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Background: Glioblastoma (GBM) remains the most lethal primary brain tumor with a dismal prognosis despite standard therapies.
Oncolytic viruses (OVs), which selectively destroy cancer cells and stimulate anti-tumor immunity, have emerged as a promising
therapeutic strategy. This study aims to systematically map the global research landscape, knowledge structure, and evolutionary trends
of OV therapy for gliomas.

Methods: Publications from 2009 to 2025 were retrieved from the Web of Science Core Collection (WOSCC). Bibliometric analysis
and knowledge mapping were conducted using CiteSpace and RStudio to analyze collaboration networks, co-citation patterns, and
keyword evolution.

Results: A total of 559 publications were analyzed. The annual output has grown exponentially since 2020, with the USA and China
being the most productive countries. A clear paradigm shift was identified, moving from early research focused on direct oncolysis by
viral vectors like Herpes Simplex Virus to a current emphasis on immuno-virotherapy. Recent hotspots are dominated by keywords
such as immunotherapy, combination, tumor microenvironment, and T-cells, indicating a research trajectory towards complex,
synergistic treatment strategies. Harvard University and Brigham and Women’s Hospital are the leading institutions in this field.
Conclusion: The research field of oncolytic virotherapy for gliomas is rapidly advancing, with a clear evolution towards sophisticated
combination immunotherapies. This analysis provides a comprehensive roadmap of the field’s knowledge base and identifies key
future directions, including overcoming delivery barriers and developing personalized treatment protocols, to accelerate the clinical
translation of this promising therapy.
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Introduction

Gliomas are the most common and aggressive primary tumors of the central nervous system, with glioblastoma (GBM)
having an extremely poor prognosis.' Although the current “Stupp” standard of care (surgery combined with chemor-
adiotherapy) has made efforts to extend patient survival,” the median overall survival remains around 15 months, and the
five-year survival rate is less than 10%, highlighting the profound limitations of current therapies.” The therapeutic
dilemma of GBM stems from its high heterogeneity, diffuse infiltration, and general resistance to conventional therapies.”
Therefore, developing innovative strategies to break through the treatment bottleneck has become an urgent priority in
the field of neuro-oncology. In this context, oncolytic virotherapy, as an emerging biotherapeutic paradigm, has shown
immense potential.”> Oncolytic viruses (OVs) are therapeutic agents genetically engineered to selectively replicate within
and destroy tumor cells—a feat of engineering built upon the foundational understanding of viral morphology and
ultrastructure provided by techniques like transmission electron microscopy (TEM).® These viruses function via a unique
dual mechanism of action: direct viral oncolysis and potent immune activation. This dual action can effectively transform
an immunosuppressive “cold” tumor microenvironment into an immune-activated “hot” one, thereby initiating a durable

anti-tumor immune response and offering a novel perspective for treating immunogenically “cold” GBM.”*®
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As research has deepened, the academic community has recognized that although oncolytic virus monotherapy has
demonstrated safety in early clinical trials, its efficacy is limited and insufficient to overcome the complex immunosup-
pressive network of GBM.”'? This recognition resonates with insights gained from other viral infections. For instance,
the recent Coronavirus disease 2019 (COVID-19) pandemic has profoundly illustrated how a viral infection can trigger
complex systemic pathophysiological responses, with effects extending far beyond the primary organ through intricate
interactions with the host immune system.'' This global health crisis has significantly elevated the focus on virology and
immunology within both public and scientific spheres, providing a new lens through which to understand virus-host
interactions and indirectly fueling the enthusiasm for research into viral-based therapeutics like OVs. Consequently, the
research focus in the field has clearly shifted towards combination therapy strategies, aiming to maximize anti-tumor
effects through synergistic multi-target action.'> Among these, the combination of OV and immune checkpoint inhibitors
(ICIs) has become the most prominent research direction, as the immune-“heating” effect of the former can create the
prerequisite for the efficacy of the latter.'* In recent years, with the approval of the genetically engineered hs (HSV)
G47A (Teserpaturev) in Japan for the treatment of recurrent GBM, and its demonstration of an unprecedented one-year
survival rate in a Phase II clinical trial, a powerful momentum has been injected into the entire field. This marks a critical
turning point for oncolytic virus therapy, transitioning from theoretical exploration to clinical practice.'*'°

