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Integrating Clinical Trial Landscapes and Bibliometric Analysis: Unveiling the Impact of PD-1/PD-L1 Inhibitors on Renal Cell Carcinoma Research and Therapeutic Trajectories Summary	Comment by Yuanbin Huang: Reviewer 4
Your comments:
Point 9
The author should correct minor grammatical errors.

Reply:
We appreciate your attention to language quality. A thorough proofreading of the manuscript has been conducted, and minor grammatical and typographical errors have been corrected to ensure linguistic accuracy and fluency.	Comment by Yuanbin Huang: Reviewer 4
Your comments:
Point 10
The author should follow the plagiarism guidelines of the journal.

Reply:
We fully acknowledge the importance of academic integrity. The manuscript has been thoroughly checked for originality using standard plagiarism detection tools, and all cited materials are properly referenced. We confirm that the manuscript complies with the plagiarism and ethical guidelines of the journal.	Comment by Yuanbin Huang: Reviewer 4
Your comments:
Point 8
The author should improve the quality of figures (figures should be 300 dpi), ensure consistent font sizes, and provide a clear and concise explanation of figure legends.

Reply:
Thank you for your constructive suggestion. We have updated all figures to ensure a resolution of 300 dpi and have standardized the font sizes across all elements for visual consistency. Additionally, we have revised the figure legends to provide clearer and more concise descriptions of each figure’s content and analytical context, in accordance with the journal’s formatting guidelines.	Comment by Yuanbin Huang: Reviewer 3
Your comments:
Point 2:
Implement advanced data analysis techniques such as machine learning algorithms to handle large datasets more effectively and ensure a thorough quantitative analysis.

Reply:
Thank you for your insightful suggestion. We agree that machine learning algorithms offer powerful capabilities for handling large and complex datasets. However, the primary aim of this study was to conduct a structured bibliometric analysis using validated tools such as CiteSpace and VOSviewer, which are specifically designed for visualizing collaboration networks, co-citation patterns, and keyword evolution in scientific literature. These methods are widely accepted in the bibliometric research community and align with our goal of mapping research trends and academic influence in a transparent and replicable manner. Incorporating machine learning techniques—while valuable in certain contexts—would require a different methodological framework and may deviate from the study’s intended scope. Therefore, we respectfully chose not to include such approaches in the current analysis.
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Abstract
Background: Renal cell carcinoma (RCC) is a prevalent tumor of the urinary system. Beyond surgical treatment, targeted therapies and immunotherapies are the primary therapeutic options for RCC. Although immunotherapy has been extensively studied, research on the association between the immune checkpoint PD-1/PD-L1 and RCC remains relatively novel. Thus, we aim to assess the global scientific outcomes of studies focusing on PD-1/PD-L1 in RCC from 2005 to 2024 and to identify emerging research trends.
Methods: DData were collected from the Web of Science Core Collection using a predefined search strategy. A total of 1,597 articles were ultimately included. In addition, 258 clinical trials registered on ClinicalTrials.gov from 2011 to 2024 were reviewed to evaluate the translational progress and global research activity. The articles were visualized and analyzed using GraphPad Prism and the bibliometric tools CiteSpace and VOSviewer.
ata were collected from the Web of Science Core Collection using a predefined search strategy. A total of 1597 articles were ultimately included. The articles were visualized and analyzed using GraphPad Prism and the bibliometric tools CiteSpace and VOSviewer.
Results: The number of publications in this field has shown a consistent upward trend, with a marked increase starting in 2013 and peaking in 2021. At the national level, the United States ranks first in both the number of publications (n = 625) and total citations (n = 68,687). At the institutional level, Harvard University is the most productive and most cited institution among all contributors. The Journal for Immunotherapy of Cancer published the highest number of articles (n = 66), whereas the New England Journal of Medicine was the most frequently co-cited journal (n = 1,300), indicating its authoritative influence. Notable individual contributors, including Choueiri TK and Motzer RJ, have played pivotal roles in advancing research, particularly in first-line combination therapies for RCC. Frequently occurring keywords such as “immunotherapy,” “nivolumab,” “expression,” and “immune checkpoint” reflect current research hotspots and suggest future directions in this domain. Clinical trial analysis revealed that most studies were early-phase, sponsor-driven, and regionally heterogeneous in design and outcomes, highlighting both the promise and the ongoing challenges of clinical translation.There is an overall upward trend in the number of papers published, with a notable increase beginning in 2013 and peaking in 2021. The United States leads in both the number of publications (n=625) and citations (n=68687). Harvard University is the leading institution. The Journal For Immunotherapy Of Cancer publishes the most articles in this field (n=66), while New England Journal Of Medicine is the most frequently co-cited journal (n=1300). Key contributors, including Choueiri TK and Motzer RJ, have driven  progress, particularly in first-line combination therapies for RCC. Keywords such as “immunotherapy”, “nivolumab”, “expression” and “immune checkpoint” highlight current research hotspots and future directions.
Conclusion: TThis study provides domestic and international researchers with a comprehensive overview of the current research landscape surrounding PD-1/PD-L1-based immunotherapy in RCC. Moreover, it identifies emerging research trends and translational progress, thereby offering valuable guidance for subsequent scientific investigations and clinical application.his study provides domestic and international researchers with a comprehensive understanding of the current research landscape surrounding PD-1/PD-L1 in RCC therapy. It also highlights new avenues for future research. 

1. Introduction
[bookmark: OLE_LINK3]Renal cell carcinoma (RCC) is among the most common malignancies of the urinary system, with its incidence steadily increasingrising due to aging populations, increasing obesity rates, and environmental factorspollution (1, 2). RCC typically presents with subtle early symptoms, often resulting in late-stage diagnoses (3). Approximately 30-40% of advanced RCC cases exhibit local or distant metastases, reducing the 5-year survival rate to below 10% after metastasis (4). RCC encompasses several histological subtypes, of which clear cell RCC (ccRCC) is the most prevalent, accounting for approximately 70%–80% of cases (3). Other subtypes include papillary RCC and chromophobe RCC. RCC is often asymptomatic in its early stages, resulting in late-stage diagnosis and poor prognosis (4). Approximately 25% of RCC patients present with metastasis at diagnosis, and the 5-year survival rate in metastatic RCC remains below 10% (4, 5). For advanced RCC, targeted therapy has improved outcomes for some patients (5). However, challenges such as drug resistance and adverse side effects persist, highlighting the urgent need for alternative treatment strategies (6).Traditional therapeutic strategies for advanced RCC, including surgical resection and targeted therapies such as vascular endothelial growth factor (VEGF)-targeted tyrosine kinase inhibitors (TKIs) and immune checkpoint inhibitors (ICIs), have improved clinical outcomes to some extent (Supplementary Table 1) (6, 7). However, issues like acquired drug resistance, immune escape, and adverse events remain major limitations (8, 9). RCC is considered a highly immunogenic tumor, with immune dysregulation playing a critical role in tumor progression yet its progression is closely associated with immune dysregulation (10). This includes T cell exhaustion, impaired antigen presentation, and the expansion of immunosuppressive cell populations such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) (11-13). In addition, dysregulation of apoptosis pathways also contributes to immune escape by enabling tumor cells to resist immune-mediated cytotoxicity and evade elimination by cytotoxic T lymphocytes and natural killer (NK) cells (14). . Tumor cells evade immune responses by creating immunosuppressive microenvironments, disrupting antigen presentation, suppressing effector T-cell activity, and promoting immune tolerance . Immunotherapy targets the immune system to stimulate host anti-tumor responses, with immune checkpoints serving as key regulatory molecules for maintaining self-tolerance and modulating immune responses (9). Examples include programmed death-1 (PD-1), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), and T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) Immune checkpoint molecules—such as programmed cell death protein 1 (PD-1), its ligand PD-L1, cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), and T-cell immunoglobulin and mucin-domain containing-3 (TIM-3)—play pivotal roles in suppressing anti-tumor immunity (15)(10).  Among these, the PD-1/PD-L1 axis is particularly critical in the immune evasion of RCC. PD-1 is an inhibitory receptor expressed on activated T cells, while PD-L1 is frequently overexpressed on RCC tumor cells and antigen-presenting cells within the tumor microenvironment (16). Their interaction results in T cell exhaustion, impaired cytokine production, and reduced cytotoxic function, collectively contributing to tumor immune escape (17). Notably, RCC exhibits a highly immunosuppressive tumor microenvironment with elevated PD-L1 expression, which correlates with poor prognosis and aggressive tumor phenotypes (18). As a result, blockade of the PD-1/PD-L1 pathway using ICIs has emerged as a promising therapeutic approach in RCC. ICIs are monoclonal antibodies that restore antitumor immunity by blocking inhibitory checkpoint pathways such as PD-1/PD-L1, thereby reversing T cell exhaustion and enhancing cytotoxic activity (19). In recent years, ICIs—particularly those targeting PD-1 or PD-L1—have demonstrated significant survival benefits in advanced RCC, as shown in several pivotal clinical trials, including CheckMate 025, CheckMate 214, and KEYNOTE-426 (20-22). Given these encouraging outcomes, understanding the mechanistic relevance of the PD-1/PD-L1 axis is essential not only for interpreting clinical responses but also for guiding the rational design of next-generation immunotherapiesImmune checkpoint inhibitors (ICIs) utilize monoclonal antibodies to block these checkpoints, reversing immunosuppression and inhibiting tumor growth .	Comment by Yuanbin Huang: Reviewer 1
Your comments:
Point 3:
Under Introduction, please mention RCC subtypes. A few of the papers referenced, for example, reference 4, were on clear cell RCC.

