherapy combined with chemotherapy. The inclusion criteria were as follows: (a) histologically confirmed ESCC from available biopsy specimens; (b) Karnofsky score ≥70; and (c) absence of any other primary tumor or chronic inflammatory disease. Patients with early stage or non-ESCC were excluded from the study. All patients were staged according to the eighth edition of the American Joint Committee on Cancer (AJCC) tumor, node, metastasis (TNM) staging for EC. The study was approved by the institutional review board of Shandong Cancer Hospital and Institute. The need for written informed consent was waived due to the retrospective nature of the study.




2.2 Treatment characteristics

All patients were treated with RT and immunotherapy, either simultaneously, or sequentially. We defined the group of patients for whom the initiation of immunotherapy preceded the first day of RT as the immunotherapy-prior-to-radiotherapy group. Concurrent radio-immunotherapy was identified as immunotherapy initiated during the interval from the first day to the 7 days after completion of RT. In this study, RT was delivered using tomographic radiation therapy or intensity-modulated radiation therapy. Patients underwent 10 to 34 fractions of conventional fractionated RT (CFRT) at 1.8-4.0 Gy per fraction, 3 to 10 fractions of stereotactic body RT (SBRT) at 5.0-12.5 Gy per fraction, or 30 to 50 fractions of hypofractionated RT (HFRT) at 1.2-1.3 Gy per fraction for the primary or metastatic site (including the drainage area or non-area lymph node with or without esophagus mass, bone, brain, liver, lung, or other organs). For systemic treatment, all patients were administered anti-PD-1 agents until disease progression or unacceptable toxicity was observed.




2.3 Data collection

Clinicopathological characteristics including age, sex, Karnofsky score, smoking and drinking status, TNM stage, treatment mode, immunotherapy, and RT details were extracted from the patients’ medical records. The laboratory data collected included absolute white blood cell count (WBC), absolute neutrophil count (ANC), absolute lymphocyte count (ALC), absolute monocyte count (AMC), absolute platelet count (APC), absolute eosinophil count (AEC) and NLR, LMR, PLR, SII, which are derived from them. The NLR, LMR, PLR and SII were calculated using the following formulas: NLR = ANC/ALC, LMR = ALC/AMC, PLR = APC/ALC, SII = APC× ANC/ALC. These immune-related IBs were calculated for three time periods: approximately 1 month before RT or from the start of immunotherapy to the start of RT (pre-IBs), during RT (medio-IBs), and within 2 months after RT or from the end of RT to the beginning of the next line of treatment (post-IBs). We recorded IBs more than once in each period and then averaged them. The delta-IBs were calculated as (medio-IBs - pre-IBs) ÷ pre-IBs.




2.4 Response evaluation

Therapeutic responses were evaluated based on RECIST 1.1. The physician’s follow-up included clinical assessments, enhanced computed tomography (CT) scans, esophageal barium meal, and other examinations, as needed. Additional imaging, including brain magnetic resonance imaging (MRI) and whole-body bone scan, was obtained based on symptoms, and the tumor responses were evaluated as complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). PR and CR represented responsiveness, while SD and PD were defined as non-responsive. Short-term efficacy was defined as responses within three months after RT or until the beginning of the next line therapy. We used disease control rate (DCR), including SD, PR, and CR, to represent the maximum responsive population.




2.5 Statistical analysis

All statistical analyses were performed using IBM SPSS Statistical software, version 25.0. The correlation between the different irradiated groups and IBs was analyzed using chi-square test. The difference among irradiated groups was identified by pairwise comparisons. The cutoff values for delta-NLR, delta-LMR, delta-PLR, and delta-SII were defined using the receiver operating characteristic (ROC) curve. Univariate and multivariate logistic regression analyses were used to evaluate the associations between variables and short-term efficacy. Variables with a p-value < 0.05 in the univariate analysis were included in the multivariate analysis using backward stepwise model selection. Odds ratios (ORs) were reported with 95% confidence intervals (CI). Significance was defined as a p-value of 0.05 or lower.





3 Results



3.1 Patient characteristics

In total, 121 patients with advanced ESCC who met the inclusion criteria were enrolled in this retrospective study. Detailed clinical characteristics of the patients are presented in Table 1. The majority of patients were male (n=113, 93.4%), and the median age was 59 years. First-line immunotherapy was employed for 52 patients (43.0%). In all, 92.6% (n=112) of patients were diagnosed with stage IVB.


Table 1 | Baseline demographics and clinical characteristics.






3.2 Irradiated site correlation with IBs

To analyze the relationship between irradiated organs and IBs, the patients were divided into eight groups based on the irradiated sites: drainage area lymph node (esophagus), non-area lymph node (esophagus), drainage area lymph node and non-area lymph node (esophagus), bone, brain, liver, lung, and soft tissue. IBs were converted into binary variables according to the medians. Chi-square test was used to analyze the correlation between IBs and RT groups (Table 2). Three of the IBs were related to the irradiated sites, the p-value of delta-LMR, delta-SII, and delta-ALC was 0.009, <0.001, and 0.018, respectively.


Table 2 | Correlation between IBs and RT groups.



Pairwise comparisons were performed within groups based on the above three indicators. As shown in Figure 1, there were statistical differences between the brain irradiation group, and the drainage area lymph node and non-area lymph node (esophagus) group. The brain irradiation group showed the highest medians of delta-LMR, and delta-ALC and the lowest median of delta-SII when compared to the other groups.




Figure 1 | Statistical differences among irradiation sites existing in three inflammatory biomarkers (IBs). The medians of the delta-LMR, and delta-ALC in the brain irradiation group were the highest compared with the other groups, while it was the lowest in delta-SII. LMR, lymphocyte-to-monocyte ratio; SII, systemic immune inflammation index; ALC, absolute lymphocyte count.






3.3 IBs correlation with therapeutic response

Of the 121 advanced ESCC patients, only one reached CR, 20 patients achieved PR, 70 patients showed SD, and 30 patients developed PD, yielding an overall response rate (ORR) of 17.4% and a DCR of 75.2%. The ROC curve was used to analyze the short-term efficacy of delta-IBs. The areas under the ROC curve (AUCs) for delta-NLR, delta-LMR, delta-PLR, and delta-SII were 0.723 (95% CI, 0.609–0.836; p = 0.001), 0.661 (95% CI, 0.542–0.781; p = 0.012), 0.640 (95% CI, 0.516–0.764; p = 0.029), and 0.725 (95% CI, 0.608–0.841; p < 0.001), respectively (Figure 2). The AUC value <0.7 was considered to indicate inferior performance for model prediction. Herein, we reserved the delta-NLR and delta-SII to assess their predictive value for short-term efficacy. In univariate analysis, the treatment line of immunotherapy (OR, 4.089; 95% CI, 1.528-10.943; p = 0.005), delta-NLR (OR, 4.244; 95% CI, 1.685-10.690; p = 0.002), and delta-SII (OR, 5.882; 95% CI, 2.255-15.344; p < 0.001) were significantly associated with short-term efficacy (Table 3). No significant differences were found between the irradiated sites and short-term efficacy. In multivariate analysis, the treatment line of immunotherapy (OR, 4.852; 95% CI, 1.595-14.759; p = 0.005) and delta-SII (OR, 5.252; 95% CI, 1.048-26.320; p = 0.044) were correlated with short-term efficacy. We further observed changes in the SII value during treatment, and an increase in the SII value was observed in the PD group (p < 0.001), indicating poor efficacy (Figure 3).




Figure 2 | Receiver operating characteristic (ROC) curves of delta-NLR (A), delta-LMR (B), delta-PLR (C), and delta-SII (D) for short-term efficacy. The areas under the curve (AUCs) for delta-NLR, delta-LMR, delta-PLR, and delta-SII were 0.723, 0.661, 0.640, and 0.725, respectively. NLR, neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune inflammation index.




Table 3 | Uni- and multivariate logistic regression analysis of clinical characteristics and inflammatory parameters with short-term efficacy.






Figure 3 | Changes of the SII value during treatment in non-PD and PD group. SII, systemic immune inflammation index; RT, radiotherapy; PD, progressive disease.







4 Discussion

As hematological IBs can reflect changes in the immune system, we used delta-IBs, including delta-NLR, delta-LMR, delta-PLR, delta-SII, delta-AEC, delta-WBC, delta-ALC, delta-ANC, delta-AMC, and delta-APC, to examine the immune activation of RT at different sites and their predictive effect on short-term efficacy. We found that brain irradiation may stimulate stronger immune activation than other extracranial organs, and lower delta-SII and earlier lines of ICIs were found to be independently associated with better short-term efficacy in patients with advanced ESCC who received RT and immunotherapy. To the best of our knowledge, this retrospective study is the first to investigate the immune activation of different irradiated sites as well as the relationship between delta-IBs and short-term efficacy in patients with advanced ESCC receiving radioimmunotherapy, and it may provide useful instructions for implementing individualized treatment regimens.

The current normative treatment for advanced ESCC is a combination of PD-1 agents and platinum-based chemotherapy agents. RT has historically been used to relieve the symptoms of relapse and metastases. Evidence suggests that radiation may eliminate tumors by activating local and/or systemic immune responses, particularly when combined with immunostimulatory agents such as ICIs. Many preclinical studies have shown that radiation may modulate the tumor microenvironment by enhancing the release of neoantigens, upregulating the expression of MHC molecules in cancer cells, increasing effector T-cell infiltration, and activating the cyclic GMP-AMP synthase (cGAS) and stimulator of interferon genes (STING) innate immune response (28). Consistent with our study, Wu et al. showed that brain irradiation induced the best immune activation effect when compared to other organs in advanced NSCLC (12). For strong immune activation of the brain in advanced ESCC, we speculated that irradiation of the brain destroyed the blood-brain barrier (BBB); thus, ICIs were able penetrate the brain and exert their pharmacodynamic effect (29). Therefore, patients with advanced ESCC and brain metastasis, even without symptoms, should receive RT as early as possible to activate the immune system. A clinical trial with a larger sample size is warranted.

Elevated SII denotes increased neutrophil and platelet counts and/or lymphocytopenia. Neutrophils have been shown to accelerate tumorigenesis by releasing genotoxic DNA substances, stimulating tumor cell proliferation by secreting PGE2, activating tumor angiogenesis by releasing Bv8 and matrix metalloproteinase 9 (MMP9), and promoting tumor cell migration, invasion, and extracellular matrix degradation (30). Tumor-activated platelets contribute greatly to tumor progression, metastasis, and immunosuppression via C-type lectin-like immune receptor 2 (CLEC- 2) (31). Contrary to neutrophils and platelets, T-lymphocytes have been shown to inhibit tumor proliferation and metastasis, induce cytotoxic cell death, and foster antitumor immune responses (32). In recent years, a growing number of studies have demonstrated the predictive value of SII in patients with ESCC undergoing surgery and neoadjuvant therapy (33–36). However, limited studies are available that use delta-SII to predict the efficacy for any tumor. In locally advanced non-squamous NSCLC, Biswas et al. observed that SII is an informative mid-treatment marker of overall survival and progression-free survival (37). Wang et al. found that the pre-/post-RT SII ratio and mid-RT SII ratio were potentially effective markers for predicting ESCC prognosis (33). Similarly, in this study, an elevated delta-SII, referring to the changes in SII before and during RT, indicated worse short-term efficacy in patients with advanced ESCC who received radioimmunotherapy. The AUC of the delta-SII was maximal in these four indicators, suggesting delta-SII has the best predictive value for short-term efficacy in this population.

Of the enrolled 121 patients, six received SBRT with a DCR of 83.8%, including four SD and one PR patients; five of them received HFRT with a DCR of 80.0%, including three SD and one PR patients, while the DCR in patients who received CFRT was 74.5%. Better efficacy was observed in patients who underwent SBRT and HFRT. Limited by the small sample size, more convincing research with a larger population is necessary to clarify the currently unclear mechanism. Regrettably, we did not find any significant association between short-term efficacy and different irradiation sites in this study. A possible explanation might be that metastases of EC mainly involve lymph nodes, while bone, liver, and brain metastases are relatively few.

Our study had several limitations. First, because of its retrospective nature, it was inevitably affected by loss of data, clinical bias of treatment choice, and unavailability of fresh serum specimens, which leads to a lack of molecular research. Moreover, the follow-up of our study was not long enough, as this study mainly explored the relationships between characteristics and short-term efficacy, not survival. Third, chemotherapy regimens were not recorded in this study, and different systemic regimens among the irradiation groups may have affected therapeutic efficacy. Therefore, a prospective study with a large sample size, more detailed RT parameters, such as dose, fraction, and sequencing of radiation combined with immunotherapy, and more molecular-biological index is needed to investigate the mechanism and optimal combination therapy strategy in advanced ESCC.

In conclusion, for patients with advanced ESCC receiving radioimmunotherapy, brain irradiation may trigger stronger immune activation than that of extracranial organs. Delta-SII and line of ICIs have predictive value for short-term efficacy, which may provide guidance for individualized treatment regimens.
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The prognosis for patients with advanced gastric cancer (AGC) is poor, with limited treatment options available due to the difficulty of resection. In recent years, chemotherapy and immunotherapy for AGC have shown promising efficacy. However, there is a controversy regarding the surgery of primary tumors and/or metastases in patients with stage IV gastric cancer after systematic therapy. Here, we present a 63-year-old retired female of AGC with supraclavicular metastasis with positive PD-L1 and tumor mutational burden-high (TMB-H). After receiving 8 cycles of capecitabine and oxaliplatin (XELOX) in combination with tislelizumab, the patient achieved complete remission (CR). No evidence of recurrence was identified during follow-up. To the best of our knowledge, this is the first case of AGC with supraclavicular metastasis who achieved CR after treatment with tislelizumab. The mechanism of CR was discussed by genomic and recent clinical studies. The results indicated that programmed death ligand-1 (PD-L1) combined positive score (CPS) ≥5 may serve as a clinical indication and standard for chemo-immune combination therapy. In combination with other similar reports, patients with microsatellite instability-high/defective mismatch repair (MSI-H/dMMR), (TMB-H), and positive PD-L1 had better sensitivity to tislelizumab. The patient recovered successfully except for symptoms of gastrointestinal hemorrhage during treatment, which may be associated with the treatment cycle and age. Immunotherapy with tislelizumab has been well-established in the treatment of malignant melanoma, lung cancer, and clear-cell kidney cancer, but its efficacy and safety for esophageal and gastric cancers remain to be validated. The CR of our patient suggested the prospects of tislelizumab in the immunotherapy of gastric cancer. Additionally, a watch-and-wait (WW) method maybe offered for patients with AGC who achieved complete clinical remission (CCR) after immune combination therapy if the patient was older or in poor physical condition.
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Introduction

As one of the most common malignant tumors in China, gastric cancer (GC) has the third highest incidence and mortality rate among all malignant tumors, with the second highest incidence and third highest mortality rate among malignant tumors in males (1). The 5-year survival rate after surgery for early-stage GC is as high as 95%. However, the early symptoms of GC are not obvious and difficult to detect and are often diagnosed only when the disease deteriorates and progresses to an advanced stage (2). In this setting, patients with metastatic advanced gastric cancer (AGC) have a poor prognosis and extremely limited treatment. The 5-year survival rate for AGC has been reported to be only 8.8%-14.9% (3, 4), and complete remission (CR) is rare.

Currently, the primary goal of treatment in AGC is to alleviate symptoms and prolong survival. Chemotherapy serves as the primary treatment, and numerous studies and meta-analyses have revealed that systemic chemotherapy is superior to best supportive care (BSC) in treating AGC. Compared to BSC, chemotherapy prolongs the overall survival (OS) of patients by almost 6.7 months (5). From the 1970s to the 1980s, scientists conducted the exploration of antibody therapy and cytokine therapy. In the last decade, the discovery of immune checkpoint proteins (cytotoxic T lymphocyte-associated antigen-4 [CTLA-4] and programmed death 1 [PD-1]) represents a breakthrough in the field of tumor therapy (6–8), especially the discovery of PD-1/programmed death ligand-1 (PD-L1) signaling pathway and the emergence of inhibitors targeting PD-1/PD-L1 pathway are changing the current strategy of tumor therapy. In recent years, PD-1 inhibitors have also shown promising efficacy in AGC. However, PD-1 monotherapy with imperfect endpoints has suffered setbacks and faced major challenges in several phase III clinical trials (9, 10). As increasingly chemo-immune combination therapy is being explored in GC, the success of the CheckMate-649 trial has brought great confidence to first-line chemo-immune combination therapy. A total of 1581 patients were randomly assigned to nivolumab plus chemotherapy or chemotherapy alone to evaluate the efficacy of first-line nivolumab plus chemotherapy for AGC. The results showed that nivolumab plus chemotherapy significantly improved OS (13.8 vs. 11.6 months; hazard ratio [HR]=0.71, p<0.001) and progression-free survival (PFS) (7.7 vs. 6.9 months; [HR]=0.68; p<0.001) compared to chemotherapy alone. Subsequently, the data were disclosed from the ORIENT-16 study, which enrolled 650 patients randomly assigned to sintilimab plus chemotherapy or chemotherapy alone in a 1:1 ratio. At a median follow-up of 18.8 months, the median OS of patients who received sintilimab plus chemotherapy vs. chemotherapy alone was 15.2 months (95% confidence interval [CI], 12.9-18.4 months) vs. 12.3 months (95% CI, 11.3-13.8 months). Following the success of numerous clinical trials, PD-1 inhibitor plus chemotherapy has become the new standard first-line treatment option for AGC, and the chemo-immune combination therapy has been recommended by the 2022 National Comprehensive Cancer Network (NCCN) and 2022 Chinese Society of Clinical Oncology (CSCO) guidelines (9, 10). PD-1 inhibitors confer a remarkable survival benefit in patients with AGC, whereas immunotherapy only prolonged PFS and OS by 1 month and 2-3 months, respectively (9). In addition, surgical resection is inseparable from chemotherapy and immunotherapy in the treatment of gastric cancer. Several retrospective studies have evaluated the effect of surgery for primary tumors and/or metastatic lesions on patients with stage IV GC. The results suggest that surgery may be related to prolonged survival in some patients, such as those aged ≤70 years with one metastatic site, with one incurable site and a good response to preoperative systemic chemotherapy, or with liver metastasis that may be completely resected (11–13). However, the role of surgical intervention in metastatic GC remains an open question. Recent research has revealed that a multimodal approach including perioperative chemotherapy and/or conversion surgery may offer a better prognosis for selected patients and that the efficacy of surgery during immunochemotherapy varies depending on the biological characteristics of AGC (14).

It is still controversial whether to perform surgery after chemo-immune combination therapy, and there are no relevant systematic studies. The highlight of our case was that the patient was found to have the opportunity to undergo surgery at the end of the treatment and CR of the GC and metastases was achieved during the resection. The CR of our case is very rare compared to current clinical studies such as CheckMate-649 and ORIENT-16. We treated patient with capecitabine and oxaliplatin (XELOX) in combination with tislelizumab. Tislelizumab is an anti-programmed death receptor-1 (PD-1) inhibitor designed to help the body’s immune cells detect and fight tumors. Tislelizumab is specifically designed to minimize binding to the Fcγ receptor in macrophages. In the variable region of the antibody that binds to the PD-1 target, tislelizumab has a unique binding epitope that distinguishes it from nabulizumab and pablizumab, with a large overlap of the binding surface on PD-1 with PD-L1, enabling complete blockade of PD-1 binding to PD-L1 (15). The significant therapeutic effect may provide a reference for clinicians or provide a basis for subsequent relevant clinical trials for new treatment options.





Case description




Demographic information

On January 16, 2022, a 63-year-old retired female who presented with upper abdominal distension and pain for more than six months accompanied by weakness and progressive weight loss was admitted to our hospital. The patient complained of a history of hysterectomies. The patient had no other comorbidities, tobacco or alcohol dependence, or familial and hereditary disease. The physical examination showed epigastric tension and tenderness.





Diagnostic assessments

The patient underwent gastroscopy in other hospitals and the pathology suggested gastric cancer. However, the patient received no medical treatment and transferred to our hospital for further examination. Contrast-enhanced computed tomography (CT) (Figure 1A) of the thorax and abdomen showed uneven enhancement and thickening and soft tissue mass in the gastric body fundus, with carcinoembryonic antigen (CEA) serum level of 3.5 ng/mL and glycoantigen (CA724) serum level of 11.4 KU/L. Multiple enlarged lymph nodes were observed in the lesser gastric curvature, retroperitoneum, and parietal aorta, partially fused and poorly demarcated from the adjacent gastric wall. Additionally, multiple enlarged lymphatic shadows observed in the supraclavicular or infraclavicular fossa were recognized as supraclavicular lymph node metastasis (Figure 1B), which was proved by subsequent pathological examination. Simultaneously, positron emission tomography (PET)-CT revealed uneven thickening and formation of masses in the gastric wall of the cardia-fundus-gastric body, and multiple enlarged lymph nodes on the side of lesser gastric curvature, retroperitoneum, parietal abdominal aorta, and left supraclavicular and infraclavicular fossa (Figures 1C, D), all of which were metabolically active. Gastroscopy revealed a pericircular mass around the gastric sinus, which involved the gastric horn, the lesser curvature of the gastric body, and the cardia, resulting in deformation and narrowing of the pyloric hilum. Pathological findings confirmed Epstein-Barr virus (EBV)-associated hypofractionated adenocarcinoma with the following immunohistochemical parameters: cytokeratin (CK) (+), CK7 (-), P40 (-), CEA (partially+), human epidermal growth factor receptor 2 (HER-2) (0+), Ki-67 (+, 30%). The patient showed microsatellite stable (MSS) phenotype (MLH1/MSH2/MSH6/PMS2). The next-generation sequencing (NGS) of circulating tumor DNA analysis (Burning Rock, Guangzhou, China) revealed a positive expression of PD-L1 (combined positive score [CPS]=30), a negative expression of HER-2 with an Eastern Cooperative Oncology Group (ECOG) performance status of 1, gene mutations of PIK3CB p.K57T (27.12%) and PIK3CB p.D1067V (24.12%), and no mutation in epidermal growth factor receptor (EGFR) and TP53. A tumor mutational burden value of 20.94 mutations per megabase (muts/Mb) was evaluated as tumor mutational burden-high (TMB-H), which may be a biomarker for immunotherapy benefit. Finally, the patient was diagnosed with pT4NxM1 stage IV GC. An 8-cycle of capecitabine plus oxaliplatin (XELOX) in combination with tislelizumab was determined based on family opinions, TMB, and PD-L1 CPS levels under the guidance of the multi-disciplinary team (MDT) pattern.




Figure 1 | Computed tomography (CT) showed multiple enlarged lymphatic in the supraclavicular or infraclavicular fossa (A) and uneven enhancement and thickening in the gastric body fundus (B). The positron emission tomography (PET)-CT scan (C, D) revealed all lesions were metabolically active.







Therapeutic interventions and follow-up

After the physician team explained the condition and discussed it with the patient, the patient herself and her family requested immunotherapy combined with chemotherapy. From February 13 to September 6, 2022, the patient was treated with intravenous capecitabine (1000 mg twice a day on days 1-14) plus oxaliplatin (130 mg/m2 once on day 1) (XELOX) in combination with tislelizumab (200 mg once on day 1) as first-line chemotherapy for eight cycles (3 weeks per cycle) due to her supraclavicular lymph node metastasis and her satisfactory ECOG PS score, PD-L1 expression, and TMB score. Subsequently, a contrast-enhanced CT scan demonstrated normalization of the previously unevenly thickened gastric wall (Figure 1). However, the treatment was suspended after 4 cycles as the patient presented with gastrointestinal bleeding, which was confirmed as bleeding gastric ulcer. The treatment was restarted after giving symptomatic treatment such as fasting, hemostasis, and nutritional support for one month. At the end of eight cycles of treatment, the decision to perform laparoscopic total gastrectomy and esophago-jejunostomy was determined under the guidance of the MDT pattern due to the strong desire of the patient who wanted to eliminate both primary and secondary lesions and achieved disease-free state.

During the preoperative examination, dramatic results were observed. Preoperative contrast-enhanced CT of the thorax and abdomen (Figures 2A, B) showed that the uneven thickening of the gastric wall in the fundus and body of the stomach was reduced, and the multiple enlarged lymph nodes on the side of the lesser gastric curvature, retroperitoneum, parietal abdominal aorta, and left supraclavicular and infraclavicular fossa were reduced and shrunk. Similarly, compared to the PET/CT on February 08, 2022, preoperative PET/CT (Figures 2C, D) revealed a dramatic reduction in the previously uneven thickening of the gastric wall in the cardia-fundus-gastric body, a reduction in the size of the previously metabolically active lymph nodes in the left clavicular region, abdominal cavity, retroperitoneum, bilateral parietal iliac vessels, and anterior iliac, and a decline in metabolism to the background, which was considered as a post-treatment change. Gastroscopy revealed an ulcerated mass in the fundus and the lesser curvature of the stomach, with lesions involving the cardia, gastric horn, and part of the gastric sinus (Figure 2E). Subsequently, preoperative pathological examination of superficial mucosa (gastric body) suggested chronic active non-atrophic gastritis, which was consistent with ulcerative changes. No malignant lesions were observed, and the immunohistochemical showed creatine kinase (CK) (+).




Figure 2 | Preoperative contrast-enhanced computed tomography (CT) showed that the uneven thickening of the gastric wall and multiple enlarged lymphatic in the left cervical was reduced (A, B). The positron emission tomography (PET)-CT showed that the previously uneven thickening of gastric wall and the previously metabolically active lymph nodes in the left clavicular region was reduced, and metabolism dropped to the background (C, D). Gastroscopy after treatment revealed an ulcerated mass (E). The primary focus of stomach (F).



Thereafter, surgical intervention was implemented on October 14, 2022. The primary focus of the stomach is shown in Figure 2F. The pathological results showed (Figures 3A–C) : 1. the gastric tissue sent for examination showed ulcerative changes, no cancer cell residue was seen; Tumor Regression Score (NCCN standard) grade 0: No viable cancer cells, including lymph nodes; immunohistochemistry: 3#: CK (normal mucosal epithelium +); 5#: CK (normal mucosal epithelium +); 9#: CK (normal mucosal epithelium +); 2. no residual cancer cells were seen in the sent examination (proximal and distal margins) and in the self examination of both margins; 3. (Lymph node 2, lymph node 3, lymph node 4, lymph node 5) and self-examination of lymph nodes, no cancer cells were seen in lymph nodes (0/1, 0/3, 0/2, 0/1, 0/5, 0/1); among them (Mupa node 4, lymph node 5), necrosis and granuloma were seen, which were considered as post-treatment reaction; immunohistochemistry: 16#: CK (-); 4. (Lymph node 1) No lymphatic structures were seen, and no cancer cells were seen. The patient received a total of 8 cycles of XELOX, and the cumulative dose of oxaliplatin was 1040 mg/m2. No dose-related adverse events (AEs), such as peripheral neurotoxic symptoms, were observed. Simultaneously, the cumulative dose of tislelizumab was 1600 mg, and no AEs associated with tislelizumab (such as hypothyroidism, hyperthyroidism, and skin rash) were observed. The multidisciplinary discussion concluded that all examinations had confirmed that the primary and secondary lesions of the patient had been completely removed. The timeline is displayed in Figure 4. The patient was discharged on day 7 after surgery in good condition and resumed a normal life, demonstrating that CR was achieved with tislelizumab combined with XELOX chemotherapy. However, considering that the patient had stage IV GC, under the guidance of the multidisciplinary team (MDT), we still recommended that patients receive 4-5 cycles of chemotherapy combined Tislelizumab followed by tislelizumab monotherapy maintenance up to 2 years. Currently, the patient has received 3 cycles treatment in Dec 2022, Feb 2023 and Mar 2023 respectively, no evidence of recurrence was identified during follow-up.




Figure 3 | The gastric tissue sent for examination showed ulcerative changes, and no tumor cells remained (A, B). No residual tumor cells were seen in the lymph nodes sent for examination (C).






Figure 4 | Clinical course over time. It includes the treatments, diagnostic procedures and timing of disease progression.








Discussion

PD-1/PD-L1 targeted immunotherapy represents a new era in tumor treatment, which may be the most effective and safest way to treat tumors by fully utilizing and mobilizing tumor-killing T cells. The KEYNOTE-012 (16) study, announced on June 2016, officially opened the path to immunotherapy in GC. In the KEYNOTE-012 study, patients (including the US, Japanese, Korean and Taiwanese populations) with PD-L1-positive AGC received pembrolizumab monotherapy (10 mg/kg) as a ≥third-line treatment. The objective remission rate (ORR), median PFS, median OS, and the incidence of grade 3-4 treatment-related AEs (TRAEs) was 22%, 1.9 months, 11.4 months, and 13%, respectively, and there were no treatment-related deaths. The KEYNOTE-012 study was the first to demonstrate the promising antitumor activity and manageable toxicities of pembrolizumab in AGC. In recent years, immune checkpoint inhibitors (ICIs), represented by natalizumab and pembrolizumab, have been investigated in several clinical studies for the treatment of AGC, and sufficient data are available to confirm their safety and efficacy (16–19).

Meanwhile, the efficacy of chemo-immune combination therapy for AGC has also been confirmed by several clinical trials. A randomized, multicenter, phase III clinical trial (ATTRACTION-4) showed that chemo-immune combination therapy further improved the PFS (10.45 vs. 8.34 months) of Asian patients compared to chemotherapy alone (20). Our case demonstrated that chemo-immune combination therapy significantly prolonged the median OS and PFS of the patients, respectively, which was consistent with the results of the latest CheckMate 649 trial (9). However, the clinical indications and adapted molecular and immunological characteristics for combination therapy remain obscure.

Currently, researchers are focusing on molecular markers, including microsatellite instability-high (MSI-H), PD-L1, EBV, TMB, and HER-2 (21), with a view to these markers accurately predicting prognosis in the future. There is evidence that the addition of ICI to chemotherapy lacks benefit in low PD-L1-expressing gastroesophageal adenocarcinoma (GEAC) tumors, while it is shown to be effective in those with high PD-L1 expression (22, 23). In the CheckMate 649 trial (9), first-line chemotherapy combined with anti-PD-1 achieved encouraging efficacy in treating patients with positive PD-L1 expression (CPS ≥5), with prolonged median OS and median PFS. The ATTRACTION-4 trial (20) investigated the efficacy of nivolumab plus oxaliplatin-based chemotherapy for patients with HER2-negative advanced gastric or gastroesophageal junction cancer, regardless of PD-L1 expression. However, the results showed that nivolumab combined with oxaliplatin-based chemotherapy only significantly improved PFS, but not OS. The discrepant outcomes suggested that PD-L1 CPS ≥5 may serve as a clinical indication and standard for chemo-immune combination therapy.

Through a series of reviews of the relevant literature, a similar case report was noted (24). A 69-year-old patient with AGC of MSI-H, TMB-H, EBV positive, PD-L1 positive, and HER-2 negative received a combination regimen of chemotherapy and tislelizumab. After 3 cycles of treatment, pathological examination confirmed that the lesions had disappeared, which was similar to our case in terms of gene expression and clinical efficacy. ICIs have been approved in the United States for tumors exhibiting defective mismatch repair (dMMR), MSI, or TMB-H (25). Despite a positive correlation between TMB-H and GC incidence has been reported in meta-analyses, evidence also suggests that patients with high PD-L1 expression and TMB-H derive favorable survival benefits from ICIs (26). Meanwhile, it was reported in a study that PD-L1 positivity, Interferon-gamma (IFN-γ)-related gene signature, and TMB-H were positively associated with the clinical benefit of tislelizumab in advanced GEAC (27). It is uncertain whether this is a coincidence, but it is reasonable to speculate that patients with MSI-H/dMMR, TMB-H, and positive PD-L1 expression have better sensitivity to tislelizumab. If this hypothesis is confirmed by subsequent relevant studies, the studies will be practice-changing and identify indications for immunotherapy. The limitation of the presented case is the absence of the EBV burden of both lesions, which has a high correlation with the incidence and prognosis of GC (28).

A related study and several case reports with the application of tislelizumab found that TP53-mutant tumor cells improved the sensitivity of patients to tislelizumab by promoting the upregulation of PD-L1 expression and T-cell infiltration (29–31). Contrary to the above findings, the NGS of our patient did not show TP53 mutation but a high mutation of PIK3CB, and our patient might also benefit from PD-1/PD-L1 ICIs.

Notably, the patient presented with gastrointestinal bleeding during chemotherapy. The study (32) from Tian et al. indicated that GC patients with acute non-surgical related hemorrhage during chemotherapy had a poor prognosis. In contrast to this finding, our patient achieved a CR even despite the development of gastrointestinal bleeding caused by gastric ulcers. This anomaly is a question worthy of exploration, and the following reasons might partially explain it. On the one hand, gastrointestinal bleeding often leads to the interruption of anti-tumor therapy, and the fasting and anemia-related symptoms after bleeding reduce the opportunity to continue chemotherapy, leading to a decrease in patient survival. However, the treatment of gastrointestinal bleeding in our patient was prompt and did not interfere with the cycle of chemotherapy plus immunotherapy. On the other hand, a favorable prognosis is also associated with older age. Notably, in the context of GC combined with gastrointestinal bleeding, older patients have a better prognosis, which might be attributed to the increased susceptibility of the gastric mucosa to injury at older ages (33).

There are obstacles in the subsequent treatment of patients after chemo-immune combination therapy. One of the most important issues is whether the patients should undergo subsequent surgery, which is often related to whether the physical condition of patients can tolerate the surgery. For patients with AGC who achieve complete clinical remission (CCR), the watch-and-wait (WW) method rather than direct sequential surgical resection of the primary lesion may provide a new treatment option for a patient with an elderly or poor physical condition. However, it is still difficult to determine whether a patient has achieved CR by preoperative imaging and tumor biomarker assessment (34). The WW method can make a preliminary determination based on the tumor biomarkers of the patient. If multiple biomarkers against this treatment regimen are positive, it may suggest that the patient has a better prognosis for this approach. The WW strategy has been widely used in colon cancer (35). The excellent rectal preservation and pelvic tumor control of the WW strategy have been demonstrated, yet it may have worse survival in patients with local regrowth (36).

Recent studies have demonstrated both the short-term benefits of less blood loss, postoperative pain and faster recovery and the oncologic safety of laparoscopy (37). Thus, it is worth mentioning that we tried Laparoscopic total gastrectomy (LTG) on a patient even he had stage IV gastric cancer with metastasis before chemo-immune combination therapy. Currently, for early gastric cancer, Laparoscopic Distal gastrectomy(LDG) for stageIgastric cancer is strongly recommended as a standard treatment in guidelines (38). Additionally, clinical trial like JCOG1401 has also confirmed the feasibility of Laparoscopic total gastrectomy (LTG) and it is weakly recommended as a treatment for early gastric cancer (39). For advanced gastric cancer, although non-inferiority of overall survival of laparoscopic distal gastrectomy on locally AGC has been confirmed by many clinical trials (40–42), few data are available for laparoscopy total gastrectomy (LTG) for AGC and even fewer for laparoscopic surgery for AGC with metastasis. The Chinese Laparoscopic Gastrointestinal Surgery Research Group (CLASS) conducted a randomized controlled trial (LASS-01) of laparoscopic gastrectomy for stage T2–T4a gastric cancer with or without lymph node metastasis or distant metastasis in China and compared treatment with laparoscopy and open distal gastrectomy (43). The results indicated that laparoscopy was safe and effective (43). However, there are no relevant systematic studies examining the feasibility of laparoscopic surgery alone in progressive gastric cancer with metastasis. Our patient underwent chemo-immune combination therapy, and it is still controversial whether to perform Laparoscopic surgery in these patients due to the lack of systematic clinical trials. But we have tried several cases in our clinical practice with good results. The final dissemination will require a formal Phase III clinical study to confirm its effectiveness.

This is the first case of AGC with supraclavicular metastasis that achieved CR after treatment with tislelizumab combined with XELOX. Tislelizumab was approved by the National Medicinal Products Administration (NMPA) on December 2019 for the treatment of Hodgkin’s lymphoma in China. By blocking PD-L1/PD-L2-associated cell signaling to avert immune responses, tislelizumab promotes the production of cytokine and restores the clearing ability of T-cells, thus causing tumor cell death (44). Immunotherapy with tislelizumab has been well-established in the treatment of malignant melanoma, lung cancer, and clear-cell kidney cancer, but its role in the treatment of esophageal and gastric cancer is uncertain. Our patient with metastatic GC achieved CR with much better outcomes than most clinical studies of metastatic GC, based on especially CR rate (9). The patient in this study responded positively to this combination therapy and continues to demonstrate disease control, and the additional survival time reflects the superiority of the treatment scheme in this case.





Conclusion

Whether tislelizumab has bright prospects in the immunotherapy of gastric cancer and whether the watch-and-wait (WW) method can be applied to treatment of patients with AGC who achieved complete clinical remission (CCR) remain controversial. However, some cases have demonstrated their efficacy (24, 35). In conclusion, we reported a 63-year-old retired female of AGC with supraclavicular metastasis that successfully achieved CR through chemotherapy and immunotherapy, indicating the potential molecular biomarkers and providing possibilities of applying the watch-and-wait (WW) method to patients who are older or in poor physical condition. Nonetheless, supported only by several cases, our conclusions should be proved by accumulations of more cases with similar regimens as well as comparisons with the case characteristics of the successful use of tislelizumab to achieve CR through which the conclusions may better contribute to precision treatment of GC.
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Purpose

This study aims to develop and validate a prediction model for non-operative, epidermal growth factor receptor (EGFR)-positive, locally advanced elderly esophageal cancer (LAEEC).





Methods

A total of 80 EGFR-positive LAEEC patients were included in the study. All patients underwent radiotherapy, while 41 cases received icotinib concurrent systemic therapy. A nomogram was established using univariable and multivariable Cox analyses. The model’s efficacy was assessed through area under curve (AUC) values, receiver operating characteristic (ROC) curves at different time points, time-dependent AUC (tAUC), calibration curves, and clinical decision curves. Bootstrap resampling and out-of-bag (OOB) cross-validation methods were employed to verify the model’s robustness. Subgroup survival analysis was also conducted.





Results

Univariable and multivariable Cox analyses revealed that icotinib, stage, and ECOG score were independent prognostic factors for LAEEC patients. The AUCs of model-based prediction scoring (PS) for 1-, 2-, and 3-year overall survival (OS) were 0.852, 0.827, and 0.792, respectively. Calibration curves demonstrated that the predicted mortality was consistent with the actual mortality. The time-dependent AUC of the model exceeded 0.75, and the internal cross-validation calibration curves showed good agreement between predicted and actual mortality. Clinical decision curves indicated that the model had a substantial net clinical benefit within a threshold probability range of 0.2 to 0.8. Model-based risk stratification analysis demonstrated the model’s excellent ability to distinguish survival risk. Further subgroup analyses showed that icotinib significantly improved survival in patients with stage III and ECOG score of 1 (HR 0.122, P<0.001).





Conclusions

Our nomogram model effectively predicts the overall survival of LAEEC patients, and the benefits of icotinib were found in the clinical stage III population with good ECOG scores.





Keywords: esophageal cancer, unresectable, nomogram, icotinib, stage, ECOG  score




1 Introduction

Currently, concurrent chemoradiotherapy (CCRT) is the preferred treatment for unresectable locally advanced elderly esophageal carcinoma (LAEEC) (1–3). However, elderly patients often struggle to tolerate CCRT due to their poor performance status. Studies have demonstrated that only about one-third of elderly patients can complete concurrent chemoradiotherapy, which fails to improve their survival compared to radiotherapy alone, resulting in a median overall survival (OS) of less than 2 years (4–8). Thus, there is a pressing need to explore new therapeutic strategies for elderly patients with unresectable esophageal cancer.

Targeted therapy has emerged as a low-toxicity, high-efficiency antitumor systemic therapy (9–12). Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) represent the most common targeted drugs and play a crucial role in treating non-small cell lung cancer with EGFR gene mutations (10, 13–15). Research has shown that several EGFR-TKIs, including gefitinib and icotinib, exhibit a favorable safety profile in elderly patients, with significantly fewer adverse effects than cytotoxic drugs (16–20). Among these, icotinib has been reported to have lower adverse effects than gefitinib and better suitability for elderly patients or those with poor performance scores (21). Concurrently, EGFR overexpression has been observed in approximately 30-70% of esophageal cancers (22), and EGFR-TKIs have been demonstrated to disrupt cell proliferation and enhance the radiosensitivity of cancer cells (23, 24). This suggests that EGFR-TKIs could be a promising treatment option for EGFR-positive esophageal cancer.

Previous studies have shown that many EGFR TKIs, including erlotinib (23, 25, 26), gefitinib (27), cetuximab (15, 16) and icotinib (28) are effective and safe for patients with esophageal squamous cell carcinoma (ESCC). However, most of these studies focused on the combination of EGFR-TKIs with chemotherapy in metastatic esophageal cancer patients, with limited research on LAEEC. Therefore, we designed this study to investigate the efficacy of icotinib and establish a prediction model of icotinib for EGFR-positive LAEEC population, aiming to provide valuable insights into potential treatment strategies for this population.