On this critical scientific issue, research is growing exponentially worldwide, posing significant challenges to the
systematic integration of knowledge and the accurate identification of research frontiers. While traditional systematic
reviews and meta-analyses have unique advantages in evidence synthesis, bibliometric analysis, which uses quantitative
indicators such as citation networks and keyword co-occurrence, can more systematically reveal the knowledge base,
collaboration patterns, and evolutionary trajectory of a field.'” This large-scale scientific knowledge mapping technology
not only provides researchers with a panoramic view of the field but also helps identify knowledge gaps and formulate
strategic plans for innovation.'® It is noteworthy that while some bibliometric studies have analyzed the overall trends in
1920 3 dedicated and

comprehensive bibliometric study on the critical intersecting paradigm of “OV” and “glioma” is still lacking. This

the oncolytic virus field or its application in the broader context of central nervous system tumors,

knowledge gap needs to be filled. Therefore, this study employs bibliometric and scientific knowledge mapping methods
to identify the core research forces, interdisciplinary trends, and potential breakthrough directions in this field through
a systematic analysis of relevant literature from the past 16 years, aiming to provide a clear theoretical framework and
technological roadmap for the future translation of basic research into clinical applications.

Materials and Methods

Search Strategy
To ensure the reliability and authority of the data, this study selected the Web of Science Core Collection (WOSCC)
database as the sole data source. WOSCC is renowned for its high-quality peer-reviewed literature and comprehensive
citation indexing system, and its powerful analytical functions provide key support for citation network research.”!
The search query for this study was constructed as follows: TS=((glioblastoma* OR “glioblastoma multiform*” OR
“malignant glioma” OR “brain cancer*” OR gliosarcoma* OR spongioblastoma* OR astrocytoma* OR “astrocytic
tumor*” OR “astrocytic glioma*” OR “astrocyte tumor*” OR oligodendroglioma* OR “oligodendroglial tumor*” OR
GBM OR LGG)) AND TS=(“Oncolytic Virotherapy” OR “Oncolytic Virotherapies” OR “Oncolytic Virus Therapy” OR
“Oncolytic Virus Therapies” OR “Oncolytic Viruses” OR “Oncolytic Virus”).

Inclusion and Exclusion Criteria
This study established clear inclusion and exclusion criteria. The inclusion criteria were: (1) peer-reviewed research
articles or review articles published in English; (2) studies that explicitly explored the application of OV in glioma or
related pathological mechanisms; (3) a publication date range from January 1, 2009, to May 9, 2025.

The exclusion criteria included: (1) non-peer-reviewed materials (eg, preprints, conference abstracts, letters, book
chapters, data papers); (2) retracted publications; (3) studies whose topics were not directly related to OV or glioma; (4)
to ensure consistency in data processing, non-English literature was excluded.
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The literature screening was conducted independently by two researchers, and any disputed items were resolved
through discussion and consensus.

Data Extraction

Bibliometric parameters extracted from the qualifying literature included: article title, publication year, author informa-
tion (name, country/region, institution), citation frequency, source journal, publication type, author affiliations, keywords,
and reference list.

Bibliometric Analysis
The extracted data were imported into CiteSpace (version 6.3.R1 Advanced), Microsoft Excel, RStudio (version 4.4.2),

and an online bibliometric analysis platform (http://bibliometric.com/) for data processing and network visualization.

CiteSpace served as the core analytical tool, employing visualized bibliometric methods to reveal the underlying
knowledge within scientific literature. It generates scientific knowledge maps that intuitively display the structure and
distribution of scientific knowledge.”* These maps cover various types, including institutional/national collaboration
networks, reference co-citation clusters, burst detection graphs, keyword co-occurrence networks, cluster analyses, and
timeline views, providing researchers with diverse analytical perspectives. RStudio was used in conjunction with the
“Bibliometrix” package to generate thematic maps and thematic evolution analyses.