Reply:
Thank you for your insightful suggestion. In response, we have revised the Introduction section to include a description of the major histological subtypes of RCC, including clear cell RCC (ccRCC), papillary RCC, and chromophobe RCC. We have also clarified that ccRCC is the most prevalent subtype, accounting for approximately 70%–80% of all RCC cases. This revision helps to better align the context of our citations, including reference 4, which focuses specifically on ccRCC.	Comment by Yuanbin Huang: Reviewer 1
Your comments:
Point 5
Background information on PD-1/PD-L1 in RCC is missing. Since the paper primarily focuses on this topic, it will be helpful for better understanding. Please add it.

Reply:
Thank you for your insightful comment. In response, we have expanded the background section to include a more detailed explanation of the PD-1/PD-L1 pathway specifically in the context of renal cell carcinoma (RCC). We now highlight the immunosuppressive tumor microenvironment in RCC, the mechanism by which PD-1/PD-L1 mediates T cell exhaustion and immune escape, and the clinical rationale for targeting this axis. These revisions aim to enhance the reader’s understanding of the scientific and clinical significance of this pathway in RCC.	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Introduction
Point 8:
Line 56: "with immune dysregulation playing a critical role in tumor progression" — consider expanding slightly to mention which components (e.g., T cells, myeloid cells) are involved if space allows.

Reply:
Thank you for your helpful suggestion. In response, we have expanded the sentence to specify key immune components involved in immune dysregulation during RCC progression, including T cell exhaustion, myeloid-derived suppressor cell (MDSC) accumulation, and impaired antigen presentation. We believe this revision improves clarity and strengthens the mechanistic background of RCC immune evasion.
The advent of immunotherapy, particularly anti-PD-1/PD-L1 antibodies, has significantly improved overall survival (OS) in patients with advanced RCC (23). These agents counteract immune evasion by restoring T-cell function through blockade of the PD-1/PD-L1 axis, enabling durable tumor control. To translate these benefits into clinical decision-making, Tthe International Metastatic RCC Database Consortium (IMDC) risk stratification system remains widely used for guiding treatment selection (24). Current systemic For low-risk patients, recommended first-line therapy has shifted toward combination strategies that integrate ICIs with targeted therapies or dual immunotherapy approaches, tailored to patients’ risk profilestreatments include sunitinib, pazopanib, sorafenib combined with pembrolizumab, avelumab plus axitinib, or cabozantinib plus nivolumab. For intermediate or high-risk patients, therapeutic options include nivolumab plus ipilimumab, pembrolizumab plus cabozantinib, pembrolizumab plus axitinib, or cabozantinib plus nivolumab  (25, 26). Current systemic treatment strategies for advanced RCC is dominated by combination therapy . These advances highlight the importance of comprehensive bibliometric and clinical trial analyses to understand evolving research trends and guide future therapeutic development.	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Introduction
Point 5
The transition between immunobiology, treatment modalities, and the need for bibliometric analysis could be more fluid. Example: The shift from immune checkpoint biology to treatment guidelines (lines 60–73) feels abrupt. A sentence bridging immunologic mechanisms with their translational impact on clinical decision-making would improve the flow.

Reply:
Thank you for your constructive suggestion. We agree that the transition from immunobiological mechanisms to treatment recommendations required greater clarity and coherence. In response, we have revised the relevant paragraph in the Introduction to include a bridging sentence that highlights how advances in immune checkpoint biology have been translated into clinical decision-making frameworks, particularly via risk stratification and the development of combination therapy regimens. This addition helps to improve the narrative flow and strengthens the logical connection between mechanistic understanding and evolving treatment paradigms, thereby providing a smoother transition into the rationale for bibliometric and clinical trial trend analysis.	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Introduction
Point 4:
The section detailing specific treatment regimens (lines 66–73) could be shortened or moved to a results/discussion section. While relevant, listing all first-line combinations may detract from the bibliometric focus of the review. Consider summarizing these treatment options broadly to maintain the focus on the need for a trend analysis.

Reply:
Thank you for your insightful comment. We acknowledge that an extensive listing of first-line treatment regimens may divert attention from the primary objective of our review, which is to analyze bibliometric and clinical trial trends. In response, we have revised this section by providing a concise summary of the current systemic treatment strategies for advanced RCC, with an emphasis on the shift toward combination therapies. This change improves the clarity and focus of the Introduction. Detailed treatment regimens, where necessary, have been moved to the Results/Discussion section to better support the analysis without overburdening the introductory narrative.
Although PD-1/PD-L1 inhibitors have demonstrated significant clinical efficacy in the treatment of RCC, the research landscape surrounding these immune checkpoint targets has not yet been systematically mapped using bibliometric approaches. Previous studies have primarily focused on overarching trends in cancer immunotherapy or individual checkpoint molecules, often lacking integration with clinical trial data and failing to provide disease-specific insights. Therefore, a comprehensive and integrative evaluation is warranted to better elucidate the interplay between academic output and clinical translation in this field.
In this study, we aim to comprehensively characterize the research trajectory of PD-1/PD-L1 in RCC by integrating bibliometric data from 2005 to 2024 and over a decade of global clinical trial records. Specifically, we identify and analyze the top ten high-impact publications, influential authors and institutions, emerging research hotspots, and clinical validation efforts. Our analysis provides evidence-based insights to support future research prioritization, clinical trial design, biomarker development, and precision immunotherapy strategies in RCC.
This study uses bibliometrics to qualitatively and quantitatively assess research trends on the PD-1/PD-L1 in RCC and integrated over 10 years of global clinical trial data for visualization. Building on updated existing research, this study reveals the current research status and trends in the field, providing literature-based support and guidance for future strategies.
2. Methods	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Methods
Point 11
The section could benefit from slight polishing (e.g., “Use GraphPad Prism” → “We used GraphPad Prism”).