2 Methods



2.1 Patients

A total of 80 LAEEC patients who received primary treatment at our hospital between 2014 and 2018 were enrolled in this study. All patients underwent radical radiation therapy with a dose of 60Gy/30F (2), and 41 of them received icotinib. Inclusion criteria were as follows: 1) pathologically diagnosed esophageal squamous carcinoma with immunohistochemical (IHC) confirmed overexpression of EGFR, 2) age >= 70 years, 3) limited stage (stage II-III, AJCC 7th) (29), 4) intolerance to surgery or refusal of surgery, and 5) complete treatment and have complete clinical pathology data. The flow chart is displayed in Figure 1.




Figure 1 | Study Flowchart: Patient Selection and Analysis.



This study was approved by the review committee of the Affiliated Huaian No.1 People’s Hospital of Nanjing Medical University. Informed consent was waived as it was a retrospective study.




2.2 Follow-up

Overall survival was defined as the time from initial treatment to the end of follow-up or death. All patients were followed up until 2022-08-01, with a median follow-up duration of 1.9 years.




2.3 Treatment procedures

All patients received radical radiation therapy (RT) using 6Mv X-rays through 3D conformal radiation therapy or intensity-modulated radiation therapy. Gross tumor volume (GTV) comprised the primary tumor and any metastatic regional lymph nodes. Clinical target volume (CTV) included total tumor volume, 3-5 cm longitudinal extensions along the esophagus, 0.5-1 cm horizontally extension, and regional lymph nodes. PGTV and PTV were defined as 0.5-1 cm outward expansion of GTV and CTV, receiving a dose of 60 Gy/30F/6W and 40-50Gy/20-25F/4-5W, respectively. Icotinib was administered at 125 mg, orally, three times daily, concurrently with RT.




2.4 Statistical analysis

Statistical analyses were conducted using R 4.2.1 (30) (R Foundation for Statistical Computing, Vienna, Austria). Age and tumor length were grouped by optimal cut-off point calculated by the “survminer” package (31). In this study, a total of 60 patients were confirmed dead. As OS was the positive event, according to the principle of 10 events per variable (10 EPV), the number of variables included in the final model should not exceed six. Categorical variables were expressed as numbers (percentages), and continuous data were expressed as mean ± standard deviation (SD). Differences between groups were compared using the chi-square test or Fisher’s exact test for categorical variables and the ANOVA test for continuous variables. Univariable and multivariable Cox analyses were employed to select the prognostic factors and develop a predictive model. Bidirectional forward and backward stepwise regression was utilized to optimize the model. A nomogram and a prognostic score (PS) were established based on the optimized model. The time-dependent ROC curve, calibration curve and decision curve were plotted by the “timeROC”, “riskRegression”, and “dcurves” packages (32–34) to evaluate the model’s performance. The “riskRegression” package (33) was employed to calculate the 1000-time average AUC, plot the time-dependent AUC curve and the calibration curve to verify the model’s robustness via bootstrap resampling and the internal cross-validation method outside the bag (OOB). The “survminer” package (31) was used to select the cut-off values, divide the patients into high-risk and low-risk groups, and compare the survival differences between the two groups with log-rank test. Finally, The survival benefit of icotinib in various subgroup populations was analyzed with log-rank test to identify the beneficiary population of icotinib. Univariable analysis was considered statistically significant at p < 0.1, and other analyses were considered statistically significant at p < 0.05.





3 Results



3.1 Patient characteristics

A total of 80 patients were included in this study, and their baseline characteristics are presented in Table 1. Nine factors were considered, including icotinib treatment, gender, age (≤78 years vs. >78 years), tumor length (<5 cm vs. ≥5 cm), tumor location (upper vs. middle vs. lower), clinical stage (II vs. III, AJCC 7th), EGFR expression ((+, Low) vs. (++~+++, High)) (Figure S1)), weight loss of more than 5% within 6 months, and ECOG score. Patients were divided into two groups based on icotinib treatment. No significant differences in clinical characteristics were observed between the two groups, except for EGFR expression.


Table 1 | Baseline and clinical characteristics of the patients grouped by drug.






3.2 Univariable and multivariable analysis

Univariable and multivariable analysis results are displayed in Table 2. Univariable cox analysis identified icotinib treatment (p < 0.001), clinical stage (p = 0.031), EGFR expression (p = 0.038), and ECOG score (p = 0.006) as potential factors affecting overall survival (OS). A multivariable Cox analysis was performed using these four factors (model 1) and optimized with stepwise regression (model 2). The finally results demonstrated that clinical stage (III vs II, HR 1.72, 95% CI 1.02~2.90), icotinib treatment (Y vs N, HR 0.29, 95% CI 0.16~0.52), and ECOG score (2 vs 1, HR 2.02, 95% CI 1.18~3.46) were independent prognostic factors for OS.


Table 2 | Univariable and multivariable cox analysis for OS of LAEEC patients.






3.3 Development and validation of the nomogram

A nomogram based on model 2 was created to predict OS in LAEEC patients (Figure 2), and a prognostic score (PS) was established using the following formula: 0.545 * stage (III) - 1.252 * drug (Y) + 0.703 * ecog (2). The time-dependent ROC curves (Figure 3A) revealed the AUCs of 0.852 (95% CI 0.762 - 0.942), 0.827 (95% CI 0.728 – 0.926), and 0.792 (95% CI 0.663 – 0.921) for 1-year, 2-year, and 3-year OS, respectively. Calibration curve plots (Figure 3B) indicated that the predicted survival probability closely matched the actual survival probabilities at 1, 2, and 3 years, suggesting good predictive accuracy. Time dependent AUC (Figure 3C) and calibration curves (Figure 3D) were obtained using the bootstrap internal cross-validation method with the “riskRegression” package. The AUC exceeded 0.75 throughout the study period, and the calibration curve closely aligned with the standard line, confirming the model’s robust predictive performance and stability. The decision curve (Figure 4) demonstrated that the model provided a better net clinical benefit than reference curves for threshold probabilities from 0.2 to 0.8.




Figure 2 | Nomogram for Predicting Overall Survival in LAEEC Patients.






Figure 3 | Model Evaluation and Validation: (A) ROC Plots for Predictive Score, (B) Calibration Curves for Predictive Score, (C) Time-Dependent AUC, and (D) Bootstrap Cross-Validation Calibration Curve (1,000 Resamples).






Figure 4 | Decision Curve Analysis of the LAEEC Patient Prediction Model.






3.4 Risk stratification based on the nomogram

Patients were divided into high- and low-risk groups based on PS, using a cut-off point of -0.549 by the “survminer” package. The risk of death was significantly lower in the low-risk group compared to the high-risk group (HR 0.24, 95% CI 0.13-0.45, P<0.001) (Figure 5).




Figure 5 | Comparison of Overall Survival Curves for Low-Risk and High-Risk LAEEC Patients.






3.5 Subgroup survival analyses

Subgroup analysis, stratified by prognostic factors such as clinical stage and ECOG score, demonstrated that icotinib significantly improved OS only in the clinical stage III group with a good ECOG score (HR 0.122, 95% CI 0.0248 ~ 0.597, P<0.001). However, no significant improvement in OS was observed in other subgroups (Figure 6).




Figure 6 | Subgroup Survival Analysis of Icotinib Treatment Stratified by Stage and ECOG Score.







4 Discussion

Icotinib, an oral EGFR-TKI, modulates cell survival and proliferation by inhibiting the phosphorylation of tyrosine kinase in downstream signaling proteins, obstructing the activation of intracellular signaling pathways, and ultimately regulating the transcription of target genes (35). With EGFR being widely expressed in various solid cancers, icotinib is essential in treating numerous solid malignancies (15, 36–40). Both the EVIDENCE (38) and CONVINCE (41) studies demonstrated that icotinib considerably reduced DFS and serious adverse effects compared to chemotherapy for patients with EGFR-mutated lung adenocarcinoma. The ICAPE study (36) confirmed icotinib’s safety and efficacy in treating EGFR mutant lung adenocarcinoma, regardless of the EGFR mutation type. Zhang et al. (42) found that icotinib enhanced the radiation sensitivity of lung cancer cells by inhibiting the activation of MAPK/ERK/AKT pathway. Zhao et al. (37) indicated that icotinib, combined with concurrent radiotherapy, was safe and effective in the treatment of locally advanced squamous cervical cancer. Wang et al. (28) reported the favorable efficacy and safety of icotinib as a standalone treatment for EGFR-mutated esophageal cancer, suggesting that icotinib could be a viable treatment for elderly patients (43). Our previous study (44) also showed that icotinib combined with radiation therapy was safe and effective for older patients with esophageal cancer, particularly those with EGFR overexpression. Consequently, we designed this study to analyze the impact of icotinib combined with radiotherapy on the prognosis of EGFR-positive LAEEC patients, and to establish and validate a predictive model for clinical decision-making.

In this study, we developed a three-factor proportional risk model, including stage, ECOG, and drug, using cox analysis. The results revealed that the HR of OS in stage III patients were 72% higher than in stage II (HR 1.72, 95% CI 1.02~2.90), and the HR of OS in patients with pool performance status (ECOG 2) was higher than in those with good performance status (ECOG 1) (HR 2.02, 95% CI 1.18~3.46). Icotinib reduced the OS risk by 71% (HR 0.29, 95% CI 0.16~0.52). We then established a predictive nomogram based on the model. The AUCs of the model were 0.852, 0.827, and 0.792 at 1, 2, and 3 years, respectively. Calibration curves demonstrated high agreement between predicted and actual probabilities, and the decision curve displayed a net benefit in the range of 20%-80%. Bootstrap cross-validation by 1000-time resampling indicated that the time-dependent AUC consistently exceeded 0.75, and the calibration curve was close to the diagonal, suggesting that the model had good stability. The survival analysis based on risk stratification by PS showed that the risk of death in the low-risk group was significantly lower than that in the high-risk group (HR 0.243, P<0.001), indicating that the model could effectively identify the death risk of EGFR-position LAEEC patients. Lastly, subgroup analysis revealed that icotinib could significantly reduce the death risk in the clinical stage III, ECOG 1 population. These findings would aid clinicians in assessing the prognosis of elderly patients with EGFR positive and provide a recommendation for icotinib use.

This study, however, had some limitations. First, the cases were collected from 2014 to 2018, during which genetic sequencing technology was not widely available. As a result, EGFR expression in our study was tested using IHC, and the expression of the EGFR resistance gene was not considered. This might also explain why EGFR expression did not emerge as an independent prognostic factor. In subsequent studies, We will introduce the expression of EGFR genes and EGFR resistance genes to optimize our model. Second, this study was a single-institution retrospective study with a small sample size. Although we used bootstrap cross-validation and internal resampling method, selection bias was still inevitable. Therefore, more rigorous prospective studies were needed to validate our conclusions. Overall, our findings contribute to the current understanding of the role of icotinib in treating EGFR-positive LAEEC patients and offer valuable insights for clinical decision-making.




5 Conclusions

In conclusion, stage, ECOG score and icotinib have been identified as independent prognostic factors of overall survival in EGFR-positive LAEEC patients. A nomogram has been developed, which demonstrates good performance in predicting patient outcomes. Notably, icotinib has proven to be beneficial for individuals in clinical stage III with favorable ECOG scores. These findings contribute to the development of more effective treatment strategies for EGFR-positive LAEEC patients, ultimately enhancing patient outcomes and overall survival rates.
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Gastric cancer is one of the most serious malignant tumor and threatens the health of people worldwide. Its heterogeneity leaves many clinical problems unsolved. To treat it effectively, we need to explore its heterogeneity. Single-cell transcriptome sequencing, or single-cell RNA sequencing (scRNA-seq), reveals the complex biological composition and molecular characteristics of gastric cancer at the level of individual cells, which provides a new perspective for understanding the heterogeneity of gastric cancer. In this review, we first introduce the current procedure of scRNA-seq, and discuss the advantages and limitations of scRNA-seq. We then elaborate on the research carried out with scRNA-seq in gastric cancer in recent years, and describe how it reveals cell heterogeneity, the tumor microenvironment, oncogenesis and metastasis, as well as drug response in to gastric cancer, to facilitate early diagnosis, individualized therapy, and prognosis evaluation.
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1 Introduction

Gastric cancer is a type of malignant tumor of epithelial origin and ranks fourth among all types of cancer worldwide (1). Due to its insidious early symptoms, most patients were diagnosed at an advanced stage, and the five-year survival rate is still less than 5% for patients with distant metastasis (2). Current treatment options, such as surgery, radiotherapy, chemotherapy, and targeted therapy, have achieved some clinical benefits, but still suffer from recurrence, metastasis, and drug resistance (3). Researchers are increasingly focusing on tumor heterogeneity in addressing these questions (4). In terms of histology, genomics, epigenetics, and other aspects, gastric cancer is increasingly recognized as one of the most heterogeneous tumor types (5). Identifying the intrinsic characteristics of gastric cancer tumors in different patients can help to pave the way for personalized therapy. However, several existing classifications, including Lauren’s (6), The Cancer Genome Atlas (TCGA) (7), and Asian Cancer Research Group (ACRG) (8), have contributed to the advancement of understanding gastric cancer, but due to numerous complex factors, it is still not enough to classify and treat all patients precisely. Single-cell transcriptome sequencing represents a new approach for studying the heterogeneity of gastric cancer.

Single-cell transcriptome sequencing, or single-cell RNA sequencing (scRNA-seq), has emerged as one of the technologies for next-generation sequencing (9). Rather than traditional bulk RNA sequencing (RNA-seq), which averages the gene expression levels of all cells, scRNA-seq transcripts of each cell, enable unprecedented recognition of the gene expression profiles of individual cells. In addition to discovering differences in cellular composition and characteristics, certain rare cell populations that are obscured by bulk RNA-seq are identified by using scRNA-seq (10). At the same time, by examining the tumor microenvironment at the level of individual cell, scRNA-seq has helped identify the valuable role of non-tumor cells in tumor development (11). Moreover, metastatic samples have been used to identify intrinsic features associated with metastatic for targeted therapy (12, 13). Analyzing pre- and post-treatment samples assists in discovering intrinsic mechanisms affecting drug response and paving the way for individualized therapy (14, 15). As scRNA-seq technology develops and costs go down, an increasing number of studies are being conducted on the technique. Currently, studies are being conducted on this technology in a number of tumor types, including gastric cancer, melanoma (16), lung cancer (17), liver cancer (18), and pancreatic cancer (19).

Here, we review and summarize the current basic procedure of scRNA-seq and analyze its advantages and limitations. We then present new insights into scRNA-seq in gastric cancer research, and discuss its challenges and application prospects based on the latest research results. Meanwhile, it is expected to provide some help in the diagnosis, treatment, and prognosis evaluation of gastric cancer.




2 Procedure of scRNA-seq

The scRNA-seq procedure consists of the following steps: single cell isolation, library construction, sequencing, and data analysis. Figure 1 shows an overview procedure of scRNA-seq.




Figure 1 | Procedure of single-cell RNA sequencing using microfluidics platform.





2.1 Single cell isolation

Samples of gastric cancer are typically obtained through endoscopic or surgical resection. After mechanical fragmentation of the tissue, enzymatic digestion was performed to obtain a single cell suspension (20). The enzymatic digestion time must be controlled. A short digestion time leads to incomplete digestion, resulting in cell clumps and doublet. Overly long digestion times can damage cells. To ensure that the analysis of sequencing results is not affected by altered cell state, it is important to evaluate the activity of single cell suspensions before sequencing, for example, by using trypan blue stain to determine cell viability. Moreover, specific cell types can be enriched and screened. Fluorescence-activated cell sorting (FACS) allows for the identification of fluorescently labeled cell-specific marker genes, which can be used for screening and enrichment of specific types of cells (20). Additionally, to prevent experimental failures caused by cell viability issues, sample processing and sequencing should be completed in a short period of time to minimize damage to cell viability.




2.2 Library construction and sequencing

RNA was obtained from cell lysis, followed by reverse transcription to obtain cDNA. The amplification and fragmentation of reverse transcription products are followed by ligating adapters to form a cDNA library (21). The library is constructed, and then is sequenced. Current sequencing methods can be divided into microwell-based methods, such as Smart-Seq2 (22), and droplet-based methods (23, 24), such as 10X Genomics (25). The following is a description of the most commonly used methods, Smart-Seq2 and 10X Genomics. Smart-Seq2 improves the capture of shorter transcripts and identifies transcriptional modifications, such as gene shearing and allelic expression, when full-length transcripts are sequenced (24), but the number of cells processed is limited. The 10X Genomics system uses microfluidics-based approaches to sequence genes by the 5’ or 3’ ends, which can process up to thousands of single cells per second, enabling faster sequences of samples with larger number of cells (26). It is more suitable to sequence samples with a larger number of cells. Unique molecular identifiers (UMIs), which are short barcodes attached to transcripts by 10X Genomics before amplification, allow 10X Genomics to avoid counting the same reverse transcription products twice. The expression level can be more accurately evaluated by reducing quantitative bias during amplification with UMIs in the 10X Genomics method (24, 27).




2.3 Data analysis

In data analysis, raw expression matrixes are processed, as well as downstream analysis. The processing of the original expression matrix, includes cell filtering, normalization, dimensionality reduction, clustering, and data integration (28). Data must be preprocessed. The use of cell filtering can reduce the interference caused by low-quality cells. Examples include poorly active cells that express high levels of mitochondrial genes and the artifacts caused by doublet. Dimensional catastrophe can be alleviated through dimension reduction. Using clustering, cells with similar characteristics were grouped together for annotation and further analysis. As single-cell sequencing involves batch effects and technical noise, integration is essential to reduce them so that they can be distinguished from biological differences.

Annotation of cells is typically performed before downstream analysis. Cell annotation in data analysis is a challenging task. The large number of cells make it difficult to annotate cells one by one. The current cluster-based cell annotation method assumes that all cells within a cluster are of the same type. However, annotation of new cell types will be difficult due to the lack of a uniform standard. Fortunately, the Human Cell Atlas provides a powerful guide for determining cell types (29). Additionally, cell marker genes reported in the available literature and machine learning methods can also be used to identify cell types (30).

The downstream analysis consists of a variety of procedures, such as cell abundance, differentiation gene expression, trajectory analysis, copy number variation (CNV) analysis, cell-cell interaction, and transcription factor analysis (31). For the cell ratio, the composition varies among patients at the level of single cells, demonstrating heterogeneity between them. Analysis of the differentiation gene expression and functional enrichments across each cell subpopulation showed their cell states and functions (32). Furthermore, some analysis tools can be used to perform various types of analyses. With tools such as Monocle (33) and Slingshot (34), trajectory analysis can demonstrate the dynamic process of cellular states, such as plasma cells, which have different stages of maturation in gastric cancer (35). Biological mechanisms underlie the transformation process and can be traced to cellular characteristics. InferCNV (36) and copyKAT (37) analyses of copy number variation can provide insights into chromosomal variation and help to determine the malignancy of tumor cells (16). Based on the expression levels of ligands and receptors, CellChat (38) and cellphonedb (39), for example, can assess in the construction of intercellular communication, which is a great resource to understand the complex interactions between cells and the role they play. Taking an example, the stromal cells in diffuse gastric cancer interact more frequently with other cell types (40), which may play an important role. By screening transcription factors and rebuilding gene regulatory networks, SCENIC (41) can enhance our understanding of tumor molecular regulation mechanisms at the level of individual cells.

ScRNA-seq profiles the transcriptome at the level of single cell, uses a variety of analytical methods, and is exceptionally advantageous for identifying gastric cancer heterogeneity. The sequencing depth of scRNA-seq, however, limits it to detecting only genes with relatively high expression abundance. Increased sequencing depth will allow more genes to be detected, but the ensuing increase in data volume and technical noise will make the algorithm more challenging (42). Although improvements to single cell technology are still needed, the constant development of single-cell RNA sequencing is expected to resolve the aforementioned issues.





3 ScRNA-seq reveals heterogeneity of gastric cancer

Increasingly, scRNA-seq is being used in gastric cancer studies due to its advantages and its achievements in other tumor studies. Samples for scRNA-seq studies of gastric cancer are currently available from a variety of sexes, disease stages, pathological types, and molecular subtypes. Table 1 shows a summary of single-cell sequencing data currently available for gastric cancer research.


Table 1 | A summary of the studies on gastric cancer using single-cell RNA sequencing.





3.1 Cell heterogeneity

In normal gastric mucosa, there are a variety of cells, including pit cells, enteroendocrine cells, parietal cells, neck cells, chief cells, goblet cells, stem cells, immune cells and stromal cells (59). More complexity will be found in gastric cancer tissues (60). ScRNA-seq identifies the transcriptome at the level of single cell and has unrivaled advantages for uncovering cell heterogeneity, which provides new insights into discovering new biomarkers, diversity of tumors, and lineage compositions. According to the Correa hypothesis, gastric cancer arises from chronic atrophic gastritis, intestinal metaplasia (IM), and ultimately gastric cancer (61). Based on the Correa hypothesis, a study of gastric lesions at different stages found that a subpopulation of secretory pro-genitor markers goblet cells expresses HES6 during intestinal metaplasia. A population of these cells may represent goblet cells at an early stage of differentiation, and HES6 will help identify precancerous lesions in high-risk patients. For early gastric cancer (EGC), the discovery of two new specific markers, SLC11A2 and KLK7, provides clues for the early detection of EGC (43). Gastric cancer cells can also be heterogeneous. The scRNA-seq discrimination of gastric cancer cells is expected to lead to the stratification of patients based on the characteristics of cancer cells. In the study by Zhang et al, all malignant cells were divided into five groups: C1 is low differentiation cells mainly from diffuse gastric cancer (DGC) samples, C2 is high differentiation cells mainly from intestinal gastric cancer (IGC) samples, C3 is a mixed type with medium differentiation cells between C1 and C2, C4 is an entity fundic gland-type GA (GA-FG-CCP), and C5 is Epstein-Barr virus-infected type. Subgroups vary in their degree of differentiation, which correlates with the prognosis of patients (44). Since sample sizes are limited, scRNA-seq-based stratification of gastric cancer remains to be confirmed in large-scale sequencing data and evaluated for clinical value in guiding treatment and prognosis of patients.

In addition, there is heterogeneity within subtypes of gastric cancer. Based on cell state and characteristics, scRNA-seq provides new insight into gastric cancer development mechanisms in transcriptional dynamics. Lauren classifications divide gastric cancers into intestinal, diffuse, and mixed types (62). A Lauren classification-based study compared the trajectories of epithelial cells in gastric cancers of the intestinal type and diffuse type, and showed the different carcinogenesis mechanisms. IGC shows dynamic changes from non-malignant to tumor cells, with IGC marker genes such as MUC13 and CDH17 expressing higher levels over time, and the risk of tumorigenesis increased accordingly, supporting the Correa hypothesis. In contrast, in DGC, the expression of markers genes of IM and IGC does not change with stage that according to cell lineage, and has no relationship with the pathological classification. The carcinogenic mechanism of DGC is different from IGC (45). In specific types of gastric cancer, transcriptional dynamics differed as well. In a study of hepatoid adenocarcinoma of the stomach (HAS), all epithelial cells from HAS expressed cancer-related genes, and showed a significant copy number of variations from common gastric cancer. Cancer cells of HAS may have been derived from pluripotent precursor cells, which then differentiated into corresponding epithelial cell lineages such as adenocarcinoma and hepatocyte-like components (46). Moreover, in animal models, scRNA-seq is also applicable. Hereditary diffuse gastric cancer (HDGC) is a cancer syndrome caused by inactivating germline mutations in CDH1, but its mechanism remains unclear. In a mouse organoid model of HDGC, deregulation of developmental transcriptional programs was found at the early stage of CDH1 deletion that are associated with differentiation of gastric squamous epithelial cells in mouse (47). All these studies demonstrate that scRNA-seq provides a powerful tool for research on the transcriptional dynamics and lineage compositions of gastric cancer.

Furthermore, new cell types were identified in large-scale scRNA-seq data. As an example, new cell types that express both endothelial cells and fibroblasts marker genes may be undergoing endothelial-mesenchymal transition (EMT) (35). A variety of gastric cancer cell lines also showed multiple clusters with differing characteristics (48). In part, this may explain why experimental reproducibility differs among cell lines.

In summary, gastric cancer shows cell heterogeneity. ScRNA-seq is a powerful tool for understanding the transcriptional dynamics and lineage compositions of gastric cancer.




3.2 Tumor microenvironment

All cells and their secretory products, along with the extracellular matrix, make up the tumor microenvironment (63). Immune cells and stromal cells contribute significantly to tumor invasion, metastasis, and drug resistance as non-tumor cells in the microenvironment (64). While bulk RNA-seq can be evaluated for immune infiltration with deconvolution, some limitations remain (65). In microenvironments, scRNA-seq can distinguish cell types at the level of single cell, and it has great advantages for studying the “dialog” and regulatory mechanisms between cells. As a major component of the tumor microenvironment, immune cells take part in tumor immunity response processes. In a study of ascites from patients with advanced gastric cancer (AGC), macrophages in GC malignant ascites have non-inflammatory characteristics compared with in vitro macrophage transcripts. Cancer cells interact with tumor-associated macrophages (TAMs) via IL1B-IL1R2 ligands and receptors, thereby inhibiting inflammatory signaling, and promoting tumor growth (49). Furthermore, tumors contain tertiary lymphatic structures (TLSs), which function as organized aggregates of immune cells, involved in the immune response process in tumors (66). A study found that tissues with mature tertiary lymphatic structures (mTLSs) contain more types of immune cells (67). This may result in more aggressive antitumor responses. However, previous studies have shown that regulatory T cells (Tregs) inhibit antitumor responses (68). ScRNA-seq also shows that immunosuppression is associated with increased Tregs in tumor microenvironment of gastric cancer (69). In another study, tumor microenvironment containing TNFR2-positive Tregs was associated with poor prognosis (50). An assessment of Tregs levels may provide prognostic information. There is a need to pay more attention to the interaction between tumor cells and immune cells, which will facilitate the development of new immunotherapy strategies. A study by Kumar et al. found that KLF2 expressed in epithelial cells was associated with the recruitment of plasma cells in IGC (35). KLF2 may be a potential therapeutic target for recruiting plasma cells in DGC based on their role in gastric cancer (70).

In the microenvironment, stromal cells produce cytokines and chemokines, which affect tumor growth and invasion by promoting extracellular matrix formation and angiogenesis (60). ScRNA-seq analysis also confirmed the significance of stromal cells in tumors. In DGC studies conducted at different sampling depths, there may be a relationship between cell types and the depth level of tumors. Deeper layers were enriched with endothelial, fibroblast, and myeloid cells. In comparison with superficial tumor layers, deeper layers have a more intense cell-cell communication (40). An analysis of the microenvironment of cascade changes in gastric cancer also confirmed the importance of these cells (71). It is notable that the deep enrichment of CCL2-expressing stromal cells in DGC correlates with its invasive ability (40). CCL2 may be a potential target for DGC interference. A study by Kim et al. differentiated tumor-associated fibroblasts (CAFs) into three types based on gene expression profiles: inflammatory (iCAFs), myofibroblastic (myCAFs), and intermediate (inCAFs). One of them, iCAFs, is closely related to GC invasion and promotes the stemness of tumor cells, which can identify patients at high-risk of GC (45). A comprehensive study of the diversity of gastric cancer fibroblasts would benefit from this research. Furthermore, a large-scale sequencing study revealed that INHBA is a positive regulator of FAP in the fibroblast population, and that high expression of these genes in CAFs is associated with poor prognosis (45). As seen in the microenvironment of tumors, stromal cells are also diverse, and appear to be potential therapeutic targets and prognostic indicators.

To conclude, scRNA-seq offers new options for understanding the heterogeneity of tumor microenvironment, which will provide more opportunities for targeted therapies of gastric cancer.




3.3 Oncogenesis and metastasis

In terms of the mechanism of gastric carcinogenesis, there are still some controversies. Research suggests that long-term chronic inflammation induces intestinal metaplasia as a precursor to gastric cancer (72). Several studies have shown that the abnormal differentiation of chief cells will transform into neck cells, and the consequent development of spasmolytic polypeptide-expressing metaplasia (SPEM), which is associated with dysplasia and cancer (73). Using scRNA-seq, further evidence is presented for the role of SPEM in gastric cancer development. In a study by Zhang et al., cells expressing MUC6, TFF2, CD44, SOX9, and major histocompatibility complex class II genes were classified as SPEM cells. The results confirm SPEM at the level of single cell, suggesting a differentiation pathway between the chief cells and the neck cells, which in turn gives rise to SPEM cells (44). However, despite this, SPEM cells are not clearly defined. With the addition of scRNA-seq recognition, the definition of SPEM has been expanded. A study by Bockerstett et al. examined SPEM in a mouse model showed that the definition of SPEM should include TFFF2+Muc6+GIFF- metaplastic cells without mature principal cell transcripts, which may result in the same cancer risks as standard SPEM. Considering the complexity of the pathological mechanisms, the authors also examined the levels of SPEM transcript in drug-induced acute gastritis and chronic inflammation gastritis mouse models. The results show that SPEM cells are transcriptome-conserved across the two gastritis models (74). Another subsequent study by the same group revealed Gastrokine-3 (Gkn3) expression in the gastric body of chronic atrophic gastritis patients but not in healthy people. Both mouse models and human tissues have demonstrated the specificity of Gkn3 for SPEM recognition (75). Therefore, in chronic atrophic gastritis, identifying SPEM cells should include GKN3-positive cells in the gastric body, so that we can identify SPEM more accurately. SPEM is a type of metaplasia which associated with a risk of cancer, and its reversal may reduce that risk. A previous study confirmed the necessity of IL13 in metaplasia of chief cells (76). Using scRNA-seq, researchers found that mouse with gastritis with loss of IL4/IL13 signaling did not upregulate SPEM transcript levels. Following this treatment, SPEM was development were significantly reduced and reversed in mice with autoimmune gastritis treated with an IL13 antibody (77). It is possible to prevent and/or reverse atrophic gastritis to metaplasia through the inhibition of IL13 and its receptors. To reverse the metaplastic state and prevent the occurrence of gastric cancer is of great significance.

Clonal evolution suggests that tumor progression is also a dynamic process, and each stage has its own characteristics (78). Whether a tumor is progressing, metastasizing, or spreading to different organs, it exhibits inherent characteristics. Using scRNA-seq to analyze gastric cancer at different stages can reveal the characteristics of changes related to its development and outcome, which are critical for discovering new blocking targets and assessing prognosis. According to the findings of a study of peritoneal carcinoma (PC) in gastric adenocarcinoma patients, PC malignant cells are highly heterogeneous among patients, with most clustering by patient. Depending on the lineage status of malignant PC cells, different oncogenic pathways are involved in patient survival. Those tumor cells with gastric characteristics had shorter survival times and were predominantly enriched in oncogenic pathways, while those with enterocyte characteristics had longer survival times and were predominantly enriched in immune pathways (51). Hence, PCs with a variety of cellular characteristics may be useful in determining survival prognosis. An analysis of gastric cancer lymph node metastasis revealed the presence of ERBB2, CLDN11 and CDK12, as markers of lymph node metastasis, which may contribute to lymph node metastasis in gastric cancer (52). Aside from the peritoneum and lymph nodes, the liver, lung, and ovary are common metastatic organs for advanced gastric cancer. According to Jiang et al., a study of metastatic foci from different organs of gastric cancer found that malignant cells have invasion features, organ metastasis tendency, tumor stem cell phenotypes, and dormancy-like characteristics (53). These characteristics of malignant cells may be associated with metastatic propensity and recurrence. Together, scRNA-seq demonstrates the heterogeneity of metastases from gastric cancer.

Cells found in the circulatory system of tumor patients are known as circulating tumor cells (CTCs), which are thought to be associated with distant metastases (79). In a scRNA-seq study of gastric cancer CTCs, mesenchymal genes such as ZEB2 and SERPINE1 were highly expressed, possibly suggesting that they underwent EMT (54). Heterogeneity in gastric cancer has been further explored in these studies. In addition, tumor stem cells have also been implicated as a cause of progression, metastasis, and recurrence in gastric cancer (80). The use of scRNA-seq has provided new insights into cancer stem cells in some studies, including bladder cancer and liver tumors (81, 82). Using scRNA-seq, more evidence will be provide for cancer metastasis in gastric cancer stem cells.

In summary, scRNA-seq offers more possibilities for studying gastric cancer development and metastasis.




3.4 Drug response

For patients with advanced gastric cancer, effective treatment is particularly crucial given the low survival rates. A main treatment option for advanced patients is chemotherapy, and patients respond to drugs differently due to tumor heterogeneity (83). It is possible to discover potential mechanisms that affect the drug response through scRNA-seq by detecting changes in cells before and after drug administration. This has important implications for making “cold tumors” hot tumors. A study on neoadjuvant chemotherapy found that chemotherapy could remodel the microenvironment. As compared with the pre-treatment samples, the post-treatment samples showed impaired immune cells, but increased endothelial and fibroblast cells. The T cells demonstrated lower cytotoxicity and proliferation characteristics than the pre-treatment tumors, along with downregulation of immune pathways, and the angiogenesis pathway is activated in tumor cells and endothelial cells (55). Research on advanced gastric cancer has also shown immune remodeling during chemotherapy. It was found that pro-inflammatory genes and MHC class I antigen-presenting genes decreased after chemotherapy, as well as the expression of M2-type macrophage-related genes, indicating that macrophages after chemotherapy transformed from M2 to M1 cells. LAG3 was expressed by T cells in non-responders patients, which may be associated with drug resistance (56). It was also shown that immune remodeling occurs during the early process of chemotherapy in gastric cancer. Despite the small sample size, this study provides a good foundation for predicting how individual patients will respond to chemotherapy. A greater understanding of drug resistance requires the study of larger-scale data and the advancement of molecular mechanism research.

An emerging cancer treatment strategy involves immunotherapy. Several immune checkpoint blockade treatments have been approved as third-line therapies for advanced gastric cancer due to their favorable trends in patients, including pembrolizumab, nivolumab, avelumab, durvalumab, and atezolizumab (3). In a large-scale clinical trial of PD-L1 blockade therapy in metastatic gastric cancer, EBV-positive patients showed a good clinical response to PD-L1 blockade therapy. A better response to drugs is also observed in patients with microsatellite instability-high (MSI-H) (84). Although PD-L1 blockade treatment has shown promising results in clinical trials, some patients still do not respond and develop drug resistance. The scRNA-seq approach offers a new opportunity to discover potential mechanisms of drug resistance. According to a study of patients with MSI-H treated with pembrolizumab, responders had higher levels of T cells and NK cells than non-responders. The number of T cells and NK cells decreased in non-responders after two cycles of treatment, whereas stromal cells increased. In further analysis, a further study of T cell subsets revealed a significant increase in exhausted CD8+ T cells (57). Thus, failure to mobilize the immune system is associated with the lack of response to pembrolizumab in non-responders with MSI-H gastric cancer. The discovery of how to activate the immune response of non-responders will have revolutionary significance for tumor treatment.

Clinical problems associated with drug resistance can be challenging. Testing drug sensitivity and selecting more sensitive antitumor drugs for the treatment of gastric cancer patients is of great significance in improving therapeutic benefit. Cells cultured in two dimensions have certain limitations regarding reflecting cancer heterogeneity and the microenvironment. The emergence of the single-cell patient derived organoids (PDOs) transcriptome not only compensates for the deficiencies of traditional cell models, but also provides good results for drug sensitivity tests of gastric cancer, which is a very promising tool for drug sensitivity testing (85, 86).

In conclusion, scRNA-seq may offer an opportunity to find the best treatment combinations based on their intrinsic characteristics of their drug responses. It has the potential to be used for predicting drug sensitivity and screening drugs in the future.





4 Discussion

Gastric cancer is a malignant tumor of the digestive system whose heterogeneity has a significant impact on the clinical outcome and prognosis of patients. With single-cell RNA sequencing, we have gained a deeper understanding of the complexity and diversity of gastric cancer. It is capable of revealing cell heterogeneity, the tumor microenvironment, oncogenesis and metastasis, as well as drug response in an unparalleled manner (Figure 2). Even though scRNA-seq is powerful, it can be improved. For instance, not all samples can be processed in an optimal timeframe after being collected. The sequencing results obtained from some frozen samples revealed that the poor cell activity invariably affected the subsequent analysis. Fortunately, cell fixation and preservation methods can now be used in library construction for frozen tissues (87, 88). By using single-nucleus transcriptome sequencing (snRNA-seq), libraries can be constructed on frozen tissues and sequencing results are more consistent than scRNA-seq (89, 90). Some analytical techniques still have limitations. The method of estimating copy number variation based on genetic variation, for instance, is not entirely accurate. Single-cell DNA sequencing retains its irreplaceable advantages in determining copy number variations (48). Furthermore, the emergence of spatial transcriptomes can compensate for the loss of spatial information caused by dissociation of single cell (91).




Figure 2 | Single-cell RNA sequencing reveals gastric cancer in four aspects: cell heterogeneity, tumor microenvironment, oncogenesis and metastasis, and drug response. Created with Biorender.com.



In future studies, it is anticipated that different types of gastric cancer will be investigated using scRNA-seq in terms of their molecular characteristics, carcinogenesis mechanism, immune response, and drug response. As a result, biomarkers and therapeutic targets for various types of gastric cancer will be discovered, which will facilitate more precise treatment. New biomarkers are expected to become indicators for monitoring, and the discovery of new targets offers more options for precisely treating gastric cancer. Moreover, instead of conventional sequencing analysis, scRNA-seq will probe deeper into the molecular mechanism of gastric cancer. Further molecular and cellular verification is required for results of scRNA-seq in gastric cancer. As an example, the key ligand receptor pairs uncovered through cell communication analysis, how they work, and whether they can be used to treat cancer. New perspective on the molecular mechanisms of gastric cancer can be gained through scRNA-seq. With the improvement of scRNA-seq and the universal of analysis technology, we will see scRNA-seq sequencing used more as part of research evidence, in determining molecular characteristics and lineage relationship of cell populations (92), and verifying gene expression in specific types of cells (93, 94). Additionally, multiomics combined analysis at the level of single cell will reveal the occurrence and evolution of gastric cancer through transcriptomics, genomics, proteomics, and epigenetics. It will be more feasible to support this with bioinformatics analysis techniques (95).

Finally, although scRNA-seq will take some time to become widely used in clinics for a variety of objective reasons, it is extremely promising. In addition to providing more opportunities for gastric cancer research, scRNA-seq will help solve many clinical challenges, advancing the processions of personalized medicine.
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Introduction

Gastric cancer is a highly heterogeneous malignant tumor of the digestive system. Anti-HER2 treatment can inhibit downstream signaling pathways and improve clinical treatment and outcomes in patients with HER2 protein overexpression. Currently, two standard methods for evaluating HER2 expression status are immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH). However, these low-throughput assays often produce discordant or equivocal results.





Methods

In this study, we presented a new HER2 protein detection method based on mass spectrometry selected reaction monitoring (MS-SRM) and validated the method. We conducted a retrospective study on 118 formalin-fixed paraffin-embedded (FFPE) tissues from patients with advanced gastric adenocarcinoma in northern China, and we compared the MS-SRM results with those from IHC and correlated them with FISH. 





Results

We established and validated the upper and lower detection limits (300-700 amol/μg) for abnormal HER2 protein expression in advanced gastric cancer. We also found that, among samples with mixed Lauren subtypes, those with a high level of HER2 expression had typical intestinal type features in pathology. 





Discussion

This study demonstrated that the MS-SRM method can overcome the limitations and deficiencies of IHC, directly quantify the expression of HER2 protein in tumor cells and be used as a supplement to IHC. It has the potential to be used as a companion diagnosis for new drugs used to treat advanced gastric cancer. Large-scale clinical validation is required.





Keywords: gastric cancer, mixed classification, HER2, IHC, MS-SRM, types identification





Introduction

Gastric cancer is a heterogenous malignant tumor of the digestive system. It is the fifth most common cancer and is the third leading cause of cancer-related death worldwide (1). Because of its high incidence and mortality rate, gastric cancer is an important global health problem (1). China is a high-incidence region for gastric cancer, accounting for 44.1% of all new cases and 49.9% of all deaths in the world (2). In China, the current 5-year survival rate for patients with gastric cancer is only 35.1% (3). The high heterogeneity of gastric cancer is reflected in the differences in histopathology, such as histological characteristics, cell differentiation degree, tissue occurrence, and cell growth pattern, as well as molecular features and immunologic expression characteristics (4). Within the same tumor, there are significant differences in tissue structure and cellular diversity (5), and the identification of HER2-overexpressing tumor subsets is a major advance in the treatment of gastric cancer (6, 7).

