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Abstract
BACKGROUND
Gastric cancer (GC) is the sixth most common cancer and third leading cause of cancer-related deaths worldwide. Current treatments mainly rely on surgery- and chemotherapy-based systemic; however, the prognosis remains poor for advanced disease. Recent studies have suggested that immunotherapy has significant potential in cancer therapy; thus, GC immunotherapy may improve quality of life and survival for patients with this disease.

AIM
To provide a comprehensive overview of the knowledge structure and research hotspots of GC immunotherapy.

METHODS
We conducted a bibliometric analysis of publications on immunotherapy related to GC in the Web of Science Core Collection database. We analyzed 2013 publications from 1999 to February 1, 2023, using the VOSviewer and CiteSpace software. We assessed publication and citation distributions using the WoS platform and explored research countries, institutions, journals, authors, references, and keywords (co-occurrence, timeline view, and burst analysis). In addition, we examined 228 trials on immunotherapy, 137 on adoptive cell therapy, 274 on immune checkpoint inhibitors (ICIs), and 23 on vaccines from ClinicalTrials.gov and the International Clinical Trials Registry Platform. The Impact Index Per Article for the top ten high-cited papers collected from Reference Citation Analysis (RCA) are presented.

RESULTS
Our bibliometric analysis revealed that the study of immunotherapy in GC has developed rapidly in recent years. China accounted for almost half the publications, followed by the United States. The number of publications in recent years has been growing continuously, and most institutions and authors with the most publications are from China. The main keywords or clusters identified were “tumor microenvironment”, “adoptive immunotherapy”, “dendritic therapy”, and “microsatellite instability”.

CONCLUSION
Our analysis of 2013 publications indicated that immunotherapy for GC has led to several new developments in recent years. Considerable progress has been made in vaccinations, immune checkpoint therapy, and adoptive cellular therapy. In particular, ICIs and chimeric antigen receptor T-cells are novel options for the treatment of GC. We suggest that the combination of ICIs, chemotherapy, targeted therapy, and other immunotherapies should be the primary research direction in the future.
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Core Tip: In this study, we systematically analyzed studies related to immunotherapy for gastric cancer (GC). We used scientometrics to explore research hotspots in the field and summarize the current developmental status of GC immunotherapy, as well as the advantages and disadvantages of different immunotherapy modalities. We also compiled information on ongoing clinical trials and predicted future developmental trends in this field based on the direction and stage of these trials. This research can help advance our understanding of the latest progress and future development trends in the field, as well as provide scientific research recommendations.

INTRODUCTION
Gastric cancer (GC) is the sixth most prevalent cancer and the third leading cause of cancer-related fatalities worldwide, thus presenting a significant global health concern[1]. The incidence rates of GC are highest in Eastern Europe and Eastern Asia, and it remains the most prevalent cancer and the leading cause of cancer-related deaths in specific regions of South and Central Asia[2]. Despite a trend toward decreasing morbidity and mortality rates in several countries and regions, GC continues to be a substantial health burden[3]. Numerous factors have been established to contribute to the pathogenesis of GC, including family history, dietary habits, smoking, and Helicobacter pylori or Epstein-Barr virus (EBV) infection[4]. GC can be categorized into four distinct molecular subgroups based on the patterns of molecular alterations, with each subgroup corresponding to a different disease progression and prognosis: (1) Microsatellite stable/epithelial-mesenchymal transition; (2) Microsatellite instability (MSI); (3) Tumor protein 53 (TP53)-active; and (4) TP53-inactive types[5].
Owing to its predominantly asymptomatic nature, early detection of GC poses a significant challenge, with > 50% of patients being diagnosed after the cancer has already metastasized[6,7]. The prognosis of advanced GC remains dismal; the five-year overall survival (OS) rate is < 5% and the median OS is approximately 8 mo[8-10]. Although surgery remains the primary curative approach, chemotherapy forms the foundation of treatment for metastatic GC, with multimodal therapy employed to enhance survival outcomes[9]. However, the efficacy of conventional treatments, including surgery, radiotherapy, chemotherapy, and anti-human epidermal growth factor receptor-2 (HER2) therapy, in combating this lethal disease[11].
Surgery, chemotherapy, radiation therapy, and targeted therapy have long been considered the four pillars of GC management; however, immunotherapy has recently emerged as a promising “fifth pillar”, and its use is rapidly expanding[12]. For cases of unresectable locally advanced, recurrent, or metastatic GC, a combination therapy of anti-HER2, chemotherapy, and optional pembrolizumab is preferred for HER2-positive diseases, with the inclusion of pembrolizumab demonstrating a high objective response rate (ORR)[13]. Irrespective of HER2 status, nivolumab [for programmed death-ligand 1 (PD-L1) CPS ≥ 5] is recommended as part of systemic treatment regimens[14]. Currently, there are four principal strategies for tumor immunotherapy: Immune checkpoint inhibitors (ICIs), tumor vaccines, adoptive immunotherapy, and nonspecific immunomodulators. With advancements in the understanding of the tumor microenvironment (TME), immunotherapy for advanced GC has evolved rapidly, demonstrating superior efficacy and tolerable toxicity compared to traditional therapies, leading to the rapidly increasing use of ICIs[7]. As most GCs are relatively resistant to ICI monotherapy, patients may benefit from combination therapy to achieve enhanced therapeutic effects[15]. Multiple studies have demonstrated that immunotherapy combined with conventional therapy provides superior efficacy compared with monotherapy[16]. Although immunotherapy holds promise for the treatment of GC, the complexity of the immune microenvironment and the heterogeneity of immunogenicity present significant challenges that require further investigation[17].
Chemotherapies for patients with locally advanced or metastatic GC include S-1 + oxaliplatin, docetaxel + oxaliplatin + fluorouracil, docetaxel + oxaliplatin + S-1 (DOS), capecitabine + oxaliplatin (XELOX), and folinic acid/5-fluorouracil/oxaliplatin chemotherapy (FOLFOX). Trastuzumab or pembrolizumab should be added to first-line chemotherapy for patients with HER2 overexpression-positive GC[18,19]. There are two commonly used combinations: Trastuzumab combined with a fluoropyrimidine and a platinum agent and a combination of trastuzumab, pembrolizumab, and XELOX/PF. Regimens for HER2-negative disease include nivolumab, cindilimab, and tislelizumab combined with first-line chemotherapy[20]. Docetaxel, cisplatin, 5-fluorouracil (DCF), modified DCF, and POF also exhibit promising activity. The selection of regimens for second-line or subsequent therapy depends on prior therapy and performance status. Ramucirumab combined with paclitaxel is the preferred second-line or subsequent therapy[19]. Single-agent docetaxel, paclitaxel, irinotecan, albumin-paclitaxel, pembrolizumab, nivolumab, vedicitumab, and apatinib mesylate have also been used as second-line or subsequent therapies. Although there is currently a relatively complete treatment plan, the OS of patients remains short. Therefore, more effective treatment options are required. Based on traditional treatment, explore combination therapy with immunotherapy, subdivide the population, and improve curative effects.
Recent phase I/II trials focusing on the perioperative use of ICIs in combination with chemotherapy for resectable locally advanced gastric/gastroesophageal junction cancer (GC/GEJC) have yielded positive results, thus expanding the potential applications of ICIs in GC management[21]. The addition of sintilimab to chemotherapy has demonstrated encouraging pathological complete response (pCR) and major pathological response rates as a perioperative treatment for resectable locally advanced GC/GEJC with manageable safety profiles. In a phase II study, durvalumab combined with DOS as neoadjuvant chemotherapy reached its primary efficacy endpoint, confirming a pCR in 29.0% of the patients (9 of 31) with acceptable toxicity (safety endpoint < 20%)[22]. In a separate multicenter, single-arm, multi-cohort, phase II trial of tremelimumab and durvalumab as neoadjuvant treatments in patients with MSI-high (MSI-H) resectable gastric adenocarcinoma/gastroesophageal junction adenocarcinoma (GAC/GEJAC; NCT04817826), a pCR rate of 60% (9 of 15) and a major-complete pathological response rate of 18% (< 10% viable cells) were achieved[23].
Bibliometrics is a methodological approach that encompasses the analysis and summary of data produced within a specific timeframe. It offers invaluable insights into scientific productivity, behavior, and advancements within the research domain[24]. The objective of this study was to employ bibliometric analysis to elucidate the current status and emergent trends in the field of GC immunotherapy research.