Reply:
Thank you for pointing this out. We have revised the relevant sentences in the Methods section to improve clarity and consistency in writing style. These modifications enhance the readability and academic tone of the manuscript.
2.1 Data Sources and Search Strategy
We conducted a comprehensive literature search in the Web of Science Core Collection (WoSCC) on December 30, 2024. The search was limited to English-language publications between January 1, 2005 and December 30, 2024. The search formula was:
TS=(“PD-1” OR “PD1” OR “CD279” OR “programmed death 1” OR “PD-L1” OR “PDL1” OR “CD274” OR “B7-H1” OR “programmed death ligand 1”) AND TS=(“renal cancer” OR “renal cell carcinoma” OR “renal cell cancer” OR “RCC” OR “kidney cancer” OR “kidney cell carcinoma” OR “kidney cell cancer”). Here, “TS” indicates a topic search including titles, abstracts, author keywords, and Keywords Plus. 
Data were obtained from the Web of Science Core Collection (WoSCC) database. Data were obtained from the search formula: TS = (renal cell carcinoma OR renal carcinoma OR renal cancer OR kidney cell carcinoma OR kidney cancer OR RCC) AND (PD-1 OR PD1 OR programmed death 1 OR programmed cell death 1) AND (PD-L1 OR PDL1 OR programmed death-ligand 1 OR programmed cell death-ligand 1). We limited the time span to 2005-2024 and screened the full text of publications with information about PD-1/PD-L1 related to RCC and limited them to be written in English. Conference abstracts, news and briefs were excluded. Eventually 1597 articles were included in this study. Data collection was completed in December 2024, and the study flow chart is shown in Figure 1. Clinical trials were identified via keyword searches on ClinicalTrials.gov, covering the period from 2011 to 2024. Data on global clinical trials of PD-1/PD-L1 treatment for RCC were collected, including patient demographics, trial status, duration, results, and sponsorship.2.2 Study Selection and Data ExtractionData processing and analysis
All retrieved bibliographic records are managed and de-duplicated. After removing duplicates, two authors (YBH and XMM) independently screened the titles and abstracts. Full texts were then assessed for eligibility by the same two reviewers. 
The inclusion criteria were: (1) original research articles focusing on PD-1/PD-L1 in RCC; (2) English-language publications; (3) studies containing accessible bibliometric metadata (e.g., title, authors, affiliations, abstract, keywords, citations).
Exclusion criteria included: (1) non-scholarly publications, such as commentaries, editorials, letters to the editor, and conference abstracts; (2) document types including retracted publications, early access articles, book chapters, proceedings papers, or publications with an expression of concern; (3) duplicate publications or literature that cannot be fully obtained.
Discrepancies in study inclusion were resolved through discussion with a third reviewer (JWW). Inter-rater reliability for full-text screening was assessed using Cohen’s kappa statistic (κ = 0.84), indicating strong agreement between reviewers. A total of 1,597 publications met the inclusion criteria. A flow diagram (Figure 1) was used to depict the detailed selection process and ensure methodological transparency and reproducibility.To ensure the reliability of the study, two authors independently selected the literature and extracted the data. Any problems that arose were resolved through discussion and negotiation. The complete content of each paper was obtained from the WoSCC database, including title, year of publication, author, country, affiliation, journal, keywords and abstract. Use Graphpad prism to analyze and graph annual papers, national publication trends and rates. Extract and visualize information on authors, co-cited authors, countries, affiliations, journals, co-cited journals, and co-cited references using VOSviewer 1.6.18 (16). We build collaborative networks of authors, countries, and institutions. CiteSpace 6.2.R4 can extract keywords and references from highly cited outbreaks of publications and construct journal biplot overlays, which can be used to investigate research trends on a given topic (17).
2.3 Bibliometric Tools and Parameters
All metadata (title, author, institution, journal, keywords, abstract, and cited references) were obtained from the WoSCC and exported in plain text format. GraphPad Prism (v8.0.2) was used to visualize annual publication trends and national contributions. Bibliometric analysis was conducted using VOSviewer (v1.6.18) and CiteSpace (v6.2.R4).
In VOSviewer, fractional counting was applied. The following thresholds were used: keywords (≥13 co-occurrences), authors (≥3 publications), countries (≥3 documents), and references (≥20 citations). Co-authorship, co-citation, and keyword clustering networks were generated and manually validated for interpretability (27).
In CiteSpace, time slicing was set from 2005 to 2024, with one-year intervals. Term sources included title, abstract, and author keywords. Node types were set to keyword, reference, author, and journal. Pathfinder and merged network pruning methods were applied. Citation bursts were detected using Kleinberg’s algorithm with a minimum burst duration of 2 years and a burst strength threshold of 3.5 (28).
All visualizations were cross-validated by two authors independently. Inter-rater agreement was assessed using Cohen’s kappa coefficient (κ = 0.85). Disagreements were resolved through discussion. No third reviewer was needed due to high agreement.
2.4 Clinical Trial Retrieval
Clinical trials were retrieved from ClinicalTrials.gov on December 31, 2024, using the following search terms: “renal cell carcinoma” AND (“PD-1” OR “PD-L1”) AND “immunotherapy”. Filters applied included: study type (interventional and observational), study status (all), and age group (adults, older adults and child). No restrictions were placed on study phase, location, or funding. Although no time filters were set, the earliest eligible trial included in our dataset was registered in 2011.
Studies were categorized as interventional or observational according to the classification on ClinicalTrials.gov. Trials were included only if they explicitly evaluated PD-1/PD-L1-based immunotherapy in RCC. The following variables were extracted: trial ID, title, intervention(s), study phase, status, sponsor, population, duration, and results. Positive outcomes (“YES”) were defined as trials that met their primary endpoints and reported clinical efficacy. All data were independently extracted by two authors and cross-verified. 
3. Results	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Results
Point 10
Several grammatical inconsistencies and awkward phrases (e.g., "we build collaborative networks..." → "we built") should be polished.

Reply:
Thank you for pointing this out. We have revised the relevant sentences in the Results section to improve clarity and consistency in writing style. These modifications enhance the readability and academic tone of the manuscript.
3.1 Analysis of annual publication trends
From 2005 to 2024, a total of The WoSCC database identified 1597 publications related to PD-1/PD-L1 in RCC were retrieved from the WoSCC database,papers published from 2005 to 2024, with an average of 80 publications per year, comprising including 1142 research articles and 455 reviews. The annual publication output showed a continuous upward trend. Before 2012, the number of publications was relatively low (fewer than 10 per year), but a rapid increase was observed thereafter. This growth coincided with the accelerated development of immune checkpoint inhibitors and the approval of nivolumab—the first PD-1 inhibitor for RCC-by the FDA in 2015 (20). The publication count peaked in 2021, reaching 250 papers, likely due to the convergence of multiple factors, including the global expansion of cancer immunotherapy, increased clinical trial activity, and an initial boost in biomedical research funding during the early phase of the COVID-19 pandemic.
The publications spanned 67 countries and regions, 2174 institutions, and 9786 authors. The number of publications exhibited a consistent upward trend, peaking in 2021 (Figure 2A). The trend in annual publications by country indicates that the United States initiated research in this field earlier. In recent years, the proportion of annual publications in China has increased significantly, while the United States has experienced a slight decline (Figure 2B).Analysis of national trends revealed that the United States initiated research in this area earlier and maintained leadership throughout most of the study period. In contrast, China exhibited a sharp increase in output after 2016. Its share of annual publications rose from under 10% before 2015 to nearly 30% in 2021. However, this surge was accompanied by a relatively lower average citation rate. Interestingly, some developed countries such as the United States and Italy showed a slight decline in publication numbers after 2021, possibly reflecting research disruptions and funding reallocation caused by the prolonged impact of the COVID-19 crisis (Figure 2A-B).