Human epidermal growth factor receptor 2 (HER2) is a tyrosine kinase receptor that promotes cancer cell differentiation, development, and survival (8). It belongs to the EGFR family and is involved in multiple metabolic and regulatory signaling pathways, including the PI3K/AKT/mTOR and RAS/RAF/MAP kinase pathways (9). Abnormal amplification and protein overexpression of the HER2 gene can lead to abnormal HER2 signaling in cancer cells, driving the oncogenic phenotype of HER2. In a preclinical model, it has been demonstrated that the amplification and activation of HER2 can drive cell transformation and tumor development, which is consistent with the etiology and clinical characteristics of certain cancers (10, 11).

HER2 gene amplification and protein overexpression were first reported in gastric cancer in 1986 (12, 13). Currently, HER2 overexpression is found in various cancers (14). It has been reported that HER2 overexpression accounts for approximately 12-20% of gastric cancer cases (15). In a recent meta-analysis of 41 studies (N=17494) on gastric cancer patients who were tested for HER2, the HER2 positivity rate was 19.07%. The subgroup analysis showed that the HER2 expression rate in Asia was 19.52%, higher than the rate in Europe (16.91%) (16). Another study revealed that the overexpression rate of HER2 in all Asian gastric cancer patients (n = 5301) was 9.7%, but was 18.1% when Chinese patients were excluded, indicating regional differences in the incidence rate (17). A meta-analysis of HER2 expression in gastric cancer has also found that intestinal-type gastric cancer, tumors located in the proximal part, and well-differentiated tumors are associated with a higher HER2 expression rate (16).

Trastuzumab is a monoclonal antibody and an antagonist of HER2. Clinical trials by Bang and Slamon have found that when trastuzumab is used in combination with chemotherapy to treat HER2-positive breast and gastric cancer patients, the objective response rate (ORR) is about 50%, and the median overall survival (mOS) exceeds 1-2 years (14, 18). In addition, it has been demonstrated that the addition of the anti-HER2 antibody pertuzumab, which targets different HER2 epitopes, increases ORR to 80% and mOS to 56.5 months in metastatic breast cancer patients treated with trastuzumab/chemotherapy (19, 20). Based on the significant results of clinical research, anti-HER2 therapy has been approved for first-line treatment of metastatic breast and gastric cancer patients.

US FDA-approved immunohistochemistry (IHC) and fluorescence in situ hybridization (FISH) tests are the standard methods for evaluating the status of HER2 expression. IHC is based on the antigen-antibody reaction; which is prone to non-specificity and is at most a semi-quantitative method. Due to its low cost, speed, and inexpensive equipment requirement, IHC is the preferred method for detecting HER2 expression status in routine pathological diagnosis work. In clinical practice, the HER2 IHC score is divided into three categories: negative (0+ or 1+), equivocal (2+), and positive (3+) (21, 22). Interpretation of IHC results by pathologists is subjective; as a result, there are certain false positive and false negative issues (14, 23). However, regarding whether IHC (or immunofluorescence, IF) can achieve accurate quantification, Toki et al. (24) conducted important experimental research. Epidermal growth factor receptor (EGFR) was measured by quantitative immunofluorescence (QIF) in 15 cell lines with a wide range of EGFR expression, using different primary antibody concentrations, including the optimal signal-to-noise concentration after quantitative titration. The experiment found that the best agreement between IF scores and LT-SRM absolute protein concentration was found when the EGFR D38B1 primary antibody was used at the optimal signal-to-noise concentration (0.017 µg/ml), showing a strong linear regression between the two assays (R2 = 0.88). It was also pointed out that the linearity of the agreement decreased when the working concentration moved away from the optimal concentration of the EGFR D38B1 primary antibody. Although all the results of this study come from cell line studies, and the clinical application value still needs further verification, it does answer the question of whether IHC or IF can achieve accurate quantification. Moreover, according to multiple reports, there are up to 20% false positive cases in patients judged HER2 positive by IHC, and false negative rates range from 1.1% to 11.5% in patients judged HER2 negative (25, 26). For HER2 IHC 2+ (equivocal results), FISH/ISH methods are recommended to confirm HER2 positivity. Currently, FISH is the gold standard for detecting HER2 gene amplification, and the guidelines define FISH/ISH positivity as a ratio of HER2 signals to centromere 17 signals (CEP17) ≥2.0 (27, 28). Several studies have suggested that the optimal threshold value is 4.0 (29, 30). Although IHC and FISH results are generally highly correlated, some researchers have found discrepancies and inconsistencies between the two methods (31), which may be caused by multiple factors, such as controlling gene signal changes, tumor heterogeneity, and technical errors (32).

The emergence of clinical mass spectrometry has aided in the advancement and growth of molecular diagnostic techniques. Mass spectrometry-based protein quantification is a novel method that has distinct advantages over conventional IHC diagnostic methods and overcomes the limitations of IHC and FISH methods. The advantages and disadvantages of IHC, FISH, and mass spectrometry-based selected reaction monitoring (MS-SRM) methods are compared in Table S1. MS-SRM enables absolute linear quantification of protein expression levels in tumor cells with HER2 expression levels greater than five orders of magnitude and simultaneous quantification of multiple protein biomarkers throughout the treatment process (33). MS-SRM technology is widely accepted for quantifying the protein expression levels in biological samples (34, 35).

The purpose of this study is to introduce a standardized MS-SRM method, aiming to establish a mass spectrometry targeted protein quantification platform for formalin-fixed, paraffin-embedded (FFPE) tumor tissue in China, and to systematically validate the workflow, including sample laser microdissection technology platform, detection linear range, limit of detection, assay accuracy, precision, and stability, etc. Subsequently, 118 FFPE sections of advanced gastric adenocarcinoma in China were retrospectively analyzed using this method to quantify the HER2 protein expression levels in the samples. Through a parallel comparison study of IHC and MS-SRM methods, we aim to accurately identify gastric patients with HER2 overexpression who will benefit from anti-HER2 treatment, thereby improving clinical treatment outcomes.





Materials and methods




Patient information and sample source

This study selected 118 paraffin specimens of gastric adenocarcinoma from 2015 to 2021, including 96 surgical specimens and 22 gastric biopsy specimens. The samples were obtained from the Central Hospital of Fushun City, Liaoning Province, Liaoning Cancer Hospital, and the First Affiliated Hospital of China Medical University. Patients who received neoadjuvant chemotherapy were excluded. The study cohort consisted of 6 HER2 negative samples (IHC 0), 14 cases of HER2 IHC 1+, 24 cases of HER2 IHC 2+/FISH-, 21 cases of HER2 IHC 2+/FISH+, and 53 cases of HER2 IHC 3+. The clinical and medical records of the patients were obtained from the hospital’s electronic medical record system, including gender, age, tumor size, degree of differentiation, WHO classification, Lauren classification, TNM staging, lymph node metastasis, and others. The entire sample met the requirements, and the basic characteristics and features of gastric adenocarcinoma patients are shown in Table S2. The study was approved by the Institutional Review Board of Fushun Central Hospital in Liaoning Province (ethical review number: 2021002).





Evaluation of HER2 status in gastric adenocarcinoma - immunohistochemistry

IHC detection: The automatic immunohistochemistry staining instrument (model: UtraPATH) manufactured by China Zhongshan Golden Bridge Company was used for the detection, with both positive and negative controls set up for all cases. The HER2/NEU (4B5) antibody and DAB detection kit used were provided by China Zhongshan Golden Bridge Company. The HER2 IHC results were interpreted and scored by two pathologists in accordance with the Chinese Gastric Cancer HER2 Testing Guidelines (2016 edition) (36). The IHC diagnostic criteria for gastric adenocarcinoma surgical specimens were: 0, no reaction or <10% of tumor cell membrane staining; 1+, weak or faint membrane staining in ≥10% of tumor cells or only partial membrane staining; 2+, weak to moderate basolateral, lateral, or complete membrane staining in ≥10% of tumor cells; 3+, strong basolateral, lateral, or complete membrane staining in ≥10% of tumor cells. IHC scores of 0 and 1+ were negative, 2+ was indeterminate, and 3+ was positive. The diagnostic criteria for gastric biopsy specimens were: 0, no membrane staining in any tumor cells; 1+, weak or faint membrane staining in tumor cell clusters (regardless of the percentage of stained tumor cells in the entire tissue); 2+, weak to moderate basolateral, lateral, or complete membrane staining in tumor cell clusters (regardless of the percentage of stained tumor cells in the entire tissue, but with at least 5 clustered tumor cells stained); 3+, strong basolateral, lateral, or complete membrane staining in tumor cell clusters (regardless of the percentage of stained tumor cells in the entire tissue, but with at least 5 clustered tumor cells stained). See Figure 1 (middle).




Figure 1 | The HE, IHC, and FISH images of tissue sections from the same site of gastric adenocarcinoma of sample D185834. HE staining image (left): the cancer tissue is arranged in a glandular pattern, with large cancer cell nuclei that appear circular or oval (HE staining: 20X magnification). IHC staining image (middle): the cancer tissue staining shows positive cell membrane staining, presenting as a complete and strong circumferential staining, with a staining result of 3+ (EnVision staining: 20X magnification). FISH microscopy image (right): the test result was positive, and the HER2 gene showed clustered amplification. The red signal represents the HER2 gene, the green signal represents the centromere of chromosome 17, CEP17, and the blue signal represents the nucleus stained with 4’,6-diamidino-2-phenylindole (DAPI). The HER2 signal to CEP17 signal ratio was 13.5, indicating HER2 gene amplification. (FISH staining: 100X magnification).







Fluorescence in situ hybridization

FISH is used to detect the HER2 gene amplification in specimens. The human HER2 detection kit from Wuhan Kanglu Biological Technology Co. was used. The method involved tissue section dewaxing, dehydration, and denaturation, followed by denaturation and hybridization in an in-situ hybridization instrument (SH2000, Hangzhou Ruicheng Instrument Co., Ltd.). After counterstaining, the slides were examined under a microscope (Axio Scope.AI, Zeiss) and interpreted according to the standards. For gastric cancer specimens, the HER2 FISH interpretation standard was negative if HER2/CEP17 <1.8, and positive if HER2/CEP17 ≥2.2 or when the signal clusters. If 1.8≤HER2/CEP17 <2.2, 20 cells were recounted and positive if the ratio was ≥2.0, and negative if the ratio was <2.0. Refer to Figure 1 (right) for details.





Laser microscope for tumor cell cutting and sample preparation

The tissue specimens were fixed in 10% neutral formalin for 6-24 hours. Eight consecutive slices, including one 4 µm slice for HE staining, shown in Figure 1 (left), one 3 µm slice for IHC testing, one 3 µm slice for FISH testing, and five 10 µm slices for MS-SRM testing were prepared from the tissue block. IHC and FISH were tested using routine methods (omitted).





Tumor cell annotation and collection

Tumor cell cutting was performed by taking 4 µm and 10 µm thick FFPE slices from each sample followed by staining them with hematoxylin and eosin. The digital pathology scanning system (3DHistech, MIDI) scanned the H&E and 10 µm slices and images, and a pathologist marked specific tumor cell regions (≥8 mm2) on the images. The slices were then placed on the laser microdissection instrument (Nikon, eclipse Ni-U) stage, and the marked images were imported into the instrument system for laser microdissection. The tumor cells on the slides were separated and collected into an Eppendorf tube using laser energy.





Lysis of tumor cells

The collected tissue pellets were dried and then processed using a Liquid Tissue® protocol and the resultant peptides are quantified using a micro-BCA method (Thermo Fisher Scientific, 23231).





Sample preparation for mass spectrometry

The tumor lysate peptides were mixed with isotopically labeled HER2 standard peptide and injected into a liquid chromatography-mass spectrometry (LC-MS) platform for HER2 quantification. Each injection resulted in 5000 amol of heavy internal standard peptide and 1µg total protein on-column.





HER2-SRM analysis method

HER2-SRM analysis was performed on a liquid chromatograph (LC) (Waters ACQUITY UPLC M-Class System) connected to a triple quadrupole mass spectrometer (Thermo TSQ-Altis).

An LC gradient was use used to elute peptides. The flow phase A was water with 0.1% formic acid (Thermo Scientific, LS118), and the flow phase B was acetonitrile with 0.1% formic acid (Thermo Scientific, LS120). The chromatographic column set included a trap column (nanoEase MZ Symmetry C18 Trap Column, 100A, 5 µm 180 µm x 20mm) and an analytical column (nanoEase MZ HSS T3 Column, 100Å, 1.8 µm, 100 µm x 100 mm).

Peptides were eluted into the mass spectrometer using the following gradient: loaded onto trap column for 5 min with buffer A at a flow rate of 5 µl/min and eluted with buffer B using a step gradient at 800 nl/min. Buffer B was increased from 1–25% (8 min), 25–50% (7 min), and 50–95% (3 min). Finally, the column was cleaned with buffer B for 6 min and equilibrated with buffer A for 4 min.

Mass spectrometry method: Thermo TSQ-Altis mass spectrometer was operated in positive NSI mode and were used for the SRM assays: Q1(FWHM):0.7, Q3(FWHM): 0.7, dwell time: 100 ms, electrospray voltage: 2.3 kV, collision gas: 2 mTorr. The precursor ions for the light and heavy peptides are m/z 483.748 and 488.752. The fragment ions for the light and heavy peptides and their corresponding optimized collision energy are m/z 409.218 (17V)/538.261 (17V)/625.294 (17V) and 419.227 (17V)/548.270 (17V)/635.302 (17V), respectively.





Mass spectrometry data acquisition and processing

The area under the curve (AUC) for the endogenous peptide and for isotopically labeled standard peptide was used to calculate peptide quantity by Pinnacle Production software (version number: V 1.0.83.0) and the data collated by Microsoft Excel. According to the AUC of endogenous HER2 peptide and heavy peptide, the concentration of endogenous peptide for HER2 for each sample was calculated using the following formula:

	

where labeled peptide* equals quantity of spiked isotopically labeled standard (amol) injected and total protein equals quantity of total protein injected.





Statistical strategy and statistical processing method

Data Collection: In addition to collecting relevant clinical information, HER2 protein expression by MS-SRM and IHC, and HER2 gene expression levels was included in the statistical analysis data. Statistical analysis of baseline data of study subjects is performed using R 4.2.2 version. The statistical analyses in this study included several commonly used tests to examine the differences between groups among variables. The t-test was used to compare means between two groups, assuming that the data were normally distributed and had equal variances. The Wilcoxon rank sum test was used as a non-parametric alternative to the t-test when the normality assumption was not met. The chi-squared test was used to examine the association between two categorical variables.






Results




Development of HER2-SRM targeted protein mass spectrometry quantification method




Selection and quantification of HER2 protein characteristic peptides

The literature indicates that the single unique peptide (ELVSEFSR) gave the most reproducible detection with the highest intensity in both trypsin-digested recombinant HER2 and FFPE tumor tissues (37). So, we selected “ELVSEFSR” (light peptide) as the HER2 peptide for the development and validation of the HER2-SRM method. The isotope-labeled peptide ELVSEFSR [13 C 6, 15 N 4] (heavy peptide) was used as the internal standard. The transition ions of each peptide are shown in Figure 2A; the elution curve, retention time and total ion chromatograms are shown in Figure 2B.




Figure 2 | Development of HER2-SRM quantification method. (A) MS/MS spectra of ELVSEFSR and ELVSEFSR [13C6,15N4]. (B) Total ion chromatograms (TIC) of ELVSEFSR and ELVSEFSR [13C6,15N4]. (C) Standard curves of peptide input and recovery for HER2-SRM method. It shows the linear relationship over a concentration range of 200 amol/µg to 25,000 amol/µg, and (D) shows the linear relationship over a concentration range of 200 amol/µg to 1,000 amol/µg. (E) Reproducibility of HER2-SRM method for the same FFPE sample after 12 months. Green represents breast cancer samples (n=4), red represents lung cancer samples (n=3), and blue represents colon cancer samples (n=2).








Linearity and accuracy of the HER2-SRM mass spectrometry analysis method

Standard curve samples were prepared using a complex proteome standard matrix (P. furiosus coccus enzymatic solution, CPS). The range of the curve is from 50 amol/µg to 25000 amol/µg. Five replicates were analyzed for each concentration point. Test results: (1) The limit of detection (LOD) is 200 amol/µg, and the limit of quantification (LOQ) is 300 amol/µg, (2) Linear range from 300 amol/µg to 25000 amol/µg, linear regression value r2 = 1.000, see Figures 2C, D, (3) Coefficient of variation (CV%) of the five replicate samples ranged from 0.7% to 9.6%, and (4) The accuracy range for each concentration is between 83.2% and 90.1%. The linearity, accuracy and small CV% demonstrated that the method is accurate and reproducible.




Precision verification of the HER2-SRM method




Intra-day precision of the HER2-SRM method

To evaluate the intra-day precision of the HER2-SRM method, four concentrations of quality control samples (500 amol/μg, 1000 amol/μg, 5000 amol/μg, and 10000 amol/μg) were prepared using the CPS, and injected five times for each concentration. Twenty quality control samples were continuously tested within 1 day, and the CV% of the quality control samples was less than 10%, ranging from 2.5% to 9.7%.





Inter-day precision of the HER2-SRM method

The inter-day precision of the HER2-SRM method was evaluated over 20 days. The evaluation method involved analyzing four concentrations of quality control samples (500 amol/μg, 1000 amol/μg, 5000 amol/μg, and 10000 amol/μg) daily for 20 days using the HER2-SRM method and calculating the CV% of the four concentration quality control samples over the 20-day period. The results showed that the CV% of the quality control samples over the 20-day period were less than 10%, ranging from 3.4% to 9.7%.







Reproducibility verification of the HER2-SRM method

We used nine tumor FFPE samples (2 colon adenocarcinomas, 4 breast cancers, and 3 lung cancers) to verify the reproducibility of the HER2-SRM method. Two tumor FFPE sections from the same sample were compared 12 months apart. The results showed good consistency between the detection results of freshly prepared tumor tissue slices and those stored for 12 months, with a linear correlation coefficient of 0.9999, as shown in Table S3 and Figure 2E.





Comparison of HER2-IHC and HER2-FISH testing results

A correlation analysis of the IHC and FISH results of 118 FFPE slices was conducted. In the IHC scoring, 0 and 1+ were considered negative, 2+ as equivocal, and 3+ as positive. As shown in Figure 3, the average level of the HER2/CEP17 ratio was lower when the IHC reading result was 0 or 1+. The average ratio of HER2/CEP17 was in the middle when the IHC reading result was 2+. The average level of the HER2/CEP17 ratio was higher when the IHC reading result was 3+. This suggests that IHC and FISH are consistent to some degree.




Figure 3 | Relationship between HER2/CEP7 ratio by FISH and IHC interpretation. The horizontal axis represents the IHC interpretation result, and the vertical axis represents the HER2/CEP17 ratio in FISH detection. Each point in the figure represents a sample point. The figure shows that the average level of HER2/CEP17 ratio is lower when the IHC interpretation result is 0 or 1+, and higher when the IHC interpretation result is 3+.







Comparison of HER2-IHC and HER2-SRM test results

HER2-IHC was used to classify the 118 study samples, and the results are shown in Figure 4A. Among them, 20 samples were classified as IHC 0/1+ and were directly classified as HER2-negative by HER2-IHC. 45 samples were classified as IHC 2+ and could not be categorized as HER2-positive or HER2-negative by HER2-IHC. 53 samples were classified as IHC 3+ and were directly classified as HER2-positive by HER2-IHC.

HER2-SRM was used to classify the 118 study samples, and the results are shown in Figure 4B. Among them, 51 samples had HER2-SRM expression levels below the limit of quantification of 300 amol/µg and as shown later were directly classified as HER2-negative by HER2-SRM, and their average HER2-FISH ratio was also lower, showing good consistency between HER2-SRM and HER2-FISH. In the 118 samples, only 23 samples had HER2-SRM expression levels between the upper and lower detection limits of HER2-SRM and could not be judged as positive or negative by HER2-SRM. In HER2-IHC, there were 45 such samples. Among the 118 samples, 44 samples had HER2-SRM expression levels above 700 amol/µg and as shown later were directly classified as HER2-positive by HER2-SRM, and their average HER2-FISH ratio was also higher, indicating good consistency between HER2-SRM and HER2-FISH.




Figure 4 | Comparison of classification performance between HER2-IHC and HER2-SRM methods. (A) 118 samples were tested using the HER2-IHC method, where 20 samples (represented by the second layer box one) with HER2-IHC scores of 0/1+ were classified as negative, accounting for 16.9% of the total study samples. The average FISH ratio of these samples was 1.502. 45 samples (represented by the second layer box two) with HER2-IHC scores of 2+ required FISH testing for interpretation, accounting for 38.1% of the total study samples. Among these 45 samples, 53.3% were classified as negative (represented by the third layer box one) and 46.7% were classified as positive (represented by the third layer box two) by FISH testing. 53 samples (represented by the second layer box three) with HER2-IHC scores of 3+ were directly classified as HER2 positive by IHC testing, accounting for 44.9% of the total study samples. The average FISH ratio of these samples was 10.103. (B) 118 samples were tested using the HER2-SRM method, where 51 samples (represented by the second layer box one) with HER2-SRM expression levels below the lower limit of detection (300amol/µg) were directly classified as HER2 negative, accounting for 43.2% of the total study samples. The average HER2-FISH ratio of these samples was 2.681. 23 samples (represented by the second layer box two) with HER2-SRM expression levels between the upper and lower limits of detection (300-700amol/µg) accounted for 19.5% of the total study samples. Among these 23 samples, 47.8% were classified as negative by HER2-FISH testing (represented by the third layer box one), and 52.2% were classified as positive by HER2-FISH testing (represented by the third layer box two). 44 samples (represented by the second layer box three) with HER2-SRM expression levels above the upper limit of detection (700amol/µg) were directly classified as HER2 positive, accounting for 37.3% of the total study samples. The average HER2-FISH ratio of these samples was 11.115.



Comparing the two methods, it was found that there were 45 samples (38.1% of the total) that could not be directly judged by the HER2-IHC method, while only 23 samples (19.5% of the total) with HER2-SRM quantitative values between 300 and 700 amol/µg were not directly judged by the HER2-SRM method, as defined later, which was almost twice as low as that of HER2-IHC. This reduces the number of samples that need to be confirmed by HER2-FISH testing. If samples that could not be directly judged by the HER2-SRM method and those that could not be directly judged by the IHC method were excluded, the sensitivity of HER2-IHC was 68.5%, and the specificity was 40.0%. The sensitivity of HER2-SRM was 60.3%, and the specificity was 75.6%. The two methods had similar sensitivity, but the specificity of HER2-SRM was significantly higher than that of HER2-IHC.





HER-SRM and FISH results in IHC 2+ samples

As shown in Figure 5, among the 45 IHC 2+ samples, samples with high expression of HER2-SRM were more likely to appear in the FISH-positive range, but many samples with low expression of HER2-SRM also appeared in this range. Samples with low expression of HER2-SRM were more likely to appear in the FISH-negative range. This indicates that there is some consistency between FISH and HER2-SRM in classifying IHC 2+ samples, but there are also differences.




Figure 5 | Distribution of HER2-SRM expression levels in 45 samples that tested IHC2+. The left-hand side of the horizontal axis shows the 1-24 FISH-negative samples, arranged from left to right according to the HER2-SRM expression level. The right-hand side of the horizontal axis shows the 25-45 FISH-positive samples, also arranged from left to right according to the HER2-SRM expression level. The height of the column represents the magnitude of the HER2-SRM expression level. From the figure, it can be seen that among these 45 IHC2+ samples, samples with high HER2-SRM expression levels are more likely to be found in the FISH-positive range.







Comparison of HER2-FISH and HER2-SRM results

As shown in Figure 6, the horizontal axis represents the expression level of HER2-SRM (amol/µg), and the vertical axis represents the ratio of HER2/CEP17 detected by FISH. Each point in the figure represents a sample. Figure 6A includes 118 samples included in the study. It can be seen that there is a moderate positive correlation between HER2-SRM expression and the ratio of HER2/CEP17 (Pearson correlation coefficient, r=0.586). The two vertical dashed lines represent the upper and lower limits of HER2-SRM classification. In order to better display the distribution of samples near the upper and lower limits, the horizontal axis of Figure 6A was expanded around 500 amol/µg, which is shown in Figure 6B.




Figure 6 | Relationship between FISH HER2/CEP17 ratio and HER2-SRM expression level. (A) the horizontal axis represents the expression level of HER2-SRM (amol/µg), and the vertical axis represents the FISH-determined HER2/CEP17 ratio. Each point in the figure represents a sample. From the figure, it can be seen that there is a positive correlation (r2 = 0.344) between HER2-SRM expression level and HER2/CEP17 ratio, indicating good consistency between the HER2-SRM and FISH methods. The red dashed line in the figure represents the selected lower threshold (300 amol/µg) and upper threshold (700 amol/µg). The black dashed line represents the calculated linear regression curve, and the linear regression equation is also shown. (B) is a locally magnified scatter plot of the relationship between HER2-SRM expression level and HER2/CEP17 ratio (FISH). It can be seen that within the range of 300-700amol/µg, both FISH-negative and FISH-positive sample points are relatively evenly distributed along the x-axis, and the projections of the positive and negative samples on the x-axis overlap completely and cannot be distinguished. On the y-axis, it can be seen that some samples with high HER2-FISH expression levels have low HER2-SRM expression levels, tending towards low expression.







Relationship between HER2-SRM expression, IHC interpretation, and HER2/CEP17 ratio by FISH

Figure 7 shows the relationship among HER2-SRM expression, IHC interpretation, and HER2/CEP17 ratio by FISH, and the higher the HER2-SRM level, the higher the HER2/CEP17 ratio detected by FISH and the higher the rate of IHC positivity (IHC 3+). However, there are individual samples with low expression of HER2-SRM but high HER2/CEP17 ratio. Overall, the directions of judgment for HER2-IHC, FISH, and HER2-SRM are consistent.




Figure 7 | Relationship between HER2-SRM expression level, IHC interpretation, and FISH HER2/CEP17 ratio. Each point represents a sample, with a total of 118 samples. The three coordinate axes represent the FISH HER2/CEP7 ratio, HER2-SRM expression level, and IHC result, respectively. Red points represent FISH-positive samples, and blue points represent FISH-negative samples. From the figure, it is easy to see that the higher the HER2-SRM expression level, the higher the FISH HER2/CEP17 ratio, and the higher the IHC-positive rate (IHC3+).







Receiver operating characteristic curve (with FISH results as the actual category)

With the assistance of ROC curve (the red curve shown in Figure 8) and with FISH results as the actual category, optimized Her2-SRM upper and lower limits were determined, HER2-SRM protein expression level has a high specificity of 100% and a sensitivity of 60.3% at 700 amol/µg, and has a specificity of 75.6% and a sensitivity of 76.7% at 300 amol/µg. Several different upper and lower limits were compared, and the threshold that could balance specificity and sensitivity was selected. Therefore, when using mass spectrometry quantification to detect HER2 protein expression in gastric cancer, 700 amol/µg can be used as the upper threshold and 300 amol/µg as the lower threshold.




Figure 8 | ROC curves for FISH classification using HER2-SRM protein expression. The red line represents the ROC curve for all samples with an AUC of 0.836. The blue line represents the ROC curve for the exploration set using HER2-SRM protein expression for FISH classification with an AUC of 0.819. The green line represents the ROC curve for the validation set using HER2-SRM protein expression for FISH classification with an AUC of 0.853.



Statistical analysis was performed based on the discrimination results of HER2-FISH as the disease and control groups, as shown in Table S4. Wilcoxon Rank Sum Test was performed on HER2-IHC, FISH, HER2/CEP17 ratio, HER2-SRM expression level, and TNM staging. χ2 test was performed on FISH interpretation results, gender, Lauren classification, lymph node metastasis, degree of differentiation, and tumor location. T-test was performed on age. The significance levels (p-values) of age, gender, Lauren classification, lymph node metastasis, TNM staging, degree of differentiation, and tumor location were all greater than 0.05, indicating no significant differences.





Validating the accuracy of the upper and lower limits of HER2-negative and positive determination in the HER2-SRM method

To validate the accuracy of the upper and lower limits (300-700 amol/µg) for HER2-negative and positive determination in the HER2-SRM method, we divided the 118 study samples into two parts according to the sampling time. Fifty-nine samples collected before December 31, 2019, were used as the exploration set, and fifty-nine samples collected after December 31, 2019, were used as the validation set. If the upper and lower limits determined in the exploration set were the same or similar to the results obtained in the analysis of the 118 samples, and the performance was verified in the validation set, it could be considered that the upper and lower limits (300-700 amol/µg) for HER2 determination in the current HER2-SRM method have good accuracy and stability.

Data analysis and drawing in the exploration set: The ROC curve (blue curve in Figure 8) of HER2-SRM expression level for determining HER2-FISH positive and negative was analyzed. The results showed that the HER2-SRM expression level had high specificity (100%) and a sensitivity of 59.5% at the detection upper limit of 700 amol/µg, which was consistent with the detection upper limit results obtained from the 118 samples. At the detection lower limit of 300 amol/µg, it had a specificity of 77.3% and a sensitivity of 73.0%, which was consistent with the detection lower limit obtained from the 118 samples. At the same time, in the exploration set, the number of samples that could not be directly interpreted using the HER2-SRM method accounted for 16.9% of the total samples, which was similar to the 19.5% of samples that could not be directly interpreted from the 118 samples. In the validation set, in samples where HER2-negative and positive could be confirmed using the HER2-SRM method, the sensitivity (true positive rate, TPR) was 59.5% and the specificity (true negative rate, TNR) was 77.3%, which was similar to the sensitivity and specificity obtained from the 118 samples.

Data analysis and drawing in the validation set: The ROC curve (green curve in Figure 8) of HER2-SRM expression level for determining HER2-FISH positive and negative was analyzed. If a detection upper limit of 700 amol/µg was used, it had a specificity of 100% and a sensitivity of 61%, which was consistent with the specificity and sensitivity obtained from the 118 samples. If a detection lower limit of 300 amol/µg was used, it had a specificity of 73.9% and a sensitivity of 80.6%, which was also consistent with the specificity and sensitivity obtained from the 118 samples. Moreover, the number of samples that could not be directly interpreted using the HER2-SRM method accounted for 22.0% of the total samples, which was similar to the 22.0% of samples that could not be directly interpreted from the 118 samples. At the same time, in samples where HER2-negative and positive could be confirmed using the HER2-SRM method in the validation set, the sensitivity (TPR) was 61.1% and the specificity (TNR) was 73.9%, which was similar to the sensitivity and specificity obtained from the 118 samples. Thus, it can be seen that the upper and lower limits (300-700 amol/µg) for HER2-negative and positive determination in the HER2-SRM method have good accuracy and stability.

To verify the reasonable grouping of the exploration set and validation set, statistical analysis was performed on the two parts using Wilcoxon Rank Sum Test for HER2-IHC, HER2-FISH, HER2/CEP17 ratio, HER2-SRM expression level, and TNM staging, and using χ2 test for FISH results, gender, Lauren classification, lymph node metastasis, differentiation degree, and tumor location. The significant levels (p-values) of each variable were all greater than 0.05, indicating no significant differences and reasonable grouping, as shown in Table S5.





Comparison of HER2-IHC, FISH, and SRM methods in 22 gastric adenocarcinoma biopsy samples

In some Chinese gastric cancer patients, the disease is diagnosed at an advanced stage, making surgical resection impossible, and only tissue biopsy can be used to evaluate the expression status of HER2. It is clinically significant to accurately identify and select individuals who can benefit from anti-HER2 therapy. The clinical value of predictive biomarker detection depends on the stability, sensitivity, and specificity of the detection methodology. We have actively explored this area. The clinical basic conditions and tumor characteristics of 22 gastric adenocarcinoma biopsy samples are shown in Table S6.

In the 22 gastric adenocarcinoma biopsy samples, there was one case with FISH negative and SRM detection value less than 300 amol/µg sample, and 11 cases with FISH positive and SRM detection value greater than 700 amol/µg sample. The consistency rate between SRM detection results and FISH results was 54.55%, as shown in Table S7. Our preliminary research results are similar to those of some researchers (32), but contrary to those of others (38).





Preliminary clinical study of accurate subtyping (grouping) of gastric adenocarcinoma mixed type (Lauren classification) patients based on HER2-SRM method

Taking HER2 expression (IHC 1+, 2+, 3+) of gastric adenocarcinoma mixed type (Lauren classification) patients as the research object, we conducted a preliminary clinical study of accurate subtyping (grouping) based on Lauren classification and referring to the intestinal and non-intestinal phenotypic characteristics in the mixed type according to the WHO classification.

First, 28 mixed-type (Lauren classification) samples were pathologically reexamined from 96 surgical gastric adenocarcinoma samples, and one case was found to be a microsample, which was excluded from the study, leaving 27 samples in total. The 27 samples were divided into two groups: 11 samples with relatively typical tubular adenocarcinoma intestinal structure features and 16 samples without typical tubular adenocarcinoma intestinal structure features, as shown in Table S8.





Establishment and statistical analysis of the mixed-type intestinal and non-intestinal phenotypic feature subtyping model

In Figure 9A, the y-axis represents the HER2-SRM expression level detected by mass spectrometry in gastric adenocarcinoma mixed-type patient samples, and the x-axis represents whether the samples have intestinal phenotypic features. It can be seen that the HER2-SRM expression level in mixed-type patient samples with intestinal phenotypic features is significantly higher than that in mixed-type patient samples without typical intestinal phenotypic features, and the overlap between the two on the y-axis is small, providing a basis for using the HER2-SRM expression level as a linear mathematical model to distinguish between the two groups of patients.




Figure 9 | The relationship between the presence of intestinal phenotype and HER2-SRM expression in mixed type samples. (A) the vertical axis represents the HER2-SRM protein expression detected by mass spectrometry in mixed type gastric cancer patient samples, and the horizontal axis represents whether the patient samples have an intestinal phenotype. (B) the ROC curve for the use of HER2-SRM protein expression to determine whether mixed type gastric cancer samples have an intestinal phenotype is shown, with an AUC of 0.864.



Using the expression level of HER2-SRM as a linear model to predict and determine whether mixed-type gastric adenocarcinoma (Lauren classification) has intestinal phenotype features through ROC curve analysis (as shown in Figure 9B), the results indicate that HER2-SRM expression level has a high classification performance in the pathological diagnosis of mixed-type gastric cancer with intestinal phenotype features, with an AUC of 0.864. Based on the assumption that the pathological judgment of mixed-type gastric cancer with intestinal phenotype features is good, after weighing and selecting different judgment criteria for sensitivity and specificity, we believe that the specificity and sensitivity of HER2-SRM protein expression detection level are good when judged at 700 amol/µg, with a specificity of 87.5% and a sensitivity of 81.8%. As shown in Table S9, apart from the total rows and columns, the sum of the numbers on the diagonal from top left to bottom right represents the cases where HER2-SRM and pathological diagnosis are consistent, while the sum of the numbers on the diagonal from top right to bottom left represents the cases where HER2-SRM and pathological diagnosis are inconsistent. Among the 27 study samples, there were only 4 cases of disagreement between HER2-SRM and pathological diagnosis, and the remaining 23 cases were accurately predicted, showing the good accuracy of HER2-SRM method in determining the pathological diagnosis of whether mixed-type gastric adenocarcinoma (Lauren classification) has intestinal phenotype features. Therefore, we define 700 amol/µg as a judgment threshold for determining the intestinal and non-intestinal types in mixed-type (Lauren classification) gastric cancer patients based on mass spectrometry HER2-SRM quantitative detection of gastric cancer HER2 protein expression.






Discussion

Numerous clinical studies have shown that HER2 plays an important role in the development of gastric cancer (6, 38–40). HER2 positivity in gastric cancer is associated with a worse prognosis, increased disease invasiveness, and decreased survival (41, 42). However, some studies have reported that HER2 status does not have prognostic value (42). We believe that these inconsistencies are primarily due to the use of different IHC staining methods and scoring criteria, and to the fact that neither IHC nor FISH can accurately quantify the abnormal expression of HER2 protein in tumor cells.

This retrospective study on 118 locally advanced or metastatic gastric cancer samples found that IHC scores of 0/1+ negative (20 cases) and 3+ positive (53 cases) correlated well with FISH detection results, but there is a low FISH positive rate among the IHC 2+ cases, accounting for 38.1% of the total sample size. Among these 45 samples, 24 cases were negative by FISH (53.3%), and only 21 cases were FISH positive (46.7%). Using HER2-SRM detection, the number of samples in the range of 300-700 amol/µg was 23 (19.5% of the total sample size), which was approximately half of the number of IHC 2+ cases (23 vs 45). We also found that regardless of the 45 cases of IHC or the 23 cases of HER2-SRM samples, about half of the samples were HER2-FISH positive (IHC accounted for 46.7%; SRM accounted for 52.2%), and the other half were FISH negative (IHC accounted for 53.3%; SRM accounted for 47.8%). The scatter plot in Figure 6B shows the relationship between HER2-SRM and HER2/CEP17 ratio (FISH) and it is shown that in the range of 300-700 amol/µg, both FISH-negative and positive samples are relatively evenly distributed in the x-axis direction, and the projections of the two on the x-axis overlap completely. On the y-axis, it can be seen that some FISH results have samples with high HER2 expression, but the expression detected by HER2-SRM is relatively low. The experiment shows that the direct and accurate quantification of HER2 expression in tumor cells at the amol/µg level is the advantage of the SRM method. Since IHC cannot accurately quantify, we estimate that this phenomenon should be similar to the situation on the x-axis of SRM. If samples detected by SRM in the range of 300-700 amol/µg and samples that cannot be directly judged by IHC are excluded, then the sensitivity of HER2-IHC is 68%, and the specificity is 39%, whereas the sensitivity of HER2-SRM is 59%, and the specificity is 75%. The difference in sensitivity between the two methods is not significant, but the specificity of MS-SRM is significantly higher than that of IHC.

As shown in Figure 8, among the 118 study samples analyzed, the higher the HER2-SRM expression, the higher the rate of IHC positivity (IHC3+), and similarly, the higher the HER2-SRM expression, the greater the HER2/CEP17 ratio in FISH detection. Overall, the judgment direction of HER2-IHC, FISH, and HER2-SRM is consistent, but there are a total of 17 samples with low HER2-SRM expression and a high HER2/CEP17 ratio. The samples with HER2-SRM expression less than 300 amol/µg but with a HER2/CEP17 ratio greater than 2 comprised 14.4% of the total sample size and included 8 cases of intestinal type, 3 cases of mixed type, 4 cases of diffuse type, and 2 cases of undifferentiated type. The difference in judgment between HER2-SRM and FISH for these 17 samples is similar to the views of other researchers and requires further subtype research (31).

We also validated the accuracy of the HER2-negative and positive detection limits (300-700 amol/µg) in MS-SRM. One hundred and eighteen samples were included in the study, with two sets of 59 samples collected at different time points. One set was used as an exploration set and the other as a validation set. After analyzing the data from the exploration and validation sets, we found that the sensitivity and specificity of the HER2-negative and positive determination were 61% and 74%, respectively, which were similar to those obtained from the 118 samples. Therefore, the determination limits of HER2-negative and positive in the HER2-SRM method (300-700 amol/µg) were found to have good accuracy and stability.

A study conducted in the United States tested 139 gastroesophageal cancer FFPE samples for HER2 detection using MS-SRM. They also established an upper threshold of 750 amol/µg and a lower threshold of 450 amol/µg, both of which were higher than the upper and lower thresholds in this study. They achieved 100% specificity at the upper threshold and 75% sensitivity at the lower threshold, whereas in this study, 100% specificity was achieved at the upper threshold and 76.7% sensitivity at the lower threshold (43). From the perspective of the upper and lower thresholds, the difference between the two studies was not statistically significant.

Currently, the detection of dynamic targeted proteins is generally considered to be closer to clinical phenotype than relatively static gene testing. Over the past decade, people have increasingly recognized that many seemingly identical tumor patients have different responses to the same treatment, and have also realized that no two cancer patients have exactly the same cancer. Therefore, each cancer patient may respond differently to the same treatments such as chemotherapy, radiation therapy, or targeted therapy (5). The establishment of this method is helpful for exploring the different protein changes and molecular phenotypes of tumors, studying the molecular properties of individual patient tumors, objectively formulating overall clinical treatment plans for patients, and evaluating which populations may benefit from specific clinical treatments and interventions. Moreover, this method does not rely on IHC pathological diagnosis and can quantitatively evaluate the target proteins in tumor cells independently and specifically.

For gastric cancer, patients with negative or low HER2 expression detected by HER2-SRM method may have poor response to anti-HER2 targeted drugs and should not receive anti-HER2 targeted therapy. However, further clinical verification is needed.