In the visualized knowledge networks generated by CiteSpace, various elements are depicted through a topological
structure to delineate the evolutionary characteristics of the research field. Nodes, as the fundamental units of the
network, represent multiple academic entities (such as keywords, countries, institutions, journals), with their size being
proportional to research activity or citation frequency. The lines connecting the nodes represent co-occurrence relation-
ships; for instance, a topological link is formed between two countries or institutions when they co-author a paper.
A color-mapping mechanism integrates the time dimension into the visualization: cool colors (like blue) represent data
from earlier years, while warm colors (like red) indicate recent research output, thus forming a visual gradient of
temporal evolution. Notably, a purple ring around a node highlights the strength of its Betweenness Centrality, an
indicator that measures the pivotal role of a node in knowledge dissemination pathways. Nodes with high centrality often
correspond to groundbreaking publications that connect different disciplines or to “knowledge gatekeepers” in social
networks, exerting significant regulatory influence on the flow of knowledge within the field.?* For further details, please
refer to the relevant in-depth literature.*

The main operational steps in CiteSpace are as follows: First, a new CiteSpace project was created, and the full
records obtained from the aforementioned search process were imported. Next, relevant parameters were configured
within the project, including setting the Time Slicing to one-year intervals, analyzing the results year by year before
merging them, and selecting authors, keywords, journals, categories, and references as node types for analysis. Detailed
parameter configurations are provided in Supplementary Table 1. The specific parameters used in each analysis are

indicated in the top-left corner of the corresponding figure.

In the cluster analysis of references and keywords, the Log-Likelihood Ratio (LLR) algorithm was used for term
extraction to ensure the accuracy and reliability of the clustering. The top-left corner of the generated maps displays the
Modularity Q value and the mean Silhouette S value, which are key indicators for evaluating the quality of the clustering.
The range of the Q value is [0,1]; a Q > 0.3 indicates a significant cluster structure, Q > 0.5 suggests a reasonable
clustering, and Q > 0.7 reflects a highly credible clustering result. For the burst detection of keywords and references, the
y value was set to 1.0 with a minimum duration of 1 year. Based on the co-occurrence relationships in citations, keyword
co-occurrence maps, cluster maps, timeline views, and burst detection graphs were generated to comprehensively reveal
the frequency, centrality, cluster structure, time span, and thematic evolution of keywords. The timeline view transforms
the co-occurrence network into a chronological format with annual legend labels, allowing researchers to intuitively

observe the evolution of research trends over time.*
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Results

Annual Publication Trends and Overall Distribution

After rigorous screening, this study ultimately included 559 relevant documents (comprising 326 original research articles and
233 review articles) for bibliometric analysis (Figure 1). An analysis of annual publication trends (Figure 2A and B) revealed
that the research output in this field can be divided into two phases: a period of steady development from 2009 to 2019, with an
average of fewer than 30 publications per year, followed by a period of rapid growth from 2020 to 2023, with a surge in the
number of documents. Notably, the cumulative number of publications in the last five years (2020-2024) reached 301,
accounting for 53.8% of the total literature, and the annual publication count has exceeded 50 for four consecutive years since
2021. This clearly reflects that OV have become a prominent research hotspot in the field of glioma treatment. To further
explore the macro-level layout of the research, a multi-dimensional network topological analysis (Figure 2C) revealed the
intrinsic connections among countries, themes, and institutions. The analysis showed that the United States and China
dominate the collaboration network in this field, with their core research institutions primarily focusing on therapeutic

exploration for GBM using viral vectors represented by herpes-simplex-virus.

Data source: Web of Science Coree Collection database (SCIE)

Search strategy : TS=( ( glioblastoma* OR "glioblastoma multiform*" OR "malignant glioma" OR
"brain cancer*" OR gliosarcoma* OR spongioblastoma* OR astrocytoma* OR "astrocytic tumor*"
OR "astrocytic glioma*" OR "astrocyte tumor*" OR oligodendroglioma*

OR "oligodendroglial tumor*" OR GBM OR LGG ) ) AND TS=( "Oncolytic Virotherapy" OR
"Oncolytic Virotherapies" OR "Oncolytic Virus Therapy"

OR "Oncolytic Virus Therapies" OR "Oncolytic Viruses" OR "Oncolytic Virus" )

Publication years: January 1, 2009 to May 09, 2025

A 4

The total number of articles was obtained by searching in WOSCC
(n=650)

Exclusion criteria:
(1) articles unrelated to the application of Oncolytic Virotherapy in glioma research;
(2) formats such as letters, preprints, proceedings paper, data paper, conference abstracts.