3.2 Analysis of countries and institutions
Among the top 10 countries in publication volume over the past 20 years, the United States ranked first (n = 625, 39.14%), followed by China (n = 374, 23.48%) (Figure 1C and Table 1). Over the past two decades, the United States and China have emerged as the top two contributors to PD-1/PD-L1 research output. The United States ranked first with 625 publications (39.14%), followed by China with 375 publications (23.48%) (Figure 2C and Table 1). The U.S.’s leadership reflects its long-standing research infrastructure, stable funding, and global academic influence. In contrast, China’s rapid growth in publication volume underscores its recent strategic investments in biomedical research.
However, quantitative output alone does not fully reflect academic impact. To account for potential time bias—where older publications naturally accumulate more citations—we normalized total citations by publication count to calculate citations per publication. The United States led not only in total citations (n = 68,687) but also in average citations per paper (109.90), indicating consistently high-impact research. China ranked second in total citations (n = 11,514) and seventh in citations per paper (30.70), revealing a noticeable gap between publication quantity and quality-adjusted impact. This discrepancy suggests differences in research visibility, influence, or maturity between the two countries.
[bookmark: OLE_LINK4]International collaboration networks revealed that the United States formed strong cooperative tiesBeyond publication volume, citation count is crucial for evaluating a country’s influence in the field. The United States received 68687 citations, averaging 109.90 citations per paper, ranking 6th overall, reflecting the generally high quality of its publications. China ranked 7th in total citations (n = 11514), with an average of 30.70 citations per paper, placing it near the bottom in this metric. The country cooperation network reveals that the United States collaborates closely with with the United Kingdom, Germany, Italy, Germany, and Canada., In contrast, China’s collaborations were more regionally concentrated, primarily involving Japan, South Korea, and Spainwhereas China partners primarily with Japan, Spain, and South Korea (Figure 2D).  Among the top 10 most productive institutions,institutions by publication volume, eight arewere based in the United States, and two are in France (Supplementary Table 21). Harvard ranked first with t157 publications and 31,947 citations.he highest number of publications (n = 157) and citations (n = 31947). Institutional collaborative networks showed that these leading institutions maintain dense collaborations, forming a highly interconnected research communityillustrate the strong influence and close working relationships of these institutions (Figure 2E).

3.3 Analysis of journals and authors
The Journal for Immunotherapy of Cancer ranked first among the top 10 journals with 66 articles (4.13%) and the highest impact factor (IF) of 10.3 (Supplementary Table 32). The impact of journal is assessed by its co-citation frequency, reflecting its influence within the scientific community. The top 10 journals by co-citation count each exceeded 600 citations. The New England Journal of Medicine led with 1300 co-citations, and the co-citation network highlighted strong associations among leading journals (Figure 3A and Supplementary Table 43). The subject distribution of academic journals is visualized through a dual-map overlay (Figure 3B), reveals that health-related fields, including medicine and nursing, are closely connected to basic sciences, particularly molecular biology and immunology. The analysis highlights trends in interdisciplinary research, emphasizing knowledge flows across domains and a growing shift toward integrated scientific approaches. 
To further understand citation dynamics, we used a dual-map overlay of journals (Figure 3B). This visualization displays the citing journals on the left and cited journals on the right, with colored paths representing major citation trajectories. Two dominant citation paths were observed: (1) from “Molecular, Biology, Immunology” to “Molecular, Biology, Genetics”, and (2) from “Medicine, Medical, Clinical” to both “Molecular, Biology, Genetics” and “Health, Nursing, Medicine”.
These patterns indicate a pronounced unidirectional flow of knowledge from basic sciences (e.g., molecular biology, immunology) to clinical fields, reflecting an active but asymmetric translational research model. While foundational discoveries are widely adopted in clinical oncology, reverse citations—from clinical practice back to basic science—are relatively sparse. This asymmetry suggests that despite growing interdisciplinary links, the field may still suffer from structural silos, with limited feedback mechanisms bridging clinical insights back to the laboratory. Strengthening this bidirectional integration could enhance the translational efficiency and innovation potential in PD-1/PD-L1-related RCC research.

Analyzing authors and their collaborative patterns reveals importantnetworks provides insights into the structural dynamics and leadership of RCC immunotherapy research.collaborations between prominent researchers in the field. The top 10 most prolific authors accounted forauthors collectively published  306 papers (19.38%), with McDermott DF, and Motzer RJ leading the field. Notably, Motzer RJ (951 citations) and Choueiri TK (554 citations) received the highest number of co-citations, indicating not only research output but also sustained influence within the academic community (Figure 3C, Supplementary Table 5).	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Results
Point 8
References to figures (e.g., Figure 2A, 3C, 5B) are present but not always accompanied by adequate interpretation or contextualization. Summarize the key takeaway from each figure inline to guide the reader.

Reply:
Thank you for your valuable suggestion. We agree that figure references in the original text lacked sufficient contextualization. In the revised manuscript, we have explicitly summarized the key findings from Figure 3C to help readers better interpret the visual data. These revisions provide not only numerical trends but also highlight the structural and thematic implications of national research output, author collaboration, and keyword evolution. We believe these changes enhance the readability and interpretive depth of the manuscript.	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Results
Point 7
There is occasional redundancy in describing co-authorship and citation trends. Example: The repetition of Choueiri TK and Motzer RJ as key contributors occurs across multiple subsections. Consolidate this point into a single subsection and cross-reference.