We also conducted a study comparing HER2-SRM with FISH in gastric adenocarcinoma biopsy samples. The diagnosis of gastric cancer mainly relies on endoscopic examination and biopsy. In some Chinese gastric cancer patients, the disease is already in advanced stage at the initial diagnosis, and some patients have lost the conditions for surgical resection and only have live tissue examination for evaluating HER2 expression status. Gastric cancer biopsy samples are different from conventional surgical samples in that they are small in volume, and it is necessary to confirm whether FFPE can meet the requirements of targeted protein detection and achieve accurate target protein quantification for clinical application. Among 22 gastric adenocarcinoma biopsy samples, one sample had FISH negative and SRM detection value less than 300 amol/µg, while 11 samples had FISH positive (IHC3+) and SRM detection value greater than 700 amol/µg. The research results showed that the consistency rate between SRM and FISH detection results was 54.55%. The preliminary results of the study are similar to the views of some researchers (33), and also indicate that the established SRM method has good precision and accuracy, and can achieve absolute quantification of HER2 in small samples.

The expression rate of HER2 is associated with intestinal and well-differentiated gastric cancer. Some researchers believe that intestinal type gastric cancer is more likely to occur in the proximal part and that different pathogenic factors may play a role in cancer initiation in these two special anatomical sites and microenvironments (44). The established SRM method was used to preliminarily study the accurate classification (subgrouping) of intestinal and non-intestinal types in patients with gastric adenocarcinoma mixed type (Lauren classification).

Lauren classification was first proposed in 1965, and Lauren divided gastric cancer into intestinal type, diffuse type, mixed type, and uncertain/unclassified type based on different epidemiological and clinical pathological characteristics (45). In 1995, Carneiro et al. conducted a study on 213 gastric cancer patients who were potentially curable by surgery, and based on the original Lauren classification, they improved it by classifying “unclassified” cancers into solid and mixed cancers (46). The revised Lauren classification is divided into intestinal type, diffuse type, mixed type, and solid type (solid cancer), and the proportion of each component in mixed type is defined as ≥5%. It was also found that the biological behavior of mixed type gastric cancer is indeed very different from that of cancers composed of a single morphological component, and its patient survival rate is significantly lower than the other three subtypes. In 2010, WHO classified gastric cancer into papillary type, tubular type, mucinous type, diffuse type (including signet ring cells), mixed type, and other rare types. Considering the degree of tumor differentiation, papillary and tubular types were further divided into high, medium, and low-grade adenocarcinomas (47). The revised Lauren classification and WHO classification have their own characteristics, both of which propose the concept of mixed type gastric cancer, but there is still no unified definition for the proportion of each component in mixed type gastric cancer. The confusion in the definition of mixed type gastric cancer has brought difficulties to the deepening study and individualized clinical treatment of this part of gastric cancer. Subsequently, some Asian scholars’ studies have also obtained similar results (48, 49). Currently, there are still certain limitations in the Cancer Genome Atlas (TCGA) and Asian Cancer Research Group (ACRG) classifications for clearer stratification and selection of patients, which have limited guidance for clinical drug treatment (50, 51).

The study focused on 27 patients with mixed-type gastric adenocarcinoma (Lauren classification) expressing HER2 (IHC 1+, 2+, 3+). A linear mathematical model was constructed using the HER2-SRM expression levels detected in these 27 patients to predict whether mixed-type gastric adenocarcinoma had intestinal phenotype features by ROC curve analysis (as shown in Figure 9B). The expression level was found to have a high discriminatory power for identifying the intestinal phenotype of this type, with an AUC of 0.864. Based on the trade-offs between sensitivity and specificity under different criteria, a specific threshold of 700 amol/µg of HER2 protein expression was found to have 87.5% specificity and 81.8% sensitivity. Only 4 out of 27 patients could not be predicted, indicating good accuracy of this method for determining whether mixed-type gastric adenocarcinoma has intestinal phenotype features. Therefore, we defined the expression level of 700 amol/µg as an important indicator for distinguishing between intestinal and non-intestinal types of mixed-type gastric adenocarcinoma and as a reference threshold for the potential benefit of anti-HER2 targeted therapy in this type of patient. Based on these findings, selecting HER2-positive patients from this type of patient for anti-HER2 targeted therapy may benefit some patients, but further clinical validation is needed.

In summary, the advantages of the MS-SRM method are significant and do not need to be elaborated on. However, to achieve absolute quantification of target proteins within tumor cells at the level of 10-15, the mass spectrometer requires high sensitivity, specificity, stability, and throughput, as well as a good laser cell cutting system. Therefore, the threshold for this detection platform is relatively high. However, the significant difference between MS-SRM and IHC (antigen-antibody method) is that one injection of MS-SRM can quantify tens, hundreds, or even more target proteins, which reduces the cost of detecting a single target protein. High throughput MS-SRM can objectively guide drug use and evaluate prognosis in cancer patients. It can also be used as a method for screening of potential beneficiary groups of tumors patients, and can serve as a companion diagnostic method for the development of cancer new drugs. It is complementary to methods such as IHC and FISH, and its advantages are even more significant. We also hope that high-end instrument developers can develop small-scale models, small target protein panels and simple data analysis software, these can be suitable for clinical hospitals and general medical laboratories while ensuring high instrument performance. Additionally, objectively speaking, there is a certain gap between the hardware and software of medical research laboratories or medical laboratories in developing countries compared to the United States. Therefore, it is necessary to combine the characteristics and conditions of their own laboratories and introduce and create a suitable experimental platform for themselves to carry out relevant clinical and basic research. Our work has a certain demonstration effect.

While the authors have strived to impartially interpret the results, we acknowledge the possibility of biases in the analysis. These biases could stem from various sources such as data collection procedures, data analysis, or the interpretation of the results. Our efforts to mitigate these biases notwithstanding, readers should exercise discretion when interpreting our findings. It is important to approach our results with a critical eye and to take into account the potential limitations of our analysis.





Conclusion

Using the MS-SRM method established, 118 FFPE samples from patients in northern China with advanced gastric adenocarcinoma were evaluated for HER2 expression, and the results were compared to the guideline IHC and FISH methods. This study demonstrated that the MS-SRM method can overcome the limitations and deficiencies of IHC, directly quantify the expression of HER2 protein in tumor cells, and be used as a supplement to IHC. It has the potential to be used as a companion diagnosis for new drugs used to treat advanced gastric cancer. Large-scale clinical validation is required.

We established and validated the upper and lower detection limits for abnormal HER2 protein expression in advanced gastric cancer (300-700 amol/µg). This may benefit patients with positive HER2 expression receiving targeted therapy for advanced gastric cancer and has clinical application value. A preliminary clinical study was conducted on the accurate classification (subtyping) of intestinal and non-intestinal types in patients with mixed gastric adenocarcinoma (Lauren classification) and it was proposed that the expression level of HER2 protein at 700 amol/µg could be an important indicator for the classification of intestinal and non-intestinal types in this type of patients, which may potentially benefit patients with intestinal type in HER2-targeted therapy.

Although this study has yielded significant experimental data, there are still limitations. First, the sample size of the study on advanced gastric cancer is small, particularly the study samples of gastric cancer biopsies, intestinal-type gastric cancer, and non-intestinal-type gastric cancer, which may introduce bias into the statistical analysis of the data. Second, there may be subjective interpretation bias in IHC and FISH. Finally, this project is a retrospective study. and important clinical information data, such as OS and PFS, were missing, preventing a good clinical statistical analysis and validation. These issues need to be addressed in future studies.





Data availability statement

The data that support the findings of this study are openly available in jPOSTrepo at https://repository.jpostdb.org/entry/JPST002128, accession number PXD041613.





Ethics statement

Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.





Author contributions

BX: Conceptualization, writing-original draft, resources. HC: Conceptualization, methodology. JZ: Formal analysis, investigation, resources, data curation, writing-original draft, supervision, visualization. YC: Formal analysis, data curation, writing-original draft, visualization. LN: Methodology. LC: Conceptualization, writing-review and editing. YuZ: Investigation, resources. YoZ: Conceptualization. ZS: Supervision. YM: Resources, formal analysis. WLL: Writing-review and editing. LH: Methodology. YL: Conceptualization, methodology, supervision. FZ: Conceptualization, methodology, validation, writing-original draft, writing-review and editing, supervision. All authors contributed to the article and approved the submitted version.





Funding

Key R&D projects in Liaoning Province, China. (No.2020JH2/10300078).




Acknowledgments

Thanks to Dan Xu and Mei Han for their assistance and coordination to achieve the collection of specimens.





Conflict of interest

JZ, YC, LC, YuZ and FZ are employees of Tianjin Yunjian Medical Laboratory Co. Ltd., Tianjin, China. WLL is an employee of mProbe Inc., Palo Alto, California, USA.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1152895/full#supplementary-material




References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Wang, SM, Zheng, RS, Zhang, SW, Zhang, SW, Ji, JS, Zou, XN, et al. Epidemiological characteristics of gastric cancer in China in 2015. Chin J Epidemiol (2019) 40(12):1517–21. doi: 10.3760/cma.j.issn.0254-6450.2019.12.003

3. Zeng, H, Chen, W, Zheng, R, Caruso, MG, and D’Alessandro, R. Changing cancer survival in China during 2003–15: a pooled analysis of 17 population-based cancer registries. Lancet Glob Health (2018) 6(5):e555–67. doi: 10.1016/S2214-109X(18)30127-X

4. Refolo, MG, Lotesoriere, C, Messa, C, Caruso, MG, and D’Alessandro, R. Integrated immune gene expression signature and molecular classification in gastric cancer: new insights. J leukocyte Biol (2020) 108(2):633–46. doi: 10.1002/JLB.4MR0120-221R

5. Rodriguez, H, Zenklusen, JC, Staudt, LM, Doroshow, JH, and Lowy, DR. The next horizon in precision oncology: proteogenomics to inform cancer diagnosis and treatment. Cell (2021) 184(7):1661–70. doi: 10.1016/j.cell.2021.02.055

6. Gravalos, C, and Jimeno, A. Her2 in gastric cancer: a new prognostic factor and a novel therapeutic target. Ann Oncol (2008) 19(9):1523–9. doi: 10.1093/annonc/mdn169

7. Rüschoff, J, Dietel, M, Baretton, G, Arbogast, S, Walch, A, Monges, G, et al. Her2 diagnostics in gastric cancer–guideline validation and development of standardized immunohistochemical testing. Virchows Arch (2010) 457(3):299–307. doi: 10.1007/s00428-010-0952-2

8. Akiyama, T, Sudo, C, Ogawara, H, Toyoshima, K, and Yamamoto, T. The product of the human c-erb b-2 gene: a 185-kilodalton glycoprotein with tyrosine kinase activity. Science (1986) 232(4758):1644–6. doi: 10.1126/science.3012781

9. Mishra, R, Hanker, AB, and Garrett, JT. Genomic alterations of ERBB receptors in cancer: clinical implications. Oncotarget (2017) 8(69):114371–92. doi: 10.18632/oncotarget.22825

10. Moasser, MM. The oncogene Her2: its signaling and transforming functions and its role in human cancer pathogenesis. Oncogene (2007) 26(45):6469–87. doi: 10.1038/sj.onc.1210477

11. Moasser, MM. Targeting the function of the Her2 oncogene in human cancer therapeutics. Oncogene (2007) 26(46):6577–92. doi: 10.1038/sj.onc.1210478

12. Yamot, T, Ikawa, S, Akiyama, T, Semba, K, Nomura, N, Miyajima, N, et al. Similarity of protein encoded by the human c-erbB-2 gene to the epidermal growth factor. Nature (1986) 319:230–4. doi: 10.1038/319230a0

13. Sakai, K, Mori, S, Kawamoto, T, Taniguchi, S, Kobori, O, Morioka, Y, et al. Expression of epidermal growth factor receptors on normal human gastric epithelia and gastric carcinomas. J Natl Cancer Inst (1986) 77(5):1047–52. doi: 10.1093/jnci/77.5.1047

14. Jørgensen, JT. Targeted Her2 treatment in advanced gastric cancer. Oncology (2010) 78(1):26–33. doi: 10.1159/000288295

15. Van Cutsem, E, Bang, YJ, Feng-Yi, F, and Rueschoff, J. Her2 screening data from ToGA: targeting Her2 in gastric and gastroesophageal junction cancer. Gastric Cancer. (2015) 18(3):476–84. doi: 10.1007/s10120-014-0402-y

16. Lei, Y-Y, Huang, J-Y, Zhao, Q-R, Jiang, N, Xu, H-M, Wang, Z-N, et al. The clinicopathological parameters and prognostic significance of Her2 expression in gastric cancer patients: a meta-analysis of literature. World J Surg Oncol (2017) 15(1):1–7. doi: 10.1186/s12957-017-1132-5

17. Pathmanathan, N, Geng, J-S, Li, W, Nie, X, Veloso, J, Wang, J, et al. Human epidermal growth factor receptor 2 status of gastric cancer patients in Asia: results from a large, multicountry study. Asia-Pacific J Clin Oncol (2017) 13(3):249–60. doi: 10.1111/ajco.12653

18. Slamon, DJ, Leyland-Jones, B, Shak, S, Fuchs, H, Paton, V, Bajamonde, A, et al. Use of chemotherapy plus a monoclonal antibody against Her2 for metastatic breast cancer that overexpresses Her2. New Engl J Med (2001) 344(11):783–92. doi: 10.1056/NEJM200103153441101

19. Swain, SM, Baselga, J, Kim, SB, Ro, J, Semiglazov, V, Campone, M, et al. Pertuzumab, trastuzumab, and docetaxel in Her2-positive metastatic breast cancer. New Engl J Med (2015) 372(8):724–34. doi: 10.1056/NEJMoa1413513

20. Baselga, J, Cortés, J, Kim, SB, Im, S, Hegg, R, Im, Y, et al. Pertuzumab plus trastuzumab plus docetaxel for metastatic breast cancer. New Engl J Med (2012) 366(2):109–19. doi: 10.1056/NEJMoa1113216

21. Jørgensen, JT, and Winther, H. The development of the HercepTest™–from bench to bedside. Mol Diagn (2019), 19(1):43–60. doi: 10.1201/9780429066504-3

22. D’Alfonso, TM, Liu, YF, Chen, Z, Chen, YB, Cimino-Mathews, A, and Shin, SJ. SP3, a reliable alternative to HercepTest in determining HER-2/neu status in breast cancer patients. J Clin Pathol (2013) 66(5):409–14. doi: 10.1136/jclinpath-2012-201270

23. Sehdev, A, and Catenacci, DV. Gastroesophageal cancer: focus on epidemiology, classification, and staging. Discovery Med (2013) 16(87):103–11.

24. Toki, MI, Cecchi, F, Hembrough, T, Chen, YB, Cimino-Mathews, A, Shin, SJ, et al. Proof of the quantitative potential of immunofluorescence by mass spectrometry. Lab Invest. (2017) 97(3):329–34. doi: 10.1038/labinvest.2016.148

25. Perez, EA, Suman, VJ, Davidson, NE, Martino, S, Kaufman, PA, Lingle, WL, et al. Her2 testing by local, central, and reference laboratories in specimens from the north central cancer treatment group N9831 intergroup adjuvant trial. J Clin Oncol (2006) 24(19):3032–8. doi: 10.1200/JCO.2005.03.4744

26. Hanna, WM, Barnes, PJ, Chang, MC, Gilks, CB, Magliocco, AM, Rees, H, et al. Human epidermal growth factor receptor 2 testing in primary breast cancer in the era of standardized testing: a Canadian prospective study. J Clin Oncol (2014) 32(35):3967–73. doi: 10.1200/JCO.2014.55.6092

27. Dako. HercepTest™, Code K5204. Instruction for Use, (PD04086US_02/K520421-5).

28. Jørgensen, JT, Møller, S, Rasmussen, BB, Winther, H, Schønau, A, and Knoop, A. High concordance between two companion diagnostics tests: a concordance study between the HercepTest and the Her2 FISH pharmDx kit. Am J Clin Pathol (2011) 136(1):145–51. doi: 10.1309/AJCPJPJ8ZWGDTTWC

29. Ock, CY, Lee, KW, Kim, JW, Winther, H, Schønau, A, Knoop, A, et al. Optimal patient selection for trastuzumab treatment in Her2-positive advanced gastric CancerOptimal patient selection for trastuzumab treatment in AGC. Clin Cancer Res (2015) 21(11):2520–9. doi: 10.1158/1078-0432.CCR-14-2659

30. Gomez-Martin, C, Plaza, JC, Pazo-Cid, R, Salud, A, Pons, F, Fonseca, P, et al. Level of Her2 gene amplification predicts response and overall survival in Her2-positive advanced gastric cancer treated with trastuzumab. J Clin Oncol (2013) 31(35):4445–52. doi: 10.1200/JCO.2013.48.9070

31. Lee, S, de Boer, WB, Fermoyle, S, Platten, M, and Kumarasinghe, MP. Human epidermal growth factor receptor 2 testing in gastric carcinoma: issues related to heterogeneity in biopsies and resections. Histopathology (2011) 59(5):832–40. doi: 10.1111/j.1365-2559.2011.04017.x

32. Koro, K, Swanson, PE, and Yeh, MM. Her2 testing in gastric and gastroesophageal adenocarcinoma–review and update. AJSP Rev Rep (2019) 24(4):179–87. doi: 10.1097/PCR.0000000000000322

33. Sellappan, S, Blackler, A, Liao, WL, O'Day, E, Xu, P, Thyparambil, S, et al. Therapeutically induced changes in Her2, HER3, and EGFR protein expression for treatment guidance. J Natl Compr Canc Netw (2016) 14(5):503–7. doi: 10.6004/jnccn.2016.0059

34. Nilsson, T, Mann, M, Aebersold, R, Yates, JR, Bairoch, A, and Bergeron, JJ. Mass spectrometry in high-throµghput proteomics: ready for the big time. Nat Methods (2010) 7(9):681–5. doi: 10.1038/nmeth0910-681

35. Whiteaker, JR, Lin, C, Kennedy, J, Hou, L, Trute, M, Sokal, I, et al. A targeted proteomics–based pipeline for verification of biomarkers in plasma. Nat Biotechnol (2011) 29(7):625–34. doi: 10.1038/nbt.1900

36. Expert Group. Guidelines for HER2 testing in gastric cancer (2016 edition). Chin J Pathol (2016) 45(008):528–32.

37. Hembrough, T, Thyparambil, S, Liao, WL, Darfler, MM, Abdo, J, Bengali, K, et al. Application of selected reaction monitoring for multiplex quantification of clinically validated biomarkers in formalin-fixed, paraffin-embedded tumor tissue. J Mol Diag. (2013) 15:454–65. doi: 10.1016/j.jmoldx.2013.03.002

38. Park, DI, Yun, JW, Park, JH, Oh, SJ, Kim, HJ, Cho, YK, et al. HER-2/neu amplification is an independent prognostic factor in gastric cancer. Dig Dis Sci (2006) 51(8):1371–9. doi: 10.1007/s10620-005-9057-1

39. Park, JM, Lee, HJ, Yoo, JH, Ko, WJ, Cho, JY, and Hahm, KB. Overview of gastrointestinal cancer prevention in Asia. Best Pract Res Clin Gastroenterol (2015) 29(6):855–67. doi: 10.1016/j.bpg.2015.09.008

40. Warneke, V, Behrens, HM, Böger, C, Becker, T, Lordick, F, Ebert, M, et al. Her2/neu testing in gastric cancer: evaluating the risk of sampling errors. Ann Oncol (2013) 24(3):725–33. doi: 10.1093/annonc/mds528

41. Begnami, MD, Fukuda, E, Fregnani, JH, Nonogaki, S, Montagnini, AL, da Costa, WL, et al. Prognostic implications of altered human epidermal growth factor receptors (HERs) in gastric carcinomas: Her2 and HER3 are predictors of poor outcome. J Clin Oncol (2011) 29(22):3030–6. doi: 10.1200/JCO.2010.33.6313

42. Yoon, HH, Shi, Q, Sukov, WR, Wiktor, AE, and Sinicrope, FA. Association of Her2/ErbB2 expression and gene amplification with pathologic features and prognosis in esophageal adenocarcinomas. Clin Cancer Res (2012) 18(2):546–54. doi: 10.1158/1078-0432.CCR-11-2272

43. Catenacci, DV, Liao, WL, Zhao, L, and Hembrough, T. Mass-spectrometry-based quantitation of Her2 in gastroesophageal tumor tissue: comparison to IHC and FISH. Gastric Cancer (2016) 19:1066–79. doi: 10.1007/s10120-015-0566-0

44. Van Cutsem, E, Sagaert, X, Topal, B, Haustermans, K, and Prenen, H. Gastric cancer. Lancet (2016) 388(10060):2654–64. doi: 10.1016/S0140-6736(16)30354-3

45. Lauren, P. The two histological main types of gastric carcinoma: diffuse and so-called intestinal-type carcinoma. an attemptat ahistoclinical classification. Acta pathologica microbiologica Scandinavica (1965) 64:31–49. doi: 10.1111/apm.1965.64.1.31

46. Carneiro, F, Seixas, M, and Sobrinho-Simoes, M. New elements for an updated classification of the carcinomas of the stomach. Pathology-Research Practice. (1995) 191(6):571–84. doi: 10.1016/S0344-0338(11)80878-2

47. Bosman, FT, Carneiro, F, Hruban, RH, and Theise, ND. WHO classification of tumours of the digestive system. World Health Organization (2010) 44:46.

48. Choi, JK, Park, YS, Son, SY, Son, SY, Ahn, SH, Park, DJ, et al. Clinical relevance of the tumor location-modified Lauren classification system of gastric cancer. J Gastric Cancer. (2015) 15(3):183–90. doi: 10.5230/jgc.2015.15.3.183

49. Zhao, LY, Wang, JJ, Zhao, YL, Chen, XZ, Yang, K, Chen, XL, et al. Superiority of tumor location-modified lauren classification system for gastric cancer: a multi-institutional validation analysis. Ann Surg Oncol (2018) 25(11):3257–63. doi: 10.1245/s10434-018-6654-8

50. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of gastric adenocarcinoma. Nature (2014) 513(7517):202. doi: 10.1038/nature13480

51. Cristescu, R, Lee, J, Nebozhyn, M, Kim, KM, Ting, JC, Wong, SS, et al. Molecular analysis of gastric cancer identifies subtypes associated with distinct clinical outcomes. Nat Med (2015) 21(5):449–56. doi: 10.1038/nm.3850




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Xu, Chen, Zhang, Cong, Ning, Chen, Zhang, Zhang, Song, Meng, He, Liao, Lu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 12 June 2023

doi: 10.3389/fonc.2023.1148131

[image: image2]


Clinical progress of anti-angiogenic targeted therapy and combination therapy for gastric cancer


Donghan Xu 1†, Yehao Luo 2†, Peng Wang 1, Jiaxin Li 1, Linrui Ma 1, Jie Huang 1, Hao Zhang 1, Xiaoman Yang 1, Liqi Li 1, Yuhong Zheng 1, Gang Fang 3* and Peiyu Yan 1,4*


1 Faculty of Chinese Medicine, Macau University of Science and Technology, Macao, Macao SAR, China, 2 School of Second Clinical Medicine, Guangzhou University of Chinese Medicine, Guangzhou, China, 3 Guangxi Key Laboratory of Applied Fundamental Research of Zhuang Medicine, Guangxi University of Chinese Medicine, Nanning, China, 4 State Key Laboratory of Quality Research in Chinese Medicines, Macau University of Science and Technology Zhuhai MUST Science and Technology Research Institute, Macau University of Science and Technology, Macao, Macao SAR, China




Edited by: 

Zequn Li, The Affiliated Hospital of Qingdao University, China

Reviewed by: 

Xiaobo Du, Mianyang Central Hospital, China

Sutapa Mukherjee, Chittaranjan National Cancer Institute (CNCI), India

*Correspondence: 

Gang Fang
 fglzyznn@gxtcmu.edu.cn 

Peiyu Yan
 pyyan@must.edu.mo









†These authors have contributed equally to this work



Received: 19 January 2023

Accepted: 12 May 2023

Published: 12 June 2023

Citation:
Xu D, Luo Y, Wang P, Li J, Ma L, Huang J, Zhang H, Yang X, Li L, Zheng Y, Fang G and Yan P (2023) Clinical progress of anti-angiogenic targeted therapy and combination therapy for gastric cancer. Front. Oncol. 13:1148131. doi: 10.3389/fonc.2023.1148131



The incidence of gastric cancer is increasing year by year. Most gastric cancers are already in the advanced stage with poor prognosis when diagnosed, which means the current treatment is not satisfactory. Angiogenesis is an important link in the occurrence and development of tumors, and there are multiple anti-angiogenesis targeted therapies. To comprehensively evaluate the efficacy and safety of anti-angiogenic targeted drugs alone and in combination against gastric cancer, we systematically searched and sorted out relevant literature. In this review, we summarized the efficacy and safety of Ramucirumab, Bevacizumab, Apatinib, Fruquintinib, Sorafenib, Sunitinib, Pazopanib on gastric cancer when used alone or in combination based on prospective clinical trials reported in the literature, and sorted response biomarkers. We also summarized the challenges faced by anti-angiogenesis therapy for gastric cancer and available solutions. Finally, the characteristics of the current clinical research are summarized and suggestions and prospects are raised. This review will serve as a good reference for the clinical research of anti-angiogenic targeted drugs in the treatment of gastric cancer.
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1 Introduction

Gastric cancer (GC) is one of the most common causes of cancer death and ranks third in cancer-related death worldwide (1, 2). The survival rate of GC has improved in recent years, but its mortality rate still accounts for 23.4% of malignant tumors (3), and the 5-year survival rate is less than 10% (4). For the lack of effective screening methods, most GC patients are diagnosed at advanced stage, resulting in poor prognosis with mPFS less than 12 months (5).

The treatment of GC mainly includes surgery, radiotherapy, chemotherapy and biological targeted therapy. Endoscopic mucosal dissection is the main treatment for early GC (6), while surgical treatment (e.g. total gastrectomy, distal gastrectomy, proximal gastrectomy) is the first choice for GC (7) and complete resection is the only curative treatment that may cure GC (8). However, despite aggressive surgical intervention, more than 50% of patients with curative resection experienced disease recurrence in the form of metastatic disease (9). The development of metastatic disease is almost fatal. Despite the advances in chemotherapy regimens for GC, the efficacy is still unsatisfactory and the drug resistance of patients is extremely high (10). Therefore, the research focus is to develop more effective and personalized treatment regimens to prolong survival time and improve quality of life of advanced GC patients.

Angiogenesis is the formation of blood vessels form existing ones and it is also the basis of tumor proliferation, invasion, and metastasis in advanced GC (11). Previous studies have shown that serum VEGF levels of advanced GC patients are higher than those of healthy individuals (12). In GC, tumor cells and stromal cells produce various angiogenic factors, such as vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), and platelet-derived endothelial cell growth factor (PD-ECGF) (13). These factors stimulate the proliferation and migration of endothelial cells, which induces the formation of new capillaries in the tumor microenvironment (14). Angiogenesis is co-regulated by pro-angiogenic and anti-angiogenic factors (15). MicroRNAs (miRNAs) are small non-coding RNAs and they bind to mRNAs to regulate the expression of genes involved in angiogenesis (16). It has been verified that some miRNAs play a role in GC angiogenesis by targeting different angiogenic factors or pathways (17). For example, miR-126 can inhibit GC angiogenesis by suppressing VEGF and its receptor VEGFR2 (18). MiR-34a can inhibit GC angiogenesis by targeting PD-ECGF and ANG2 (19). MiR-221 can promote GC angiogenesis by inhibiting the anti-angiogenic factor thrombospondin-1 (TSP-1) (20). The microenvironment in the gastric mucosa may also affect the angiogenic phenotype of GC as chronic inflammation, hypoxia, and acidosis can upregulate the expression of angiogenic factors and receptors (21). Angiogenesis is an important hallmark of malignancy, thus inhibition of this process has become a hallmark of biological anticancer therapies for solid tumors in the contemporary world (22). Angiogenesis inhibitors have entered various stages of clinical trials and are widely used in the clinic, but a summary of the successes and problems encountered in current clinical studies is lacking.

In this review, in order to provide more personalized treatment plans for GC patients and provide a reliable theoretical basis for the treatment of GC with anti-angiogenic drugs, we systematically expounded the mechanism of angiogenesis on GC and summarized the results of registered clinical trials of anti-angiogenic targeted drugs for GC, as well as the response biomarkers of these drugs. Finally, based on the review, we also discussed the problems in the current research and the direction of future clinical research.




2 Angiogenesis mechanism of gastric cancer

The occurrence and development of tumors depend on angiogenesis, and new blood vessels promote tumor invasion and metastasis (23). In the process of angiogenesis, a variety of factors are involved in the regulation. Vascular endothelial growth factor (VEGF) is considered to be the strongest pro-angiogenic growth factor (24), and its receptor (vascular endothelial growth factor receptor, VEGFR) has become a hotspot for research in recent years and great progress has been made (25).

The VEGF family includes vascular endothelial growth factor A (VEGF-A), vascular endothelial growth factor B (VEGF-B), vascular endothelial growth factor C (VEGF-C), vascular endothelial growth factor D (VEGF-D), vascular endothelial growth factor E (VEGF-E) and placental growth factor (PIGF), whose receptors include 3 tyrosine kinase receptors vascular endothelial growth factor receptor 1 (VEGFR-1, also known as Flt-1), vascular endothelial growth factor receptor 2 (VEGFR-2, also known as KDR/Flk-1), vascular endothelial growth factor receptor 3 (VEGFR-3, also known as Flt-4), whose receptors bind to VEGF with high affinity (26).

VEGF receptors are transmembrane tyrosine kinases that activate various angiogenic pathways upon ligand binding and receptor dimerization (27). VEGF-A is the member of the VEGF family that is most closely related to angiogenesis (28). Different isoforms of VEGF-A have different functions depending on their binding affinity and specificity for the receptors (29). For example, both VEGF-A121 and VEGF-A165 bind to VEGFR-1 and VEGFR-2, but interestingly, VEGF-A121 has a higher affinity for VEGFR-2 and is more potent in inducing endothelial cell proliferation and migration than VEGF-A165 (30). On the other hand, VEGF-A189 and VEGF-A206 mainly bind to VEGFR-1 with a lower angiogenic activity than VEGF-A121 and VEGF-A165 (31). Ligand-receptor binding is the basic step for receptor activation and subsequent signal transduction (32). VEGF-A binds to both VEGFR-1 and VEGFR-2, but mainly signals through VEGFR-2 (33). The receptor most closely related to tumor angiogenesis is VEGFR-2 (13). VEGF-B and PlGF only bind to VEGFR-1 and regulate its activity (34). VEGF-C and VEGF-D bind to both VEGFR-2 and VEGFR-3, but mainly signal through VEGFR-3 (35). VEGFR-3 is the specific receptor for lymphatic growth factors VEGF-C and VEGF-D, which regulates the function of both vascular and lymphatic endothelial cells during embryonic development (36).

The function of VEGF in tumor angiogenesis mainly lies in three aspects. First, VEGF is a homodimeric glycoprotein encoded by a single gene, which can directly stimulate the movement, proliferation and division of vascular endothelial cells, increase the permeability of micro-vessels to promote the assimilation of cadherin and reduce the intercellular adhesion (37). VEGF is closely related to nitric oxide (NO) and can reduce endothelial nitric oxide synthetase (NOS) activity (38), reduce vascular tension to increase microvascular permeability, which is conducive to the extravasation of fibrinogen and other plasma proteins, and become the basis of tumor neovascularization network formation and accelerate tumor hematogenous metastasis (39). Second, VEGF changes the activation of endothelial cells, and induces the expression of a series of endothelial cell genes from different sources under hypoxic conditions (40), including the expression of procoagulant factor, plasminogen activator inhibitor-1 (PAI-1), matrix metalloproteinase (MMP), interstitial collagenase and tissue factor, to degrade the extracellular matrix around blood vessels (41) to promote the release of pro-angiogenic factors stored in the extracellular matrix (42) thus inducing vascularization. Third, VEGF is a mitogen of endothelial cells, which activates the MAPK signaling pathway to stimulate the mitosis of endothelial cells and promote the proliferation and deformation (43); VEGF binds to VEGFR-1 (also known as Flt1) and phosphorylates Flt1 (33). Phosphorylated Flt1 cannot significantly promote the proliferation of endothelial cells, but it can activate the actin reorganization induced by P38-MAPK of the mitogen-activated protein kinase (MAPK) family and promote the migration of endothelial cells (44), while PIGF binds to Flt-1 to increase endothelial cell proliferation by activating p38 MAPK (45); VEGF is rapidly phosphorylated upon binding to VEGFR-2, and the phosphorylation activates multiple signal transduction molecules (46), including P38 - MAPK, PI3K, Akt/PKB, PKC, Ras GAP, Raf -1, MEK, ERK. Phosphorylated VEGFR-2 promotes mitosis and proliferation of endothelial cells by activating the MAPK pathway and PKC-MAPK bypass (47). VEGF is phosphorylated after binding to VEGFR-3 and this activates p42/p44 MAPK transduction through the Ras-independent pathway and promotes the proliferation of lymphatic endothelial cells (48). Phosphorylation of VEGFR-3 can also activate PI3K/Akt, thereby transducing survival signals in lymphatic endothelial cells and vascular endothelial cells to prevent cell apoptosis (49).

VEGF is closely related to GC. Studies have confirmed that the expression level of VEGF in cancer tissue and serum of patients with GC can be a reliable indicator of GC occurrence, development, metastasis and prognosis. Some studies (50–52) compared the expression level of VEGF in GC tissue and normal gastric mucosal tissue, and the results indicated that the expression level of VEGF in GC tissue was higher than that in normal gastric mucosal tissue and was related to pathological type, TNM system, and lymph node metastases (53), which suggests that VEGF may be a potential diagnosis and treatment indicator for the occurrence and development of GC. The VEGF in the serum of patients with GC mainly comes from the primary lesion, while VEGF also recruits effector cells such as endothelial cells, hematopoietic stem cells, osteoblasts and osteoclasts in the bone marrow to the site of neovascularization, thereby forming the embryonic form of new blood vessels, increasing VEGF expression in peripheral blood (54). The high expression of VEGF is an important turning point of angiogenesis in GC. The level of serum VEGF correlates with tumor type and infiltration depth (55), and also lymph node metastasis (56), hematogenous metastasis (57, 58) and early recurrence (59). VEGF promotes the maturation and stability of the neovascular bed, and it not only provides key nutrients for tumor growth, maintains and promotes tumor growth, but also facilitates tumor metastasis as a tubular channel (60) (See Figure 1 for more details).




Figure 1 | Diagram of angiogenesis in GC.






3 Current monoclonal antibodies for angiogenesis treatment in gastric cancer



3.1 Ramucirumab

Ramucirumab is an intravenously administered fully human IgG1 monoclonal antibody derived from phage display technology (61). Ramucirumab inhibits angiogenesis, and it binds to the end of the extracellular domain with high affinity, which induces spatial overlap and conformational changes in the receptor that ultimately prevents ligand binding to VEGFR-2, thereby inhibiting downstream signaling (62). VEGFR-2 is the primary receptor responsible for the spectrum of VEGF -induced biological changes that drive many cancers, including changes in vascular structure and function, proliferation and migration (63). Unlike clinically approved angiogenesis inhibitors, Ramucirumab has specificity and potently inhibits VEGFR-2 (64).

Ramucirumab is the first molecular-targeted drug (65) for clinical single intervention. Its clinical application for GC treatment is shown in Table 1. The earliest study was a phase 3 REGARD trial (73) conducted in 2009, which involved 355 patients with GC or gastroesophageal junction adenocarcinoma who underwent first-line platinum- or fluoropyrimidine-containing chemotherapy. The patients were divided into 2 groups and given ramucirumab and placebo interventions and the results showed that the ramucirumab group had a longer survival period. It is worth noting that the incidence of hypertension in the ramucirumab group was higher than that of the placebo group. An open-label, non-random phase 2 clinical trial in Japan showed (74) that the median overall survival (mOS) of the ramucirumab group was 8.6 months; median progression-free survival (mPFS) was 6.6 months; 12-week progression-free survival rate (12-week PFS rate) was 23.8%, and diarrhea, loss of appetite, high blood pressure, gastric bleeding and protein urine and other adverse events were reported. Taking the REGARD trial as a reference, ramucirumab showed clinical activity and controllable safety in this study.


Table 1 | Clinical trials of anti-angiogenic targeting monoclonal antibodies in the treatment of GC.



As Ramucirumab alone showed great efficacy in the second-line treatment of GC or gastroesophageal junction adenocarcinoma, the US Food and Drug Administration (FDA) approved ramucirumab for the treatment of GC or gastroesophageal junction adenocarcinoma in 2014 (61). A US multicenter, double-blind, randomized phase 3 RAINBOW trial was conducted in 170 centers in 27 countries in North America, South America, Asia and Australia (66), and it also recruited patients with GC or gastroesophageal junction adenocarcinoma. Patients in the test group (330/665) received ramucirumab plus paclitaxel, and patients in the control group (335/665) received placebo plus paclitaxel. The results showed that the median overall survival and median progression-free survival of the ramucirumab paclitaxel group were better than those of the placebo paclitaxel group (mOS 9.6 months vs 7.4 months; mPFS 4.4 months vs 2.9 months) (68). Another RAMIRIS trial compared the safety and efficacy of FOLFIRI plus ramucirumab with paclitaxel plus ramucirumab for the same patients, and the results showed that FOLFIRI plus ramucirumab has a relative advantage in terms of the objective response rate (ORR), mPFS, and mOS (69). Ramucirumab has become the world’s first molecularly targeted drug proven to be effective in the second-line treatment of GC or gastroesophageal junction adenocarcinoma combined with chemotherapy, providing a new option for such patients (75).

By comparison, in the RAINBOW trial, both Japanese and Western patients had improved mPFS and ORR after ramucirumab combined with paclitaxel and had similar safety profiles. However, in the evaluation of adverse reactions, the incidence of neutropenia in Japanese patients was higher than that in Western patients (76, 77) Thus, a randomized, multicentre, double-blind phase 3 RAINBOW-Asia trial (78, 79) (a bridging study similar to RAINBOW) was initiated, in which patients were randomized to receive ramucirumab plus paclitaxel (n=294) or placebo plus paclitaxel (n=146), the primary outcome was (mPFS 4.14 months vs 3.15 months, mOS 8.71 months vs 7.92 months), and the most common adverse reaction was also decreased neutrophil count (54% vs 39%). In 2021, Eli Lilly and Company announced that the RAINBOW-Asia trial had reached its pre-specified research priority, and the results, together with the RAINBOW results, supported ramucirumab in combination with paclitaxel as a second-line therapy for GC or gastroesophageal junction adenocarcinoma (80).

Based on the efficacy and safety of ramucirumab, researchers began to explore the efficacy and safety of ramucirumab combined with different chemotherapy drugs for the patients. A phase 3 RAINFALL study of ramucirumab plus a fluoropyrimidine and cisplatin or placebo plus a fluoropyrimidine and cisplatin (67) showed statistical significance in the primary analysis of mPFS, but the results were not confirmed in a sensitivity analysis of progression-free survival by central independent review because the results of mOS were not statistically significant. Therefore, it is not recommended to add ramucirumab to cisplatin plus fluoropyrimidine chemotherapy as first-line therapy. An East Asian multicenter, double-blind, randomized, phase 2 RAINSTORM trial of mPFS (70) suggested that the addition of ramucirumab into fluoropyrimidine and cisplatin did not prolong mPFS or mOS, which means not all chemotherapy regimens combined with ramucirumab can increase the efficacy.




3.2 Bevacizumab

Bevacizumab is the first VEGF monoclonal antibody (81). Bevacizumab is a recombinant humanized monoclonal IgG1 antibody that can bind to VEGF. It can bind to VEGF-A to inhibit the activity of VEGF and block its interaction with VEGFR-1 and VEGFR-2 (82), including endothelial cell enhanced vascular permeability activity, mitogenic activity and other pro-angiogenic activities, to inhibit tumor angiogenesis (81). Bevacizumab regresses tumor vessels and normalizes remaining tumor vessels while inhibiting neovascularization or recurrent angiogenesis (83). As one of the earliest therapies targeting the tumor microenvironment (84), bevacizumab has been used as a targeted therapy drug for various cancers (85). Several studies have demonstrated that bevacizumab exhibits modest antitumor activity in a wide range of malignancies when used in combination with chemotherapy (86).

In recent years, progress has been made in the treatment of metastatic colorectal cancer, NSCL, metastatic breast cancer, ovarian cancer, cervical cancer and other cancers with bevacizumab (87). Bevacizumab was originally approved for the treatment of metastatic colorectal cancer in the United States (US) and the European Union (EU) in 2004 and 2005, respectively (88). Many clinical studies proved the efficacy of bevacizumab (See Table 1 for more details).