MATERIALS AND METHODS
This analysis was conducted on February 1, 2023, and searched the Web of Science Core Collection (WoSCC) and Science Citation Index Expanded. The retrieval terms in the topic: (“gastric cancer” OR “gastric adenocarcinoma” OR “gastric neoplasm” OR “gastric tumor” OR “stomach cancer” OR “stomach adenocarcinoma” OR “stomach neoplasm” OR “stomach tumor” OR “gastric cancers” OR “gastric adenocarcinoma” OR “gastric neoplasms” OR “gastric tumors” OR “stomach cancers” OR “stomach adenocarcinoma” OR “stomach neoplasms” OR “stomach tumors” OR “tumor of stomach”) AND (“immunotherapeutic” OR “immunotherapy” OR “immunotherapies” OR “immunotherapeutics”). Types of documents: Article and review. Finally, the information for a total of 2013 documents was downloaded as Plain Text Files and Tab Delimited Files, and full records and cited references were included. All duplicate records were removed. All documents published in 2013 were included in the analysis.
We searched ClinicalTrials. gov and the International Clinical Trials Registry Platform (ICTRP) (clinical). The retrieval terms: (“gastric cancer” OR “gastric adenocarcinoma” OR “gastric neoplasm” OR “gastric tumor” OR “stomach cancer” OR “stomach adenocarcinoma” OR “stomach neoplasm” OR “stomach tumor”) AND (“immunotherapy”). There were 228 registered clinical trials, 25 of which were completed, and 113 were recruiting or not yet recruiting. We searched for some of the main immunotherapies in clinical trials using these two platforms. The research strategy: (“dendritic cells” OR “DNA vaccine” OR “RNA vaccine”) AND “gastric cancer” for vaccine clinical trials; (ACT OR TIL OR TCR-T OR CAR-T OR TCR T OR CAR T OR NK OR CIK) AND “gastric cancer” for ACT clinical trials; (ICI OR PD-1 OR PD-L1 OR CTLA-4) AND “gastric cancer” for ICI clinical trials. In total, 274, 137, and 23 clinical trials were incorporated, respectively. These retrievals were conducted on February 19, 2023.
We used CiteSpace (6.1.6) and VOSviewer (1.6.18) to analyze the data. Plain Text Files were analyzed using CiteSpace, and Tab Delimited Files were analyzed using the VOSviewer. CiteSpace made time slicings for the original files from January 1999 to December 2023 with 1 year per slice, and qualified records from 2012 were analyzed. The literature search and screening processes are illustrated in Figure 1. The Citation Report of WoS on February 1, 2023, provided the number of publications and citations annually. The figures used in this study were mapped using CiteSpace, VOSviewer, and Excel.

RESULTS
Bibliometric analysis
[bookmark: _Hlk106196977]Annual distribution of publications and citations: The spatial-temporal distribution of scholarly publications has been demonstrating a noteworthy ascending trajectory. As per the WoSCC, the 2013 documents collectively garnered 45700 citations, averaging 22.7 citations per document until February 1, 2023. The H-index was 86, indicating that 86 documents each received over 86 citations. Figure 2A illustrates the annual distribution of publications and citations. Only 22 publications were released in 1999, with the number fluctuating between 9 and 42 from 1999 to 2015. However, starting in 2016, the number of publications experienced steady and significant growth, reaching 552 in 2022. Although there were only seven citations in 1999, this figure escalated to 11382 in 2022, marking 23 years of consistent growth. We adopted the regression model y = 0.0012x5 - 0.0624x4 + 1.151x3 - 9.1536x2 + 29.142x - 10.867 (R² = 0.9928) to show how the number of publications in this field changed over time and forecast it in the following year.

Related countries and institutions: The CiteSpace analysis revealed that contributions to publications in this field originated from 72 countries and 617 institutions, as depicted in Figures 2B and C. Of these, 26 countries and 58 institutions contributed ten or more publications. China had the highest number of publications (n = 1070), representing 53.2% of the total, which was significantly higher than that of other countries. The United States was second with 321 publications (16.0 %), followed by Japan (n = 227, 11.3%), Germany (n = 125, 6.2%), and Italy (n = 109, 5.4%). The top ten institutions with the highest number of publications were located in China, five of which were Fudan University (n = 85), Nanjing Medical University (n = 64), Shanghai Jiao Tong University (n = 64), Sun Yat-sen University (n = 52), and Zhengzhou University (n = 43).

Journals: The 2013 analyzed documents were disseminated across 532 journals, with those comprising at least five documents incorporated into Figure 3A using the VOSviewer. The nodes exhibiting high brightness in this figure denote a higher frequency of occurrence. Frontiers in Oncology led the list with 104 documents, followed by Frontiers in Immunotherapy (n = 78) and Cancers (n = 69). Additionally, we conducted a co-citation analysis of the cited journals. These articles cited 5445 journals, and we analyzed 102 journals that received at least 200 citations (Figure 3B). The Journal of Clinical Oncology garnered the highest number of citations (n = 5044), followed by Cancer Research, with 3018 citations.

Authors: After excluding documents coauthored by more than 25 authors, we identified 11730 authors across the documents. Only authors with at least five publications were considered, resulting in an analysis of 212 authors who fulfilled the criteria (Figure 4A). In the VOSviewer analysis, Lin Shen had the highest number of publications (525 citations across 25 documents), followed by Hao Liu coming with the second highest number (444 citations across 24 documents). Regarding citations, Sakamoto Junichi had the most citations (810 citations across 6 documents), followed by Xin Wang (705 citations across seven documents). Thirty authors had at least 10 publications in this field, and 17 authors garnered over 400 citations.

References: Table 1 shows the ten most frequently co-cited articles based on citation frequency data retrieved from WoS as of February 1, 2023. Seven of these articles were disseminated in the past seven years, and the majority of the highly cited documents had recent publication dates, suggesting a swift progression in this field (Figure 4B). The clinical trial spearheaded by Brahmer et al[25], illustrating the induction of tumor regression through an antibody-mediated PD-L1 blockade, amassed 5555 citations, which is significantly more than that of all other articles. This trial, published in the New England Journal of Medicine in 2012, experienced a citation surge from 2014 to 2017, exhibiting a strength of 15.45 (Figure 5A). Two additional articles focused on programmed cell death protein 1 (PD-1) or PD-L1, a topic that continues to garner significant attention[26,27]. The second most cited article, also a clinical trial, validated the efficacy of pembrolizumab in patients with advanced triple-negative breast cancer by evaluating its safety and antitumor activity[28]. The remaining articles in this table pertained to the TME, adjuvant chemotherapy, or review articles. The impact index per article of the top ten articles ranged from 30.8 to 524.5, which is also shown in Table 1.
Figure 5B presents an overlay map of journals, illustrating aspects such as the distribution, citation trajectory, and shift in the center of gravity of papers across each discipline. The label on the left represents the discipline of the cited journal, whereas the label on the right indicates the discipline of the journal in which the cited paper was published. In the figure on the left, the vertical axis of the ellipse extends as the number of papers published by a journal increases, whereas the horizontal axis increases as the number of authors increases. Our analysis revealed that most publications appeared in journals associated with molecular biology, genetics, health, nursing, and medicine. Furthermore, most publications have been cited in journals pertaining to molecular biology, immunology, and medicine. The orange and green citation trajectories suggest that research journals in the molecular/biology/genetics domain garner frequent citations in molecular/biology/immunology and medicine/medical/clinical journals.