Reply:
Thank you for your thoughtful suggestion. We agree that some of the original statements primarily presented numerical summaries without further interpretation. In response, we have revised the paragraph to move beyond descriptive reporting and highlight the structural implications of author productivity and collaboration networks. Specifically, we now discuss how co-citation patterns reflect academic influence, how collaboration clusters relate to institutional or regional research ecosystems, and how these patterns may be shaped by funding structures or specialization. We believe these revisions provide a more insightful analysis of the scientific landscape.
Over 80 authors received more than 50 co-citations, reflecting a well-established and impactful core group of investigators. These citation patterns suggest that RCC immunotherapy research is driven by a relatively concentrated network of experts with strong academic visibility. The author collaboration network (Figure 3D), visualized using VOSviewer, reveals five distinct clusters. The red and green clusters are tightly connected, with Choueiri TK and Motzer RJ at their core, reflecting long-standing and productive institutional collaborations that have helped shape therapeutic strategies in the field. In contrast, the blue cluster appears more insular, likely representing specialized research niches or institutions with focused but less externally integrated programs. This structural division may reflect differences in funding sources, institutional mandates, or regional research priorities.. Choueiri TK led with 56 papers, followed by McDermott DF (n = 44) and Motzer RJ (n = 31). Figure 3C displays the largest nodes, representing authors with the most citations: Motzer RJ (n = 951) and Choueiri TK (n = 554). Eighty authors received over 50 citations each, reflecting the significant impact and reputation of their research (Supplementary Table 4). The author collaboration network visualized using VOSviewer, reveals five distinct clusters, with strong connections between the red and green clusters (Figure 3D). Key researchers, including Choueiri TK and Motzer RJ, have exhibited robust collaboration in RCC immunotherapy. The blue cluster represents an independent academic network, characterized by internal collaboration and limited interaction with other groups. This pattern likely arises from specialization in specific research areas or the continuation of established collaborations.
3.4 Analysis of references
We analyzed co-citation literature and constructed a network using CiteSpace, comprising 1160 nodes and 5825 links, with most journals exhibiting high link strength and correlation. The 10 most-cited articles each received over 100 citations (Figure 4A and Supplementary Table 5). Seven articles were published in the New England Journal of Medicine, five of which were led by Motzer. We clustered the co-cited references and visualized their citation peaks over time (Figure 4B and 4C). Before 2012, research primarily focused on basic immunological topics, including “costimulation”, “pegylated”, “immunity”, and “lymphocyte”, with relatively limited and homogeneous activity. After 2012, research expanded to multiple therapeutic modalities. Alongside targeted therapy, studies on PD-1/PD-L1 increased rapidly. During this period, the development and clinical applications of Nivolumab and Pembrolizumab emerged as central research topics (18). Since 2018, keywords such as “Clear Cell Renal Cell Carcinoma (ccRCC)” and “Avelumab” have emerged as prominent research hotspots. With the rising use of immunotherapy, concerns about “immune-related adverse events” (e.g., autoimmune reactions) persist. Exploring strategies to manage and mitigate these side effects is essential for improving treatment safety. “Whole Exome Sequencing” has emerged as a hot topic in recent years, suggesting that identifying potential mutations and biomarkers in tumors may drive future research and advance precision medicine.
We identified the 50 most frequently cited mutations related to PD-1/PD-L1 in RCC using CiteSpace (Figure 4D). In a seminal study, Topalian et al. demonstrated the efficacy of anti-PD-1 antibodies in treating advanced cancer and proposed PD-L1 expression as a potential biomarker for immunotherapy (19). This study exhibited the highest burst intensity (72.3), reflecting its substantial impact on the field and its sustained influence over time. Motzer’s study in 2015 (citation strength 60.05) followed, marking the official rise of ICIs in advanced RCC treatment (20). In recent years, articles focusing on immunotherapy and combination therapies have garnered significant attention.The co-citation network constructed using CiteSpace contains 1160 nodes and 5825 links, indicating high interconnection among the core literature in the field. The top 10 most co-cited articles (Supplementary Table 6) each received over 100 citations, with 7 of them published in the New England Journal of Medicine, 5 of which were led by Motzer RJ (20, 21, 29-31), highlighting his pivotal role in the clinical and foundational research of RCC immunotherapy.
From a temporal perspective, the evolution of co-cited clusters (Figure 4B and 4C) reveals that the research topics in this field have shifted from early studies centered on basic immunological mechanisms such as “costimulation,” “immunity,” and “lymphocytes,” to later-stage research focusing on clinical translational topics such as “immune checkpoint inhibition,” “combination therapy,” and “immune-related adverse events.” This shift reflects the deepening transition from basic research to therapeutic applications and toxicity management.
The burst citation analysis reveals certain studies that gained high attention within a short period. For example, Topalian et al.’s 2012 paper showed the highest burst intensity (72.3), marking a milestone in PD-1 research (32). In CiteSpace, “burst intensity” refers to the rate and magnitude of a paper's citation frequency sharply increasing within a specific time window, reflecting the paper's rapid rise to prominence in the academic community. This metric helps identify studies that have had a significant impact on the academic evolution of the field. A high burst intensity value suggests that the paper made a substantial contribution during that period, often associated with groundbreaking findings or developments. In recent years, burst literature has increasingly focused on predictive biomarkers, tumor immune microenvironment, and whole-exome sequencing, reflecting the growing focus on precision oncology. Figure 4D illustrates the co-citation frequency of representative gene mutations and immune markers related to RCC immunotherapy, visualizing current research hotspots and emerging trends.
3.5 Keywords analysis
By analyzing the keywords, we can quickly understand the situation and development direction of a field. The most common keywords include “immunotherapy” (n = 553), “nivolumab” (n = 404), “cancer” (n = 376), “expression” (n = 268) and “survival” (n = 224) (Table 2). We constructed a network of 189 keywords, each occurring at least 13 times, after removing non-informative terms, resulting in five distinct clusters (Figure 5A). To filter non-informative terms, we employed a systematic methodology that involved the removal of common stopwords, such as "and," "the," "of," and other frequently occurring but contextually irrelevant terms. Additionally, terms that appeared excessively without contributing specific meaning to the research focus, such as general technical terms or overly broad concepts, were also excluded. The remaining terms were carefully selected based on their frequency of occurrence (at least 13 times), ensuring that only keywords highly relevant to the research themes were retained.
We used CiteSpace (v6.2.R4) to map the evolution of keyword clusters and trends in RCC and PD-1/PD-L1 literatureresearch, identifying the emergence and decline of research topics over time (Figure 5B and 5C). Figure 5B and 5C offer a keyword clustering analysis that maps the evolution of research themes in RCC and PD-1/PD-L1 immunotherapy. Seven distinct clusters are identified, each corresponding to a different research focus. The red cluster emphasizes “immune-related adverse events,” which is crucial for understanding the safety and side effects of immune checkpoint inhibitors. The green and yellow clusters focus on “prognosis” and “tyrosine kinase inhibitors,” reflecting a growing interest in treatment outcomes and combination therapies. The blue cluster, centered on “expression,” represents foundational research into gene and protein expression in RCC. The purple cluster highlights the “tumor immune microenvironment,” a key area in immunotherapy research. Other clusters, such as “immune checkpoint”, “prostate cancer”, and “abscopal effect”, further underscore the diverse research interests and the integration of immunotherapy across different cancer types. Keyword evolution mapping using CiteSpace highlighted shifts in research focus over time. Early literature emphasized basic concepts such as “expression” and “immune checkpoint,” while recent years showed an increased emphasis on “resistance,” “immune infiltration,” and “tumor microenvironment.” These transitions suggest a shift from molecular characterization to understanding clinical resistance mechanisms and therapeutic optimization. Keyword burst detection was conducted using CiteSpace’s built-in burst detection algorithm based on Kleinberg's algorithm, which identifies keywords with a significant increase in frequency over a defined time period. The burst strength indicates the magnitude of this increase, and we set the default parameters of CiteSpace to determine citation bursts. Of the 354 most frequent keywords identified, we selected the top 50 with the strongest burst strength for analysisThe early keyword “expression” was more prevalent, likely focusing on gene or protein expression levels in specific biological contexts or disease states. Subsequently, keywords like “tyrosine kinase inhibitors”, “immune checkpoints” and “immune-related adverse events” gained prominence and remained topics of interest. In recent years, keyword clusters related to “prognosis” have gained popularity. Of the 354 most frequent keywords in this area, we focused on the 50 with the strongest citation bursts (Figure 5D). A higher citation burst strength for a keyword indicates significant research attention during a specific period. By 2024, consistently cited keywords include “resistance”, “gene expression”, “immune infiltration”, “tumor microenvironment”, “efficacy”, “checkpoint”, “PD-L1”, “sunitinib”, “1st line treatment”, “cabozantinib” and “axitinib”. These keywords highlight the research frontiers of PD-1/PD-L1 in RCC immunotherapy.Earlier keywords like “expression” were dominant, often reflecting gene or protein expression profiles in specific disease contexts. Subsequently, keywords such as “tyrosine kinase inhibitors,” “immune checkpoints,” and “immune-related adverse events” gained prominence. In recent years, prognosis-related keywords have risen in importance. By 2024, frequently cited burst keywords included “resistance,” “gene expression,” “immune infiltration,” “tumor microenvironment,” “efficacy,” “checkpoint,” “PD-L1,” “sunitinib,” “1st line treatment,” “cabozantinib,” and “axitinib,” indicating current research frontiers in PD-1/PD-L1 immunotherapy for RCC.	Comment by Yuanbin Huang: Reviewer 5
Your comments:
Results
Point 8
References to figures (e.g., Figure 2A, 3C, 5B) are present but not always accompanied by adequate interpretation or contextualization. Summarize the key takeaway from each figure inline to guide the reader.

Reply:
Thank you for your valuable suggestion. We agree that figure references in the original text lacked sufficient contextualization. In the revised manuscript, we have explicitly summarized the key findings from Figure 5B to help readers better interpret the visual data. These revisions provide not only numerical trends but also highlight the structural and thematic implications of national research output, author collaboration, and keyword evolution. We believe these changes enhance the readability and interpretive depth of the manuscript.	Comment by Yuanbin Huang: Reviewer 2
Your comments:
Point 9
The keyword burst analysis (Figure 5D) lacks methodological explanation. How were “bursts” defined statistically? What threshold or algorithm was used in CiteSpace? This must be clarified to assess validity.

Reply：
Thank you for your insightful comment. We appreciate your suggestion to clarify the methodological basis of the keyword burst analysis. We have now added a description of the burst detection algorithm used in CiteSpace, which is based on Kleinberg’s burst detection model. The analysis was conducted using CiteSpace version 6.2.R4 with default parameters. These additions help better explain how citation bursts were statistically defined and identified in our study.	Comment by Yuanbin Huang: Reviewer 1
Your comments:
Point 15:
To ensure the reproducibility and validity of the findings, the authors must provide a comprehensive description of the CiteSpace methodology used to map keyword cluster evolution. This should include detailed information on the software's parameters, algorithms, and data processing steps. Without this level of detail, the reader cannot adequately assess the reliability of the presented visualizations and conclusions.