GC treatment with bevacizumab has been researched recently (89). Some studies suggested that bevacizumab was not recommended as a perioperative treatment for patients with resectable GC (90). However, there is no unified conclusion on the predictive indicators of the efficacy of bevacizumab at present, and it is still impossible to confirm which group of people is suitable for bevacizumab treatment. A multicenter trial with small samples evaluating bevacizumab combined with chemotherapy in the treatment of GC and gastroesophageal junction adenocarcinoma was conducted in the United States. The combined regimen (72) had an ORR of 65%, a median time to disease progression (mTTP) of 8.3 months, and an mOS of 12.3 months. Compared with historical controls, mTTP improved by 75%. The toxicity profile included hypertension, gastrointestinal perforation, gastrointestinal bleeding, and thromboembolic events, and was not different from other bevacizumab-containing regimens. It is suggested that we optimize the use of bevacizumab in the treatment of GC (91).

The following AVAGAST was an international clinical study involving patients from Europe, the United States, Korea, and Japan. Chemotherapy in combination with or without bevacizumab was taken as first-line treatment for patients with GC (71). The included patients received subsequent chemotherapy after disease progression, and the results showed that the ORR, mOS and mPFS of the combination group were longer than those of the chemotherapy group. In baseline comparison, poor performance status, liver metastases, and larger tumors were most common in Eastern Europe/South America and the least common in Japan. Although the study did not meet the expected goals, the addition of bevacizumab to chemotherapy increased the mPFS and ORR of the first-line treatment of GC, and also showed geographical differences, with the greatest survival benefit in American patients and almost no survival benefit in Asian patients.

Considering the influence of geographical factors in AVAGAST, Chinese researchers designed an AVATAR (92)trial (randomized, double-blind, phase III) similar to AVAGAST for Chinese patients with GC. The patients in the experimental group received bevacizumab combined with capecitabine-cisplatin. There was no difference in mOS between the experimental and placebo groups, and mPFS was also similar. Safety findings were identical to those of a previous US trial of bevacizumab (AVAGAST); bevacizumab plus capecitabine-cisplatin was well tolerated, with 60% of bevacizumab-treated patients and68% of placebo-treated patients reported grade 3-5 adverse events (AEs). It can be seen that the AVATAR trial did not bring survival benefits to Chinese patients with GC.





4 Tyrosine kinase inhibitors currently used to treat gastric cancer angiogenesis



4.1 Apatinib

Apatinib is a small-molecule VEGFR-2 tyrosine kinase inhibitor independently developed in China. It is the first small-molecule targeted drug proven to improve the survival of GC (93)(See Table 2 for more details). Apatinib was approved by the China Food and Drug Administration (CF-DA) in 2014 for the treatment of third-line and above-advanced GC (124), making it a new option for patients with GC who failed in second-line treatment (125). Meanwhile, studies have shown that the overall response rate of apatinib for advanced GC is 42% (126).


Table 2 | Clinical trials of anti-angiogenic targeted tyrosine kinase inhibitors in the treatment of gastric cancer.



Apatinib is mainly used for advanced GC patients who have failed chemotherapy (124). The earliest study of apatinib was a phase II trial for patients with metastatic GC. A total of 144 patients with GC failed in second-line or more chemotherapy was enrolled, of which the apatinib components were 850mg/qd and 425mg/bid. The results showed that both mPFS and mOS were improved, and there were significant statistical differences between apatinib and placebo (94). A randomized, double-blind phase III clinical study of apatinib (95)has shown that for patients with GC for whom two or more prior chemotherapy regimens failed, mOS and mPFS were significantly improved in apatinib group compared with placebo. These suggested that apatinib treatment significantly improved the OS and PFS of patients with GC resistant to two or more prior chemotherapy regimens and increased the survival time of patients. These two trials had consistent conclusions regarding adverse reactions. The most common grade 3 to 4 non-hematological adverse events were hand-foot syndrome, proteinuria, and hypertension. Most patients could tolerate and safety was acceptable. Studies by Shen (96)and Ruan (97) also showed that apatinib had good efficacy and safety in patients with GC irresponsive to two or more prior chemotherapy regimens.

Subsequent studies compared the efficacy of different doses of apatinib on the survival of patients with advanced GC, and the results showed that compared with higher daily doses (675-850mg) of apatinib, lower daily doses (250-500 mg) of apatinib can achieve comparable outcomes in mOS and mPFS while maintaining more benign safety profile (99, 103, 104) in patients with GC. However, the efficacy and safety of apatinib in elderly patients with GC remain unclear, so an open-label, single-arm, phase II study was conducted involving GC patients aged ≥60 years (48 patients). Results showed that apatinib was effective and relatively well-tolerated in elderly patients with unresectable GC who had received at least one line of chemotherapy (102), and a lower initial daily dose (250mg–500mg) may be an appropriate choice for elderly patients in clinical practice (127).

Chemotherapy alone has limited benefit in patients with GC who have failed first-line therapy. Therefore, exploring which chemotherapy regimens can effectively prolong their survival and improve the quality of life by combining apatinib has become a current research focus for advanced GC patients who have failed chemotherapy. In the clinical trials of treatment of GC with apatinib combined with docetaxel, the mPFS and mOS of the apatinib group and the combination group were 2.5 and 4 months, 3.3 and 6 months, respectively, and grade 3/4 adverse reactions such as neutrophils, cytopenia, anemia, thrombocytopenia, and hypertension were milder in the combination group than in the apatinib group (128). Patients with advanced GC benefited more from apatinib plus docetaxel compared with apatinib monotherapy (129). Apatinib plus docetaxel was proved clinically beneficial in previous studies, but the feasibility of combining apatinib with other chemotherapeutic agents was unclear.

Subsequent studies have found that apatinib combined with chemotherapy has also achieved a good curative effect in the second-line treatment of AGC. Apatinib combined with chemotherapy as the second-line treatment of advanced GC has good clinical efficacy and acceptable side effects, and may provide a new second-line treatment option for patients with advanced GC (130). Apatinib and s-1 (tegafur + gimeracil + oteracil potassium) have been approved by the National Medical Products Administration (NMPA) of China for the treatment of GC, and patients can afford these treatments (131). Meanwhile, manageable adverse events reduced the side-effect costs of symptomatic and supportive care (129). Apatinib combined with s-1 therapy was superior to s-1 alone in the second-line treatment of GC. The combination can significantly improve the quality of life of patients, reduce the level of serum tumor markers, prolong the patient’s mOS (105), and mPFS, and improve ORR and disease control rate (DCR) (106). In another study, apatinib also improved the levels of T helper 1 (Th1) and T helper 2 (Th2)-like cytokines (107). Apatinib in combination with S-1 has shown promising efficacy and manageable toxicity as a second-line treatment for patients with GC, especially for elderly patients with poor performance status (108). Combination therapy with apatinib, especially with paclitaxel, may confer a better survival benefit in the first-line treatment (132). However, some studies have also suggested that while increasing the curative effect, combined drug use reduced the quality of life of patients and increased the risk of adverse reactions (109).

Apatinib has also demonstrated certain therapeutic effects targeting metastatic gastric cancer in clinical trials. Apatinib combined with S-1 as a first-line treatment for GC was not superior to other chemotherapy regimens. Toxicities were consistent with known profiles when given as monotherapy (131). Notably, this study compared metastatic sites in GC. Compared with patients with liver metastases, patients with lymph node metastases gained better curative effects as they tended to have prolonged mPFS and mOS. This may support the design of future clinical trials to better define patient populations (98). The study also reported that the most common grade 3 to 4 AEs for apatinib monotherapy were hypertension, hand-foot syndrome, anorexia, vomiting, and nausea. Apatinib combined with SOX (S-1+oxaliplatin) as a neoadjuvant therapy for advanced or metastatic GC also has demonstrated significant efficacy and safety and the common adverse reactions include leukopenia, neutropenia and hypertension. Further randomized clinical trials at a larger scale are needed to confirm these findings (101, 110). Apatinib showed promising efficacy and acceptable safety in GC patients with advanced liver metastases. Anti-angiogenic therapy may be a good strategy for the treatment of GC with liver metastases, a rare subtype of GC (100).




4.2 Fruquintinib

Fruquintinib is an orally available, highly selective small-molecule antagonist of VEGFR1, VEGFR2, and VEGFR3 (111). In September 2018, fruquintinib received its first global approval in China for the treatment of metastatic colorectal cancer in patients who have failed at least two prior systemic antineoplastic treatments (133). Currently, there are ongoing phase 2 and phase 3 studies (NCT02415023, NCT03223376) of fruquintinib combined with paclitaxel in the treatment of GC, and phase 2 trials of fruquintinib combined with SOX (NCT05122091) as neoadjuvant therapy for GC are also underway (111). The phase III clinical development of fruquintinib monotherapy is mainly for patients with advanced non-small cell lung cancer (NSCL) and GC (134)(Table 2 for more details).




4.3 Sorafenib

Sorafenib has been shown to have inhibitory effects against platelet-derived growth factor receptor (PDGFR), VEGFR2, VEGFR-3, PDGFR-β and other receptors (135). It has dual anti-tumor effects (136). On the one hand, it can block the formation of tumor angiogenesis by inhibiting VEGFR and PDGFR to indirectly inhibit the growth of tumor cells (137). On the other hand, it can directly inhibit tumor growth by blocking the RAF/MEK/ERK signaling pathway (138).

The results of the phase II clinical study (NCT00917462) showed (112) that single-agent sorafenib can improve OS and PFS in patients with advanced gastroesophageal junction adenocarcinoma. Treatment-related adverse reactions include hand-foot syndrome, rash, dehydration and fatigue, and mutations of P53 and other related gene identified by tumor exome sequencing. This may bring new opportunities for sorafenib in the treatment of gastroesophageal junction adenocarcinoma (139). Sorafenib can also be used in combination with various chemotherapy drugs, including paclitaxel, cisplatin, and 5- fluorouracil. Subsequent studies have showed that the triple combination of sorafenib, docetaxel, and cisplatin had clinical activity. There are few works of literature on the maximum tolerated dose of sorafenib combined with chemotherapy drugs. A phase I trial once mentioned sorafenib (400mg/bid), capecitabine (800mg/m2/bid) and cisplatin (60mg/m2) were recommended as a first-line treatment in GC (113). In addition, a phase II trial demonstrated the efficacy of sorafenib in combination with docetaxel and cisplatin for the treatment of advanced GC, with an mOS of 13.6 months (114) and the most common grade 3/4 adverse reactions being neutropenia. In a phase I study of sorafenib in combination with S-1 and cisplatin for the treatment of advanced GC, pharmacokinetic analysis showed no significant difference in the sorafenib exposure between the sorafenib group and combination group, with adverse reactions including anorexia, rash, neutropenia, thrombocytopenia, and nausea (115). Sorafenib in combination with 5-FU can effectively decrease serum VEGF and HIF-1α levels and improve 1-year survival rate (116). In a trial of sorafenib in combination with oxaliplatin as a second-line treatment for advanced GC, the mPFS was 3 months and the mOS was 6.5 months. However, subgroup analyses of this trial showed that the progression-free time of first-line treatment determined the different prognosis of patients, and the grade 3/4 adverse reactions were neutropenia and thrombocytopenia (140).

From the above, it can be seen that sorafenib alone or in combination with different chemotherapy drugs can be used for the treatment of advanced GC, but results of high-quality trials are needed to support the viewpoint. Therefore, more in-depth research on the use of sorafenib in the treatment of advanced gastric cancer should be carried out. Meanwhile, dose change of sorafenib was in correlation with the occurrence of adverse events (141), so the combination of sorafenib with chemotherapy drugs should be further explored in large-scale cohort studies. (Table 2 for more details).




4.4 Sunitinib

Sunitinib is also a multi-target tyrosine kinase inhibitor against VEGF and PDGFR-β (142). Sunitinib monotherapy (117)was tolerated in GC, but tumor responses were limited. Although sunitinib monotherapy only has insufficient clinical value as a second-line treatment for GC, its role in combination with chemotherapy deserves further study (143). Later studies found that sunitinib combined with FOLFIRI tended to improve the overall survival of GC (118, 119), but the primary endpoint was not reached. Therefore, the clinical efficacy of sunitinib in patients with GC who failed first-line treatment is not satisfactory. Phase I dose trial suggested that sunitinib plus cisplatin 80 mg/m2 and 5-FU 4,000 mg/m2 were combinable with controllable adverse events (144), and the maximum tolerated dose of sunitinib (MTD) was determined to be 25 mg/day. A Japanese clinical study (120) showed that in a phase I trial of sunitinib combined with s-1 and cisplatin in patients with GC, the MTD of sunitinib combined with cisplatin/S-1 was 25 mg/day. The regimen showed a manageable safety profile and preliminary antitumor activity. Among Korean patients, sunitinib combined with XELOX (oxaliplatin + capecitabine) in patients with advanced GC (121) had an mPFS of 5.5-8.0 months and an ORR of 43.5-45.5%. This suggests that sunitinib has shown good safety in Asian countries such as Japan and South Korea, with relatively consistent tolerated doses (Table 2 for more details).




4.5 Pazopanib

Pazopanib is an orally available and selective tyrosine kinase inhibitor against targets such as VEGFR-1/-2/-3 and PDGFR to inhibit angiogenesis, which has been approved for advanced kidney cancer and soft tissue sarcoma treatment (145, 146). Kim et al. designed a single-arm, open-label phase II study (122) to determine the efficacy and toxicity of pazopanib plus XELOX in GC treatment. The published results of the study indicated that the combination showed moderate activity and an acceptable toxicity profile in patients with GC. The main adverse reactions of grade 3 or above were neutropenia, anemia, thrombocytopenia, and loss of appetite. Subsequent case reports suggested that pazopanib alone can produce sustained efficacy in recurrent and metastatic gastroesophageal adenocarcinoma (147). An open-label randomized phase II trial (123) (2:1) investigated the efficacy of pazopanib plus FLO (5-fluorouracil + oxaliplatin) versus FLO monotherapy as first-line therapy in patients with GC. The results indicated that adding pazopanib to chemotherapy showed signs of efficacy, but no significant improvement. The combination was well tolerated but had high toxicity, and the main adverse events included loss of appetite, nausea, and fatigue (Table 2 for more details).





5 Response biomarkers of anti-angiogenic drug therapy

Anti-angiogenic drugs mainly act on vascular epidermal growth factor, and have shown curative effects in most clinical trials to prolong the survival time of some patients with GC (148). Many clinical studies showed the potential efficacy benefits of anti-angiogenic drugs and their combination therapy, but there are still challenges (149). Determining which patients can get the most benefit from this treatment is the top challenge and it requires specific biomarkers for screening. The following summary expands on response biomarkers (Details in Table 3).


Table 3 | Predictive response biomarkers for anti-angiogenic targeted therapy in gastric cancer.



At present, anti-angiogenic drugs have obtained positive results in the treatment of GC, but the discovered response biomarkers have not been verified as predictive or prognostic. Biomarkers in tumor tissue or the circulation of cancer patients may serve as response biomarkers (155). As mentioned earlier, in GC, ramucirumab alone or its combination with paclitaxel as second-line therapy has survival benefits. Although VEGF-D is a potential biomarker for ramucirumab in colorectal and hepatocellular carcinoma, earlier studies did not identify it as a useful biomarker for patients with GC (156). Later studies (150) evaluated the possibility of VEGF-A, VEGF-D and soluble vascular endothelial cell growth factor receptor-2 (sVEGFR-2) serving as the response biomarkers of resistance or efficacy in ramucirumab and paclitaxel combination. The results showed an association between higher baseline levels of VEGF-A and shorter OS, and there was an association between elevated sVEGFR-2 after one week and prolonged PFS and OS. This was also the first report supporting sVEGFR-2 as a positive marker after treating metastatic GC with the combination of paclitaxel and ramucirumab. Ramucirumab binds to VEGFR2 on vascular endothelial cells to inhibit VEGF ligand binding and receptor signaling and limit VEGF-induced angiogenesis and endothelial cell migration, thus slowing tumor growth (157). VEGFR-2 signaling was an important therapeutic target in GC (35). GC with VEGFR-2 overexpression have a poor prognosis, indicating VEGFR-2 may be a negative prognostic marker (158). However, the REGARD trial analysis found that the prognostic trend between high VEGFR-2 endothelial expression and shortened progression-free survival was not significant. Further studies are needed to investigate the predictive potential of high VEGFR2 expression in patients with GC treated with ramucirumab (159). In addition to predictable biomarkers in the VEGF family, patients in a ramucirumab plus FOLFIRI arm who underwent genomic analysis were all microsatellite stable and programmed death ligand 1 (PD -L1) may be a potential positive prognostic marker (69).

The addition of bevacizumab to chemotherapy improved progression-free survival and tumor response rates of patients with GC, but overall survival was not affected. To test the hypothesis that angiogenic markers might have predictive value for the efficacy of bevacizumab in GC, AVAGAST included a prospective, mandatory biomarker program (151). Plasma was available from 712 patients (92%) and tumor samples were available from 727 patients (94%). Baseline plasma VEGF-A levels and neuropilin-1 expression were identified as potential predictors of bevacizumab efficacy (160).

Currently, the analysis of biomarkers of apatinib in the treatment of GC after chemotherapy is mainly based on serum VEGFR-2 (95), serum carbohydrate antigen 19-9, carcinoembryonic antigen (CEA), tumor supplied group factor (TSGF), tumor necrosis factor- α (TNF-α) and inflammatory factors (105, 107). It has also been suggested (98) that TP53 was the most commonly mutated gene, with CDH1 and APC genes being the second most common. Early anti-angiogenesis-related adverse events, such as hypertension, proteinuria, and hand-foot syndrome (120.126), were listed as feasible biomarkers of efficacy.

Preliminary biomarker analysis of the INTEGRATE trial showed a similar benefit of regorafenib in patients with VEGF-A levels above and below the median (106). The ERBB2 gene was also predicted to be a viable efficacy biomarker, as this gene amplification benefited from regorafenib plus FOLFOX treatment.

Sorafenib is used for the treatment of gastrointestinal stromal tumors and metastatic renal cell carcinoma in patients who do not respond to or cannot tolerate standard therapies (161). Sorafenib can selectively target certain proteins to regulate tumor cell growth and metabolism (162). Tumor cells can proliferate under hypoxic conditions and this is closely related to the activation of hypoxia-inducible factor-1α (HIF-1α) and VEGF. HIF-1α can enhance cell metabolism under hypoxic conditions and contribute to the activation of VEGF to induce tumor angiogenesis. HIF-1α expression may be a predictor of poor prognosis in GC, especially in Asia (152). Chemotherapy combined with sorafenib can effectively reduce serum HIF-1α and VEGF levels in patients with GC to improve their 1-year survival rate and prognosis (116). Diffuse expression of HIF-1α in gastric tumors may lead to resistance to adjuvant chemotherapy with 5-FU (163). Local amplification of associated genes ARID1A, PIK3CA, and P53, as well as HMGA2 and MET, also benefited from sorafenib treatment (112).

Tumor VEGF-C expression (compared with no expression) was associated with significantly shorter median PFS and above-median OS in a subgroup of sunitinib monotherapy trials of patients with GC, but tumor control rates did not differ (153). Serum VEGF-A, VEGFR2 and VEGF-D have also been shown to be sensitive to this therapy (118).

FGFR2 gene expression by immunohistochemistry may be a useful biomarker for predicting patients with metastatic or recurrent advanced GC to receive pazopanib combined with CapeOx (154).




6 Challenges and solutions of anti-angiogenic targeted therapy for GC

Anti-angiogenic drugs target various aspects of tumor angiogenesis to block the formation of blood vessels to cut off the nutrient and supply to tumor cells, resulting in a hypoxic microenvironment (164). This therapy has shown limited efficacy, with survival benefits ranging from weeks to several months (165), which may be related to the fact that tumors can activate alternative pathways of angiogenesis, increase invasiveness and metastasis, or develop resistance to anti-angiogenic therapy by immune system inhibition (166). Tumor vessels display tortuosity, disorganization, leakiness, slow blood flow, and hypoxia (167), thus early use of anti-angiogenic drugs can improve the “chaotic” state and normalize gastric tumor vessels (168). However, the early balance of pro-angiogenic and anti-angiogenic factors is temporary (169). Although there has been some progress in anti-angiogenic therapy for GC, the survival benefits of this treatment still face many challenges.

	(1) Anti-angiogenic therapy can lead to hypoxia-induced apoptosis of tumor cells while cloning hypoxia-resistant tumor cells, which can lead to drug resistance (170). HIF-1α induces epithelial-mesenchymal transition (EMT), which further enhances the ability of tumor cells to tolerate hypoxia, locally invade, infiltrate blood vessels, and survive in peripheral blood vessels (171). Experimental studies on gastric cancer cell lines CUM-2MD3 and OCUM-12 have found that under hypoxic conditions, GC cells form EMT through autocrine stimulation of TGFβ factors (172). The EMT cell transcriptome is characterized by the expression of proteins with multiple functions, such as growth factors and corresponding protein factor receptors (TGFβ, HGF, HGFR), accessory transcription factors (Wnt, Notch, NFkB), integrin receptors, proteoglycan joint receptors CD44, and glucose-6-phosphate isomerase (GPI) (173). Among these factors, Notch and Wnt are closely related to the HIF-1α signaling pathway (174).

	(2) The hypoxic state induces and recruits bone marrow cells to assist in tumor-induced neovascularization (175). Under hypoxic conditions, HIF-1α and its targets, Stromal cell-derived factor-1 (SDF-1) and VEGF will increase to attract a heterogeneous group of bone marrow-derived cells composed of vascular progenitor cells and pro-angiogenic monocytes (176). Endothelial and pericyte progenitor cells are bound as part of the new blood vessels to directly build new blood vessels (177). Pro-angiogenic monocytes provide energy to the tumor by producing pro-angiogenic cytokines, growth factors, and proteases (178). All of these contribute to the formation of new blood vessels.

	(3) When tumors become hypoxic, compensatory pathways can be activated to circumvent anti-angiogenic therapy by switching to different pro-angiogenic factors that lead to neovascularization and upregulation of tumor invasiveness, ultimately resulting in tumor recurrence (179). Studies have shown (180) that continuous use of anti-angiogenic drugs can enhance hypoxia and induce upregulation of other factors associated with angiogenesis, such as PIGF, fibroblast growth factors (FGFs), and inflammatory chemokines. This can also recruit Tie2-expressing monocytes (TEMs) and tumor-associated macrophages (TAMs) to promote angiogenesis and disrupt the temporary balance achieved by anti-angiogenic therapy, leading to chaotic and disordered growth of tumor vasculature (181).

	(4) TKI can increase vascular permeability and lead to the hematogenous metastasis of cancer cells when it disrupts tumor vascular stability (182). The migration of tumor cells towards blood vessels is influenced by tumor-associated macrophages (TAMs), which can stimulate tumor angiogenesis, making tumor vessels more chaotic. Meanwhile, TAMs secrete EGF and stimulate the EGFR to strengthen the invasive ability of tumors (183). The increase of the expression of matrix metalloproteinases (MMPs), urokinase-type plasminogen activator receptor (uPAR), and tissue proteases will improve the vascular permeability, making tumor cells more prone to intravasation (184).

	(5) Vasculogenic mimicry (VM) is the formation of vessel-like channels supplying blood to tumor tissue, which is achieved through the interaction between tumor cells and the extracellular matrix (185). It is also the result of high expression of HIF-1α in tumor cells.

	(6) VEGF and its signaling pathway inhibit the maturation of dendritic cells and induce the development of regulatory T cells in the tumor microenvironment. VEGF also promotes the expression of PD-1 in tumor cells, which leads to T cell exhaustion and ultimately destroys the anti-tumor immune response, resulting in immune cell inhibition (186).



There are available solutions to the above issues. Firstly, we have to find the treatment regimens of combination therapy with anti-angiogenic drugs. The combination of anti-angiogenic drugs and chemotherapy drug docetaxel can effectively inhibit the synthesis of mitochondrial DNA in hypoxic tumor stem cells, thereby improving the efficacy of anti-angiogenic drugs (187). There are also studies on the combination of anti-angiogenic drugs with other targeted drugs, such as the combination of bevacizumab and trastuzumab to improve mPFS and mOS in advanced GC patients (188). The combination of anti-angiogenic therapy and immunotherapy has also achieved certain effectiveness, such as the combination of bevacizumab and PD-1 inhibitor (189). Nanoparticles have also shown the ability to target endothelial cells, effectively delivering anti-angiogenic drugs to the tumor site and enhancing the therapeutic effect by reducing systemic toxicity (190).This therapy is still at an early stage of development and shows great potential in inhibiting tumor angiogenesis (191).




7 Discussion

Anti-angiogenic targeted therapy aims to block the formation of new blood vessels that nourish tumors. Anti-angiogenic therapy may have some advantages in GC treatment because patients with this type of cancer have high levels of VEGF, a key factor that stimulates angiogenesis (192).

This review summarizes current clinical trials and response biomarkers of anti-angiogenic targeted therapy for GC with complete data published in open-access journals. We first summarize the efficacy of the reported clinical trials of anti-angiogenic targeted therapy drugs in patients with GC. The clinical trials of ramucirumab were large-scale, involving multiple continents and countries, and it has been proved that single drug or ramucirumab paclitaxel combination in the treatment of GC can prolong the PFS and OS of patients, thus becoming the standard second-line therapy for GC. Bevacizumab was first approved for the treatment of metastatic colorectal cancer. Compared with ramucirumab (158), its single-drug effect was not obvious and clinical trials were not sufficient. Later studies found that bevacizumab combined with conventional chemotherapy can improve the curative effect and prolong OS in patients with GC. Apatinib tyrosine kinase inhibitors entered clinical trials to test GC at the beginning, and it showed good efficacy in patients with GC after they failed chemotherapy. Subsequent studies confirmed that low-dose apatinib was more effective and safer for patients with GC who have received prior extensive treatment. Apatinib is orally available and that is conducive to clinical promotion (159). Sorafenib has proven clinical activity in clinical trials, but sunitinib, pazopanib and fruquintinib have been less consistent. Most of the response biomarkers of anti-angiogenic targeted therapy have not been verified.

We also found the characteristics of clinical trials of anti-angiogenic targeted therapy. There were only a few single drug interventions in the clinical trials summarized in this article as most of the trials were drugs combined with chemotherapy. Besides, most studies were single-arm trials, and the research endpoints were mainly ORR, mPFS, mOS, and side effects. However, there were also problems. First, there were many types of anti-angiogenic targeted drugs, while clinical trials of single drugs were limited, and trials with positive results were even fewer. Secondly, there were many combined treatment options for anti-angiogenic targeted drugs and some were still in the initial stage. Third, the efficacy of these drugs was different in different patient groups, but the subgroup analysis for this issue was not comprehensive. Fourth, only a few drugs in the review have undergone clinical trials of the optimal dose selection. Fifth, the discovery of response biomarkers in this paper was not deep enough, and the main prediction was limited to response markers. Many biomarkers have been reported but they have not been widely used in clinical practice, thus the overall predictive efficiency and level of evidence were low. It can be seen that anti-angiogenic therapy cannot cure gastric cancer nor is it effective for all patients. It may only benefit a subset of patients with certain molecular features or biomarkers that predict response to the therapy (193). Over time, however, anti-angiogenic therapy may lead to resistance or relapse as tumors adapt to the lack of blood supply (194).

Future clinical research on anti-angiogenic targeted drugs can focus on the following directions: First, when selecting anti-angiogenic targeted drugs, researchers should pay attention to the stage and type of GC of the patient, and continue to explore the best time for applying the drugs for specific GC. Secondly, pay attention to the design of the intervention arm and the establishment of research endpoints in designing clinical trials. Thirdly, pay attention to the detailed subgroup analysis (race, age, different centers, etc.). Fourthly, pay attention to the selection of the optimal dose, index setting and dose tolerance for curative effect evaluation. Fifth, explore the efficacy of anti-angiogenic targeted drugs combined with different chemotherapeutic drugs or different types of targeted drugs for better curative effects and less toxic and side effects. Sixth, the verification of biomarkers still needs a large number of prospective studies (efficacy, toxicity, and drug resistance).
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0.69 (0.55, 0.87)
0.56 (0.41, 0.76)
0.64 (0.53, 0.77)

0.74 (0.52, 1.04)
0.77 (0.52, 1.13)
0.75 (0.58, 0.98)
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Covariate H.R. 95%Cl p
Age 1.37007 1.28-1.47 <0.05
Sex 0.943397 0.89-1.00 0.06
Race 1.087829 1.05-1.13 <0.05
Marital status 1.13522 1.07-1.20 <0.05
Primary Site 0.981495 0.97-0.99 <0.05
Grade 1.319365 1.25-1.39 <0.05
Summary Stage 1.148254 1.08-1.22 <0.05
T stage 1.080254 1.05-1.1 <0.05
N stage 1.13535 1.10-1.17 <0.05
M stage 1.310824 1.13-1.52 <0.05
AJCC stage 1.629648 1.55-1.71 <0.05
Surgery of the primary site 0.595993 0.52-0.69 <0.05
Chemotherapy 0.625112 0.58-0.67 <0.05
Months from diagnosis to treatment 0.904289 0.88-0.93 <0.05
Regional nodes examined 0.996188 0.99-1.00 <0.05
I Regional nodes positive 1.004607 1.00-1.01 <0.05
Tumor bone metastasis 1.286578 1.05-1.58 <0.05
Tumor size 1.043229 1.01-1.07 <0.05
Lymph node dissection 1111767 0.92-1.34 026
Tumor liver metastasis 0.946553 0.85-1.05 031
Radiation recodes 0.999806 0.94-1.06 1.00
Tumor brain metastasis 1.375527 0.92-2.05 0.12
Tumor lung metastasis 1.13761 0.95-1.36 0.15
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Covariate HR. 95%Cl p
Age 124 1.16-1.33 <0.05
Sex 0.92 0.87-0.97 <0.05
Race 114 1L.11-1.18 <0.05
Marital status 113 1.07-1.19 <0.05
Primary Site 0.99 0.98-1.00 0.03
Grade 1.68 1.59-1.77 <0.05
Summary Stage 0.68 0.66-0.70 <0.05
T stage 1.62 1.58-1.65 <0.05
N stage 152 1.49-1.56 <0.05
M stage 3.84 3.63-4.05 <0.05
AJCC stage 2.02 1.97-2.07 <0.05
Surgery of the primary site 0.29 0.27-0.30 <0.05
Chemotherapy 1.49 1.41-1.57 <0.05
Months from diagnosis to treatment 0.88 0.86-0.91 <0.05
Regional nodes examined 0.99 0.99-0.99 <0.05
Regional nodes positive 1.01 1.01-1.01 <0.05
Tumor bone metastasis 430 3.53-5.24 <0.05
Tumor size 120 1.17-1.24 <0.05
Lymph node dissection 0.39 0.37-0.42 <0.05
Tumor liver metastasis 329 3.00-3.62 <0.05
Radiation recodes 1.06 1.01-1.12 0.02
Tumor brain metastasis 431 2.91-6.39 <0.05
Tumor lung metastasis 3.67 3.11-4.34 <0.05
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Train cohort Test cohort

Characteristics (n=9923) (n=4254)
Age 0.36
20-80 years 8181(82.44%) 3479(81.78%)
80+ years 1742(17.56%) 775(18.22%)
Sex ‘ 0.85
Female 6824(68.77%) 2918(68.59%)
Male 3099(31.23%) 1336(31.41%)
Race 0.23
American Indian/Alaska Native 65(0.66%) 41(0.96%)
Asian or Pacific Islander 1837(18.51%) 770(18.10%)
Black 1183(11.92%) 496(11.66%)
White 6838(68.91%) 2947(69.28%)
Marital status ‘ ‘ 0.83
Married 6353(64.02%) 2715(63.82%)
Unmarried 3570(35.98%) 1539(36.18%)
Primary Site* ‘ ‘ 0.46
C160 3703(37.32%) 1591(37.40%)
cl6.1 341(3.44%) 127(2.99%)
Cl162 767(7.73%) 350(8.23%)
C163 2179(21.96) 897(21.09%)
Cl164 356(3.59%) 141(3.31%)
C165 961(9.68%) 400(9.40%)
Cl16.6 400(4.03%) 187(4.40%)
Cl168 607(6.12%) 281(6.61%)
C169 609(6.14%) 280(6.58%)
Grade ‘ ‘ 0.90
Grade I/II 4200(42.33%) 1806(42.45%)
Grade TII/IV 5723(57.67%) 2448(57.55%)
Summary Stage ‘ ‘ 0.62
Distant 2368(23.86%) 1031(24.24%)
Localized 2768(27.89%) 1209(28.42%)
Regional 4787(48.24%) 2014(47.34%)
T stage 0.25
Tl 2299(23.17%) 995(23.39%)
T2 2798(28.20%) 1252(29.43%)
T3 2930(29.53) 1178(27.69%)
T4 1446(14.57%) 635(14.93%) ‘
X 450(4.53%) 194(4.56%) ‘
N stage 0.53 ‘
N1 3917(39.47%) 1712(40.24%)
N2 3522(35.49%) 1520(35.73%)
N3 1397(14.08%) 552(12.98%)
N4 863(8.70%) 374(8.79%)
NX. 224(2.26%) 96(2.26%)
M stage ‘ 0.74
MO 7757(78.17%) 3312(77.86%)
Yl 2150(21.67%) 937(22.03%)
MX 16(0.16%) 5(0.12%)
AJCC stage 0.68
1 2787(28.09%) 1205(28.33%)
i 2121(21.37%) 924(21.72%)
ut 2499(25.18%) 1030(24.21%)
v 2516(25.36%) 1095(25.74%)
Surgery of the primary site 0.42
No 2131(21.48%) 940(22.10%)
Yes 7792(78.52%) 3314(77.90%)
Lymph node dissection 0.41
No 2652(26.73%) 1170(27.50%)
Yes 7271(73.27%) 3089(72.61%)
Radiation recodes 0.67
No 6341(63.90%) 2735(64.29%)
Yes 3582(36.10%) 1519(35.71%)
Chemotherapy 0.51
No 4370(44.01%) 1847(43.42%)
Yes 5553(55.96%) 2407(56.58%)
Months from diagnosis to treatment 0.52
Mean (S.D.) 1.03(1.14) 1.05 (1.19)
Median [Min, Max] 1.00 [0, 23.0] 1.00 [0, 20.0]
Regional nodes examined 0.13
Mean (SD) 144 (17.2) 145 (17.7)
Median [Min, Max] 11.0 [0, 99.0] 11.0 [0, 99.0]
Regional nodes positive 0.38
Mean (SD) 283 (41.6) 27.8 (41.4)
Median [Min, Max] 4.00 [0, 99.0] 3.00 [0, 99.0 ‘
Tumor bone metastasis 0.28 ‘
[ No 9815(98.91%) 4198(98.68%) ‘
Yes 108(1.09%) 56(1.32%)
Tumor brain metastasis 1.00
No 9898(99.75%) 7 4244(99.76%)
Yes 25(0.25%) 10(0.24%)
Tumor liver metastasis 0.10
No 9380(94.53%) 3991(93.82%)
Yes 543(5.47%) 263(6.18%)
Tumor lung metastasis 0.32
No 9766(98.42%) 4176(98.17%)
Yes 157(1.58%) 78(1.83%)
Tumor size ‘ 0.57
< lem 9645(97.20%) 4151(97.58%)
<2cm 7(0.07%) 2(0.05%)
<3cm 16(0.16%) 3(0.07%)
< 4em 16(0.16%) 7(0.16%)
<5cm 8(0.08%) 5(0.12%)
> 5cm 231(2.33%) 86(2.02%)

* Primary Site, this data item identifies the site in which the primary tumor originated. See the International Classification of Diseases for Oncology, Third Edition (ICD-O-3) for topography
codes. The decimal point is eliminated. C16.0, Cardia; C16.1, Fundus of stomach; C16.2, Body of stomach; C16.3, Gastric antrum; C16.4, Pylorus; C16.5, Lesser curvature of stomach NOS; C16.6,
Greater curvature of stomach NOS; C16.8, Overlapping lesion of stomach; C16.9, Stomach.
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Clinical characteristics Cachexia (n = 49) Non-cachexia (n = 48) p Value

Age 65.10£8.58 62.56+10.51 0.195
BMI 20.54+1.73 24.67+247 <0.001*
Weight Loss 7.06£2.76 1.01£1.21 <0.001*
Disease stage (I1I/IV) 44/49 13/48 <0.001*
IL6 (mmol/L) 9.16£5.52 4.38+1.44 <0.001*
TNFa (mmol/L) 13.28£5.17 8.53+2.96 <0.001*
Alb (g/L) 39.27+4.12 41.39+4.68 0.190
PAb (mg/L) 196.92+58.43 250.13+40.43 <0.001*
FAA(mmol/L) 0.57+0.13 0.35£0.11 <0.001*
TC (mmol/L) 4.22+1.01 4.37+0.80 0.390
TG (mmol/L) 1.29+0.38 1.46+0.83 0.063
LDL (mmol/L) 2.55+0.91 2.57+0.71 0.913
HDL (mmol/L) 1.18+0.36 1.16+0.30 0.855
Apo A (g/L) 1.20+0.25 1.28+0.22 0.137
Apo B (g/L) 0.79+0.26 0.78+0.18 0.901
Apo E (mg/L) 37.71x13.25 44.73£12.21 0.008*
SMA 116.99+14.08 138.79+13.35 <0.001*

BMI, Body mass index; SMA, Smooth muscle area; ALB, Albumin; PAb, Prealbumin; TC, Total cholesterol; TG, Tri-glyceride; LDL, Low-density lipoprotein; HDL, High-density
lipoprotein; ApoA, Apolipoprotein A; ApoB, Apolipoprotein B; ApoE, Apolipoprotein E; FFA, Free fatty acid; IL-6, Interleukin 6; TNF-c, Tumor Necrosis Factor-c.. *p < 0.05.
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Characteristics All patients N=1690 MPV < 11.8fL N=1005
age

<62 793 (46.9%) 477 (47.5%)
262 897 (53.1%) 528 (52.5%)
Sex

male 1403 (83.0%) 867 (86.3%)
female 287 (17.0%) 138 (13.7%)
KPS score

70-80 754 (44.6%) 453 (45.1%)
90-100 936 (55.4%) 552 (54.9%)
Tumor length

<4cm 717 (42.4%) 401 (39.9%)
>=4cm 973 (57.6%) 604 (60.1%)
Tumor Grade

Moderate 714 (42.2%) 419 (41.7%)
Poor 674 (39.9%) 402 (40.0%)
Well 302 (17.9%) 184 (18.3%)
Tumor location

Upper 393 (23.3%) 229 (22.8%)
Middle 902 (53.4%) 532 (52.9%)
Lower 395 (23.4%) 244 (24.3%)
Vascular invasion

no 1360 (80.5%) 804 (80.0%)
yes 330 (19.5%) 201 (20.0%)
Nerve invasion

no 1315 (77.8%) 781 (77.7%)
yes 375 (22.2%) 224 (22.3%)
T stage

T1 55 (3.3%) 33 (3.28%)
T2 208 (12.3%) 121 (12.0%)
T3 1279 (75.7%) 753 (74.9%)
T4 148 (8.7%) 98 (9.75%)
N stage

No 589 (34.9%) 339 (33.7%)
N+ 1101 (65.1%) 666 (66.3%)
Dis LN number

<10 136 (8.1%) 88 (8.8%)
>=10 1554 (91.9%) 917 (91.2%)
PLT

<177 844 (49.9%) 309 (30.7%)
>=177 846 (50.1%) 696 (69.3%)
PDW

<164 817 (48.3%) 608 (60.5%)
>=16.4 873 (51.7%) 397 (39.5%)
PCT

<02 746 (44.1%) 365 (36.3%)
>=0.2 944 (55.9%) 640 (63.7%)
treatment

Surgery 948 (56.1%) 570 (56.7%)
S+CT 742 (43.9%) 435 (43.3%)
TNM class

T3-4NOMO 589 (34.9%) 339 (33.7%)
T1-4N+MO 1101 (65.1%) 666 (66.3%)

MPV>11.8fL N=685

316 (46.1%)
369 (53.9%)

536 (78.2%)
149 (21.8%)

301 (43.9%)
384 (56.1%)

316 (46.1%)
369 (53.9%)

295 (43.1%)
272 (39.7%)
118 (17.2%)

164 (23.9%)
370 (54.0%)
151 (22.0%)

556 (81.2%)
129 (18.8%)

534 (78.0%)
151 (22.0%)

22 (321%)
87 (12.7%)
526 (76.8%)
50 (7.30%)

250 (36.5%)
435 (63.5%)

48 (7.00%)
637 (93.0%)

535 (78.1%)
150 (21.9%)

209 (30.5%)
476 (69.5%)

381 (55.6%)
304 (44.4%)

378 (55.2%)
307 (44.8%)

250 (36.5%)
435 (63.5%)

p. overall

0.625

<0.001***

0.682

0.013 **

0.795

0.551

0.595

0.953

0.371

0.263

0.228

<0.001 ***

<0.001 ***

<0.001***

0.566

0.263

MPV, Mean Platelet Volume; PLT, Platelet Count; PDW, Platelet Distribution Width; PCT, Platelet hematocrit; T, Tumor; N, lymph node; N+, Patients with pathology lymph node

‘metastasis; KPS, Karnofsky performance scale; S+CT, Surgery followed by chemotherapy. **P< 0.01, ***P< 0.001.
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Characteristics

1 Age

2 Sex

3 KPS score

4 Tumor length

5 Tumor Grade

6 Tumor location

7 Vascular invasion
8 Nerve invasion

9 T stage

10 N stage

11 Dissected LN number
12 MPV group

13 PCT

14 PDW

15 PLT

*P< 0.05, **P< 0.01, ***P< 0.001.