Co-occurrence analysis of keywords: Keywords play a pivotal role in encapsulating scientific research trends. To identify the most prevalent keywords, we used the VOSviewer tool for keyword co-occurrence analysis. From the 6337 keywords, we focused on 152 keywords that appeared 25 times or more (Figure 6A). “Gastric cancer” emerged as the most recurrent keyword, appearing 1257 times. The top ten most frequently occurring keywords included GC (n = 1257), immunotherapy (n = 988), expression (n = 394), chemotherapy (n = 320), prognosis (n = 253), open label (n = 206), survival (n = 194), cancer (n = 190), double-blind (n = 177), and TME (n = 174).

Timeline view of keywords: Following cluster analysis, the keywords were segregated into ten clusters and subsequently subjected to a timeline view analysis in CiteSpace (Figure 6B): #0 MSI, #1 targeted therapy, #2 dendritic cells (DCs), #3 breast cancer, #4 adoptive immunotherapy, #5 TME, #6 immune infiltration, #7 GC, #8 stomach adenocarcinoma, and #9 colorectal cancer. Each cluster comprised multiple closely associated words with smaller ranks or cluster numbers that contained more keywords. The premier cluster (#0) had the largest number of keywords, showing minimal past activity with two minor bursts but became more active in the recent decade. Cluster #1 followed a trend akin to that of cluster #0, signifying that MSI and targeted therapy have drawn significant interest. Clusters #2, #3, and #4 were notably active around 2000 and have undergone minor bursts in recent years. The term “tumor microenvironment” first appeared in 2010 in cluster #5 and has maintained activity in recent years.

Burst analysis of keywords: Following the burst analysis, we selected 25 keywords from the burst keywords based on burst strength and initiation time (Figures 7A and B). The keywords exhibiting the highest burst strengths included “Adoptive immunotherapy” (strength = 17.37), “dendritic cells” (strength = 16.79), and “carcinoma” (strength = 12.14). Three keywords that initiated bursting in the past 5 years and were identified as hotspots encompassed “mismatch repair deficiency” (initiated in 2018), “tumors” (initiated in 2019), and “plus chemotherapy” (initiated in 2021). The emergence of new burst keywords and prevalence of strong bursts in recent years have led to rapid developments in this field.

Clinical trials
The clinical trial with the earliest enrolment commenced in 1987, and was a randomized controlled trial predicated on preoperative serum glycoproteins assessing the efficacy of immunotherapy in GC (JPRN-UMIN000037472). The annual distribution of clinical trials (Figure 8A) indicated a sharp recent progress in the study of GC immunotherapy. The peak in the number of clinical trials occurred in 2019 (n = 37), with high numbers observed in the subsequent three years (2020 n = 32, 2021 n = 35, 2022 n = 30). The trials were predominantly in phase I (n = 46), phase I/II (n = 44), or phase II (n = 75) (Figure 9A). We have consolidated the clinical trials of phase II/III (n = 4), III (n = 4), and IV (n = 2) in Table 2, offering scholars an update on the latest advancements in this field. The status of the clinical trials is shown in Figure 9B, with a significant number of trials either recruiting (n = 92) or not yet recruiting (n = 21). The three primary immunotherapies for GC, namely adoptive cell therapy (ACT), ICI, and vaccination, were subjected to separate clinical trial searches (Supplementary material, Figures 8B and 9C).

DISCUSSION
In recent years, there has been a surge in the bibliometric analysis of articles across various fields. Tools such as CiteSpace and the VOSviewer enable raw data visualization, offering comprehensive and intuitive data representation. Cancer is a persistent medical challenge that has caused researchers to work globally toward enhancing treatments to improve progression-free survival (PFS) and OS. GC is one of the most prevalent cancers and requires more effective and targeted treatments. Bibliometric analysis of documents pertaining to GC immunotherapy elucidated the current research hotspots, thereby providing researchers with insights and directions. This analysis incorporated every related article from the WoSCC database until December 31, 2022, offering a visual and systematic overview. It summarizes and analyzes the countries, institutions, authors, keywords, and references. Clinical trials included every related trial from ClinicalTrials.gov and ICTRP until February 18, 2023.

Bibliometric analysis
With regard to the volume of documents produced by each country, China held a dominant position, contributing 1070 documents, accounting for 53.2% of the total. The ten institutions with the highest publication counts were all located in China. The substantial population base of China facilitates a larger number of researchers and institutions in related fields, thereby leading to a higher volume of literature production. Furthermore, China’s substantial investment in GC immunotherapy research underscores the promising future of this field. In addition to the patient count correlating with the large population base, the incidence of GC in China significantly surpasses that in the United States and United Kingdom[29]. Elevated rates of smoking and Helicobacter pylori infection in China could contribute to a higher incidence of GC. The extent of early cancer screening in China remains unclear.
The United States holds the second position with regard to the volume of documents produced, contributing 16.0% of the publications, and is potentially linked to factors such as obesity, alcohol consumption, and high-fat diets. Japan ranked third (11.3%). The high incidence of GC in Japan mirrors that in China, likely because of Asian dietary habits, including high salt intake and excessive nitrite consumption, which are associated with a high incidence of digestive system tumors.
Co-citation analysis revealed that Sakamoto Junichi had the highest citation count (810 citations across six documents). His research has primarily focused on immunochemotherapy or adjuvant chemotherapy, with a meta-analysis of the benefits of adjuvant chemotherapy for resectable GC with over 600 citations. Oba et al[30] also highlighted the therapeutic effects of polysaccharide K, lentinan, and OK-432 in GC[31,32]. This highlights the pivotal role of chemotherapy in GC treatment and ongoing advancements in research on the integration of immunotherapy and chemotherapy. Xin Wang, with 705 citations across seven documents, held the second position. His contributions include the development of clinical guidelines for GC diagnosis and treatment and a review of PD-L1 expression in human cancers and its correlation with clinical outcomes, which has received over 400 citations. PD-L1-related research has emerged as a significant focus in recent years, offering new prospects for GC immunotherapy, which will be discussed in subsequent sections.

Keyword analysis
Keyword analysis, excluding less-specific terms, revealed several significant keywords and clusters. Notably, clusters #0 (MSI), #2 (DCs), #4 (adoptive immunotherapy), and #5 (TME) stood out; these were also keywords with notable bursts. Moreover, keyword “mismatch repair deficiencies” have garnered considerable attention. We delved into these categories in detail. Because of the substantial progress and potential of ICIs reported in recent studies, we discuss them separately.