Reply:
Thank you for your insightful feedback. We have provided a comprehensive description of the CiteSpace methodology, including detailed information on the software's parameters, algorithms, and data processing steps. This level of detail ensures the reproducibility and validity of our findings and allows readers to assess the reliability of the visualizations and conclusions.
3.6 Clinical trial data analysis	Comment by Yuanbin Huang: Reviewer 1
Your comments:
Point 16:
In Section 3.6 of the Results, discrepancies were observed between the numerical values presented in the text and those depicted in the corresponding figure. Please review and rectify these inconsistencies to ensure accuracy and clarity

Reply:
Thank you for your careful review. We have thoroughly reviewed Section 3.6 and corrected the discrepancies between the numerical values in the text and the corresponding figure. The updated version now ensures that all values are consistent and accurately reflected. We appreciate your attention to detail, and we believe these corrections enhance the clarity and precision of the manuscript.
We analyzed data from 258 global clinical trials focused on PD-1 and PD-L1 therapies for RCC The result output ratio was 21%, with 53 studies reporting positive outcomes (YES). Among these, 30 studies focused on PD-1 and 23 on PD-L1, with a significant decline in studies lasting over 5 years (Figure 7A). Heatmap analysis, combined with study duration, revealed the distribution of research activities. Most findings lasted 2 - 5 years, with PD-L1 studies showing a more dispersed distribution compared to PD-1 (Figure 7B and Supplementary Figure 2). Geographically, the studies were concentrated in the United States (n = 92), China (n = 39), and the United Kingdom (n = 37). The United States led in both total study count and the proportion of positive results (“YES”, 29%) (Figure 7C). Sponsor analysis revealed that biopharmaceutical companies were the primary contributors, accounting for 47% of studies (n = 122) and 26% of “YES” results (n = 32). Other major contributors included the Cancer Institute (n = 30, 12%, YES: n = 7, 23%) and universities (n = 22, 9%, YES: n = 6, 27%). In China, biopharmaceutical companies dominated research (n = 17, 6.59%), contributing all “YES” results (n = 3, 5.66%) (Supplementary Table 6 and 7).We analyzed data from 258 global clinical trials investigating PD-1 and PD-L1 therapies for RCC. Since 2015, research in this field has grown rapidly (Supplementary Figure 1A). The majority of studies were interventional (n = 241, 93%), while observational studies accounted for only 7% (n = 17). Among interventional trials, those targeting PD-1 (n = 157) outnumbered those focusing on PD-L1 (n = 84). Similarly, observational studies included 10 PD-1 trials and 7 PD-L1 trials (Figure 6A and 6B).
Most participants were adults or elderly (n = 251, 97%), with only 3% of trials involving pediatric populations. Gender information was frequently unspecified (Supplementary Figure 1B and 1C). Across multiple dimensions, PD-1–focused studies were consistently more prevalent than PD-L1–focused ones.
In terms of trial status, 137 studies were ongoing, including 45 PD-1 and 92 PD-L1 trials. Additionally, 51 trials were completed (PD-1: n = 17; PD-L1: n = 34), and 38 were terminated (PD-1: n = 19; PD-L1: n = 19) (Figure 6C). The majority of trials were early-phase studies, including Phase I (n = 80), Phase I/II (n = 59), and Phase II (n = 75), with relatively few advancing to Phase III (n = 24) (Figure 6D). This distribution reveals a significant translational gap in the clinical development of PD-1/PD-L1 therapies for RCC. Despite promising preclinical and early-phase results, progression to late-stage trials remains limited, possibly due to challenges in patient recruitment, long-term efficacy assessment, regulatory barriers, and financial constraints.
The overall proportion of trials with positive results (“YES”) was 21%, with 53 studies meeting their pre-specified primary endpoints. To evaluate trial outcomes, we classified studies based on endpoint achievement and result availability. A “YES” result was defined as a study that met its primary endpoint according to pre-specified criteria and reported efficacy outcomes in peer-reviewed publications or trial result databases. A “NO” result included studies that were terminated prematurely, failed to meet their primary endpoint, or lacked publicly available results. Among the 53 “YES” studies, 30 involved PD-1 and 23 involved PD-L1. Notably, the number of studies exceeding 5 years in duration declined significantly (Figure 7A). The heatmap analysis, combined with study duration, revealed the distribution patterns of research activity, with most trials lasting between 2 to 5 years. PD-L1–related studies exhibited a more dispersed duration pattern compared to PD-1 studies. This 2–5-year timeframe likely reflects the typical period needed to evaluate short- to medium-term efficacy and safety endpoints in immuno-oncology, such as progression-free survival or objective response rate. The marked decline in studies exceeding 5 years may indicate challenges in sustaining long-term follow-up, including declining patient adherence, limited funding continuity, and pressure to report interim findings early. This pattern suggests that current RCC immunotherapy trials may be more oriented toward accelerated regulatory approval rather than comprehensive long-term outcome assessment. (Figure 7B and Supplementary Figure 2).
Geographically, most studies were conducted in the United States (n = 92), China (n = 39), and the United Kingdom (n = 37). The United States ranked highest in both the total number of studies and the proportion of positive outcomes (“YES”, 29%) (Figure 7C). These differences may be attributed to more advanced clinical trial infrastructure, variations in participant characteristics, or inconsistencies in reporting standards. In Singapore, although the number of studies was relatively small, the “YES” success rate was comparatively high. This may reflect the country’s centralized, high-quality academic research network and its greater reliance on industry-sponsored multicenter trials, which are typically characterized by more rigorous design and regulatory oversight.
In terms of sponsorship, biopharmaceutical companies were the dominant contributors, sponsoring 122 trials (47%) and accounting for 32 “YES” outcomes (26%). Cancer research institutes (n = 30, 12%, “YES”: n = 7, 23%) and academic institutions (n = 22, 9%, “YES”: n = 6, 27%) also played significant roles. In China, biopharmaceutical companies led trial activity (n = 17, 6.59%) and were responsible for all reported “YES” results (n = 3, 5.66%) (Supplementary Tables 7 and 8).
4. Discussion	Comment by Yuanbin Huang: Reviewer 2
Your Comments:
Point 16
The manuscript lacks a meta-analysis or effect size estimate when discussing clinical trial outcomes. Merely counting "YES" studies provides little scientific insight into the magnitude of therapeutic benefit.

Reply:
Thank you for your valuable suggestion. We fully agree that meta-analysis and effect size estimation are powerful tools for quantitatively synthesizing clinical evidence. However, the primary aim of our study is bibliometric in nature, focusing on research trends, collaboration patterns, and knowledge structures in the field of PD-1/PD-L1 research in RCC. Given the heterogeneity of study designs, endpoints, and patient populations across the included clinical trials, a formal meta-analysis would fall beyond the intended scope and methodological framework of this bibliometric investigation.	Comment by Yuanbin Huang: Reviewer 5
Your Comments:
Discussion
Point 10
Occasional awkward phrasing (e.g., “This phase of research emphasized practical clinical applications...” or “efforts are also directed at optimizing ICIs therapeutic effects...”)—a professional language polish would be beneficial."

Reply
We have thoroughly reviewed the Discussion section and revised awkward or imprecise expressions for improved clarity and fluency. For example, "This phase of research emphasized practical clinical applications" was replaced with "The field now stands at a crossroads, shifting from validation to optimization." All language has been refined to ensure a professional and academic tone.
This study utilized bibliometric analysis and clinical trial review to assess global trends in PD-1/PD-L1 research related to RCC from 2005 to 2024. Annual publication trends revealed a slow developmental phase prior to 2012, followed by rapid acceleration. This surge coincided with the landmark study by Topalian et al., which validated PD-1/PD-L1 as immunotherapeutic targets and initiated a wave of related investigations (32). The peak observed in 2021 likely reflects a culmination of key drug approvals (e.g., Lenvatinib plus Pembrolizumab) (31), the impact of COVID-19 on scientific output and research direction, and a shift of attention toward novel targets such as CTLA-4 and LAG-3 (33).	Comment by Yuanbin Huang: Reviewer 5
Your Comments:
Discussion 
Point 5
Several points from the Results are restated almost verbatim (e.g., citation dominance of Motzer/Choueiri, keyword trends, proportion of “YES” results). Focus less on reiterating numbers and more on interpreting implications—Why did trends peak in 2021? What does China’s lower citation rate imply for policy or strategy?