Univariate analysis

HR.CI95.

1.17 (1.024-1.337)
0.662 (0.545-0.804)
1.003 (0.877-1.146)
1.24 (1.08-1.424)
1.184 (1.082-1.297)
0.958 (0.871-1.054)
1.645 (1.407-1.922)
1.437 (1.232-1.675)
1.387 (1.217-1.581)
2.403 (2.053-2.813)
0.723 (0.583-0.896)
0.777 (0.677-0.892)
1.033 (0.904-1.18)
0.94 (0.823-1.074)
1.056 (0.925-1.205)

p.value.x

0.021*
<0.001***
0.972
0.002*
<0.001***
0.375
<0.001***
<0.001***
<0.001***
<0.001***
0.003**
<0.001***
0.632
0.366
0.424

Multivariate analysis

HR.CI95.y

1.165 (1.018-1.333)
0.706 (0.58-0.86)

1.174 (1.019-1.353)
1114 (1.015-1.223)

1.247 (1.058-1.469)
1.214 (1.034-1.427)
1,519 (1337-1.726)
2,609 (2.21-3.079)
0594 (0.476-0.741)
0.815 (0.709-0.936)

p.value.y

0.0265*
<0.001***

0.0262*
0.0236*

0.0084**
0.0181*
<0.001%**
<0.001***
<0.001%**
0.0039**
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Gene

HMGAL
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GAPDH

Forward
Reverse
Forvard

Reverse
Forward
Reverse

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5 to 3)

GAAGTGCCAACACCTAAGAGACC
GGTTTCCTTCCTGAGTTGTGG
GAAGCCACTGGAGAAAAACGGC
GGCAGACTCTTGTGAGGATGTC
GCGAAGAAACTGGGAGAGATGTG
GCATCAGGCTTTCCTITAGCTCG
GGTGAAATGTGGTCTGAGCAGTC
CCTGCTTCACTITTGCCCTTGG
CCAAGAAGTGCTCTGAGAGGTG
CITCTIGCCTCCCTTAGCTGGT
ACCTCCTGCAAMAGTGGAAGCG
GTTTCITGGTTAGCCACTTCGGC
AMACCTGCTCCTCCAAAGCCAG
CITGCCAGCATCAGCTTTTCCC
CACAAGACGGTCTGCCAGATTG
CCTCCTTCTTCCCTTTAGCACC
CACAGAGGAGATCAGCTCGGTT
GGTTGTTCCCATCCTTTCCAG
CITGTGCCAGTTACACCAGAGG
TCAGEAACTGCTTGGGCACTTG,
GICTCCTCTGACTTCAACAGCG
ACCACCCTGTTGCTGTAGCCAA
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Clinicopathologic features SKAI1(P value) SKA2(P value) SKA3(P value)

Cancer stage

Stagel-vs-Stage2 5.64E-03 NS 3.13E-02
Stagel-vs-Stage3 3.63E-05 3.83E-05 2.62E-04
Stagel-vs-Staged NS NS NS
Stage2-vs-Stage3 NS 3.59E-02 NS
Stage2-vs-Staged NS NS NS
Stage3-vs-Stage4 NS 4.64E-02 NS
Gender
Male-vs-Female NS NS NS
Age
Age(21-40Yrs)-vs-Age(41-60Yrs) NS NS NS
Age(21-40Yrs)-vs-Age(61-80Yrs) NS NS NS
Age(21-40Yrs)-vs-Age(81-100Yrs) NS NS NS
Age(41-60Yrs)-vs-Age(61-80Yrs) NS 2.41E-02 NS
Age(41-60Yrs)-vs-Age(81-100Yrs) NS NS NS
Age(61-80Yrs)-vs-Age(81-100Yrs) NS NS NS
Weight
Normal_Weight-vs-Extreme_Weight NS 1.10E-02 NS
Normal_Weight-vs-Obese NS NS 3.00E-03
Normal_Weight-vs-Extreme_Obese 8.58E-03 NS NS
Extreme_Weight-vs-Obese NS NS 2.43E-02
Extreme_Weight-vs-Extreme_Obese NS NS NS
Obese-vs-Extreme_Obese NS NS NS
Tumor grade
Grade 1-vs-Grade 2 NS NS NS
Grade 1-vs-Grade 3 6.42E-03 NS 7.63E-04
Grade 1-vs-Grade 4 4.72E-02 NS 4.52E-02
Grade 2-vs-Grade 3 4.85E-02 3.41E-04 2.03E-05
Grade 2-vs-Grade 4 NS NS 3.49E-02
Grade 3-vs-Grade 4 NS NS NS
Nodal Metastases status
NO-vs-N1 NS NS NS
Tp53 mutation status
TP53-Mutant-vs-TP53-NonMutant 3.81E-08 2.21E-04 2.80E-09
Tumor histology
Hepatocellular carcinoma-vs-Fibrolamellar carcinoma NS NS NS
Hepatocellular carcinoma-vs-Hepatocholangio carcinoma (Mixed) 2.37E-08 NS 7.64E-05
Fibrolamellar carcinoma-vs-Hepatocholangio carcinoma (Mixed) NS NS 7.50E-03

SKA, spindle and kinetochore-associated; NS, no significance.





OPS/images/fonc.2022.1038925/table2.jpg
Clinicopathological parameters N SKALI expression (2-ACq) SKAZ2 expression (2-ACq) SKA3 expression (2-ACq)

Mean + SD P value Mean + SD P value Mean + SD P value

Tissue
Normal 50 0.074 + 0.74 0.0001 1.995 + 0.269 0.001 0.106 + 0.0106 0.001
Tumor 373 1.814 +1.278 2.807 + 0.645 1.142 + 0.751

Gender
Male 253 1.273 £ 0.919 0.471 2.787 + 0.634 0.305 1.131 + 0.767 0.511
Female 121 1.291 + 0.796 2.847 + 0.668 1.164 £ 0.719

Age(years)
<=60 177 1.374 £ 0.928 0.072 2.889 + 0.672 0.019 1.222 +0.783 0.049
>60 196 1.190 + 0.829 2.730 + 0.612 1.066 + 0.716

Pathologic stage Tand I 260 1.193 + 0.820 0.007 2.739 + 0.626 0.001 1.077 + 0.695 0.026
Il and IV 90 1.531 £ 0.984 3.008 + 0.651 1.337 £ 0.866

BMI <=25 177 1.393 £ 0.938 0.046 2.893 +0.649 0.008 1.203 + 0.769 0.137
>25 160 1.180 + 0.836 2.712 £ 0.630 1.077 £ 0.373

Tumor status Tumor free 202 1.154 + 0.844 0.002 2.763 + 0.642 0.039 1.030+ 0.710 0.002
With tumor 153 1.429 +0.888 2.888 + 0.652 1.284 +0.779

AFP(ng/ml) <=400 215 1.102 £ 0.775 0.001 2.725 +0.627 0.002 0.967 + 0.645 0.001
>400 65 1.600 + 0.827 2.964 + 0.576 1.576% 0.712

Vascular invasion NO 208 1.087 + 0.720 0.014 2.756 + 0.656 0.571 1.024 +0.0.693 0.018
Yes 110 1.387 + 0.939 2.805 + 0.593 1.236 = 0.766

SKA, spindle and kinetochore-associated; HCC, Hepatocellular carcinoma; BMI, body mass index.
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Rank Gene symbol

1 CDK1
CCNBL
CCNA2
TOP2A
BUB1
AURKB
CCNB2
BUBIB
NCAPG
10 KIF11

oW e N A R W

Gene description

Cyclin-dependent kinases1

Cyclin Bl

Cyclin A2

Ubiquitin conjugating enzyme E2C

Budding uninhibited by benzimidazoles 1

Aurora kinase B

Cyclin B2

BUBI mitotic checkpoint serine/threonine kinase B
(Non-SMC condensin I complex subunit G

kinesin family member 11

SKA, spindle and kinetochore-associated; HCC, Hepatocellular carcinoma; r, correlation coefficient.

Score

206
175
173
170
164
159
157
152
152
152

SKAI(r)

0.878339
0.858997
0.721096
0.821246
0.841623
0.824268
0.855514
0.829244
0.891055
0.851479

SKA2(r)

0.608893
0.512793
0.506213
0.626492
0.578664
0.549978
0.605124
0.590812
0.575636
0.663387

SKA3(r)

0.905994
0.871675
0.78519
0.869018
0.85081
0.854956
0.885941
0.868301
0.745865
0.87353
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Protein (Human)

HP
PIGR
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Constant

Coefficient

3.745
-0.956
-0.206
2.070
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-12.609

95% CI

(0.751, 7.545)
(-3.713, 1.668)
(-4.143, 3.334)
(0.341, 4.608)
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(-56.222, 33.111)

p value

0.02601048
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Gene name Protein name Fold change p value

LYZ Lysozyme 0.29 2.8E-03
IGHA2 Immunoglobulin heavy constant alpha 2 0.57 1.4E-02
LTF Lactotransferrin 0.54 2.1E-02
SAA1 Serum amyloid A 19.79 1.1E-03
SERPINA4 Serpin family A member 4 1.83 1.2E-02

F12 Coagulation factor XII 177 1.9E-02
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Sensitivity: 77%
Specificity: 59%
PPV: 61%
NPV: 71%

Sensitivity: 66%
Specificity: 50%
PPV: 66%
NPV: 50%

Sensitivity: 94%
Specificity: 94%
PPV: 94%
NPV: 94%

Sensitivity: 100%
Specificity: 50%
PPV: 67%
NPV: 100%

Serum biomarkers in clinical use: CEA + AFP + CA19-9

Serum EV protein panel: LYZ + SAA1 + F12
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Characteristic Cohort 1 Cohort 2 Total

Healthy Gastricadenocarcinoma Healthy Gastricadenocarcinoma

Total cases 19 33 18 12 82
Age (years)

Median 55 65 63 68 62

Range 27-74 35-82 46-75 56-85 27-85
Sex

Male 9 26 9 6 50

Female 10 7 9 6 32
Stage

1 - 8 - 1 9

1 - 9 - 3 12

jiis - 13 - 7 20

v - 3 - 1 4
T

1 = 6 - 1 7

2 - 2 - 0 2

3 - 13 - 5 18

4 - 11 - 5 16

X - 1 - 1 2
N

0 = 14 - 4 18

1 - 3 - 2 5

2 - 5 - 4 9

8 = 8 - 1 9

X - 3 - 1 4
M

0 - 30 - 11 41
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Gene name

ECM1
GSN
FN1
VWF
IGKV1-5

HBB
TFRC
HBA1
ORM1
PIGR
CAT
PRDX2

Protein name

Extracellular matrix protein 1
Glycine N-acyltransferase
Fibronectin

von Willebrand factor
Immunoglobulin kappa variable 1-5
Complement component C6
Immunoglobulin heavy constant gamma 3
Haptoglobin

Hemoglobin subunit beta
Transferrin receptor protein 1
Hemoglobin subunit alpha
Alpha-1-acid glycoprotein 1
Polymeric immunoglobulin receptor
Catalase

Peroxiredoxin-2

GC/HH

0.21
047
0.46
0.52
0.58
0.46
0.57
3.14
12.05
6.71
724
1.88
223
2.60
2.03

Fold change

S1/HH

0.25
039
0.44
0.68
0.62
0.39
0.50
2.82
16.19
842
7.80
1.82
1.96
3.00
229

GC, GAC patients; HH, healthy controls; S1, GAC patients in stage I + II; S2, GAC patients in stage III + IV.

S2/HH

0.21
0.56
0.48
0.36
0.54
0.54
0.64
348
7.65
4.87
6.66
1.95
252
3.00
1.91

GC/HH

9.2E-09
1.3E-06
7.5E-06
8.4E-04
5.8E-03
1.3E-02
3.7E-02
7.5E-06
3.2E-04
6.6E-04
4.0E-03
5.8E-03
6.2E-03
2.0E-02
3.2E-02

p value

S1/HH

7.8E-06
5.1E-06
2.2E-04
1.3E-02
5.2E-02
2.2E-03
3.3E-02
1.4E-04
4.8E-03
54E-03
6.1E-02
1.9E-02
3.3E-02
7.6E-02
3.1E-02

S2/HH

1.3E-06
2.8E-04
L1E-04
2.9E-03
5.8E-03
1.5E-01
1.7E-01
1.7E-04
1.0E-03
4.2E-03
2.3E-03
2.0E-02
1.4E-02
5.2E-03
3.1E-02
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Uni-variable Multi-variable1(model1) Multi-variable2(model2)

Characteristics HR' 95% CI' p-value HR' 95% CI' p-value HR' 95% CI'  p-value

Icotinib 80
No — — — — - —

Yes 030 0.17,0.53 <0.001 031 0.17, 0.60 <0.001 0.29 0.16, 0.52 <0.001

Sex 80

female — -

male 0.89 0.53, 1.51 0.667
Age 80

Old — P

Young 1.50 0.89, 2.54 0.129
Location 80

Lower - s

Middle 0.97 0.52, 1.82 0.928

Upper 0.68 033, 1.37 0276

Length 80

25 cm ' — i

<5cm 0.75 0.44, 1.25 0.265
Stage 80

I — — = = = =

11 1.76 1.05,2.93 0.031 1.80 1.06, 3.07 0.030 172 1.02, 2.90 0.041

EGFR 80
Low — — — —
High 0.55 0.31,0.97 0038 076 0.40, 1.43 0.391

Weight 80

Yes 1.88 0.85, 4.16 0.119

ECOG 80 2.09 1.23, 3.56 0.006

2 1.96 1.14, 3.38 0.015 2.02 1.18, 3.46 0.011

'HR, Hazard Ratio; CI, Confidence Interval.
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With icotinib,

Characteristics Overall, N = 80" N=41' p-value2

Sex 0.244
Female 46 (57%) 25 (64%) 21 (51%)
Male 34 (42%) 14 (36%) 20 (49%)

Age 0.784
old 32 (40%) 15 (38%) 17 (41%)
Young 48 (60%) 24 (62%) 24 (59%)

Location 0.281
Lower 21 (26%) 13 (33%) 8 (20%)
Middle 35 (44%) 14 (36%) 21 (51%)
Upper 24 (30%) 12 (31%) 12 (29%)

Length 0.352
25 cm 45 (56%) 24 (62%) 21 (51%)
<5cm 35 (44%) 15 (38%) 20 (49%)

Stage 0.379
il 43 (54%) 19 (49%) 24 (59%)
111 37 (46%) 20 (51%) 17 (41%)

EGFR 0.010
Low 24 (30%) 17 (44%) 7 (17%)
High 56 (70%) 22 (56%) 34 (83%)

Weight 1.000
No 10 (12%) 5 (13%) 5 (12%)
Yes 70 (88%) 34 (87%) 36 (88%)

ECOG 0.180
1 53 (66%) 23 (59%) 30 (73%)
2 27 (34%) 16 (41%) 11 (27%)

n (%).

2Pearson’s Chi-square te

Fisher’s exact test.
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<RNA-seq single-cell RNA sequencing

RNA-seq RNA sequencing
oA The Cancer Genome Atlas
ACRG Asian Cancer Research Group.
FACS fuorescence activated cel sorting
RNA-seq single-nucleus RNA sequencing
oMt unique molecular identifiers
o <opy number v

Tregs regulatory T clls

EGC carly gastic cancer

EBY Epsten-Bare virus

16¢ intestinal gastric cancer

DGC diffuse gastric cancer

HDGC hereditary diffuse gastric cancer
TiSs tetiary lymphatic structures
CAks tumor-associated ibroblasts
SPEM spasmolytic polypeptide-expressing metaplasia
PC peritoneal carcinomatosis

EMT epithelial mesenchymal transition
D1 programmed cell death receptor |
NAG non-atrophic gasritis

G chronic atrophic gastiis

=9 chronic gastritis

™ intestinal metaplasia

gastic cancer

advanced gastric cancer.

PBC peripheral blood mononuclea cells
cres circulatng tomor cll

0 patcnt-deived organoids

TAMs tmor asocated macrophages

NA not available.
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Data Species Contribution Reference

Accession
Number
GC, Normal, GSE183904 Human | A high level of expression of INHBA and FAP in subpopulations of cancer-associated fibroblasts is (35)
PC associated with increased staging
DGC, Normal GSE167297 Human | Tt is associated with an enrichment of CCL2 transcripts in inflammatory endothelial cells and fibroblasts in (40)

diffuse gastric cancer between the superficial and deep layer samples

NAG, CAG, GSE134520 Human | A single-cell transcriptome atlas for gastric premalignant and early-malignant lesions, which spanned the (43)
M, EGC cascade from gastriis to early gastric cancer

GC, Normal, HRA000051 Human ' Molecular evidences for potential transition from gastric chief cells into MUC6+TFF2+spasmolytic (44)
G polypeptide expressing metaplasia

GC, CAG, GSE150290 Human | Gastric cell landscape of intestinal gastric cancer and diffuse gastric cancer (45)
IM, Normal

HAS HRA000077 Human | Adenocarcinomatous component and hepatocellular-like component of the same HAS tumor originate (46)

monoclonally, and HAS is likely to initiate from pluripotent precursor cells

HDGC PRJEB41577 Mouse  The differentiation trajectory of squamous cells was shifted in HDGCs with Cdh1 inactivation (47)
GC cell lines GSE142750 Human | Heterogeneity of single cell transcriptome characteristics of gastric cancer cell lines (48)
Ascites and GSE140182 Human | Macrophages in malignant ascites of gastric cancer have strong non inflammatory properties (49)
cerebrospinal

fluid

GC, Normal, GSE172131 Human  Tumor infiltrating Tregs exhibit activated and effector states (50)
PBMC, Blood

AGC EGAS00001004443  Human | Patient of gastric adenocarcinoma with peritoneal carcinomatosis was classified into two subtypes, the (51)

gastric-dominant and GI-mixed. Survival time for the former is shorter

GC, Normal GSE158631 Human | Discovered some GC lymph node metastasis marker genes as well as potential gastric cancer evolutionary (52)
driving genes

GC, Normal, GSE163558 Human | Several subclusters of malignant epithelial cells were observed with invasion features, intraperitoneal (53)
Metastasis metastasis propensity, epithelial-mesenchymal transition induced tumor stem cell phenotypes, or
dormancy-like characteristics

CTCs DRA011720 Human A majority of gastric CTCs showed epithelial-mesenchymal transition (54)

GC, Normal CNP0001041 Human | The cytotoxicity and proliferation of T cells were decreased, immune pathways were downregulated, and (55)
angiogenesis pathways were activated in tumor cells and endothelial cells

GC, Normal PRJEB45598 Human | TME remodeling was associated with response to first-line fluoropyrimidine and platinum chemotherapy (56)

GC, Normal PRJEB40416 | Human = Compared to non-responders, responders of MSI-high patients treated with pembrolizumab had higher (57)
levels of T cells and NK cells

GC GSE152888 Mouse | Immunotherapy for tumors can be guided by the deep immunological phenotyping (58)
GSE156725
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off value AUC 95%Cl Sen: pecificity P value
Age (yr) 66.5 0.700 0.614-0.787 71.7% 67.9% <0.001
Tumor size (cm) 555 0.629 0.529-0.729 47.2% 83.0% 0.008
NTER (%) 67.49 0772 0.692-0.851 J 71.7% 77.4% <0.001

AUC, area under the curve; CI, confidence interval.
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PMMR (n dMMR (n=53)

Location (%)

Upper 34 (32.08) 3 (5.66)

Middle 12 (11.32) 7 (13.21)

Lower 60 (56.60) 43 (81.13)
Margin (%)

Well-defined 30 (28.30) 22 (41.50)

Tll-defined 76 (71.70) 31 (58.50)

Surface ulceration (%)
No 11 (10.38) 14 (26.42)
Yes 95 (89.62) 39 (73.58)

Adjacent organ invasion (%)

No 75 (70.75) 46 (86.79)
Yes 31 (29.25) 7 (13.21)
Tumor size (cm) 38(3.0,5.2) 54 (3.2,70)
Tumor thickness (cm) 1.2 (08, 1.6) 140 (09,1.7)
NTER (%) . 7292 +10.18 62.58 + 10.65

The largest lymph node size (%)
<08 cm 71 (66.98) 27 (50.94)
208 cm 35 (33.02) 26 (49.06)

*Mann-Whitney U-test.

0.001

0.094

0.009

0.025

0.008*
0.083*
<0.001

0.050





OPS/images/fonc.2023.1066352/table1.jpg
PMMR (i 06) P value
Age (yr) 64 (57.0, 69.0) 70 (64.0, 75.5) ‘ <0.001*
Gender (%) ‘ < 0.001
Male 91 (85.85) 22 (4151) |
Female 15 (14.15) 31 (58.49)
Hypertension (%) 0.816
No 68 (64.15) 33 (62.26)
Yes 38 (35.85) 20 (37.74)
Histological differentiation degree (%) 0.059"
Adenocarcinoma
Poorly differentiated 75 (70.75) 45 (84.91)
Well-/moderately differentiated 22 (20.75) 5(9.43)
Mucinous carcinoma 2(1.89) 1(1.89)
Signet ring cell carcinoma 6 (5.66) 0 (0)
Adenosquamous carcinoma 1 (0.94) 2 (3.77)
T stage (%) 02
T1-2 35(33.02) 22 (41.51)
T3-4 71 (66.98) 31 (58.49)
N stage (%) ‘ 0.002
No 30 (28.30) 28 (52.83)
N1+ 76 (71.70) 25 (47.17)

*Mann-Whitney U-test; t Fisher’s exact test.
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of Predictive Bi

References

Ramucirumab

FOLFIRI plus
ramucirumab

Ramucirumab +
Paclitaxel

Bevacizumab +
chemotherapy

Apatinib
Apatinib+s-1

Apatinib+s-1

Apatinib+s-1

Apatinib +
Chemotherapy

Apatinib

Regorafenib +
FOLFOX

Regorafenib

Sorafenib

Sorafenib

Sorafenib +5-
FU

Sunitinib

Sunitinib +
FOLFIRI

Sunitinib

Pazopanib +
capecitabine +
oxaliplatin

VEGFR-2

28 of 29 patients (96.6%) in the FOLFIRI plus ramucirumab group underwent genomic analysis. All patients with available results
(next-generation sequencing and/or IHC) were microsatellite stable and 20% (4/20 tests) were PD - L1 positive

The function of 3 angiogenesis-related mediators, such as VEGF-A, VEGF-D, and sVEGFR-2, as potential prognostic and predictive
biomarkers in metastatic GC treated with second-line paclitaxel plus ramucirumab. We reported an association between higher
baseline levels of VEGF-A and shorter OS. We also found an association between elevated sVEGFR-2 levels after 1 cycle and
prolonged PES and OS.

Plasma VEGF-A and tumor neuropilin-1 were strong candidate biomarkers for predicting clinical outcome in patients with GC
treated with bevacizumab

VEGFR2
Serum carbohydrate antigen 19-9 (CA19-9), CEA, and tumor supply group factor (TSGF) levels were significantly reduced

CEA, CA199 and carbohydrate antigen 125 (CA125) were significantly reduced, reducing interferon- Gamma (IEN-y), TNF -0,
Interleukin-4 (IL-4) and Interleukin - 10 (IL-10) (P<0.05)

TP53 was the most common mutation (18/25), CDHI and APC were the second most common (5/25).

Early-onset anti-angiogenic-related AEs, including hypertension, proteinuria, or hand-foot syndrome, were viable biomarkers of
antitumor efficacy in patients with metastatic GC

CEA was considered a potential independent predictor associated with shorter PFS and OS.

Six patients with ERBB2 amplification benefited from regorafenib plus FOLFOX. By targeting multiple tyrosine kinases, regorafenib
blocked RTK-RAS-PI3K signaling, which was overactivated in HER2-positive tumors.

The benefit of regorafenib was comparable in patients with VEGF-A levels above and below the median.

‘Whole-exome sequencing of this tumor revealed mutations in many cancer-associated genes, including ARID1A, PIK3CA, and
TP53, as well as local amplifications of HMGA2 and MET.

Tumor cells can proliferate under hypoxic conditions, which is closely related to the activation of hypoxia-inducible factor-1c: (HIF-
10:) and vascular endothelial growth factor (VEGE). HIE-1qt can enhance cell metabolism under hypoxic conditions and contribute

to the activation of VEGF to induce tumor angiogenesis. HIF-10. expression may be a predictor of poor prognosis in GC, especially
in Asia.

Chemotherapy combined with sorafenib can effectively reduce serum HIF-1o and VEGF levels in patients with GC and improve
their 1-year survival rate and prognosis.

There was a modest association between elevated baseline plasma VEGF-C levels and above-median OS (P = 0. 0241).

In the subgroup serum analysis, significant changes in serum levels of VEGE-A (P = 0.017), VEGFR2 (P = 0.012) and VEGE-D (P <
0.001) were observed.

Tumor VEGE-C expression (vs non-expression) was associated with significantly shorter median PFS in a subgroup of sunitinib
monotherapy trials of patients with GC; no difference in tumor control rate

FGFR2 expression checked by immunohistochemistry may be a useful biomarker for predicting metastatic or recurrent GC patients
receiving pazopanib combined with CapeOx

(35)

(69)

(150)

(151)

(95)
(105)

(107)

(98)

(132)

(100)

(108)

(106)

(112)

(152)

(116)

(117)

(118)

(153)

(154)
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Country/ NCT Patient Treatment Primary efficacy Treatme References
Number of number/ population arm outcome related
Enrollments ~ Phase/Status adverse
events
Apatinib China/144 NCT00970138/ Patients with Apatinib 850mg | mOS 2.5 months vs 4.83 Hypertension, (94)
2,3/Completed histologically vs apatinib 425 months vs 4.27 months, hand-foot
confirmed GC mg vs placebo P =0.0017. syndrome,
who were ‘mPES 1.4 months vs thrombocytopenia,
unresponsive or 3.67 months vs 3.2 anemia
intolerant to at months, P < 0.001.
least two prior
chemotherapy
regimens,
including
platinum and
fluorouracil
Apatinib, China/267 NCTO01512745/3/  Histologically Apatinib 850 mOS 6.5 months vs 4. 7 Leukopenia, (95)
placebo Completed confirmed GC mg vs placebo months, P=0.0149. neutropenia,
mPFS 2.6 months vs 1.8 hypertension,
months, P <0.001. proteinuria
Apatinib, China/321 ChiCTR-OPN- Patients with Apatinib 250mg | mPFS 4.0 months; mOS Proteinuria, (96)
paclitaxel, 15006601/2/ cytologically - 800mg + 8.2 months. hypertension,
docetaxel Completed confirmed GC paclitaxel/ hand-foot
with measurable docetaxel syndrome
disease
Apatinib China/42 -/2/Completed Patients with GC Apatinib 850mg  mFS 4.0 months, mOS Secondary 97)
who failed 4.5 months. hypertension,
second-line elevated
chemotherapy or transaminases
the last
chemotherapy
failed, no prior
molecular
targeted therapy
Apatinib, S-1 China/30 NCT02525237/2/ | Histologically Apatinib + S-1 mPFS$ 4.21 months, mOS = abdominal pain, (98)
Completed confirmed GC 7.49 months. Patients dizziness, diarrhea
with lymph node
metastasis had
prolonged mPFS and
mOS when compared
with those with liver
metastasis (mPFS, 4.21
vs 1.84 months; mOS,
8.21 vs 6.31 months, p =
0.08)
Apatinib China/20 NCT02668380/2/  Progressed or Apatinib 850mg = ORR 10%, m OS 4.5 Hypertension, (99, 100)
Completed recurred GC with months, mPFS 3.5 hand-foot
prior systemic months syndrome,
chemotherapy anorexia, vomiting,
nausea
Apatinib China/48 NCT03192735/2/ | Endoscopic Apatinib500mg | RO resection rate 75.0%. | Neutropenia, (101)
Completed biopsy-confirmed  + SOX (S-1: 40- leukopenia,
GC 60 mg, elevated
oxaliplatin) transaminases,
anemia
Apatinib China/48 NCT03104283/2/ | Elderly patients Apatinib mOS 8.10 months, Hypertension, (102)
Completed with histologically ~ 500mg/250mg | mFS 3.00 months. fatigue
confirmed GC
Apatinib China/337 NCT02668380/2/ | Patients with Apatinib 250mg =~ mOS 7.13 months, Hypertension, (103)
Completed histologically vs 425-500mg mPFS 4.20 months. fatigue, hand-foot
confirmed GC vs 675-850mg syndrome, nausea,
proteinuria
Apatinib China/737 NCT03333967/2/ | Histologically Apatinib mOS 8.72 months vs Anemia, (104)
Chemotherapy Completed diagnosed GC monotherapy vs = 5.92 months, P < 0.01. thrombocytopenia,
drugs apatinib plus mPFS 6.18 months vs neutropenia,
chemotherapy | 3.52 months, P < 0.01. leukopenia
Apatinib, China/126 -/2/Completed Patients with apatinib +s-1vs |~ mOS 10.7 months vs 8.1 Hematological (105)
Tegafur, histologically s-1 months, P=0.028. toxicity, vomiting,
Gimeracil, confirmed GC, mPFS 5.3 months vs 4.2 hypertension, liver
Otrexipotassium inoperable, months. and kidney damage
progressed after
systemic
chemotherapy
Apatinib, China/84 -/2/Completed Patients with GC Apatinib + s-1 ORR 9.5%, Neutropenia, (106)
Tegafur, who failed DCR 71.4% thrombocytopenia,
Gimeracil, second-line and hypertension,
Otrexipotassium above proteinuria
chemotherapy
Apatinib, China/100 -/2/Completed Histologically Apatinib +s-1 TTP 5.2 + 0.7 months, Hypertension (107)
Tegafur, diagnosed GC v s-1 08 9.3 + 2.5 months,
Gimeracil, P<0.05
Otrexipotassium
Apatinib, S -1 China/37 NCT04338438/2/ = Patients with GC Apatinib + $-1 mOS 4.2 months, Hand-foot (108)
Completed mPFS 8.2 months. syndrome,
hypertension,
diarrhea
Apatinib, China/62 -/2/Completed Patients Apatinib +s-1 mPFS 8.1 months vs 5.0 Hypertension, (109)
Tegafur, diagnosed with vs s-1 months, P<0.05. vomiting,
Gimeracil, GC or recurrence decreased
Otrexipotassium after surgery, hemoglobin,
patients who have proteinuria
received first-line
chemotherapy
Apatinib, China/39 ChiCTR-ONC- Patients with Apatinib +s-1 ORR 73.0%, DCR 81.1% leukopenia, (110)
Tegafur, 1701043072/ untreated +oxaliplatin neutropenia
Gimeracil, Completed unresectable GC
Otrexipotassium,
Oxaliplatin
Apatinib, China/34 -/2/Completed Histologically Apatinib + mOS 6 months vs 3.3 Leukopenia, (100)
docetaxel diagnosed GC docetaxel vs months, P=0.004. neutropenia,
apatinib mPES 4 months vs 2.5 anemia,
months, p=0.002 thrombocytopenia
Apatinib, China/32 ChiCTR-OON- Patients with Apatinib + mOS 6.93 months, Hypertension, (111)
docetaxel, 1600971/2/ histologically or chemotherapy mPFS 3.06 months. leukopenia,
paclitaxel, Completed cytologically neutropenia
tegafur, confirmed GC
oxaliplatin, with progression
capecitabine after first-line
therapy
Regorafenib, 5- United States/ NCT01913639/2/ = Patients with FOLFOX Gary 6 - months PFS rate Neutropenia, (108)
fluorouracil, 39 Completed prior untreated Gorfini vs 53%, ORR 54% leukopenia,
folinic acid, histologically or regorafenib hypertension
oxaliplatin cytologically
confirmed GC
Regorafenib Australia/152 ANZCTR Metastatic or Regorafenib vs mPFS 2.6 vs 0.9 months Anorexia, elevated (106)
placebo 12612000239864/  locally recurrent placebo transaminases,
2/Completed GC abdominal pain,
hypertension
Sorafenib US/35 NCT00917462/2/ | Patients with GC Sorafenib mPFS 3.6 months, Hand-foot (112)
Completed who have mO$ 9.7 months syndrome,
progressed on <2 vomiting, fatigue,
prior dehydration,
chemotherapy hypertension
regimens (or <3
prior regimens)
in a metastatic
setting
Sorafenib, Korea/16 -/1/Completed GC Sorafenib, ORR62.5%, m PES 10 = (113)
capecitabine, capecitabine, months, m OS 14.7
cisplatin cisplatin months.
Oxaliplatin, Spain/40 -/2/Completed Patients with GC  Oxaliplatin + mPFS 3 months, Neutropenia, (114)
Sorafenib who have Sorafenib mOS 6.5 months. thrombocytopenia,
received prior neurotoxicity,
first-line diarrhea
chemotherapy
Sorafenib, USA/44 NCT00253370/2/  Patients must Sorafenib + ORR 41%, Neutropenia, (115)
docetaxel, Completed have measurable,  docetaxel + mPFS 5.8 months, hemorrhage at the
cisplatin histologically cisplatin mOS 13.6 months. tumor site
confirmed GC
Sorafenib, 5- China/46 -/2/Completed GC Sorafenib + 5- The 1-year survival rate - (116)
fluorouracil fluorouracil vs of the Sorafenib+5-FU
5-fluorouracil group was significantly
higher (P<0.05).
Sunitinib China/78 -/2/Completed Patients with GC Sunitinib mOS 6.8 months, Neutropenia, (117)
who have mPES 2.3 months thrombocytopenia
received prior
chemotherapy
Sunitinib, Germany/91 NCT01020630/2/ = Histologically Sunitinib + mOS 104 vs 8.9 months | Neutropenia, (118)
placebo Completed confirmed GC FOLFIRI vs leukopenia
after the failure of  placebo +
docetaxel and/or FOLFIRI
platinum-based
chemotherapy;
FOLFIRI- naive
Sunitinib, USA/23 NCT00524186/1/ | Histologically Sunitinib + mOS 12.4 months, Anemia, (119)
irinotecan, Completed confirmed GC or FOLFIRI mPFS 6.2months neutropenia,
fluorouracil, and Chemotherapy- nausea, diarrhea,
leucovorin naive patients vomiting,
with GC lymphopenia,
fatigue
ICisplatin, $-1, Japan/27 NCT00553696/1/  Histologically or  Sunitinib + ORR 37.5%, Neutropenia, (120)
sunitinib Completed cytologically cisplatin + s-1 m PFS 12.5 months leukopenia
confirmed
diagnosis of GC
Capecitabine, South Korea/76 ~ NCT00555620 Patients with GC Sunitinib + mPES of sunitinib/XP Nausea, stomatitis, (121)
oxaliplatin, /2/Completed who have not capecitabine/ and sunitinib/XELOX hypophosphatemia
sunitinib, previously cisplatin or was 6.4 months and 5.5-
Cisplatin received capecitabine/ 8.0 months; the ORR of
oxaliplatin sunitinib/XP and
sunitinib/XELOX was
46.7% and 43.5-45.5%.
Pazopanib + South Korea/66 NCT01130805/2/ = Patients with Pazopanib + ORR 62.4%, Neutropenia, (122)
capecitabine + Completed histologically capecitabine + mPES 6.5 months, anemia,
oxaliplatin confirmed oxaliplatin mOS 10.5 months. thrombocytopenia,
unresectable
metastatic or anorexia, nausea,
recurrent GC vomiting
Pazopanib, 5- Germany/75 NCT01503372/2/ | Patients with Pazopanib + 6-month PFS rate 34% Loss of appetite, (123)
fluorouracil, Completed histologically FLO vs FLO Vs 30%, mPFS 4.66 vs nausea, fatigue,
folinic acid, and confirmed GC, 4.47 months, mOS 10.19 diarrhea,
oxaliplatin surgically vs 7.33 months, ORR neutropenia,
incurable and 72% vs 59% thrombocytopenia
chemotherapy-
naive.

RO, complete tumor resection with negative margins under the microscope, good prognosis; s-1, Tegafur Gimeracil Oteracil Potassium; SOX, oxaliplatin + S-1; FOLFIRI, irinotecan + 5-
fluorouracil + calcium folinate; FOLFOX, 5-fluorouracil; calcium folinate, oxaliplatin; FLO, 5-fluorouracil + oxaliplatin.
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Monoclonal Country/ NCT Patient population Treatment Primary Effi- Treatment- References

antibodies Number of number/ El cacy outcome related
Enrollments Phase/ adverse
Status events
Ramucirumab United States/ NCT00917384/ | Patients with GC with Ramuciridine vs mOS 5.2months vs Hypertension (35)
355 3/Completed disease progression after  placebo 3.8months, HR =
first-line platinum- or 0.776, 95%CI0.603-
fluoropyrimidine- 0.998, P=0.0473.
combined chemotherapy mPFS 2.1 months

vs 1.3 months, HR
= 0.483, P<0.0001.
12-week PFS rate
40.1% versus 15.8%,
HR=24.2, p<0.0001

Ramucirumab Japan/36 NCT01983878/ | Patients with GC with Ramucirumab mOS 8.6 months, Hypertension, (36)

2/Completed disease progression after mPFS 6.6 months, bleeding,
first-line chemotherapy 12-week PFS rate proteinuria,
23.8% diarrhea,
decreased appetite,
intestinal
obstruction
Ramucirumab, China/440 NCT02898077/ | Adult patients with GC Ramucirumab + mPFS 4.14 months Decreased (66)
paclitaxel, 3/Completed for whom prior paclitaxel vs vs 3.15 months, HR  neutrophil count
placebo fluoropyrimidine/ placebo + =0.765, P =0.0 184.
platinum chemotherapy paclitaxel mOS 8.71 months
failed vs 7.92 months, HR
= 0.963, p=0.74 26.
Ramucirumab, United States/ NCT02314117/ = GC without first-line Ramucirumab + mPFS 5.72 months Decreased (67)
Capecitabine, 645 3/Completed chemotherapy cisplatin + 5- vs 5.39 months, HR  neutrophil count,
cisplatin, fluorouracil vs =0.753, P = 0.0106. anemia,
placebo, 5- placebo + hypertension,
fluorouracil cisplatin + 5- vomiting, diarrhea
fluorouracil
Ramucirumab, United States/ NCT01170663/ = Patients with GC who Ramucirumab mOS 9.6 months vs Neutropenia, (68)
paclitaxel, 665 3/Completed have previously received  +paclitaxel vs 7.4 months, HR = leukopenia,
placebo first-line therapy placebo + 0.807, hypertension,
paclitaxel P=0. 0169. fatigue, anemia,
mPFS 4.4 months abdominal pain
vs 2.9 months, HR
=0.635,
P<0.0001.
mTTP 5.52 months
vs 3.02 months, HR
= 0. 596; P <0.0001.
ORR 27.9% vs
16.1%
Ramucirumab, USA/29 NCT03081143/ | Patients with GC who FOLFIRI plus ORR 23%, mOS Fatigue, diarrhea, (69)
irinotecan, 2,3/ have previously received = ramucirumab 13.4 months, mPFS anemia,
leucovorin, 5- Completed first-line therapy 6 months, 6-month neutropenia
fluorouracil, OS rate 90%, 12-
paclitaxel month OS rate 41%
Ramucirumab, United States/ NCT02539225/  Patients with GC who s-1/oxaliplatin + mPFS 6.34 months Neutropenia, (70) ‘
s-1, oxaliplatin, 189 2/Completed have previously received ramucirumab vs vs 6.74 months, vomiting, anemia,
paclitaxel, first-line therapy S-l/oxaliplatin + = ORR 58.2% vs 50% decreased appetite
placebo placebo
Bevacizumab, United States/ NCT00548548/ = Histologically confirmed = Bevacizumab + mOS 12.1 months neutropenia, 71)
capecitabine, 774 3/Completed GC with inoperable, chemotherapy vs vs 10.1 months, HR  anemia, decreased
cisplatin, locally advanced, or placebo + =087,P=0.1002.  appetite
placebo, 5- metastatic disease. chemotherapy mPFS 6.7 months
fluorouracil vs 5.3 months, HR
=0.80, P=0.00 37.
ORR 46.0% vs
37.4%, P=0.0 315
Cisplatin, USA/47 -/2/Completed | Pathologically confirmed | Bevacizumab + ORR 65%, mTTP Hypertension, GI (72)
irinotecan, GC patients were cisplatin + 8.3 months, mOS perforation, GI
bevacizumab required to have prior irinotecan 12.3 months bleeding,
untreated metastatic or thromboembolism

unresectable disease.