TME (#5 TME): Among the top ten most frequently occurring keywords in this study, three only surfaced in recent years: “open label” (first appearance in 2015, 206 occurrences), “double-blind” (first appearance in 2015, 177 occurrences), and “tumor microenvironment” (first appearance in 2017, 174 occurrences). Open-label and double-blind denote two contrasting types of experiments. In open-label trials, both investigators and participants are aware of the treatment status, whereas in double-blind trials, neither party knows the treatment status. The frequent appearance of these two keywords likely reflects the growing number of immunotherapeutic drugs entering clinical trials in recent years. Pembrolizumab and nivolumab have shown efficacy against certain types of GC[33,34]. Toripalimab, currently under evaluation for its safety and efficacy in treating advanced GC resistant to chemotherapy, is also part of an ongoing phase III randomized trial assessing the combined therapy of toripalimab and XELOX[33,35].
The sixth keyword cluster, represented by “tumor microenvironment”, gained prominence in 1999 and has received consistent attention since 2010. The TME refers to non-tumor cells and their metabolites and secretions within the tumor, including immune cells such as myeloid suppressor cells, tumor-infiltrating lymphocytes (TILs), macrophages, stromal fibroblasts, endothelial cells, extracellular matrix components, growth factors, and cytokines[36]. Five highly cited articles in this study featured “tumor microenvironment” as a keyword, focusing on tumor-associated macrophages (TAMs) or pyroptosis. Macrophages are primarily categorized into two phenotypes, classically activated (M1) and alternatively activated (M2). M1 macrophages exhibit antitumor effects; however, M2 macrophages promote angiogenesis and tumor progression. TAMs, comprising M2 and a fraction of M1 cells, foster pro-angiogenic and immunosuppressive signals in gastric tumors, thereby presenting potential therapeutic targets[37,38]. Another study highlighted the significant role of RNA N6-methyladenosine modifications in shaping the diversity and complexity of the TME[39]. Pyroptosis aids cytotoxic lymphocytes in eliminating tumor cells and reprograms the TME toward an immunostimulatory state[40]. A recent study has suggested that the GC microenvironment of patients may provide a more accurate prediction of chemotherapy sensitivity, thereby enabling improved staging and prognostic assessment of patients[41]. The role of TME in GC continues to garner interest.

MSI (#0 MSI) and defective mismatch repair (mismatch repair deficiency): MSI arises from the inability to repair replication errors in microsatellite sequences owing to defective mismatch repair (dMMR). When these errors accumulate significantly, they result in MSI-H, a subtype of GAC constituting up to 22% of the cases[42]. The keyword “mismatch repair deficiency” experienced a burst from 2018 to 2020, with a burst strength of 10.82, ranking eighth (Figure 7A). As depicted in Figure 6B, MSI ranks first in the cluster, signifying its high association and occurrence. The MSI-driven cancer pathway prompts tumor cells to produce abnormal and potentially immunogenic neoantigens, suggesting high antigenic potential in MSI GC[43,44]. Studies have established the independent prognostic significance of dMMR (P = 0.0001), with patients with metastatic GC exhibiting defective MMR systems demonstrating improved prognoses[44]. MSI cancer, characterized by extensive expression of immune checkpoint ligands and robust immunogenicity, exhibits heightened sensitivity to immunotherapy, albeit with potential resistance to chemotherapy[45,46]. The significance of the MSI-H subtype is well established, with numerous recent studies focusing on this subtype. Both nivolumab as a standalone treatment and in combination with ipilimumab have demonstrated antitumor activity with a tolerable toxicity profile in chemotherapy-resistant gastroesophageal adenocarcinomas. Moreover, pembrolizumab has received regulatory approval as a therapeutic alternative for MSI-H tumors[47,48]. Emerging evidence indicates a potential correlation between MSI-H and PD-L1 expression in various cancers, suggesting that MMR defects may serve as predictors of ICI therapy[45].

DC (#2 DCs): “Dendritic cells” constituted the third cluster in Figure 6B, exhibiting a significant burst from 2001 to 2013, as indicated by the second highest burst strength (Figure 7A, strength = 16.79). DCs are antigen-presenting cells essential for the induction and regulation of adaptive immune responses. DCs can phagocytose and process antigens and present these antigens to naive T-cells, resulting in the activation, differentiation, and polarization of T-cells toward specific effector functions. In GC immunotherapy, DCs play a key role in the activation and regulation of antitumor immune responses[49]. DCs can be used as adjuvants or vaccine adjuvants to enhance antitumor immunity by presenting tumor-specific antigens to naïve T-cells[49,50].
DC-based vaccination and ACT are the two main types of cellular immunotherapies used in GC[50]. Our analysis revealed that 23 clinical trials have focused on GC vaccines, with new trials initiated annually since 2012, as depicted in Figures 8B and 9C. Vaccines have surfaced as a pivotal modality in cancer immunotherapy, with DC-based vaccination being the predominant approach, constituting 20 out of 23 clinical trials. In 1990, Inaba et al[51] demonstrated that injection of in vitro antigens from DCs could sensitize normal mice to protein antigens. A decade later, researchers discovered that DCs can elicit antitumor responses[52]. A study in 2015 illustrated that DCs, when loaded with tumor RNA, can stimulate lymphocytes to differentiate into effector cells that respond to tumors and are capable of eliminating tumor cells[53]. The fusion of GC cells and DCs significantly enhances their ability to stimulate anti-tumor immune responses and prevents their proliferation into newly implanted tumors in vivo, highlighting the potential of DCs as a safe and effective anti-tumor vaccine[54]. Recombinant adenovirus-bearing secondary lymphoid tissue chemokine-modified DCs could serve as adjuvants to induce a robust immune response against GC[55]. DCs derived from cord blood in combination with cytokine-induced killer (CIK) cells have also been clinically utilized for the treatment of GC, showing significant disease-free survival (DFS, P = 0.0448) and OS (P = 0.0646) rates[56]. As of February 6, 2023, we identified 18 trials on ClinicalTrials.gov using the keywords “gastric cancer” and “dendritic cells”, with seven completed, nine with unknown status (indicating that the study had passed its completion date and its status had not been verified for over two years), one active, and one recruiting.