Reply
We have reduced redundancy with the Results section by removing repetitive numerical data and focusing on underlying implications. Specifically, we now interpret the 2021 publication peak in the context of key drug approvals (e.g., Lenvatinib + Pembrolizumab), the COVID-19 pandemic's impact on research, and emerging targets like CTLA-4 and LAG-3. We also discuss China’s lower citation rate as potentially reflecting publication bias, limited international collaboration, and underrepresentation in high-impact journals, while emphasizing the need for strategies that enhance quality alongside quantity.
The global landscape of PD-1/PD-L1 research reflects a dynamic interplay of scientific progress, policy direction, and collaborative networks. While the United States maintains its leadership in terms of publication impact and network centrality, the rapid rise of China since 2016 signals a growing global engagement. However, the citation-per-publication gap may reflect challenges such as limited participation in multinational trials, lower representation in high-impact journals, or differing research priorities. Beyond national comparisons, global collaborations—particularly those involving multi-center clinical trials and translational studies—have become essential in addressing complex issues such as resistance mechanisms, biomarker development, and therapeutic sequencing (34, 35). Thus, rather than focusing solely on bibliometric disparities, future efforts should prioritize fostering inclusive, high-quality international research that drives clinical innovation and improves outcomes for RCC patients worldwide..
Analysis of prolific journals and authors reveals that impactful research often emerges from large-scale clinical trials led by experts such as Choueiri TK, Motzer RJ, and Powles T. These trials—CheckMate 214 (21), CheckMate 9ER (36), and METEOR (37)- demonstrated substantial clinical value for ICIs. For example, Nivolumab combined with Ipilimumab improved OS, objective response rate (ORR), and progression-free survival (PFS), with fewer adverse events in advanced RCC with durable responses (38), as confirmed in long-term follow-up studies.The most prolific journals significantly contribute to academic output, while the most cited journals publish research of higher scientific value and impact. The top ten journals by publications and joint citations are all classified within the Q1/Q2 categories. Journal For Immunotherapy Of Cancer and Clinical Cancer Research appear on both the highest publication and citation lists, indicating that their published research holds significant practical and scientific value. Most of these journals are not open access. Expanding open-access publishing could promote broader and faster dissemination of research, increasing its citation and discussion within the academic community (22). An analysis of authors and co-cited authors identified a core group specializing in RCC treatment research. Choueiri TK, Motzer RJ, Powles T, and Escudier B participated in major clinical trials, including CheckMate 214 (23), CheckMate 9ER (24), and METEOR (25), which significantly influenced the academic community.
[bookmark: OLE_LINK17][bookmark: OLE_LINK11]Most of the top 10 co-cited articles were clinical trials, highlighting the importance of practical, evidence-based medicine in cancer research. Clinical trials establish a robust evidence base for new therapies, driving advancements in cancer treatment. These research articles serve as authoritative references for researchers, clinicians, and policymakers, directly benefiting patient care. Motzer et al. demonstrated that combining the anti-PD-1 antibody Nivolumab with the CTLA-4 inhibitor Ipilimumab outperformed Sunitinib in advanced RCC, significantly improving overall survival (OS), objective response rate (ORR), and progression-free survival (PFS), with fewer adverse events (23). The 8-year follow-up results of this trail demonstrated sustained survival benefits, durable response and a manageable safety profile, reinforcing its status as a valid first-line treatment option (38)(26). Motzer’s team continues to investigate clinical trials and combination strategies, including Tivozanib with Nivolumab, Cabozantinib with Nivolumab and Ipilimumab, and immunotherapy regimens for non-clear cell renal cell carcinoma (39-41)(27-29). Their research has revolutionized RCC treatment, contributing significantly to the development of more effective and personalized therapeutic strategies. The dual-map overlay of journals further suggests an active knowledge flow from basic immunology to translational and clinical applications, confirming the maturity and integration of this research field. One methodological consideration in interpreting co-citation results is the potential redundancy arising from overlapping author groups. In our analysis, we observed that several of the most frequently co-cited publications—including multiple landmark trials—were authored or co-authored by a small group of highly prolific investigators, notably Motzer RJ and colleagues. This concentration may introduce bias by artificially inflating network centrality and clustering metrics, particularly in a field with a relatively tight-knit research community and few pivotal trialists. To address this issue, we cross-checked author networks and co-citation clusters to identify redundancies and overlapping contributions. While we did not exclude these studies from the network (to preserve the integrity of citation-based relationships), we acknowledge that their cumulative influence may reflect both scientific impact and authorship overlap. This phenomenon underscores the importance of interpreting centrality measures in conjunction with qualitative insights—such as study design, clinical impact, and independent replication—rather than relying solely on bibliometric indicators. Future studies could adopt author-level de-duplication or fractional counting methods to more accurately estimate unique scientific contributions within co-citation networks.
Keyword clustering and co-citation burst analysis revealed a distinct chronological transition. Early research emphasized basic mechanisms (e.g., immune cell activation, PD-L1 expression). Between 2012 and 2017, keyword bursts such as “immune checkpoint” and “nivolumab” indicated clinical validation and drug development. After 2018, terms like “prognosis,” “tyrosine kinase inhibitors,” and “resistance” emerged, suggesting refinement in therapeutic strategies, combination therapies, and focus on long-term management. Keywords such as “immune-related adverse events (irAEs) ” and “tumor microenvironment” point toward increasing attention to patient safety, treatment resistance, and immunotherapy precision. In particular, the growing prominence of irAEs as a research hotspot reflects both the expanding use of ICIs and the need for better toxicity management. IrAEs range from mild dermatologic reactions to life-threatening endocrinopathies or pneumonitis, posing significant clinical challenges (42). As immunotherapy moves into earlier lines of treatment and combination regimens, managing irAEs becomes increasingly complex. Current research is focusing on predictive biomarkers for toxicity, mechanisms of immune dysregulation, and optimized treatment algorithms that balance efficacy and safety (43). However, a major challenge remains: integrating real-time toxicity data into clinical decision-making frameworks. This requires standardized irAEs reporting, long-term follow-up data, and risk-benefit models that inform personalized treatment selection (44, 45). The recent rise in “gene expression” and “whole exome sequencing” reflects a shift toward genomics-guided precision oncology, where biomarker discovery and patient stratification become central (46). Research on the tumor immune microenvironment (TME) and whole-exome sequencing (WES) has increasingly shaped the direction of RCC therapy. TME studies have identified the functional heterogeneity of immune cell populations (e.g., exhausted T cells, immunosuppressive macrophages), influencing therapeutic response and resistance to PD-1/PD-L1 blockade (47). These insights have led to strategies aiming to remodel the TME or co-target multiple immune checkpoints. Similarly, WES enables comprehensive detection of somatic mutations and neoantigen landscapes, allowing clinicians to identify high-TMB or specific mutations (e.g., PBRM1, BAP1, SETD2) predictive of ICI responsiveness (48). Integrating TME profiling with WES facilitates the development of individualized combination regimens and enhances patient stratification, ultimately improving therapeutic outcomes (49).Analysis of co-cited literature clustering and time trends, combined with keyword changes, revealed that early studies primarily focused on basic immunology, emphasizing the mechanisms of PD-1/PD-L1 action and their interactions with other immune-related molecules. Between 2012 and 2017, research on PD-1/PD-L1 inhibitors advanced rapidly, marking a peak in clinical investigations. The approval of Nivolumab signaled the official entry of RCC into the era of immunotherapy, expanding treatment from single-targeted therapies to a broader spectrum of immunotherapies and combination strategies (30). After 2018, as clinical trial data accumulated, keywords like “prognosis”, “resistance” and “tyrosine kinase inhibitors” increasingly appeared alongside immunotherapy. During this period, dual immunotherapy and combination targeted therapy and immunotherapy received increasing attention (23,24). This phase of research emphasized practical clinical applications, including optimizing treatment strategies for specific cancers (e.g., ccRCC) and managing immunotherapy-related adverse events. Additionally, research on the tumor microenvironment has expanded rapidly. This shift in keywords suggests a transition from early-stage validation of clinical efficacy to a focus on optimizing treatment strategies and managing side effects. Future trends highlight precision medicine and genomic analysis to enhance the efficacy of personalized treatments. This reflects a gradual transition from conventional therapies to diverse and personalized treatment strategies. Moreover, these articles showcased the potential of translational medicine in bridging basic research and RCC therapy through rigorous clinical trials, emphasizing the strong link between research and practice (31).