FOLFIRI, irinotecan + 5- fluorouracil + calcium folinate; s-1, Tegafur Gimeracil and Oteracil.
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1258 patients with pathologically
confirmed gastric cancer between
January 2020 and July 2021

Inclusion criteria: Exclusion criteria:

(a) underwent routine abdominal contrast- (a) who received neoadjuvant chemoradiotherapy
enhanced CT before surgical resection; prior to imaging;
(b) availability of IHC staining for analysis of (b) with a history of other malignant tumors;
MMR protein expression. (c) with distant metastasis during the operation;

(d) with poor-quality images;

(e) with invisible target lesion on CT images;

(f) with diffuse or multiple GC lesions detected.

159 patients were finally enrolled
53 dMMR GC patients 106 randomly selected pMMR GC patients
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Univariate analy- Multivariate anal-

Subgroups p?ﬂ/’:;\R sis ysis P
P value OR (95%Cl) value
Gender < 0.001 <0.001
—_—
Male 91 (85.85) 22 (41.51) Reference
Female 15 (14.15) 31 (58.49) 9.83 (3.78, 28.20)
Age < 0.001 0.010
<65 yr 69 (65.09) 15 (28.30) . Reference
> 65 yr 37 (3491) 38 (71.71) 3.32 (1.36, 8.50)
Tumor size < 0.001 ‘ <0.001
<55cm 88 (83.02) 28 (52.83) ‘ Reference
>5.5cm 18 (16.98) 25 (47.17) ’—"—’ 5.66 (2.12, 16.27)
NTER < 0.001 ‘ <0.001
< 67.50% 76 (71.70) 12 (22.64) Reference
> 67.50% 30 (28.30) 41 (77.36) 0.15 (0.06, 0.38)
Location 0.001 . /!
Upper 34 (32.08) 3 (5.66) Reference
Middle- 72 (67.92) 50 (94.34) /
lower
T T T T 1
01 3 6 9 12

OR, odds ratio; Cl, confidence interval.
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Faecalibacterium prausnitzii 0.058406643
Odoribacter splanchnicus 0.025275101
Collinsella aerofaciens 0.005032293
Veillonella parvula 0.003084175
Akkermansia muciniphila 0.001871486
Clostridiales bacterium CCUnclassified10 0.001641917
Veillonella atypica 0.001524239
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Bifidobacterium breve 0.000636746
Enterococcus faecium 0.000125646
Bifidobacterium pseudolongum1 1.67019E-05
Lactobacillus johnsonii 1.63744E-05

Olsenella sp. GAM18 6.12403E-05
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No. of patients (%)

All events Camrelizumab + DCF DCF

Grade 1-2 Grade 3-4 Grade 1-2 Grade 3-4

Gastrointestinal

Nausea 3(20.0) 0(0) 3(20.0) 0(0)

Vomiting 1(6.7) 0(0) 1(6.7) 0(0)
Diarrhea 1(67) 0(0) 1(0) 0(0)
Constipation 0(0) 0(0) 0(0) 0(0)
Hematopoietic

Anemia 8(533) 0(0) 4(267) 0(0)
Leukopenia 3(20.0) 3(20.0) 1(6.7) 1(6.7)
Thrombocytopenia 7 (46.7) 0(0) 3(20.0) 0(0)
Neutropenia 2(13.3) 2(133) 0(0) 1(6.7)

Other adverse events

Dermatitis 0(0) 0(0) 0(0) 0(0)

Weak 1(67) 0(0) 0(0) 0(0)
Alopecia 5(33.3) 5(33.3)

All adverse events were reported according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 5.0.
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Group CR (%) PR (%) SD (%) PD (%) ORR (%) CR (%)
Combined group 2(13.3) 5(333) 7 (46.7) 1(6.7) 46.7 93.3
Chemotherapy group 0 4 (26.7) 9 (60.0) 2(13.3) 26.7 86.7

The classified variables were expressed by cases (%), PR, partial response; SD, stable disease; PD, progressive disease; ORR, objective response rate; DCR, disease control rate.
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No. (%)

Characteristics
Camrelizumab + DCF

Age at diagnosis, years 0.8616
Mean + §* 61+7.8 63+76

Median [range] 64 [46-73] 64 [49-74]

Gender 04828
Male 13 (86.7) 15 (100)

Female 2 (13.3) 0(0)

History of smoking

Former or current 9 (60.0) 8(53.3) 0.9999
Never 6 (40.0) 7 (46.7)

Site of primary tumor 0.225
Upper thoracic 1(6.7) 1(6.7) ‘

Middle thoracic 11 (73.3) 13 (86.6)

Lower thoracic 3 (20.0) 1(67)

Histologic grade

Well differentiated 1(6.7) 5(33.3)

x;ii‘::s{ye 3 9 (60.0) 8 (533)

Poorly differentiated 5(33.3) 2(13.3)

T stage 0.2588
T2 3(20.0) 1(6.7) |

T3 6(40.0) 11(73.3)

T4 6(40.0) 3(20.0)

Clinical staging 0.3666
11 1(6.7) 2(133)

11 10 (66.6) 9 (60.0)

IVA 1(6.7) 3(20.0)

NAP 3(20.0) 1(67)

standard deviation; ®, not available.
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Nivolumab group Taxane group

(n=61) (n=110)
Grade 1-2 Grade 3 Grade 4 Grade 5 Grade 3 Grade 4

All events® 31 (50.8%) 8 (13.1%) 0 0 57 (51.8%) 50 (45.4%) 26 (23.6%) 2 (1.8%)
Rash 9 (14.7%) 0 0 0 5 (4.5%) 0 0 0
Fatigue 7 (11.4%) 3 (4.9%) 0 0 27 (24.6%) 5 (4.5%) 0 0
Decreased appetite 7 (11.4%) 3 (4.9%) 0 0 19 (17.3%) 5 (4.5%) 0 0
Diarrhea 6(9.8%) 0 0 0 8 (7.2%) 1(0.9%) 0 0
Arthralgia 3 (4.9%) 0 0 0 14 (12.7%) 0 0 0
Nausea 2(3.3%) 1 (1.6%) 0 0 25 (22.7%) 0 0 0
Vertigo 1 (1.6%) 0 0 0 2 (1.8%) 0 0 0
Edema 1 (1.6%) 0 0 0 0 0 0 0
Melena 1 (1.6%) 0 0 0 0 0 0 0
Alopecia 0 0 0 0 49 (44.5%) 0 0 0
Stomatitis 0 0 0 0 15 (13.6%) 1(0.9%) 0 0
Paronychia 0 0 0 0 1(0.9%) 0 0 0
Peripheral sensory neuropathy 0 0 0 0 15 (13.6%) 0 0 0
Interstitial pneumonia 1 (1.6%) 1 (1.6%) 0 0 2 (1.8%) 1 (0.9%) 1 (0.9%) 1 (0.9%)
Pneumonia 4 (6.6%) 2(3.3%) 0 0 7 (6.3%) 0 0 1(0.9%)
Pancreatitis 2 (3.3%) 0 0 0 0 0 0 0
‘White blood cell count decrease 0 0 0 0 15 (13.6%) 25 (22.7%) 9 (8.1%) 0
Neutrophil count decrease 1 (1.6%) 0 0 0 8(7.3%) 23 (20.9%) 22 (20.0%) 0
Anemia 1 (1.6%) 0 0 0 15 (13.6%) 10 (9.1%) 0 0
Febrile neutropenia 0 0 0 0 0 10 (9.1%) 4 (3.6%) 0

I Hepatopathy 3 (4.9%) 0 0 0 0 0 0 0
Renal dysfunction 1(1.6%) 0 0 0 0 0 0 0
Adrenal hypofunction 0 1 (1.6%) 0 0 0 0 0 0
Thyroid hypofunction 8 (13.1%) 0 0 0 0 0 0 0

According to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE), version 4.0.
“Number of patients who showed adverse events, categorized by Grade.
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Patients treated with nivolumab or taxane as a second- or later-line therapy

Nivolumab group (n = 61) Taxane group (n = 105)

Best overall response

Complete response 1 (1.6%) 3(2.9%)

Partial response 11 (18.0%) 16 (15.2%)

Stable disease 16 (26.2%) 25 (23.8%)

Progressive disease 33 (54.1%) 61 (58.1%)
Objective response 12 (19.6%) 19 (18.1%)
Disease control 28 (45.9%) 44 (41.9%)

Patients treated with nivolumab or taxane as second-line therapy

Nivolumab group (n = 37) Taxane group (n = 78)
Best overall response
Complete response 1 (2.7%) 1(1.3%)
Partial response 10 (27.0%) 11 (14.1%)
Stable disease 10 (27.0%) 20 (25.6%)
Progressive disease 16 (43.3%) 46 (59.0%)
Objective response 11 (29.7%) 12 (15.4%)
Disease control 21 (56.7%) 32 (41.0%)

According to Response Evaluation Criteria in Solid Tumors (RECIST). Five patients without target lesions were excluded (second-line: 2 patients, later-line: 3 patients).
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Nivolumab group Taxane group

Parameter =Gl (n=110)
Age (mean + SD, y) 66292 700 £ 8.3 64.1£9.0 <0.0001
Sex
Male 151 (88.3%) 52 (85.2%) 99 (90.0%)
0.8590
Female 20 (11.7%) 9 (14.8%) 11 (10.0%)
ECOG PS
| 0 94 (55.0%) 30 (49.2%) [ 64 (58.2%)
1 69 (40.3%) 25 (41.0%) 44 (40.0%) 0.0503
2 8 (4.7%) 6(9.8%) 2 (1.8%)

History of smoking

Never 21 (12.3%) 8 (13.1%) 13 (11.8%)
Former 96 (56.1%) 38 (62.3%) 58 (52.7%) 0.3396
Current 54 (31.6%) 15 (24.6%) 39 (35.5%)

Tumor makers
SCC (mean + SD, ng/mL) 39+74 42+85 37+67 06729
CEA (mean + SD, ng/mL) 9.1 4502 16.0 +82.9 534103 0.1807

Primary tumor location

Cervical 24 (14.0%) 13 (21.3%) 11 (10.0%)
Upper 27 (15.8%) 6(9.8%) 21 (19.1%)
0.1021
Middle 75 (43.9%) 28 (45.9%) 47 (42.7%)
Lower 45 (26.3%) 14 (23.0%) 31 (28.2%)
Clinical T
cT1 16 (9.4%) 7 (11.5%) 9 (8.3%)
cT2 9 (5.3%) 1 (1.6%) 8 (7.3%)
0.2858
cT3 113 (66.5%) 39 (63.9%) 74 (67.9%)
cT4 32 (18.8%) 14 (23.0%) 18 (16.5%)
Clinical N*
N0 28 (16.4%) 13 (21.3%) 15 (13.6%)
N1 59 (34.5%) 22 (36.1%) 37 (33.7%)
0.1042
cN2 51 (29.8%) 20 (32.8%) 31 (28.2%)
cN3 33 (19.3%) 6 (9.8%) 27 (24.5%)
Clinical M?
cM0 103 (60.6%) 37 (60.7%) 67 (60.9%)
0.9077
cM1 67 (39.4%) 24 (39.3%) 43 (39.1%)
Clinical stage®
1 11 (6.4%) 6 (9.8%) 5 (4.5%)
)il 14 (8.2%) 6 (9.8%) 8 (7.3%)
0.3831
it 61 (35.7%) 18 (29.6%) 43 (39.1%)
v 85 (49.7%) 31 (50.8%) 54 (49.1%)
Disease status
Postoperative recurrence 79 (46.2%) 24 (39.3%) 55 (50.0%)
0.1806
No esophagectomy 92 (53.8%) 37 (60.7%) 55 (50.0%)
Previous therapies®
Surgery 79 (46.2%) 24 (39.3%) 55 (50.0%) 0.1806
Radiation therapy 131 (76.6%) 44 (72.1%) 87 (79.1%) 0.3031
Systemic anticancer therapy 171 (100%) 61 (100%) 110 (100%) 1.0000
Number of previous chemotherapies
1 147 (86.0%) 48 (78.7%) 99 (90.0%)
2 17 (9.9%) 9 (14.8%) 8 (7.2%) 0.2207
>3 7 (4.1%) 4 (6.5%) 3 (2.8%)
Histology of biopsy©
Well-differentiated 7 (4.1%) 1 (1.6%) 6 (5.5%)
Moderately differentiated 51 (29.8%) 20 (32.8%) 31 (28.2%)
0.2370
Poorly differentiated 51 (29.8%) 14 (23.0%) 37 (33.6%)
Squamous cell carcinoma (not assessable) 62 (36.3%) 26 (42.6%) 36 (32.7%)
Histology of surgical specimens® (n = 79)
Well-differentiated 5 (6.3%) 1 (4.2%) 4(7.3%)
Moderately differentiated 32 (40.5%) 11 (45.8%) 21 (38.2%)
0.1002
Poorly differentiated 29 (36.7%) 5 (20.8%) 24 (43.6%)
Squamous cell carcinoma (not assessable) 13 (16.5%) 7 (29.2%) 6 (10.9%)

SD, standard deviation; values are shown as n (%) or as mean + SD; ECOG PS, Eastern Cooperative Oncology Group performance status; SCC, squamous cell carcinoma-related antigen; CEA,
carcinoembryonic antigen.

“Pretherapeutic staging according to TNM classification, 8th edition.

“Some cases underwent more than one therapy before nivolumab or taxane therapy.

“Biopsy tissue from upper gastrointestinal endoscopy at the initial examination in all cases.

“4Permanent pathology in surgical cases.
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Deeper intubation technique Traditional intubation technique

Overall efficacy (effective/ineffective) group group
Effective Invalid Effective Invalid
Adhesive obstruction (n = 187) 88 8 80 19 0.037* ‘
Fecal obstruction (n = 148) 62 13 57 16 0.538 ‘
Cancerous obstruction (n = 83) 28 14 32 9 0.328 ‘
|

*P < 0.05.
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A oox Second- or later-line therapy B 100%
90% 90%
80% . 80%
Nivolumab (n =52) 1-y 08, 39.5% H
— 70% F 0%
g Taxane (n = 110) 1y OS, 36.1% El
2 2
Z 60% g 60%
= k=
5 50% T 50%
5
g 0% % 0%
© &
30% g 30%
e
20% 20%
10% 10%
0% 0%
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 0
Patients at risk Months Patients at risk
Nivolumab 52 44 39 36 30 23 21 20 18 17 16 15 14 10 8 6 5 3 2  Nivolumab 52
Taxane 110104 84 64 57 44 38 32 25 24 16 13 11 11 10 10 9 7 7  Taxane 105
c .
100% Second-line therapy 100%
90% 90%
80% = 80%
Nivolumab (n = 37) 1-y OS, 41.9% 2
= 70% z 70%
=z Taxane (n = 80) 1-y OS, 354% E
2 60% g 60%
=
= 50% T 50%
g k
S 40% g 40%
<] 4
30% g 30%
=
20% 20%
10% 10%
0% 0%
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 0
Patients at risk Months Patients at risk
Nivolumab 37 33 29 27 23 17 17 15 15 1413 12 11 7 6 4 3 3 2  Nivolumab 37
Taxane 80 76 63 49 43 32 28 24 18 1813 11 9 9 8 8 7 5 4  Taxane 78

Figure 1

Second- or later-line therapy

Nivolumab (n = 52) 1-y PFS, 24.9%

Taxane (n = 105) 1-y PFS, 7.2%

2 4 6 8 10 12 14 16 18
Months

36 25 21 18 13 13 10 9 8

76 39 19 13 9 8 7 a 7

Second-line therapy

Nivolumab (n = 37) 1-y PFS, 33.0%

Taxane (n = 80) 1-y PFS, 6.6%

2 4 6 8 10 12 14 16 18

Months
26 18 16 13 11 10 9 9 8
56 28 16 11 7 6 5 5 5
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Complication rate (Clavien-Dindo
classification)

Deeper intubation technique group = Traditional intubation technique group

Overall 12.2% (26/213) 13.6% (29/213) 0.775 ‘
I-11 6.6% (14/213) 3.8% (8/213) 0.275 ‘
I 4.7% (10/213) 8.9%(19/213) 0.125 ‘

v 0.9% (2/213) 0.9% (2/213) 1.000
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(0]

ome measures
Intubation depth (cm)

Numeric Rating Scale (NRS) score before intubation
NRS score after 24 h

NRS score after 48 h

First flatus time (day)

Exhaust defecation time (day)
Defecation recovery rate in 24 h
Defecation recovery rate in 48 h
Defecation recovery rate 7 days later
Drainage in 24 h (ml)

Emergency surgery rate

Hospital stay (day)

*P < 0.05.

221.33 £29.12
513 £1.33
4.56 +2.01
3.65+ 1.21
1.98 + 1.12
2.56 £2.13

18.8% (40/213)
45.1% (96/213)
83.6% (178/213)
1,136.25 + 663.32
4.7% (10/213)

8.16 + 431

TIT group
14553 + 21.36
5.06 + 1.21
4.89 + 1.96
412136
269 +1.33
362 +2.51
11.3% (24/213)
29.1% (62/213)
79.3% (169/213)
796.52 + 559.61
8.9% (19/213)

9.53 +5.26

<0.001*

0.103

0.016*

0.002*

0.036*

0.023*

0.041*

0.001*

0.319

0.002*

0.125

0.016*
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Sl PLR

Variable P-value P-value
<4387 >4387 < <1395 >1395
Tumor size (cm) <0.001 <0.001 0.001
<5 87 37 50 46 41 44 43
>5 38 2 36 5 33 ‘ 7 31
T“’;‘i’;:lf;':’:;:::"“ 0843 0901 0296
Wellimaderste 10 12 28 16 24 19 21
differentiated
Poor/not differentiated 85 27 58 35 50 32 53
Tumor location ‘ 0245 0351 ‘ 0.366
Upper 32 13 19 16 16 15 17
Middle 51 12 39 21 30 17 34
Lower 12 14 28 14 28 19 23
Neural/Lymphovascular invasion 0.726 0.626 0.902
No 58 19 39 25 33 24 34
Yes 67 20 47 26 41 27 10
Serosa invasion (T stage) <0.001 0.003 <0.001
Tl 28 17 11 18 10 2 6
T2 18 7 ‘ 11 10 8 8 10
T3 25 7 18 10 15 8 17
T4 54 8 16 13 41 13 41
Lymph node metastasis (N stage) < 0.001 <0.001 <0001
NO 12 26 16 28 14 30 12
N1 16 6 10 10 6 7 9
N2 25 2 23 3 22 7 18
N3 12 5 37 10 32 7 35
Distant metastasis (M stage) 0.001 <0.001 0.163
Mo 106 39 67 51 55 16 60
M1 19 0 19 0 19 5 14

PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; SII, systemic immune-inflammation index.
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Entire cohort Propensity score-
matched cohort

Deeper intubation technique Traditional intubation DIT(n= TIT(n=
(DIT; n = 227) technique (TIT; n = 269) 213) 213)
Age, year 0.134 0.249
Mean + SD 59.82 + 11.74 59.44 £ 10.15 59.61 + 59.38 +
1161 10.46
Sex, number (%) 0.533 0914
Male 164 (44.9%) 201 (55.1%) 154 (502%) 153 (49.8%)
Female 63 (48.1%) 68 (51.9%) 59 (49.6%) | 60 (50.4%)
Body mass index, kg/m’ 0.589 0.466
Mean + SD 24.81 +3.55 2437 +333 24.64 +3.36 2471 +
313

Comorbidity, number (%)

Coronary heart disease 29 (55.8%) 23 (44.2%) 0126 | 20 (488%) | 21(512%) | 0.870
Hypertension 46 (44.9%) 52 (53.1%) 0795 | 39(500%) | 39(500%) | 1.000
Chronic obstructive 8 (36.4%) 14 (63.6%) 0365 | 6(42.9%) 8(57.1%) 0587

pulmonary disease

Diabetes mellitus 39 (53.4%) 34 (46.6%) 0155 | 34(57.6%) | 25 (424%) = 0207
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Variable Stage I/1l Stage lli/IV

n 125 64 61

Age (years) 59.86 + 13.32 61.83 + 10.34 62.00 + 10.31

Sex (male, %) 87 (69.6%) 49 (76.6%) 46 (75.4%)

it 339.24 (280.64, 392.33) 417.92 (28650, 583.08) 796.43 (517.33, 1181.81)
NLR 1,52 (1.23, 1.85) 2,02 (142, 2.45) 2.83 (2.14, 4.14)
PLR 10333 (87.43, 125.50) 119.97 (96.25, 149.56) 178.00 (146,33, 263.38)

PLR, platelet-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; SII, systemic immune-inflammation index.
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Indicator AUC (95% ClI) Sensitivity (%) Specificity (%
Nit 0.831 (0.779-0.875) 4387 68.80 94.40
NLR 0.821 (0.768-0.866) 21 59.20 93.60
PLR 0783 (0.727-0.832) 1395 59.20 88.80
SII + NLR 0.837 (0.785-0.880) = 68.80 96.00
SII + NLR + PLR 0.843 (0.791-0.885) = 66.40 96.80

AUC, area under the receiver operating characteristic curve; CI, confidential interval; PLR, platelet-ymphocyte ratio; NLR, neutrophil-lymphocyte ratio; SII, systemic immune-inflammation

index.





OPS/images/fonc.2023.1143154/table1.jpg
Variable Gastric cancer

n 125
Age (years) 6191 +10.28

Sex (male, %) 95 (76.0%)

WBCs (10°/L) 6.80 + 1.94
Lymphocytes (10°/L) 1.66 + 0.59

Platelets (10°/L) 253.02 + 7533
Neutrophils (10°/L) 417 + 1.64

SII 585.23 (397.42, 843.50)
NLR 226 (1.80, 3.17)

PLR 152.31 (110.00, 208.33)

125

59.86 + 13.32

87 (69.6%)

632 + 149

214 + 064

217.89 + 44.60
3224079

339.24 (280.64, 392.33)
152 (1.23, 1.85)

103.33 (87.43, 125.50)

WBCs, white blood cells; SII, systemic immune-inflammation index; NLR, neutrophil-lymphocyte ratio; PLR, platelet-lymphocyte ratio.

“Difference between groups was tested by two-sample t-test.
®Difference between groups was tested by chi-square test.
“Difference between groups was tested by Mann-Whitney U-test.

0.173*
0.256"
0.029°
< 0.001"
< 0.001*
<0.001*
< 0.001°
<0001

< 0.001°
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Immunotherapeutic

Mode of

strategy

Molecular Therapy

Cell Therapy

SR Mechanism
Application
PD-1/PD-L1
inhibitor Relieve the immunosuppression caused by tumor and improve the killing effect on tumor

CTLA4 inhibitor

TIL, CAR-T, TCR- | It can directly kill tumor cells or stimulate the immune response of the body by feeding tumor patients with anti-

T tumor immune cells cultured or expanded in vitro
LAK, CIK ‘ Stimulate T lymphocytes or antigen presenting cells to enhance antigen presenting process
MUCL WT1 With tumor specific antigen or tumor related antigen, it can stimulate specific immune function to attack tumor

cells






OPS/images/fonc.2022.1099271/fonc-12-1099271-g002.jpg





OPS/images/fonc.2023.1140103/table1.jpg
Trial phase

Intervention

Identifier

Le et al. (64)

Marabelle et al. (46)

Kim et al. (65)
Oh et al. (66)

PIHA-PAUL et al.
(67)

PIHA-PAUL et al.
(67)

Doki et al. (68)

Yarchoan et al. (69)

Xie et al. (70)

Klein et al. (63)

Oh et al. (66)

Kelley et al. (9)

G -Letal. (68)

Phase IT

Phase 1T

Phase 11

Phase 111

Phase Ib

Phase II

Phase I

Phase 11

Phase 11

Phase IT

Phase 1T

Phase 111

Phase 111

MMR-defificient cancers including CCA

High microsatellite instability cancers
including CCA

Biliary tract cancers including CCA

Biliary tract cancers including CCA

Biliary tract cancers

Biliary tract cancers

Biliary tract cancers
Biliary tract cancers

Biliary tract cancers, predominantly
CCA

Biliary tract cancers including CCA

Biliary tract cancers including CCA

Biliary tract cancers including CCA

Biliary tract cancers including CCA

Pembrolizumab

Pembrolizumab

Nivolumab

Durvalumab

Pembrolizumab

Pembrolizumab

Durvalumab

Atezolizumab

Tremelimumab + Subtotal Microwave Ablation

Nivolumab + Ipilimumab

Durvalumab + Tremelimumab + Gemcitabine +
Cisplatin

Pembrolizumab + Gemcitabine + Cisplatin

KN035 + Gemcitabine + Oxaliplatin

NCT01876511

NCT02628067

NCT02829918

NCT03875235

NCT02054806

NCT02628067

NCT01938612

NCT03201458

NCT01853618

NCT02923934

NCT03046862

NCT04003636

NCT03478488
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Control MSCs P

Aspartate aminotransferase (IU/L) 220+26 23.6+34 0.74
Alanine aminotransferase (IU/L) 218 +23 263+28 0.28
Blood urea nitrogen (mg/dL) 9.6 £0.8 9.0+ 04 0.48
White blood cells (10%/mL) 15213 184+ 24 032
Hemoglobin (g/dL) 9.0 £0.3 85+ 0.3 0.31
Platelets (10%/mL) 447.2 + 69.7 375.6 + 35.8 034
Lymphocytes (10°/mL) 93+07 9.4+ 06 0.92
Neutrophils (10°/mL) 52+05 7.8+ 1.7 0.25
Eosinophils (10*/mL) 02+0.1 04+0.1 0.32

Data are expressed as means + SEM (n = 6 Control group, n = 6 MSCs group). P values were determined using a two-tailed t-test. AST, aspartate aminotransferase; ALT, alanine
aminotransferase; BUN, blood urea nitrogen; HGB, hemoglobin; WBC, white blood cell count.
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ITGB1-associated potential therapeutic
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95%Cl

P value

Lower

Univariate Cox's regression analysis

Age (260 years vs. <60 years) 0418 0.688 0.278 1.700

Gender (Male vs. Female) 0.020 11.306 1.476 86.620
ECOG PS (1 vs. 0) 0.069 0.123 0.013 1.180
Site of primary tumor (Gastroesophageal junction vs. Gastric) 0.604 1.344 0.439 4.111
Liver metastasis (Yes vs. No) 0.001 7.375 2211 24.600
Lung metastasis (Yes vs. No) 0.762 0.843 0.278 2.552
Peritoneal metastasis (Yes vs. No) 0.081 2.869 0.878 9.376
Lymph node metastasis (Yes vs. No) 0.821 0.886 0.311 2.526
Others metastasis (Yes vs. No) 0.514 0.711 0.255 1.983
Number of metastatic sites (22 vs. <2) 0.920 1.048 0.416 2.645
TNM stage (IV vs. I1I) 0.952 1.035 0.335 3.198
History of surgery (Yes vs. No) 0.674 0.816 ‘ 0.316 2.107
Current treatment duration (25 months vs. <5 months) 0.007 0.185 0.055 0.626

Multivariate Cox’s regression analysis

Gender (Male vs. Female) 0.004 43.299 3.281 571.374
Liver metastasis (Yes vs. No) 0.005 14.965 ‘ 2.281 98.162
Peritoneal metastasis (Yes vs. No) 0.002 23.177 3.042 176.566
TNM stage (IV vs. I1T) 0.095 0.274 0.060 1.255
Current treatment duration (=5 months vs. <5 months) 0.029 0.043 0.003 0.726

PES, progression-free survival; HR, hazard ratio; CI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status.
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Patients (N = 28)

Items

Clinical response, n (%)
CR

PR

SD

PD

Not evaluable or not assessed
ORR, n (%)

DCR, n (%)

1(3.6)
7 (25.0)
13 (46.4)
4 (14.3)
3(107)
8 (28.6)

21 (75.0)

CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease; ORR,

objective response rate; DCR, disease control rate.
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1424 participants who were first diagnosed with gastric cancer were selected

296 excluded

17 postoperative pathology is not adenocarcinoma or signet-ring cell carcinoma

45 tumor stage |V with distant metastases or not undergo radical surgery

164 receiving pre-operative neoadjuvant radiotherapy.
41 taking anti-clotting medication such as aspirin before the surgery

29 suffering from coagulation system diseases

1128 patients were selected

The 516 patients in T4a stage were selected for final analysis

Analvsis

Analyze various baseline data to find out the influencing factors for lymph node

metastasis in patients with gastric cancer
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Items Patients (N = 28)

Age (years), mean + SD 58:3::47.5

Gender, n (%)

Female 6 (21.4)
Male 22 (78.6)
ECOG PS, n (%)

0 1(3.6)

1 27 (96.4)
Site of primary tumor, n (%)

Gastric 22 (78.6)

Gastroesophageal junction 6 (21.4)

Metastasis sites, n (%)

Liver 7 (25.0)
Lung 5(17.9)
Peritoneal 5(17.9)
Lymph node 8 (28.6)
Others 7 (25.0)

Number of metastatic sites, n (%)

<2 16 (57.1)
>2 12 (42.9)
TNM stage, n (%)

11 6 (21.4)
v 22 (78.6)
History of surgery, n (%)

No 10 (35.7)
Yes 18 (64.3)
Treatment duration, n (%)

<5 months 20 (71.4)
=5 months 8 (28.6)

Apatinib dosing suspension, n (%)

No 23 (82.1)
Yes 5(17.9)
Irinotecan dose adjustment, n (%)

No 19 (67.9)

Yes 9 (32.1)

SD, standard deviation; ECOG PS, Eastern Cooperative Oncology Group performance status.
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CPTTB risk score  Major CPTTB (%) Odds ratio (95% Cl)

Score: 0 3/136 (2%) 1.00 (reference)

Score: 1 28/269 (10%) 5.15 (95% CI: 1.54-17.3),
p<0.001

Score: 2-3 30/166 (18%) 9.78 (95% CI: 2.91-32.8),

Score: 2 25/146 (17%) p<0.001

Score: 3 5/20 (25%)

CPTTB, cardiopulmonary total toxicity burden; 95% CI, 95% confidence interval.
Bold values indicate statistical significance.
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Toxicity Number (%)*

Chemoradiotherapy AE

Median weight loss (% body weight, IQR) 4 (IQR: 1-8)
Feeding tube placed 80 (14%)
G2+ dysphagia 7 172 (30%)
G2+ esophagitis 258 (45%)
G2+ nausea 266 (47%)
G2+ fatigue 184 (32%)
G2+ anorexia 88 (15%)
G2+ hematologic 116 (20%)
G3+ hematologic 51 (9%)

Post-operative AE

Myocardial infarction 6 (1%)

Non-ischemic cardiac toxicity 93 (16%)
Pleural effusion 74 (13%)
Pneumonia 75 (13%)
ARDS 28 (5%)

Toxicity-related outcomes

DR60 111 (19%)

Median LOS (days, IQR) 9 (IQR: 7-13)

AE, adverse event; IQR, interquartile range; G2+, > grade 2; G3+, > grade 3; ARDS, acute
respiratory distress syndrome; DR60, death or readmission within 60 days after esophagectomy;
LOS, length of hospital stay after esophagectomy.

*Numbers in parentheses indicate the percentage incidence, unless otherwise stated.
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Heterogeneity

Subgroup NO. of studies Hazard Ratio (95% Cl)
12 (%) Ph
Country
China 1 294 (191-452) <0.001 - - -
Japan 7 2.03 (1.60-2.58) <0.001 0 0.649 Fixed
Korea 1 1.56 (1.15-2.12) 0.004 - - -
Sample size
2100 3 2.14 (144-3.18) <0.001 66.7 0.05 Random
<100 6 1.94 (1.48-2.56) <0.001 0 0574 Fixed
Cut-off
>3 1 2.60 (1.91-3.54) <0.001 0 0439 Fixed
<3 5 1.76 (1.43-2.16) <0.001 0 0.582 Fixed
Analysis
Univariate 3 1.60 (1.20-2.13) 0.001 412 0.183 Fixed
Multivariate 6 2.24 (1.80-2.77) <0.001 0 0.683 Fixed

95% CI, 95% confidence interval; Ph, p value of Q for heterogeneity test.
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CPTTB component

Myocardial infarction 70
Non-ischemic cardiac toxicity 30
Pleural effusion 30
Pneumonia 40
Acute respiratory distress syndrome 90

CPTTB, cardiopulmonary total toxicity burden.
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Selection Comparability Outcome

Studies Scores

A B @ D G
Ogata 2018 * * * * * * * = 7
Namikawa 2020 * * * * * * * N 7
Ota 2020 * * * * *k * * = 8
Suzuki 2020 * * * * * % * * - 8
Yamada 2020 * * * * *k * * = 8
Gou 2021 * * * * *k * = = 7
Kim 2021 * * * * * * * = 7
Tanaka 2021 * * * * *k * * = 8
Sakai 2022 * * * | * *k * * = 8

A study may receive a maximum of one star for each numbered item in the Selection and Outcome categories. A maximum of two stars may be given for Comparability, as directed by the NOS.
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Patient characteristic

Number (%)*

Age at diagnosis (years, IQR)

60 (IQR: 53-67)

‘ Gender
Male 486 (85%)
Female 85 (15%)

‘ Underlying comorbidities

| History of heavy (= 6 drinks/day) alcohol use 86 (15%)
Coronary artery disease 75 (13%)
Diabetes 92 (16%)
COPD 41 (7%)

Tumor characteristics

Adenocarcinoma

Squamous cell carcinoma

530 (93%)

40 (7%)

Poor tumor differentiation**

362 (65%)

Moderate tumor differentiation
Well-differentiated tumor
Median tumor length (cm, IQR)

Extension into stomach

192 (34%)
6 (1%)
5 (IQR: 3-7)

228/538 (42%)

Clinical staging

I 4 (1%)
ITa 160 (28%)
Ib 41 (7%)
111 343 (61%)
IVa 15 (3%)
Vb 3 (1%)
N/A 5 (1%)
Treatments

Induction chemotherapy
3D conformal radiotherapy
IMRT

Proton beam radiotherapy

139 (24%)
211 (37%)
251 (44%)

109 (19%)

Median dose (Gy, IQR)

Median fractions (IQR)

50.4 (IQR: 50.4-50.4)

28 (IQR: 28-28)

Concurrent chemotherapy
Cisplatin/5-FU

Carboplatin/paclitaxel

138 (24%)

87 (15%)

Oxaliplatin/5-FU

148 (26%)

5-FU/docetaxel

DFOX

Other

142 (25%)
21 (4%)

35 (6%)

Surgical information

Days to surgery (from completion of chemoRT, IQR)

49 (IQR: 42-63)

Ivor Lewis 479 (84%)
Transthoracic 19 (3%)
Other procedures 73 (13%)

Median lymph nodes removed (IQR)
Median lymph node positive (IQR)

Pathologic complete response

20 (IQR: 15-27)
0 (IQR: 0-1)

179 (31%)

IQR, interquartile range; COPD, chronic obstructive pulmonary disease; IMRT, intensity
modulated radiation therapy; 5-FU, fluorouracil; DFOX, docetaxel, folinic acid, fluorouracil,

and oxaliplatin; chemoRT, chemoradiotherapy.

*Numbers in parentheses indicate the percentage incidence, unless otherwise stated.