ACT (#4 adoptive immunotherapy): Adoptive immunotherapy was identified as the fifth cluster (Figure 6B, #4 adoptive immunotherapy) and experienced a surge in research from 1999 to 2016, as evidenced by its high strength (Figures 7A and B, strength = 17.37). A total of 137 clinical trials pertaining to ACT were initiated during this period, with relevant trials conducted almost annually for the past two decades (Figures 8B and 9C). ACTs involve the transfer of immune cells, such as lymphocytes or DCs, to a patient to enhance the antitumor immune response. In GC immunotherapy, ACTs generate effector T-cells that specifically target tumor antigens and induce long-term antitumor immunity[57]. ACTs can also enhance the function of regulatory T-cells and improve patient outcomes[50,57].
ACT has a rich history demonstrating its importance and progression in the field of immunotherapy. Currently, four types of ACTs have made significant contributions to international research: (1) TIL therapy; (2) Engineered T-cell receptor (TCR) therapy; (3) Chimeric antigen receptor T-cell (CAR-T) therapy; and (4) Natural killer (NK) cell therapy. CIK cell therapy, another form of ACT, is considered a promising approach for next-generation tumor-adaptive cell immunotherapies, with CIK cells often referred to as precision-guided missiles that target tumor cells[58].
First, we investigated TIL therapy. Unlike several types of cell immunotherapies that use blood-derived cells, TIL therapy leverages immune cells extracted directly from tumor tissues, thereby enhancing the capacity of these cells for tumor recognition. TILs play a critical role in curbing tumor growth and adjusting therapeutic response in cancer patients and could potentially act as predictive markers, providing insights into patient response to treatment and prognosticating survival outcomes[59,60]. GC can be stratified into four distinct TME subtypes based on the assessment of PD-L1 expression and TILs: (1) PD-L1+/TIL+, associated with the best PFS [Hazards ratio (HR = 2.044)] and OS (HR = 1.993); (2) PD-L1-/TIL-, linked with the poorest survival outcomes; (3) PD-L1+/TIL-; and (4) PD-L1+/TIL+[61]. Increased counts of T-bet+ TILs were found to be correlated with non-invasion of the muscle layer (P = 0.0138), smaller tumor size (P = 0.0202), and early Union for International Cancer Control stage (P = 0.0196), and studies have demonstrated that higher numbers of T-bet+ TILs are associated with longer median PFS (41 vs 26 mo, P = 0.0481) and median survival time (MST) (55 vs 32 mo, P = 0.0455)[62].
Second, we examined engineered TCR therapies. TCR-engineered T-cells require the presentation of antigens by specific major histocompatibility complex (MHC) molecules for activation, which presents certain constraints on their clinical applications[63]. Initial trials with TCR therapy showcased cancer regression; however, the associated toxicities were severe, underscoring the need for caution when implementing high-avidity TCRs[10,64]. Later clinical trials achieved efficacy without substantial toxicity by using T-cells redirected against cancer testis antigens[63,65,66]. A 2022 study profiled the hypervariable complementarity determining region 3 of the TCR beta chain in the peripheral blood of GC patients to identify new biomarkers[67].
Thirdly, we turn our attention to CAR-T therapy. Emerging over the past 30 years, CAR-T-cell therapy is a relatively novel approach, evolving from prior clinical applications of ACT, including TILs[11]. CAR-T-cells, a subset of genetically engineered T-cells, can identify specific antigens, and their cytotoxic effects operate independently of MHC interactions[50]. The first-generation CAR, constructed in 1993, comprises an extracellular antigen recognition domain-commonly a single-chain Fragment variant derived from an antibody-a transmembrane domain, and the intracellular T-cell activation domain of CD3+[68,69]. The second-generation CAR introduces a costimulatory domain, enhancing antitumor effects and promoting the establishment of immunological memory in patients with hematological tumors[69,70]. Third-generation CAR integrate two tandem costimulatory molecules[11]. The fourth-generation CAR adopts a more intricate design that aims to mitigate off-target toxicity and immunosuppression and boost the anti-tumor transport activity targeted by solid tumors[11]. Various potential targets for GC therapy, including claudin 18.2, mesothelin, ANTXR1 (TEM8), and MUC3A, have been identified, and claudine18.2-specific CAR-T-cell therapy is currently being explored in clinical trials[71,72]. As of February 6, 2023, a search of ClinicalTrials.gov using the keywords “gastric cancer” and “CAR T” yielded 37 trials, 23 of which were recruiting or not yet recruiting. Numerous related experiments will be conducted in the coming years, likely catalyzing rapid advancements in CAR-T therapy.
NK cell therapy was also considered. Patients with digestive cancers frequently demonstrate elevated PD-1 expression in both peripheral and tumor-infiltrating NK cells, and this heightened expression could potentially signify an unfavorable prognosis[73]. A decade ago, a study revealed that among patients with GAC, those with high concentrations of NK cells exhibited higher survival rates than those with low concentrations (P = 0.0027, HR = 0.343)[74]. As NK cell therapy continues to evolve, researchers have begun to integrate NK cells with other forms of immunotherapy to investigate the potential improvements in patient outcomes. A recent animal study employed a combination of interleukin (IL)-2-activated NK cells and anti-PD-1 therapy, demonstrating that this synergistic approach could hinder gastric tumor progression and promote tumor immune cell infiltration[75]. Moreover, various strategies involving CAR NK cell therapy have demonstrated efficacy in the treatment of certain tumor types[76-78].
Finally, CIK cell therapy is discussed. As illustrated in Figure 7A, the term “cytokine-induced killer cells” experienced a research publication surge from 2013 to 2017, with a burst strength of 11.39, whereas “cik cells” followed a similar trend from 2012 to 2017, with a burst strength of 10.75. CIK cells have several attributes that make them a promising therapeutic avenue for cancer treatment, including the potent antitumor capabilities of T lymphocytes and the non-MHC-restricted tumoricidal activity characteristic of NK cells. The earliest research document we obtained featuring the terms “cytokine-induced killer cells” or “CIK” dates back to a 2006 study, which indicated that the total remission rate (CR + PR + MR) in the group treated with a combination of chemotherapy and CIK cells was higher than in the group treated with chemotherapy alone (56.3% vs 48.0%)[79]. A clinical trial in 2010 showed that GC patients treated with CIK cell adoptive immunotherapy combined with chemotherapy had a significantly longer survival time than those treated with chemotherapy alone (MST: 49 m vs 27 m, P < 0.05; 2- and 5-year survival rates: 73.5% vs 52.6%, 40.4% vs 23.9%, P < 0.05). Another report evaluated 11 studies proving that adjuvant immunotherapy with CIK cells may prevent recurrence and improve the quality of life and PFS rate in patients with cancer[80,81]. However, a recent meta-analysis revealed that the incorporation of cellular immunotherapy into chemotherapy resulted in a statistically significant improvement in OS and DFS only in patients with stage III GC[82].
Despite the significant anti-tumor effects demonstrated by CAR-T therapy across various iterations, numerous challenges remain in its widespread application. Future research in this area will likely concentrate on the development of more potent CAR-T-cells with enhanced anti-tumor activity and mitigated toxicity[83]. Despite the significant anti-tumor effects demonstrated by CAR-T therapy across various iterations, there are still numerous challenges to its widespread application. Future research in this area will likely concentrate on the development of more potent CAR-T-cells with enhanced anti-tumor activity and mitigated toxicity[84]. NK cells display high anti-tumor activity and antibody-dependent cytotoxicity. However, their therapeutic application is limited by the challenge of generating large quantities of highly pure and functional NK cells[7,85]. In contrast, immunotherapies involving CIK cells and TILs have a significant potential for cancer treatment. Our analysis shows that CIK cells exhibit potent anti-tumor activity, and that combination therapies incorporating CIK cells demonstrate improved efficacy in patients with GC. TILs immunotherapy has also been extensively used in advanced GC treatment[7]. TILs offer several key advantages, including lower off-target toxicity and increased specificity, making them superior in addressing tumor heterogeneity in comparison to other ACT therapies; they can also regulate the immune response by releasing cytokines, which subsequently bolster anti-tumor immunity[86]. Moreover, TIL levels are prognostic indicators[87].