Our analysis of 258 clinical trials provides valuable context for understanding the translational landscape of PD-1/PD-L1 therapies in RCC. Most studies were early-phase, which may be attributed to challenges such as prolonged follow-up periods, high costs, and stringent regulatory hurdles associated with late-phase trials. Additionally, the evolving therapeutic landscape and increasing reliance on biomarker-driven patient stratification necessitate adaptive trial designs, which can further delay the initiation or completion of traditional phase 3 studies. “YES” results were concentrated in trials lasting 2–5 years, whereas long-duration studies remained scarce, possibly due to funding limitations, slow accrual, or regulatory hurdles. Interestingly, while countries like China contributed a high volume of studies, nations such as Singapore exhibited a disproportionately high rate of “YES” outcomes despite producing fewer trials. This suggests that different research strategies or funding models may influence not only the quantity but also the quality of output. For instance, sponsor analysis revealed that biopharmaceutical companies dominated in total trial numbers, yet academic institutions and cancer centers demonstrated a higher proportion of successful outcomes—potentially reflecting stricter adherence to study design and endpoint rigor. Although formal statistical comparisons (e.g., chi-square tests) were not performed on geographic heatmaps due to data limitations, these observed disparities highlight the need for future studies to incorporate robust validation methods when evaluating regional differences in research efficiency and success. These findings underscore how national research strategies and institutional priorities may shape not only the scale but also the clinical value of immunotherapy trials in RCC.
Overall, this study underscores the robust evolution of PD-1/PD-L1 research in RCC and its increasing clinical translation, as the field transitions from validation toward optimization and personalization. Based on our findings, several future research directions are suggested. These include the development of next-generation immunotherapies—such as antibody-drug conjugates (ADCs), tumor vaccines, and RNA-based agents—to overcome resistance and expand therapeutic options (50-52). The identification and validation of predictive biomarkers remain critical for improving patient stratification and guiding treatment decisions . Additionally, the use of advanced preclinical models—such as patient‑derived xenografts (PDX) and organoids—will facilitate mechanistic studies and the testing of novel immunotherapy combinations (53). Future clinical trials should address current limitations by ensuring balanced trial phases, improving the representation of diverse populations, and incorporating comprehensive endpoints such as patient-reported outcomes and quality of life measures. Importantly, integrating bibliometric insights with clinical data and multi-omic platforms (genomics, transcriptomics, proteomics) will be essential for refining precision immunotherapy strategies and accelerating clinical translation in RCC. 
Our study has some limitations. It only included English-language publications from the WoSCC, potentially excluding relevant studies from other databases (e.g., Scopus, PubMed, Embase) or non-English sources. Additionally, while the bibliometric analysis spans two decades, the clinical trial data only cover approximately 10 years, limiting temporal alignment between the two datasets. Moreover, citation-based metrics such as centrality and co-citation counts may be influenced by journal impact factors, publication timing, and access status, which could introduce bias in evaluating academic influence. Additionally, this study did not formally adjust for potential publication bias factors such as open-access availability, language restriction, or journal impact factor stratification. These variables may influence citation patterns and potentially skew the identification of research hotspots. As such, the bibliometric findings should be interpreted with caution, particularly when inferring scientific influence solely from citation-based metrics. Another limitation is that the clinical trial data analysis was largely descriptive and lacked comparative statistical testing across countries, study types, or funding sources. Finally, this study did not incorporate meta-analyses or real-world clinical outcomes, which are important for assessing treatment effectiveness and safety. Future work should aim to integrate bibliometric, clinical, and multi-omic data to better guide precision immunotherapy in RCC. 
5. Conclusion
In summary, this study analyzesanalysis the research progress on PD-1/PD-L1 in RCC treatment from 2005 to 2024,. integrating bibliometric indicators and clinical trial data. It objectively evaluates the contributions of countries, institutions, authors, journals, research hotspots, and emerging trends in this field. The analysis shows that PD-1/PD-L1 combined with VEGF-targeted therapies remains a central research focus, with sustained interest in immune-related adverse events, drug resistance, and prognostic outcomes. Meanwhile, research is gradually shifting toward advanced areas such as the tumor immune microenvironment, whole exome sequencing (WES), and tumor mutational burden (TMB), aiming to identify reliable predictive biomarkers. Ongoing efforts to explore novel immune checkpoint inhibitor (ICI) combinations and improve biomarker-guided patient stratification will further promote personalized treatment strategies. Although most clinical trials remain in early phases and lack long-term validation, translational progress has already begun to shape the future of precision immunotherapy in RCC.
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Figure legends
Figure 1 Flowchart illustrating the literature selection process, from database retrieval to final inclusion of articles (n=1597). 
Figure 2 Global publication trends and collaboration analysis. (A) Annual number of publications from 2005–2024, peaking in 2021. (B) Line graph of annual publications by top contributing countries. (C) Heat map of publications by country, emphasizing major contributors. (D) International collaboration network; node size indicates publication volume, lines represent collaborative relationships, and purple outlines indicate high betweenness centrality. (E) Institutional collaboration network showing active connections among leading research institutions. 
Figure 3: Co-citation and collaboration analyses for journals and authors. (A) Co-citation network of influential journals, with node size indicating citation frequency.(B) Dual-map overlay illustrating citation relationships between basic and clinical research domains. (C) Co-citation network of authors, identifying key contributors (e.g., Motzer RJ, Choueiri TK). (D) Author collaboration network, displaying research clusters and cooperation patterns. 	Comment by Yuanbin Huang: Reviewer 1
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Figure 4: (Analysis of reference co-citations and thematic evolution. (A) Network map of co-cited references, node size proportional to citation count. (B) Clustering of co-cited literature into thematic groups. (C) Timeline visualization of thematic cluster citation peaks over time. (D) Top 50 references with strongest citation bursts, indicating pivotal studies. 	Comment by Yuanbin Huang: Reviewer 1
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Figure 5 Keyword network and trend analysis. (A) High-frequency keyword co-occurrence network, node size indicating keyword frequency. (B) Clustering of keywords into main research themes. (C) Timeline visualization showing keyword prominence and temporal dynamics. (D) Top 50 keywords with strongest citation bursts, highlighting emerging research topics. 
Figure 6 Overview of clinical trial characteristics. (A) Trial type distribution (interventional vs observational). (B) Proportion of PD-1 and PD-L1 trials by trial type. (C) Distribution of trial statuses (ongoing, completed, terminated). (D) Distribution of clinical trial phases, showing predominance of early-phase trials. 
Figure 7: Clinical trial outcomes and geographical analysis. (A) Proportion of trials reporting positive outcomes (“YES” results). (B) Heatmap illustrating trial durations and outcomes (PD-1 vs PD-L1 studies). (C) Geographic distribution and “YES” outcome rates of PD-1/PD-L1 trials in RCC. Data reflect combined results from both PD-1 and PD-L1 studies.
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