**Only 560 patients had tumor differentiation available for assessment.
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Study, - Study Gender Follow-up Cut- Survival -
Anal I\
Year CountyiiRuration design (M/F) (months) off outcome nalysis 03
median: 5 7
Opptai2013 Japan 217 Retrospective 26 64 Bz median: 5.7 Nivolumab OS, PFS S
Namikawa 2017- 29 median: 19710 25 uU 7
2020 Japan 2019 Retrospective 71 median: 32 Nivolumab OS, PFS %
2014- 98 median: 3 8
Ota 2020 Japan 2018 Retrospective 66 68/30 median: 4.9 Nivolumab 0OS, PFS M, U
Suzuki 2017- 72 5 8
2020 Japan 2019 Retrospective NR 57/15 median: 4.8 Nivolumab 0s M
Yamada 2014- 89 25 8
2020 Japan 2019 Retrospective NR 42/47 median: 5.83 Nivolumab OS, PFS M, M
137 Nivolumab 323 7
Pembrolizumab
2016- median: Toripalimab
Gou 2021 China 2020 Retrospective 59 98/39 NR Sintilimab 0OS, PFS M, M
2016- 185 median: Nivolumab 3 7
Kim 2021 Korea 2019 Retrospective 59 120/65 median: 4.8 Pembrolizumab 0s U
Tanaka 2017- 70 median: 5 8
2021 Japan 2019 Prospective 69 46/24 12 Nivolumab [N M
2017- 100 median: 254 8
Sakai 2022 Japan 2020 Retrospective 71 78/22 median: 5 Nivolumab [eN M

M, male; F, female; NR, not report; ICIs, immune checkpoint inhibitors; OS, overall survival; PES, progression-free survival; U, univariate; M, multivariate; NOS, Newcastle-Ottawa Scale.
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Study

Ogata 2018 ¢
Yamada 2020
Gou 2021

Kim 2021

%

RR(95% Cl)  Weight

0.33(0.02, 5.45) 4.57
0.36 (0.08, 1.67) 11.77
0.80 (0.48, 1.32) 48.12
0.19 (0.06, 0.63) 35.55

0.51(0.33, 0.79) 100.00

Study

Ogata 2018
Yamada 2020
Gou 2021 I

Kim 2021 —_—
Overall (I-squared = 86.0%, p = o.ooo><>

NOTE: Weights are from random effects analysis:

%

RR(95%Cl)  Weight

0.33 (0.05, 2.10) 13.90
0.51(0.27, 0.95) 28.54
0.91(0.77,1.07) 32.78
0.24 (0.10, 0.59) 24.78

0.48 (0.20, 1.18) 100.00
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CEVALEETY

Sema3A/PLXNA1-A4&NRP1 does not affect the growth or survival of pancreatic tumor cells but
upregulated PC

Sema3A-lytic hybrid peptide may be the treatment of human pancreatic cancer

Lentiviral vector transfection can construct a stable Sema3B upregulated model in PC CFPAC-1 and
PANC-1 cell lines;

Overexpression of Sema3B could significantly inhibit the proliferation, invasion, and migration of
CFPAC-1 and PANC-1 cells

Promote tumor growth and metastasis in PC by activating the ERK 1/2 signaling pathway

Sema3C inhibition sensitizes KRAS or MEK1/2 inhibition in PC cells

The combination of trametinib and Sema3C inhibitor can induce a synergistic effect in KRAS G12D cells
Sema3D/AnxA2/PlxnD1 promotes the invasion and metastasis of PDA cells and tumor

Overexpression of Sema3E in PC cells promoted cell proliferation and migration in vitro
Sema3E knockout cells suppressed cancer cell proliferation and migration in vitro

Sema3E induces cell proliferation by acting through the MAPK/ERK pathway
Sema3G lentiviral vectors inhibiting cell proliferation, invasion, and migration

Sema4D/Plexin-B1: Activate A-Ras, cause the phosphorylation of MAPK and Akt, enhance the invasive
energy

Sema4D-siRNA downregulates Sema4D expression in PC

SEMAS5A/PlexinB3 axis: enhance PC cell migration by activating cMet signaling in a PlexinB3-dependent
manner

SEMAG6C/AKT/GSK3 axis: suppresses cell proliferation

Reference

(12, 13)

(18)

(21, 22)

@1

(27, 28)

(30)

(32-34)

(43, 44)

(46)
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Variables

Age (n%) 0.1956
<65 64 (40.25%) 76 (48.10%)

>65 95 (59.75%) 82 (51.90%)

Gender (n%) 0.6118
Male 102 (64.15%) 96 (60.76%)

Female 57 (35.85%) 62 (39.24%)

Grade (n%) 0.7827
G1 and G2 57 (35.85%) 60 (38.00%)

G3 102 (64.15%) 98 (62.00%)

T (n%) 0.1457
T1-2 34 (21.38%) 46 (29.11%)

T3-4 125 (78.62%) 112 (70.89%)

N (n%) 0.8737
NoO 49 (30.82%) 51 (32.28%)

N+ 110 (69.18%) 107 (67.72%)

M (n%) 0.4975
MO 150(94.34%) 145 (91.77%)

M1 9 (5.66%) 13 (8.23%)
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Groups AUC 95% Cl SEN (%) SPE (%

off (Copies/m PPV (%) NPV (%)

HC vs BL 0.539 0.450-0.628 23.6 ‘ 97.2 324287 89.4 56.0
HC vs EGC 0.757 0.674-0.841 45.8 ‘ 96.2 334748 924 64.0
HC vs AGC 0.766 0.702-0.830 63.2 ‘ 84.9 443348 80.7 69.8
BL vs EGC 0.717 0.626-0.808 729 ‘ 653 617587 67.7 70.7
BL vs AGC 0.635 0.545-0.726 60.4 ‘ 66.7 404011 64.4 62.7
EGC vs AGC 0.515 0.417-0.612 62.3 50.0 429600 555 57.0

HC, healthy control; BL, benign lesion; EGC, early gastric cancer; AGC, advanced gastric cancer; AUC, area under receiver operating characteristic curve; Cl: confidence interval; SEN, sensitivity;
SPE, specificity; PPV, positive predictive value; NPV, negative predictive value.
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cteristics n (%) High (%)

All cases 106 54 52

Gender 0.1540
Male 69 (65.09) 39 (7222) 30 (57.69)
Female 37 (34.91) 15 (27.78) 22 (42.31)

Age (y) 0.1007
260 83 (78.30) 46 (85.19) 37 (71.15)
<60 23 (21.70) 8 (14.81) 15 (28.85)

CEA 0.2859
Positive 16 (21.43) 6 (11.11) 10 (19.23)
Negative 90 (78.57) 48 (88.89) 42 (80.77)

CA125 0.0270*
Positive 11 (10.38) 2 (3.70) 9(17.31)
Negative 95 (89.62) 52 (96.30) 43 (82.69)

CA199 0.8099
Positive 21 (19.81) 10 (18.52) 11 (21.15)
Negative 85 (80.19) 44 (81.48) 41 (78.85)

Differentiation 0.005**
Well 17(16.04) 10 (18.52) 7 (13.46)
Moderate 24(22.64) 19 (35.18) 5(9.62)
Poor 65(61.32) 25 (46.30) 40 (76.92)

Lymph node metastasis 0.2360
NO 34 (32.08) 20 (37.04) 14 (26.92)
NI & N2 60 (56.60) 29 (53.70) 31 (59.62)
N3 12 (11.32) 5(9.26) 7 (13.46)

Invasion 0.3990
T2 39 (36.79) 23 (42.59) 16 (30.77)
T3 19 (17.92) 8 (14.81) 11 (21.15)
T4 48 (45.28) 23 (42.59) 25 (48.08)

Tumor size (cm) 0.0399*
=5 71(66.98) 31 (5741) 40 (76.92)
<5 35(33.02) 23 (42.59) 12 (23.08)

Distal metastasis 0.7585
Yes 11 (10.38) 5 (9.26) 6 (11.54)
No 95 (89.62) 49 (90.74) 46 (88.46)

TNM stage 0.068
1 21 (25.47) 15 (2.78) 6 (11.54)
s 36 (28.30) 17 (31.48) 19 (36.54)
it 40 (46.23) 19 (35.19) 21 (40.38)
v 9 (8.49) 3 (5.56) 6 (11.54)

Vessel invasion 0.4411
Yes 47 (44.34) 26 (48.15) 21 (40.38) »
No 59 (55.66) 28 (51.85) 31 (59.62)

Lymphatic invasion 0.3367
Yes 58 (54.72) 27 (50.00) 31 (59.62)
No 48 (45.28) 27 (50.00) 21 (40.38)

Nerve invasion 0.4449
Yes 55 (51.89) 26 (48.15) 29 (55.77)
No 51 (48.11) 28 (51.85) 23 (44.23)

CEA, carcinoembryonic antigen; AEP, o-fetoprotein; CA, carbohydrate antigen; TNM, tumor-node-metastasis. *: P < 0.05. **: P < 0.01.
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3
3

Overal survival (%)
g

Overall su al (0S)

Univariate Cox Regression analysis

Variables HR  95%Cl P
Gender (Female vs. Male)  0.867 (0.402-1.050) 0767 e
Age (<85Vs.255) 0.961(0.287-3217) 0948 —
Differentiation (Well+ Moderate vs. Poor) ~ 3.655 (1.257-10.626) 0.017 —_—
Tumor size (<5cmvs. 25cm)  1.726 (0.693-4.299)  0.241 ——
TNM stage (1+11vs. Il +1V) 1903 (0.863-4.196) 0.111 —_—
HR: 4.928, 95% Cl: 2.278-10.660, P=0.003 Invasion degree (T2vs. T3+ T4)  3.237 (1.110-0.439) 0.031 N
Distant metastasis (No vs. Yes)  1.467 (0.435-4.676) 0542 —_——
Vessel invasion (No vs. Yes) 1,608 (0.736-3517) 0234 ——
Lymphatic invasion (No vs. Yes)  2.036 (0.885-4.686) 0.095 e
Nerve invasion (No vs. Yes)  1.320 (0.610-2.803) 0.474 —

CA724 expression  1.010 (0.985-1.037) 0.428

i 1]
- HightRF-33 P<0.001 c‘:ss:"'““f"“ ;'g;’z‘g':::‘zs? gg i
- LowRF-33 Pl (e21.05, o
CEAexpression  1.005(0.998-1.012) 0191 '
0 10 20 30 40 50 60 CA19-9 expression 0999 (0.097-1.002)  0.649 ’
Months {RF-33 expression  0.367 (0.189-0.713)  0.003 b
T T 1
01 1 10
(o} Hazard Ratio (HR)
Multivariate Cox Regression analysis
Variables HR  95%ClI P
1RF-33 expression  0.371(0.139-0.996) 0.049 —

01 1 10
Hazard Ratio (HR)
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Univariate analysis Multivariate analysis

Characteristics

Hazard ratio (95% Cl) P value Hazard ratio (95% Cl) P value
T stage 362
T1 18 Reference
T2 78 6.725 (0.913-49.524) 0.061 27439473.697 (0.000-Inf) 0.996
T3 167 9.548 (1.326-68.748) 0.025 29401820.042 (0.000-Inf) 0.996
T4 99 9.634 (1.323-70.151) 0.025 32118936.113 (0.000-Inf) 0.995
N stage 352
NO 107 Reference
N1 97 1.629 (1.001-2.649) 0.049 1.792 (0.718-4.471) 0.211
N2 74 1.655 (0.979-2.797) 0.060 2332 (0.761-7.145) 0.138
N3 » 74 2.709 (1.669-4.396) ] <0.001 | 2.892 (0.946-8.844) 0.063
M stage 352
Mo 327 Reference
M1 25 2.254 (1.295-3.924) 0.004 0.515 (0.137-1.935) 0326
GLIS3 370
Low 185 Reference
High 185 1.478 (1.062-2.055) 0.020 1.070 (0.687-1.666) 0.766
Pathologic stage 347
Stage I 50 Reference
Stage 1T 110 1.551 (0.782-3.078) 0.209 1.058 (0.286-3.916) 0.932
Stage 11T 149 2.381 (1.256-4.515) 0.008 0.901 (0.158-5.141) 0.907
Stage IV 38 3.991 (1.944-8.192) <0.001 1.789 (0.256-12.490) 0.557
Age 367
<=65 163 Reference
>65 204 1.620 (1.154-2.276) 0.005 1.656 (1.052-2.606) 0.029
Primary therapy outcome 313
PD 64 Reference
SD 16 0.590 (0.267-1.305) 0.193 1.016 (0.396-2.605) 0.974
PR 4 0.750 (0.233-2.412) 0.629 0.654 (0.150-2.861) 0.573
CR 229 0.215 (0.145-0.319) <0.001 0.279 (0.169-0.461) <0.001
Residual tumor 325
RO 294 Reference
R1 15 1.910 (0.961-3.797) 0.065 1.214 (0.508-2.901) 0.662
R2 16 7.866 (4.325-14.304) <0.001 2.111 (0.645-6.906) 0.217
Histological type 369
Mucinous Type 19 Reference
Diffuse Type 63 3474 (1.048-11.515) 0.042 2.657 (0.579-12.203) 0.209
Signet Ring Type 11 8.442 (2.234-31.893) 0.002 2.949 (0.513-16.944) 0.225
Not Otherwise Specified 202 4.095 (1.291-12.987) 0.017 3.297 (0.764-14.228) 0.110
Papillary Type 5 5.925 (1.193-29.429) 0.030 9.728 (1.431-66.124) 0.020
Tubular Type 69 3.310 (1.000-10.956) 0.050 1.886 (0.415-8.571) 0411

Bold values denote statistical significance at the P < 0.05 level.
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Parameters univariate analysis multivariate analysis

OR (95%Cl) p-value OR (95%Cl) p-value
Sex
female
male 2417 (0.285-20.487) 0418

Age (years)
>60
<60 0697 (0.293-1.658) 0415

Smoking status

never
current or former 1.972 (0.794-4.899) 0.144

Drinking status

never
current or former 1.028 (0.443-2.385) 0.949
Karnofsky score
<80
‘ =80 1.229 (0.226-6.687) 0.812

Treatment mode

Immunotherapy prior to RT

RT concurrent with Immunotherapy 0.811 (0.273-2.412) 0.707
Treatment line of immunotherapy

First-line

Second-line and more 4.089 (1.528-10.943) 0.005 4.852 (1.595-14.759) 0.005
Stage of disease

IVA

IVB (M1) 1.167 (0.229-5.946) 0.853

Irradiated sites

Drainage area lymph node (esophagus) 0652
Non-area lymph node (esophagus) 0.889 (0.084-9.444) 0.922
Drainage area lymph node and non-area lymph node (esophagus) 1.231 (0.105-14.424) 0.869
Bone 2400 (0.231-24.964) 0.464
Brain 2.182 (0.197-24.208) 0.525
Liver 0.444 (0.022-9.032) 0.598
Lung 1.143 (0.077-16.947) 0923
Soft tissue 0.800 (0.037-17.196) 0.887
delta-NLR 4.244 (1.685-10.690) 0.002 1.474 (0.304-7.152) 0.630
delta-SIT 5.882 (2.255-15.344) <0.001 5.252 (1.048-26.320) 0.044

OR, odds ratio; Cl, confidence interval; NLR, neutrophil-to-lymphocyte ratio; SII, systemic immune inflammation index. Bold: p-value<0.05.
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w expression of GLIS3 i of GLIS3

n 187 188
N stage, n (%) 0.008
No 63 (17.6%) 48 (13.4%)
N1 52 (14.6%) 45 (12.6%)
N2 39 (10.9%) 36 (10.1%)
N3 24 (6.7%) 50 (14%)
PFI event, n (%) 1 0.007
Alive 138 (36.8%) 113 (30.1%)
Dead 49 (13.1%) 75 (20%)
DSS event, n (%) 0.045
Alive 141 (39.8%) 122 (34.5%)
Dead 37 (10.5%) 54 (15.3%)
Anatomic neoplasm subdivision, n (%) | 0.049
Antrum/Distal 69 (19.1%) 69 (19.1%)
Cardia/Proximal 22 (6.1%) 26 (7.2%)
Fundus/Body 71 (19.7%) 59 (16.3%)
Gastroesophageal Junction 14 (3.9%) 27 (7.5%)

Other 4(1.1%) 0 (0%)
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Characteristics = delta- delta- delta- delta- delta-

delta- delta- delta- delta-
NLR LMR PLR Sl WBC ALC ANC AMC APC
X? 15.506 18.599 5252 21.353 5.246 11.756 \ 16.368 10.175 6725 8501
p- value 0072 0.009 0.649 <0.001 0591 0.090 ‘ 0.018 0126 0414 0324

The p-value means inflammatory biomarkers differ in specific irradiated sites via chi-square test.

IB, inflammatory biomarker; RT, radiotherapy; NLR, neutrophil-to-lymphocyte ratio; LMR, lymphocyte-to-monocyte ratio; PLR, platelet-to-lymphocyte ratio; SII, systemic immune

inflammation index; AEC, absolute eosinophil count; WBC, white blood cell count; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; AMC, absolute monocyte count;
APC, absolute platelet count. Bold: p-value<0.05.
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Male 113 (93.4)

Female 8 (6.6)
Age (years)

<60 73 (60.3)

>60 48 (39.7)
Smoking status

Never 46 (38.0)

Current or former 75 (62.0)
Drinking status

Never 49 (40.5)

Current or former 72 (59.5)
Karnofsky score

>80 114 (94.2)

<80 7 (5.8)
Treatment mode

Immunotherapy prior to RT 97 (80.2)

RT concurrent with Immunotherapy 24 (19.8)
Treatment line of immunotherapy

First-line 52 (43.0)

Second-line and more 69 (57.0)
Stage of disease

VA 9(7.4)

IVB (M1) 112 (92.6)
Total RT dose (Gy)

Dose <30 Gy 2(17)

30 < dose <50 Gy 31 (25.6)

Dose 250 Gy 88 (72.7)
Irradiated sites

Drainage area lymph node (esophagus) 33 (27.3)

Non-area lymph node (esophagus) 17 (14.1)

Drainage area lymph node and non-area 24 (19.8)
lymph node (esophagus)

Bone 17 (14.1)

Brain 10 (8.3)

Liver 9(7.4)

Lung 6 (4.9)

Soft tissue 5 (4.1)

RT, radiotherapy.
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With irAEs Without irAEs
N (%) N (%)

Characteristic

Age (years)

18-44 5(27.8) 13 (72.2) 0.361

45-65 54 (38.8) 85 (61.2) 0.211
>65 30 (30.9) 67 (69.1) 0.790
Gender ‘
Male 59 (31.2) 130 (68.8) 0.029
Female 30 (46.2) 35 (53.8)

PS score ‘
‘ <1 44 (32.8) 90 (67.2) 0.437
[ >1 45 (37.5) 75 (62.5)

Cancer type

Esophageal cancer 29 (36.7) 50 (63.3) 0.708
Gastric cancer 25 (23.6) 81 (76.4) 0.001
Hepatocellular cancer 25 (49.0) 26 (51.0) 0.019
Biliary tract cancers 10 (55.6) 8 (44.4) 0.058
Therapy line
<2 76 (37.1) 129 (62.9) 0.165
23 13 (26.5) 36 (73.5)
Treatment modality
ICI plus chemotherapy 37 (29.8) 87 (70.2) 0.006
ICI plus targeted therapy 45 (47.9) 49 (52.1) 0.056
ICI plus chemotherapy and targeted therapy 7 (194) 19 (80.6) 0.767
Albumin (g/L)
<392 46 (35.4) 84 (64.6) 0.906
>39.2 43 (34.7) 81 (65.3)
NLR ®
<3.6 44 (33.6) 87 (66.4) 0.617
>3.6 45 (36.6) 78 (63.4)
LDH (U/L)
<1875 | 39 (30.7) | 88 (69.3) 0.148
>187.5 50 (39.4) 77 (60.6)
Cer (ml/min) ®
<995 44 (338) 86 (66.2) 0.683
>99.5 45 (36.3) 79 (63.7)

irAEs, immune-related adverse events; PS, performance status; ICI, immune checkpoint inhibitor; NLR, neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; Ccr, creatinine clearance
rate. *Chi-square test, or exact chi-square test if any expected cell size <5; "Take the median of this cohort as cutoff value.
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Variables Univariate Multivariate

95%Cl 95%Cl p value
Age 0.026 -0.051~0.103 0.510
Sex 2.299 [ 0.527~4.070 0.011
ECOG | -1.224 [ -3.045~0.597 i 0.187
ASA -0.627 -1.964~0.710 0.357
‘Tumor length 0.468 0.202~0.735 0.001
Tumor short diameter 0.730 -0.034~1.495 0.061
‘Tumor area 0.048 -0.008~0.103 0.091
Primary tumor site 0.688 [ -0.226~1.603 0.140
Histopathologic grade 0.177 -1.574~1.928 0.842
‘WHO classification 0.798 -0.186~1.783 0.112
Vessel invasion 1.733 0.135~3.331 0.034
Neural invasion -0.826 -2.437~0.784 0.313
‘WBC 0.663 0.196~1.129 0.006
RBC -3.608 -4.740~-2.476 0.000
HGB -0.119 -0.147~-0.091 0.000 -0.062 -0.089~-0.035 0.000
Platelet 0.044 0.036~0.052 0.000 0.028 0.019~0.036 0.000
D-dimer 1.227 0.499~1.954 0.001 0.691 0.116~1.265 0.019
PT 0.817 -0.017~1.651 0.055
APTT -0.079 » -0.304~0.145 0.486
TT. -0.228 -0.843~0.388 0.467

Fibrinogen 4.687 3.621~5.752 0.000 3.181 2.242~4.120 0.000
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Univariate analysis Multivariate analysis

Characteristic
HR (95% Cl) B HR (95% Cl)

Age (years)

>65 Reference 0.036 Reference 0.005
45-65 0.992 (0.649-1.514) 0.969 =0.112 0.894 (0.574-1.392) 0.619
18-44 2.277 (1.158-4.478) 0.017 1.008 2.740 (1.348-5.570) 0.005
Gender
Male Reference 0.101
Female 1.420 (0.934-2.160)
PS score
<1 Reference 0.009 Reference 0.271
>1 1.707 (1.145-2.545) 0.250 1.284 (0.823-2.005)
Cancer type
Esophageal cancer Reference 0338
Gastric cancer 1.299 (0.791-2.134) 0.302
Hepatocellular cancer 1.635 (0.964-2.771) 0.068
Biliary tract cancers 1.229 (0.566-2.666) 0.602
Therapy line
<2 Reference 0015 Reference 1 0.020
23 1.762 (1.118-2.777) 0.561 1.753 (1.092-2.812)
Treatment modality
ICI plus chemotherapy Reference 0.044 Reference 0.438
ICI plus targeted therapy 1.696 (1.120-2.567) 0013 0.247 1.280 (0.813-2.015) 0.286
ICI plus chemotherapy and targeted therapy 1.333 (0.643-2.763) 0.440 -0.132 0.876 (0.413-1.857) 0.730 ‘
IrAEs
No Reference 0.660 ‘
Yes 0.913 (0.607-1.372)
Albumin (g/L) *
<39.2 Reference <0.001 Reference 0.001
>39.2 0.438 (0.290-0.661) -0.784 0.457 (0.292-0.714)
NLR ?
<3.6 Reference 0.168
>3.6 1.320 (0.890-1.959)
LDH (U/L) *
<187.5 Reference 0.382
>187.5 1.193 (0.804-1.770)
Cer (ml/min) 2
<99.5 Reference 0.538
>99.5 1.132 (0.763-1.681)

PS, performance status; ICI, immune checkpoint inhibitor; irAEs, immune-related adverse events; NLR, neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; Ccr, creatinine clearance
rate; B, beta coefficient; HR, hazard ratio; CI, confidence interval.
*Take the median of this cohort as cutoff value.
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Variables

Sig

Asymptotic 95% Confidence

Interval

Lower Bound Upper Bound

Tumor length 0.684 | 0.000 0.602 0.767
Histopathologic 0.633 | 0.004 0.538 0.729
grade

Vessel invasion 0.654 | 0.001 0.576 0.732
MA 0.627  0.006 0.548 0.707
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Characteristic

Age (years)

Univariate analysis

HR (95% Cl)

Multivariate analysis

B

HR (95% Cl)

p-value

>65 Reference <0.001 Reference <0.001
45-65 1.066 (0.753-1.510) 0.719 0.128 1.137 (0.798-1.621) 0478
18-44 2.896 (1.672-5.017) <0.001 1.245 3.474 (1.962-6.150) <0.001
Gender
Male Reference 0.392
Female 1.166 (0.819-1.661)
PS score
<1 Reference 0.048 Reference 0.005
>1 1.378 (1.000-1.898) 0473 1.605 (1.151-2.240)
Cancer type
Esophageal cancer Reference 0515
Gastric cancer 1.276 (0.872-1.868) 0.209
Hepatocellular cancer 0.947 (0.590-1.519) 0.820
Biliary tract cancers 1.076 (0.584-1.981) 0.815
Therapy line
<2 Reference <0.001 Reference <0.001
23 2.109 (1.466-3.035) 0.738 2.092 (1.450-3.019)
Treatment modality
ICI plus chemotherapy Reference 0.348
ICI plus targeted therapy 1.105 (0.783-1.560) 0.569
ICI plus chemotherapy and targeted therapy 1.461 (0.874-2.441) 0.148
IrAEs
No Reference 0.024 Reference 0.037
Yes 0.682 (0.488-0.954) —0.365 0.694 (0.492-0.978)
Albumin (g/L) *
<39.2 Reference 0.268
>39.2 0.834 (0.606-1.150)
NLR ®
<3.6 Reference 0.586
>3.6 1.093 (0.794-1.504)
LDH (U/L) *
<1875 Reference 0686 ‘
>187.5 0.936 (0.679-1.289) ‘
Cer (ml/min) 2
<99.5 Reference 0.073
>99.5 1.341 (0.972-1.850)

PS, performance status; ICI, immune checkpoint inhibitor; irAEs, immune-related adverse events; NLR, neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; Ccr, creatinine clearance
rate; B, beta coefficient; HR, hazard ratio; CI, confidence interval.

* Take the median of this cohort as cutoff value.
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Variables Univariate Multivariate

95%Cl 95%Cl p value
Age 0.010 -0.025~0.005 0.176
Sex -0.089 -0.440~0.261 0.617
ECOG 0389 -0.724~-0.054 0.023 0.127 -0.659~0.406 0.641
ASA -0.159 -0.411~0.094 0218
Tumor length 0248 0.184~0.312 0.000 0224 0.114~0.334 0.000
Tumor short diameter 0296 0.110~0.481 0.002 0500 -0.154~1.153 0134
Tumor area 0.033 0.014~0.051 0.000 -0.035 -0.086~0.017 0.190
Primary tumor site 0126 -0.055~0.308 0.171
Histopathologic grade 1219 0.842~1.596 0.000 1.062 0.520~1.604 0.000
WHO classification 0012 -0.197~0.172 0.896
Vessel invasion 1155 0.817~-1.493 0.000 0716 0.230~1.203 0.004
Neural invasion 0511 0.194~-0.828 0.002 0.102 -0.376~0.580 0675
WBC 0.026 -0.066~0.119 0578
RBC -0.142 v -0.379~0.094 0238
HGB -0.006 -0.012~0.000 0.061
Platelet 0.005 0.003~0.007 0.000 0.002 -0.002~0.005 0373
MA 0.081 0.047~0.114 0.000 0059 0.015~0.104 0.009
D-dimer 0211 0.053~0.389 0.010 0.067 -0.149~0.282 0544
PT 0.066 -0.069~0.210 0337
APTT 0038 -0.004~0.079 0.077
TT -0.036 -0.146~0.175 0526

Fibrinogen 0.360 0.123~0.597 0.003 -0.062 -0.452~0.329 0.757
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ORR (N = 65) DCR (N = 182)

Characteristic p-value ® p-value ®
Events (%) 95% Cl 2 Events (%) 95% Cl 2

Age (years)

18-44 2(11.1) 5.0%-27.2% 0.253 7(38.9) 13.9%-63.8% 0.002
45-65 37 (26.6) 19.2%-34.1% 0.975 103 (74.1) 66.7%-81.5% 0.913
> 65 26 (26.8) 17.8%-35.8% 0.260 72 (74.2) 65.4%-83.1% 0.004
Gender
Male 52 (27.5) 21.1%-33.9% 0.231 134 (70.9) 64.4%-77.4% 0.649
Female 13 (20.0) 10.0%-30.0% 48 (73.8) 62.9%-84.8%
PS score
<1 38 (284) 20.6%-36.1% 0.285 109 (81.3) 74.7%-88.0% 0.000
>1 27 (22.5) 14.9%-30.1% 73 (60.8) 52.0%-69.7%
Cancer type
Esophageal cancer 26 (32.9) 22.3%-43.5% 0.072 65 (82.3) 73.7%-90.9% 0.010
Gastric cancer 26 (24.5) 16.2%-32.9% 0.743 71 (67.0) 57.9%-76.1% 0.191
Hepatocellular cancer 8 (15.7) 5.4%-26.0% 0.070 33 (64.7) 51.1%-78.3% 0.218
Biliary tract cancers 5(27.8) 4.9%-50.7% 1.000 13 (72.2) 49.3%-95.1% 0.956
Therapy line
<2 58 (28.3) 22.1%-34.5% 0.044 158 (77.1) 71.3%-82.9% 0.000
23 7 (14.3) 4.1%-24.4% 24 (49.0) 34.5%-63.5%

Treatment modality

ICI plus chemotherapy 36 (29.0) 20.9%-37.1% 0.220 99 (79.8) 72.7%-87.0% 0.003

ICI plus targeted therapy 19 (20.2) 11.9%-28.5% 0.132 58 (61.7) 51.7%-71.7% 0.411
ICI plus chemotherapy and targeted therapy 10 (27.8) 12.4%-43.1% 0.745 25 (69.4) 53.6%-85.3% 0.189
IrAEs
No 41 (24.8) 18.2%-31.5% | 0.712 111 (67.3) 60.0%-74.5% 0.035
Yes 24 (27.0) 17.6%-36.4% 71 (79.8) 71.3%-88.5%

Albumin (g/L) ©

<39.2 29 (22.3) 15.1%-29.6% 0.220 86 (66.2) 57.9%-74.4% 0.046
>39.2 36 (29.0) 20.9%-37.1% 96 (77.4) 70.0%-84.9%
NLR ©
<36 33 (25.2) 14.0%-28.5% 0.880 92 (70.2) 67.1%-82.5% 0.603
>3.6 32 (26.0) 21.8%-38.0% 90 (73.2) 60.3%-76.7%
LDH (U/L) ©
<1875 27 (213) 17.7%-32.7% 0.114 95 (74.8) 62.3%-78.2% 0.265 ‘
>187.5 38 (29.9) 18.2%-33.9% 87 (68.5) 65.2%-81.1% ‘
Cer (ml/min) €
<995 36 (27.7) 19.9%-35.5% 0432 96 (73.8) 66.2%-81.5% 0427
599.5 29 (23.4) 15.8%-309% 86 (69.4) 61.1%-77.6%

ORR, objective response rate; DCR, disease control rate; CI, confidence interval; PS, performance status; ICI, immune checkpoint inhibitor; irAEs, immune-related adverse events; NLR,
neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; Ccr, creatinine clearance rate.

“Exact Clopper-Pearson 95% confidence interval, the true probability of ORR or DCR falls within the interval with 95% probability; "Chi-square test, or exact chi-square test if any expected cell
size <5; “Take the median of this cohort as cutoff value.
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Variables Univariate Multivariate

95%Cl 95%Cl
Age 0.993 0.971~1.016 0.539
Sex 1.088 0.640~1.849 0.756
ECOG 0.873 0.535~1.424 0.585
ASA 0.984 0.675~1.436 0.935
‘Tumor length 1.281 1.145~1.433 0.000 ‘ 1.314 1.046~1.651 0.019
Tumor short diameter 1.731 1.110~2.700 0.016 1.070 0.332~3.441 0.910
‘Tumor area 1.089 1.034~1.147 0.001 0.985 0.882~1.100 0.790
Primary tumor site 1.531 1.175~1.996 0.002 1.346 0.873~2.075 0.179
Histopathologic grade 2.907 1.836~4.604 0.000 2.284 1.134~4.602 0.021
‘WHO classification 0.851 0.661~1.097 0213
Vessel invasion 4.330 2.326~8.062 0.000 4.066 1.539~10.742 0.005
Neural invasion 1.500 0.936~2.405 0.092
WBC 1.029 0.892~1.188 0.695
RBC 1.930 0.648~1.335 0.696
HGB 0.992 0.983~1.002 0.128
Platelet 1.005 1.001~1.008 0.011 0.996 0.990~1.002 0.147
MA 1.007 1.022~1.135 0.006 1.103 1.020~1.193 0.014
D-dimer 1.284 0.910~1.811 0.154
PT 1010 0.826~1.237 0.920
APTT 1.038 0.971~1.109 0.271
T 0.892 0.758~1.051 0.171
Fibrinogen 1.873 1.257~2.790 0.002 1.456 0.705~3.010 0.310
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Middle-aged

(M, n=139)
Gender
Male 10 (55.6%) 112 (80.6%) 67 (69.1%) 0.036 0.263
Female 8 (44.4%) 27 (19.4%) 30 (30.9%)
PS score
<1 11 (61.1%) 79 (56.8%) 44 (57.1%) 0.730 0.219
>1 7 (38.9%) 60 (43.2%) 53 (42.9%)
Cancer type
Esophageal cancer 1 (5.5%) 42 (30.2%) 36 (37.1%) 0.054 0.008
Gastric cancer 9 (50.0%) 52 (37.4%) 45 (46.4%) 0.302 0.778
Hepatocellular cancer 5 (27.8%) 37 (26.6%) 9 (9.3%) 1.000 0.070
Biliary tract cancers 3 (16.7%) 8 (5.8%) 7 (7.2%) 0.224 0.395
Therapy line
<2 12 (66.7%) 113 (81.3%) 80 (82.5%) 0.255 0.223
23 6 (33.3%) 26 (18.7%) 17 (17.5%)

Treatment modality

ICI plus chemotherapy 4 (22.2%) 65 (46.8%) 55 (56.7%) 0.048 0.007
ICI plus targeted therapy 10 (55.6%) 57 (41.0%) 27 (27.8%) 0.240 0.021
ICI plus chemotherapy and targeted therapy 4 (22.2%) 17 (12.2%) 15 (15.5%) 0.421 0.716
Albumin (g/L) 37.4+6.0 40.6+24.1 38.2+4.3 0.576 0.515
NLR 53434 4.3£29 44+34 0.214 0.315
LDH (U/L) 333.84204.9 232.6+121.1 203.2+£86.0 0.055 0.016
Cer (ml/min) 136.9+33.4 110.8£29.3 84.7£22.0 0.005 <0.001

PS, performance status; ICI, immune checkpoint inhibitor; NLR, neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; Cr, creatinine clearance rate.
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NO 247 84 55 83 469
N1 27 19 42 85 173
N2 16 31 32 128 207
N3a 2 17 39 210 268
N3b 0 0 1 10 11

SUM 292 151 169 516 1128
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Group parameter N3b N+

Patients counts n=10 n=433

White blood cell Mean 5.89 5.82 5.97 5.75 598 5.71 5.90

(x10A9/L)

(n=511) Std 171 1.56 1.69 1.70 1.80 1.24 1.74
Max 1467 1196 1023 14.67 1325 3.81 14.67
Min 1.96 338 275 3.26 1.96 7.79 1.96

Red blood cell Mean 4.19 422 427 4.18 4.17 4.01 4.19

(x10A12/L)

(n=511) Std 0.67 0.67 0.72 0.64 067 0.72 0.67
Max 5.92 535 5.92 5.55 5.68 5.25 5.92
Min 2.00 243 236 247 2.00 322 2.00

Hemoglobin Mean 120.60 124.56 125.05 117.23 119.88 110.30 119.88

(g/L)

(n=511) Std 2545 2336 2522 25.76 2596 21.81 25.77
Max 171 160 171 164 163 145 171
Min 443 54 62 53 443 86 443

Platelet count Mean 26040 23995 24113 26436 267.02 396.40 264.13

(x10A9/L)

(n=511) Std 77.03 55.87 61.60 8321 77.51 91.04 79.79
Max 623 369 529 562 623 559 623
Min 103 116 103 109 130 238 103

MA value Mean 60.58 5803 58.74 60.18 61.87 69.30 61.07

(mm)

(n=285) Std 6.73 493 5.85 7.32 6.46 641 6.92
Max 788 69.4 714 774 78.8 75.8 78.8
Min 459 50.9 48.7 45.9 470 58.3 459

fibrinogen count Mean 321 2.99 322 3.23 325 3.82 325

(g/L)

(n=502) Std 0.69 0.64 0.69 0.63 071 0.79 0.69
Max 6.85 5.1 5.94 5.26 6.85 4.95 6.85
Min 1.52 1.52 1.93 1.93 172 2.80 1.72

D-dimer Mean 0.75 058 0.59 0.72 088 0.92 0.78

(mg/L)

(n=502) Std 1.05 0.64 0.74 1.06 122 1.36 110
Max 9.80 350 5.2 7.1 9.8 45 9.8
Min 0.00 0.00 0.00 0.00 0.10 0.15 0.00

PT Mean 1191 11.90 11.89 1179 12.00 11.97 1191

(s) I

(n=502) Std 122 L14 1.91 0.94 1.06 0.91 1.23
Max 26.60 172 26.6 149 156 138 26.6
Min 9.50 95 102 10.1 9.6 111 9.6

APTT Mean 3064 3020 30.10 30.83 30.87 31.53 30.73

(s)

(n=502) Std 3.88 425 2.88 4.03 398 377 3.81 ‘
Max 514 455 367 43.6 514 40.9 514 ‘
Min 210 230 231 21.0 236 284 21.0 ‘

TT Mean 1452 1473 1431 1457 1453 1377 449 |

(s)

(n=502) Std 144 1.58 1.34 1.46 141 1.26 1.41
Max 192 188 177 185 192 16.4 19.2

Min 117 12 117 11.9 11.8 122 11.7
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Metastatic gastrointestinal cancers
between 2018 and 2021
N=3002

Metastatic gastrointestinal cancers
between 2018 and 2021
N=2889

254 patients received immune
checkpoint inhibitors combination
therapy

113 patients excluded

Combined with other tumor
history (N=32)

Combined with infection or blood
system disease (N=81)

2635 patients excluded

Not combined with immunotherapy
(N=2405)

Anti-PD-1 monotherapy (N=6)
Abandoned treatment or refused
assessment (N=108)

Incomplete medical records (N=116)

Young group
(aged 18-44 years)
N=18

Middle-aged group
(aged 45-65 years)
N=139

Old group
(aged >65 years)

N=97
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All patients (N=516)

Age, years
Mean (SD) 60.4(10.6)
Median (min, max) 62(28,91)

Gender, n (%)
Male 372(72.1)

Female 144(27.9)

ECOG PS, n (%)

0 386(74.8)
124(24)
2 6(1.2)

ASA status, n (%)

I 251(48.6)
II 228(44.2)
11T 37(7.2)

Tumor length, centimeter, cm

Mean (SD) 5.8(2.8)
Median (min, max) 5(0.8,20)

Tumor short diameter, cm

Mean (SD) 1.4(0.9)
Median (min, max) 1.2(0.2,13)

Tumor area, cm?

Mean (SD) 8.9(12.1)
Median (min, max) 6.5(0.2,208)

Primary tumor site, n (%)

Upper 101(19.6)
Middle 112(21.7)
Lower 275(53.3)
Diffuse 28(5.4)

Histopathologic grade, n (%)

Well differentiated 7(1.4)
Moderately differentiated 89(17.3)
Poorly differentiated 420(81.4)

WHO classification, n (%)

Papillary 2(0.4)
Tubular 419(81.2)
Mucinous 28(5.4)
Signet-ring cell 38(7.4)
Adenocarcinoma, other 29(5.6)

Vessel invasion, n (%)

Yes 206(39.9)
No 310(60.1)

Neural invasion, n (%)

Yes 280(54.3)
No 236(45.7)
pN, n (%)

pNO 83(16.1)
pN1 85(16.5)
pN2 | 128(24.8)
pN3 220(42.6)
pN3a 210(40.7)
pN3b 10(1.9)

AJCC/UICC staging, n (%)

1B 83(16.1)
IIIA 213(41.3)
IIIB 210(40.7)
I1IC 10(1.9)

AJCC/UICC, American Joint Cancer Committee/Union Internationale Contre le Cancer. The
eighth edition (2016) of the AJCC staging system was used.
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Patients (N = 28), n (%)

All grade Grade 1-2 Grade 3-4

Any patients with a treatment-emergent adverse event 25 (89.3) 23 (82.1) 18 (64.3)

Hematological adverse event

Leukopenia 17 (60.7) 9 (32.1) 8 (28.6)
Neutropenia 17 (60.7) 4(14.3) 13 (46.4)
Anemia 14 (50.0) 10 (35.7) 4(14.3)
Thrombocytopenia 10 (35.7) 6 (21.4) 4(14.3)

Non-hematological adverse event

Nausea 13 (46.4) 13 (46.4) 0(0.0)
Elevated GGT 12 (42.9) 8 (28.6) 4(14.3)
Diarrhea 12 (42.9) 9 (32.1) 3(10.8)
Fatigue 11 (39.3) 11 (39.3) 0(0.0)
Elevated ALT 9 (32.1) 8(28.6) 1(3.5)
Elevated AST 9 (32.1) 8(28.6) 1(3.5)
Vomiting 9 (32.1) 9 (32.1) 0(0.0)
Elevated bilirubin 6 (21.4) 4(143) 2(7.1)
Hypertension 6 (214) 5(17.9) 1(3.5)
Hand-foot syndrome 6 (21.4) 5(17.9) 1(3.5)
Proteinuria 6 (21.4) 6 (21.4) 0(0.0)
Alopecia I 6 (21.4) 6 (21.4) 0 (0.0)
Pyrexia 3(10.7) 3 (10.7) 0(0.0)
Elevated creatinine ‘ 2(7.1) 2(7.1) 0(0.0)
Stomatitis 2(7.1) 2(7.1) 0(0.0)
Anorexia 2(7.1) 2(7.1) 0(0.0)
Neuropathy 2(7.) 2(7.1) 0 (0.0)

GGT, g-glutamyltransferase; ALT, alanine aminotransferase; AST, aspartate aminotransferase.
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95%Cl

P value

Lower

Univariate Cox's regression analysis

Age (260 years vs. <60 years) 0.484 1.351 0581 3.143
Gender (Male vs. Female) 0.330 1.644 0.605 4.467
ECOG PS (1 vs. 0) 0822 21.266 <0.001 7.9x10'?
Site of primary tumor (Gastroesophageal junction vs. Gastric) 0610 0.753 0.254 2235
Liver metastasis (Yes vs. No) 0.001 8.377 2262 31.024
Lung metastasis (Yes vs. No) 0.110 0.407 0.135 1.227
Peritoneal metastasis (Yes vs. No) 0.021 3.948 1.233 12.637
Lymph node metastasis (Yes vs. No) 0.732 0.845 0.322 2218 ‘
Others metastasis (Yes vs. No) 0.367 0.631 0.232 1.715 ‘
Number of metastatic sites (=2 vs. <2) 0.393 0.668 0.264 1.688 ‘
TNM stage (IV vs. I1T) 0.864 0.915 0.332 2.526 ‘
History of surgery (Yes vs. No) 0.537 0.764 0325 1.796
Current treatment duration (25 months vs. <5 months) 0.495 0.733 0.299 1.792

Multivariate Cox'’s regression analysis
Liver metastasis (Yes vs. No) <0.001 30.140 4.866 186.683

Peritoneal metastasis (Yes vs. No) 0.002 14.600 2.728 78.149

08, overall survival; HR, hazard ratio; CI, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status.
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Gene Symbol get ID FC (abs) P

GKN2 NM_182536 860 0.001

MUC6 NM_005961 232 0.028 down
MUC5AC XM_006709945 141 0.004 down
CA9 NM_001216 93 0.004 down
PSCA NM_005672 87 0026 down
DISPL ENST00000360254 75 0.002 down
KIAA1324 NM_020775 70 0019 down
Céorf58 NM_001010905 66 0.003 down
REGIA NM_002909 64 0048 down
UMODLI ENST00000491559 48 0.001 down
CPA2 NM_001869 44 0.005 down
AKRICI NM_001353 39 0.001 down
THBS2 NM_003247 30 0.002 up
Cdorfl7 NM_032149 30 0.003 down
SOSTDC1 NM_015464 29 0029 down
TLR5 NM_003268 29 0.002 down
FLG NM_002016 25 0.005 down
COL8A1L NM_001850 24 0.011 up
DKK1 NM_012242 24 0.004 up

MTIG NM_001301267 22 0.002 down
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get ID FC (abs) P

NONHSAT214974 174 0.003 down
ENST00000482529 153 0.002 down
Inc-ADNP-1:1 118 0.004 down
ENST00000556770 112 0.002 down
Inc-C100rf103-5:1 73 0.001 down
Inc-SUN5-2:1 65 0.004 down
NR_033343 59 0.008 down
NONHSAT186948 57 0.002 down
Inc-B3GAT1-4:1 56 0.002 down
NONHSAT017372 56 0.044 down
NR_002919 56 0.007 down
T191147 54 0.005 down
Inc-RP11-116D17 49 0.021 down
NONHSAT187473 45 0.004 down
NONHSAT197042 44 0.003 down
NONHSAT214368 43 0.003 up

ENST00000242208 42 0.001 up

XM_005266617 42 0.004 down
NONHSAT177338 39 0.014 down
AL713743 35 0.003 down
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SEER database 2000-2019

h
Primary Site = C16.0 — C16.9 ;
Behavior code = 'Malignant'

N = 124244

Inclusion:

Histologic Type ICD-O-3(8140/3, 8141/3, 8142/3,
[ 8143/3, 8144/3, 8262/3, 8323/3),

Gastric cancer was identified as the primary tumor,
Survival information integrity

N=56177
Exclusion:
[ Patients with unkown clinical Records,
N =42000
v

Final cohort : N = 14177

l |

Train cohort survival N = 9923 Test cohort survival N = 4254
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Tumor sample

Normal sample

148)

Percent(

Tumor type

LIHC 276 23.1 50 338
STAD 263 22.1 32 21.6
COAD 303 253 41 27.7
READ 118 9.8 10 6.8
PAAD 117 9.7 4 27
ESCA 120 10 11 74
Diagnosis analysis

Training 956 80 118 80
Validation 241 20 30 20
Prognosis analysis

Training 838 70

Validation 359 30
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