ICIs: Clinical research on ICIs is the most advanced and widespread cancer immunotherapy. These inhibitors have shown notable efficacy in the treatment of various solid and hematological cancers, often leading to durable, long-lasting responses that are typically well tolerated by patients[88].
The interaction of PD-1 (also referred to as CD279) with PD-L1 (also denoted as CD274 or B7-H1) can induce T-cell dysfunction, exhaustion, and tolerance, thereby inhibiting the PD-1/PD-L1 and cytotoxic T lymphocyte-associated antigen-4 (CTLA-4, also known as CD152) signaling pathways, T-cell function can be rejuvenated, leading to an increase in the destruction of tumor cells[17,89]. Studies over the past 20 years have indicated that inhibiting PD-L1 can boost anti-tumor immunity[90-92]. In fact, it has been demonstrated that most patients with GAC express CTLA-4 on their tumor cells (CTLA-4 86.6%, PD-L1 44.9%) and those who tested negative for CTLA-4 or PD-L1 had a significantly better mean OS than those who tested positive (CTLA-4: 62.0 vs 44.4 mo, P = 0.018; PD-L1: 54.2 vs 39.1 mo, P = 0.011)[93]. Contrary to a previous study, another study demonstrated that the expression of PD-L1 was associated with improved DFS and OS in GC (PD-L1+ vs PD-L1- tumors: 5-year DFS rate, 82.6% vs 66.9%; 5-year OS rate, 83.0% vs 69.1%, P < 0.05)[94]. These contrasting findings could be due to differences in the ethnic backgrounds of the patients (Caucasians in the first study and Asians in the second) or variations in the antibodies used in each study, indicating the need for larger studies to clarify the roles of PD-L1 and CTLA-4 in GC.
As of February 18, 2023, 274 clinical trials were registered at ClinicalTrials.gov and ICTRP, focusing on ICIs, which is a considerably larger number than those related to ACT and vaccine therapies (Figure 9C). The first clinical trials centered on ICIs began to emerge in 2013, and their counts saw a steady increase from 2015 to 2019, maintaining a high level over the last four years (Figure 8B). ICIs have received growing academic attention and have shown robust potential in GC immunotherapy. Some PD-1 inhibitors with relatively advanced research include avelumab, pembrolizumab, nivolumab, tislelizumab, camrelizumab, atezolizumab, and ipilimumab, function in combination with CTLA-4.
Published studies indicate that therapy using ICIs may present less toxicity, better tolerance than chemotherapy, and potentially superior outcomes. In trials with GC patients, avelumab did not outperform chemotherapy in terms of OS or RFS, but it did showcase a more manageable safety profile [grade ≥ 3 treatment-related adverse events (AEs): 9.2% vs 31.6% and 12.8% vs 32.8%, NCT02625623 and NCT02625610][95,96]. Pembrolizumab, which has undergone phase III clinical trials (NCT02370498 and NCT02494583), showed promising results; compared to chemotherapy, it demonstrated a trend toward improved OS and ORR while reducing the occurrence of treatment-related AEs[97,98].
In recent years, notable advances have been made in the combination of ICIs and chemotherapy. In patients with advanced GAC, the combination of tislelizumab and chemotherapy results in sustained responses and manageable side effects[99]. Similarly, a combination of Camrelizumab and CAPOX has demonstrated encouraging anti-tumor effects and manageable toxicity in patients with metastatic or advanced GAC, having successfully completed phase II clinical trials (NCT03469557 and NCT03472365)[100]. The effectiveness of ipilimumab in combination with chemotherapy has been assessed in both phase II and III clinical trials (NCT03241173 and NCT03126110, respectively).
The HER2, also known as Neu or ErbB2, is part of the epidermal growth factor receptors family, which encodes the transmembrane glycoprotein p185. It was initially discovered to have high expression in GC in 1986 and has since become a significant focus in translational cancer research due to its role in the HER2 signaling pathway[101,102]. For HER2-positive GCs, the preferred treatment regimen often includes a combination of pembrolizumab, trastuzumab, and chemotherapy[13]. A recent clinical trial (NCT03409848) demonstrated that combination therapy with trastuzumab, nivolumab, and FOLFOX was more effective than previous treatment protocols in treating HER2-positive esophagogastric adenocarcinoma[103].

Clinical trial
We screened 228 clinical trials on GC immunotherapy identified in a preliminary search and further analyzed 174 eligible clinical trials. There were 38 phase I clinical trials, 40 phase I/phase II clinical trials, 71 phase II clinical trials, three phase II/phase III clinical trials, four phase III clinical trials, and two phase IV clinical trials. For status, 25 clinical trials were completed: 20 were active but not recruited, 72 were recruited, 17 were not yet recruited, and the others were unknown or difficult to classify.

Completed trials: There are 25 completed clinical trials were completed, all of which were in phase I or II. After some immunotherapeutic drugs have proven effective, researchers have begun to explore the potential of multiple immunotherapy combinations.
Monoclonal antibodies (mAbs) are the predominant form of immunotherapy used to manage GC. The anticipated synergies arise primarily from the combination of anti-PD-1 and anti-CTLA-4 antibodies, a therapeutic pairing that has been extensively explored by numerous researchers, as indicated by associated clinical trials (NCT02340975, NCT02983045). Moreover, the inclusion of anti-HER2 antibodies in this treatment paradigm has also been investigated (NCT03409848). Beyond ICIs, other emergent forms of immunotherapy, such as ACT, have also been initiated in clinical trials. The completed trials included an array of treatment strategies. These include the integration of autologous DC-CIK cell immunotherapy with chemotherapy (NCT01783951), implementation of CAR-T immunotherapy (NCT02850536), and combination of NK cell therapy with ICIs (NCT03319459, NCT03841110). A phase II clinical trial (ChiCTR-OCH-12002610) investigating postoperative immunotherapies involving tumor lysate-loaded DCs, in vitro DC-activated T-cells, and activated T-cells in conjunction with chemotherapy demonstrated significantly improved mean survival rates in patients with operable colorectal cancer (59.74 ± 3.21 years vs 49.99 ± 2.54 years, P = 0.034), though its applicability to GC has not been substantiated with published results[104].

Trials active, not recruiting: Eighteen active clinical trials that completed recruitment primarily employed a therapeutic approach involving the synergistic use of multiple ICIs alongside chemotherapy, with notable targets, including PD-1/PD-L1, CTLA-4, HER2, and LAG3 (NCT03662659, NCT03647969, NCT03443856, NCT04062656). A phase I/II clinical trial (NCT03093688) preliminarily corroborated the tolerability of an immunotherapeutic approach based on invariant NK T cells and PD-1+CD8+ T-cells for lung adenocarcinoma, suggesting their potential applicability to other solid tumors[105].

Trails in recruiting: With 66 clinical trials currently recruiting, the discovery of novel cellular immunotherapeutic approaches continues to facilitate the development of increasingly effective immune cells, and consequently, the integration of more cellular immunotherapies into clinical trials.
Four clinical trials focused on peptide vaccines (NCT03784040, KCT0005481, NCT05269381, and NCT05311176), all of which implemented treatment regimens that incorporated a combination of vaccines and ICIs or the addition of chemotherapy. Notably, a phase II clinical trial was initiated to explore the potential of IMU-131, a B-cell peptide vaccine, in combination with anti-vascular endothelial growth factor receptor (VEGFR) and anti-PD-1 antibodies (NCT05311176).
Current research indicates that, although the combination of DC-CIK with S-1 does not yield a statistically significant advantage over S-1 in combination with cisplatin (P = 0.892), DC-CIK exhibit good tolerability, suggesting their potential as an alternative in cases where multi-agent chemotherapy is not tolerated[106]. Therefore, researchers continue to explore more efficacious cellular immunotherapies. T-cells stimulated by Claudin18.2 peptide demonstrate potent anti-tumor activity and are emerging as a beacon of hope and a focal point of interest in the landscape of GC cellular immunotherapy, with corresponding clinical trials already underway (NCT04683939)[107].
Zanidatamab (ZW25) is an asymmetrically structured antibody that binds to two non-overlapping HER2 epitopes. A phase III clinical trial aims to examine the efficacy of ZW25 in combination with chemotherapy, both with and without tislelizumab, as a first-line treatment for patients with advanced or metastatic HER2-positive gastroesophageal adenocarcinomas (NCT05152147). Investigations involving ZW25 as a stand-alone treatment or in conjunction with chemotherapy or ICIs are ongoing. On May 29, 2019, the United States Food and Drug Administration (FDA) approved ZW25 as a first-line treatment in conjunction with standard-of-care chemotherapy for patients with HER2-overexpressing gastroesophageal adenocarcinoma[102]. ZW49, an antibody-drug conjugate (ADC) derivative of ZW25, utilizes the proprietary cytotoxic and cleavage adapters of the Zymework. A Phase I clinical trial (NCT03821233) is currently underway to explore the potential of ZW49 in patients with HER2-positive malignancies.
IL-2 is known for its ability to foster the growth of diverse immune cell populations, modulate cellular differentiation, and depending on the cellular milieu, either promote survival or induce apoptosis. Being the first cytokine to gain FDA approval for cancer treatment, IL-2’s role in strategies that synergistically enhance immune responses is garnering increasing interest. Several clinical trials have investigated the synergistic use of interleukins with other treatments, including IL-2 combined with an anti-PD-1 antibody (NCT05086692), and AU-007 (interleukin antibodies) in conjunction with aldesleukin (NCT05267626). IL-15, which is similar to IL-2, is currently under investigation in a phase II clinical trial (NCT04847466) that examines the combination of N803 (an IL-15 agonist), pembrolizumab, and PD-L1 CAR NK cells. Additionally, an ongoing investigation involves a combination of KK-LC-1 TCR-T cells and aldesleukin (NCT05483491). However, no associated literature has been published on these trials. The future utility and progress of interleukins in cancer therapy warrants further investigation.

Trails not yet recruiting: Sixteen trials have not yet started recruitment, and most of them were phase II trials, with some phase I and III trials being planned. One or more ICIs combined with chemotherapy continue to be the most frequently studied, but some new treatment strategies are also being explored.
Research has demonstrated that the addition of anti-PD-1 antibodies to anti-HER2 antibodies and chemotherapy substantially diminishes tumor size and significantly enhances the ORR to 74.4%, as opposed to 51.9% without anti-PD-1 antibodies in HER2-positive GC[13]. In recent years, simultaneous blockade of PD-1 and HER2 has emerged as a significant area of research. Studies on VEGFR continue to progress. The anti-VEGFR2 antibody, ramucirumab, has demonstrated clinical efficacy in GC, both as a standalone therapy and in combination with chemotherapy[15]. Furthermore, clinical trials have been initiated to investigate the combination of anti-VEGFR and anti-PD-1 antibodies with and without chemotherapy (NCT05585580 and NCT05721651).
Olaparib, a PARP inhibitor approved for the treatment of ovarian cancer, is currently being explored for its potential clinical utility in GC. A phase I/II clinical trial (NCT04592211) has investigated the combination of olaparib, pembrolizumab, and paclitaxel in patients with GC. Over the past decades, 5-fluorouracil has remained a mainstay in the realm of chemotherapy. Recently, researchers have introduced NUC-3373, which has demonstrated a more favorable safety profile in patients[108]. A phase I/II clinical trial is currently centered on the use of NUC-3373 in conjunction with other agents in patients with advanced solid tumors, including GC (NCT05714553). IRAK4 can induce T cell dysfunction, making it a promising and novel target for immunotherapy[109]. A phase I clinical trial (NCT05187182) is currently investigating the use of CA-4948 (an IRAK4 inhibitor) combined with chemotherapy and ICIs for untreated unresectable gastric and esophageal cancer. A phase II clinical trial (NCT05671822) focusing on SHR-A1811 (an ADC drug targeting HER2 and TOP1) combined with SHR-1701 (a PD-L1 and TGFBR2 inhibitor) and chemotherapy in advanced HER2-positive GC is being conducted, which we believe will be significant.

The trends of clinical trials: (1) Discovering novel biomarkers to subclassify patients and exploring more specific treatment options. NCT05593419, ChiCTR2100052367, NCT02757391, NCT03158571; (2) Integration of immunotherapy with surgery, radiotherapy, and chemotherapy. NCT04688801, chemotherapy ± immunotherapy ± radiotherapy after surgery; (3) Transition from single-agent to multi-agent therapy. NCT05152147, trastuzumab (anti-HER2)/ZW25 (anti-HER2) ± tislelizumab (anti-PD-1) + chemotherapy; (4) Combination therapy involving various immunotherapies such as ICI, ADC, and ACT. NCT05269381, vaccine + pembrolizumab (anti-PD-1, ICI) + chemotherapy; NCT05671822, SHR-A1811 (HER2, ADC) + SHR-1701 (PD-L1 and transforming growth factor-β double antibody) + capecitabine + oxaliplatin; NCT05313906, RC48 (HER2, ADC) + AK105 (anti-PD-1) + cisplatin; (5) Discovery of new ICIs. NCT05187182, CA-4948(IRAK4/FLT3 inhibitor) + FOLFOX + PD-1 inhibitor ± trastuzumab (anti-HER2); NCT05714553, NUC-3373 (thymine synthase inhibitors) + leucovorin+ pembrolizumab/docetaxel.

Current status and future perspectives
Through this study, we have understood that: (1) Immunotherapy has become an important treatment modality for GC, representing the greatest advancement since chemotherapy and anti-HER2 therapy; (2) Immunotherapy has evolved from a sole focus on replacing chemotherapy to a concept of combined therapy; (3) Immunotherapy has developed from a simple pursuit of efficacy to one that balances efficacy and toxicity; and (4) Immunotherapy has progressed from the use of ICIs to the exploration of CAR-T therapy. For future research, we suggest: (1) Continued exploration of new targets; (2) Investigation into new prognostic and predictive biomarkers for immunotherapy, enabling individualized precision treatment; (3) Exploration of the optimal treatment modalities for immunotherapy in combination with ADC therapy; (4) Investigation into the application scenarios for immune therapy bispecific antibodies; and (5) Further development of CAR-T therapy targets and reduction of CAR-T therapy-related toxicities.
Currently, there are many limitations and challenges in GC immunotherapy research that need to be overcome in future studies. Firstly, GC is highly heterogeneous, both inter- and intratumorally. This variability affects the response to immunotherapeutic agents and poses challenges for identifying universal targets. Comprehensive genomic and transcriptomic analyses could identify reliable biomarkers and offer a more individualized treatment approach. Secondly, current biomarkers like PD-L1 expression, and MSI are not wholly predictive of the treatment response. So the development and validation of new biomarkers or a set of biomarkers are essential for better patient stratification and response prediction. Thirdly, immunotherapies have shown limited efficacy in the late stages of GC thus far. Combining immunotherapy with other treatment modalities such as chemotherapy or targeted therapy could potentially synergize to improve outcomes. Fourthly, the use of ICIs can lead to autoimmunity and other side effects. Therefore, developing methods for early identification and management of AEs is crucial, or discovering new lower toxic agents. Fifthly, the lack of clinically relevant animal models (e.g., TIL, ACT, TME/TIME) for GC hampers the pre-clinical evaluation of immunotherapeutic strategies. The development of patient-derived xenograft models and organoids could enhance the translational potential of pre-clinical findings.

Trends in publications and significant breakthroughs: As presented in Figure 2A, discernible surges in both publications and citations characterize the years 2016-2017 and 2020, with a pronounced resurgence beginning in 2020. These periods align with seminal studies and landmark events in the field. For instance, a 2015 meta-analysis reported that PD-L1 overexpression was correlated with adverse prognoses in solid tumors[110]. Furthermore, in 2016, a distinguished trial (NCT02447003) examining the antitumor efficacy and safety of pembrolizumab amassed 1298 citations, culminating in the FDA’s subsequent approval for HER2-positive GC treatment on May 5, 2021[28,48]. Post-2020, propelled by technological advancements, breakthroughs such as the use of single-cell RNA sequencing in GC cells and transcriptome analysis of peritoneal cancer samples from patients with GAC have emerged, enriching our understanding of tumor biology and uncovering novel immunotherapy targets[111,112]. Notably, EBV-positive status has been identified as a potential biomarker for EBV-associated GC, paving the way for future studies[113].

Evolving clinical trial landscape: With only ten phase III or IV clinical trials and 113 in either the recruiting stage or yet to commence (Figures 9A and B), immunotherapy application in GC is rapidly evolving and requires for further investigation. Analysis of ongoing trials portends emerging directions in the field, emphasizing the continuance of surgery, chemotherapy, and radiotherapy as foundational modalities, supplemented by significant advancements in targeted therapy and immunotherapy[12,114].

Monotherapy and combination therapies: The current therapeutic armamentarium includes monotherapies with ICIs and combination regimens that demonstrate efficacy against solid tumors, including GC. Specifically, ICIs have become prevalent in the treatment of advanced GC, with all analyzed phase III and IV trials incorporating anti-PD-1 antibodies, highlighting this avenue as a focal research point[114].

Anticipated future developments: Concurrently, advancements in anti-HER2 and anti-VEGFR therapies are steadily progressing, with research anticipated to encompass a wide spectrum, including ICI monotherapies, various ICI combinations, and integration with ADCs. ADCs, which bridge the specificity of mAbs with the potency of cytotoxic agents, hold immense potential as therapeutic modalities for GC, with ongoing trials investigating their synergistic application with chemotherapy. These collective developments indicate a well-defined direction for future research, affirming a promising era for immunotherapy in the field of GC.

CONCLUSION
In conclusion, this study delineates a clear trajectory in GC therapy, from the present use of monotherapies and chemo/target therapy to future integrative and combinatorial approaches, with CAR-T technologies at the forefront. It encapsulates the potential for enhanced therapeutic paradigms and heralds a new era of precision medicine for GC treatment. The findings presented here highlight substantial progress as well as pinpoint the direction for continued research and clinical innovation, aligning with the rigorous academic standards of premier oncological journals.

Strengths and limitations
Strengths: This study offers systematic and specialized insights into the treatment and current status of GC by merging published literature with clinical research. By comprehensively articulating GC immunotherapy, readers can decode this complex subject into multiple dimensions. This inclusive approach synthesizes the current understanding and offers a valuable reference for future investigations, thereby enriching the collective knowledge of this field.
Limitations: Literature selection: Although extensive literature related to immunotherapy for GC was included, enabling comprehensive and objective conclusions, our search was restricted to articles and reviews within the WoSCC, using limited terms. Although this strategy emphasizes high-impact data, potentially enhancing the accuracy of our analysis, it may also lead to incomplete literature retrieval. Time constraints: Conducted in early 2023, our literature review spans from 1999 to the present, imposing time limitations that may create delays in reflecting the most recent advancements. Citation bias: Newly published critical research findings may lack substantial citation numbers, thereby obscuring their value in our data analysis.
In summary, the strengths of this study lie in its systematic and specialized approach, providing a multidimensional understanding of GC immunotherapy, whereas the limitations primarily pertain to literature selection, temporal boundaries, and potential citation bias. These factors must be considered when interpreting the findings and their implications for future research and clinical practice.

ARTICLE HIGHLIGHTS
Research background
Gastric cancer (GC) ranks sixth in incidence among all cancers, and is the third leading cause of cancer-related deaths worldwide. However, there are significant limitations to the treatment of GC, and more effective and less toxic treatment options are required to prolong the survival of patients with GC. Immunotherapy has recently shown rapid development for the treatment of GC and has great potential.

Research motivation
In recent years, scientometrics has been applied to analyze literature related to certain fields to identify hotspots and predict future trends. However, to the best of our knowledge, there have been no previous studies on scientometric analyses in the field of GC immunotherapy.

Research objectives
To present a comprehensive review of the knowledge framework and research hotspots in the field of GC immunotherapy, we aimed to assist scholars in promptly understanding the current research status and latest developments in this field and provide new ideas and directions for future studies.

Research methods
Publications related to GC immunotherapy between 1999 and 2023 were retrieved from the Web of Science Core Collection database on February 1, 2023. An analysis of the 2013 relevant articles retrieved using CiteSpace and VOSviewer was conducted. We get Impact Index Per Article from Reference Citation Analysis (RCA). Additionally, we searched for clinical trials on ClinicalTrials.gov and the International Clinical Trials Registry Platform, and analyzed ongoing clinical trials in this field to predict future developmental trends.

Research results
Through a literature search, we included 2013 relevant articles in this study and used the scientometric software CiteSpace and VOSviewer to analyze 11730 authors, 617 institutions, 71 countries, 726 keywords, citations, and the emergence and timeline of certain information. We have provided specific explanations for the main keywords and analyzed the significance of these research hotspots, including “tumor microenvironment”, “microsatellite instability”, “mismatch repair deficiency”, “dendritic cells”, and “adoptive immunotherapy”. Because immune checkpoint inhibitors (ICIs) play an important role in GC immunotherapy, we have also provided a separate discussion on them. Additionally, we classified the retrieved clinical trials based on the type of immunotherapy and stage of disease and further analyzed the research hotspots and trends in this field in the coming years. The integration of literature and clinical trials has enabled the production of comprehensive and objective research findings.

Research conclusions
Through the use of novel research methods, ideas, and software, we gained innovative and comprehensive insights into the current status and future trends in GC immunotherapy. Our research findings summarize the current state of development in this field and facilitate understanding and learning among scholars. Additionally, this article identifies future developmental directions and trends in this field and provides scientific research ideas for researchers to promote the development of GC immunotherapy.

Research perspectives
Burst keywords and clusters, including tumor microenvironment, microsatellite instability, mismatch repair deficiency, dendritic cells, and adoptive immunotherapy represent the current frontiers of research on immunological factors in cirrhosis. ICIs have also been studied. The combination of multiple drugs and immunotherapeutic methods has received increasing attention.
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Figure 1 Flow chart of literature search and screening.
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Figure 2 Annual distribution of publications and citations, geographical visualization, and institutions analysis. A: Distribution of publications and citations by year. The regression formula is y = 0.0012x5 - 0.0624x4 + 1.151x3 - 9.1536x2 + 29.142x - 10.867, R² = 0.9928; B: Geographical visualization of publications for immunotherapy in gastric cancer; C: Co-occurrence map of the research institutions.
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Figure 3 The visualization of journals. A: Journals with at least five publications in this field; B: Highly cited journals in this field.
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Figure 4 The visualization of authors. A: Network map of researching authors who had at least five publications; B: Citation analysis of references. Highly cited references are marked by author and publication year.
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Figure 5 References burst analysis and dual-map overlay of journals. A: Top 25 references with the strongest citation bursts are sorted by strength; B: Dual-map overlay of journals. The colored curve represents the reference path; the nature of each region is defined by the journal of the corresponding region.
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Figure 6 Keywords occurrences and timeline view analysis. A: Co-occurrence map of the keywords with at least 25 occurrences; B: Timeline view of keywords with the ten leading clusters.
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Figure 7 Analysis of keywords burst. A: Top 25 keywords with the strongest citation bursts are sorted by strength; B: Top 25 keywords with the strongest citation bursts sorted by starting year.

[image: ]
[image: ]
Figure 8 Distribution of clinical trials by year. A: Annual distribution of clinical trials in this field; B: Annual distribution of the main types of immunotherapies (vaccine, immune checkpoint inhibitor, and adoptive cell therapy). ICI: Immune checkpoint inhibitor; ACT: Adoptive cell therapy.
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[bookmark: _Hlk147773160]Figure 9 Phases and status distribution across all clinical trials. A: Distribution of phases for all clinical trials. Phases include: Phase 1, phase 1/phase 2, phase 2, phase 2/phase 3, phase 3, phase 4, and others; B: Distribution of status for all clinical trials. The status includes: Completed, active but not recruiting, recruiting, and not yet recruiting; C: Distribution of adoptive cell therapy, immune checkpoint inhibitor, and vaccine in clinical trials. ICI: Immune checkpoint inhibitor; ACT: Adoptive cell therapy.
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Table 2 Clinical trials in phase 3 and phase 4 (or phase 2/3)
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	Not yet recruiting
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	Tislelizumab Combined With Apatinib and Oxaliplatin Plus S1 Vs Oxaliplatin Plus S1 as Neoadjuvant Therapy for Borrmann IV, Large Borrmann III Type and Bulky N Positive Advanced Gastric Cancer
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