Meeting Abstract, Editorial Material,
> Letter, Book Chapters, Proceeding
Paper (n=53)

»| Non-English articles
(n=1)

The titles and abstracts were reviewed for
» literatures unrelated to the research direction
(n=37)

A 4

Final included articles
(n=559)

Figure | Flowchart of study identification and selection based on Web of Science Core Collection. The search strategy utilized Boolean operators (OR, AND) and
truncation symbols. The asterisk (¥) serves as a wildcard to retrieve variations of a root word (eg, “glioblastoma*” retrieves “glioblastoma” and “glioblastomas).
Abbreviations: SCIE, Science Citation Index Expanded; WOSCC, Web of Science Core Collection.
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Figure 2 (A) Annual Scientific Production. (B) The annual number of publications in major countries. (C) RStudio - Three-fields plot left-countries, middle-keywords plus
from the data records, right-authors affiliations.

Author and Co-Cited Author Analysis

The author collaboration network analysis showed that 495 authors constructed an academic network containing 894
collaboration links (Figure 3A). The ranking of prolific authors is shown in Table 1, with Chiocca, E Antonio leading
with 23 publications, followed closely by Kaur, Balveen, Rabkin, Samuel D, Lesniak, Maciej S, and Wakimoto, Hiroaki.
Co-citation analysis was used to reveal the knowledge base and core scholars of the field. The results indicated that
Roger Stupp from the United States was the most frequently cited scholar, with E. Antonio Chiocca and James
M. Markert also demonstrating significant academic influence (Table 2). In the co-cited author map (Figure 3B), the
size of the nodes intuitively reflects the academic authority of the authors in this field.

Country and Institutional Collaboration Network Analysis

The country-level collaboration network consisted of 60 nodes and 164 links, covering all 559 publications (Figure 3C).
As shown in Table 3, the United States and China hold an absolute advantage in terms of publication volume, with 227
(40.6%) and 95 (17.0%) publications, respectively, leading significantly. In terms of centrality, which reflects the
influence within the collaboration network, the United States ranked first with a value of 0.67, underscoring its academic
leadership. In contrast, although China had a high output, its centrality was only fifth (0.14), indicating that there is still
room for improvement in the breadth and depth of its international collaborations. A noteworthy phenomenon is that Iran,
despite having a modest number of publications, ranked fourth in centrality (0.17), suggesting its research may play a key
bridging role in specific directions. The diagram of collaborative relationships between countries (Figure 3D) further
shows that Germany, Canada, and France play important roles in promoting international academic exchange, while the
research of some countries is relatively independent, necessitating stronger international cooperation in the future.
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Figure 3 (A) Map of author related to oncolytic viruses in gliomas. (B) Map of cited author. (C) Map of countries. (D) Co-operation between countries/regions. (E) Map of

institutions. (F) Cited journal maps. (G) The dual-map overlay of journals.
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Table | The Top 5 Authors with the Most Publications

Rank Author Country Institution Publication
| Chiocca, E Antonio USA Brigham and Women’s Hospital 23
2 Kaur, Balveen USA Georgia Cancer Center at Augusta University 17
3 Rabkin, Samuel D USA Massachusetts General Hospital and Harvard Medical School 16
4 Lesniak, Maciej S USA Feinberg School of Medicine, Northwestern University 14
5 Wakimoto, Hiroaki USA Massachusetts General Hospital and Harvard Medical School 11

Table 2 The Top 5 Authors with the Most Citation Accounts

Rank Author Country Institution Frequency
| Stupp, Roger USA Northwestern University 228
2 Chiocca, E Antonio USA Brigham and Women'’s Hospital 165
3 Markert, James M USA University of Alabama at Birmingham 161
4 Lang, Frederick F USA The University of Texas MD Anderson Cancer Center 138
5 Desjardins, Annick USA Duke University 133

Table 3 The Top 5 Countries with the Most Publications and Centrality

Rank | Publications Countries Rank | Centrality Countries

| 277 USA | 0.67 USA

2 95 Peoples R China 2 0.19 Germany

3 59 Germany 3 0.19 Canada

4 36 Canada 4 0.17 Iran

5 30 Italy 5 0.14 Peoples R China

The institutional collaboration network included 323 institutional nodes and 813 collaboration links (Figure 3E). The top
five institutions in terms of output and centrality are listed in Table 4. Among them, Harvard University Medical Affiliates
(77 publications) and Brigham & Women’s Hospital (38 publications) ranked highest in publication volume. In terms of
centrality, Brigham & Women’s Hospital (0.21) was first, followed by the Institut National de la Sante et de la Recherche
Medicale (0.18) and Massachusetts General Hospital (0.13). These data indicate that the aforementioned institutions are not
only core production units in the field but also play pivotal roles in the international collaboration network.

Journal and Citation Network Analysis

An analysis of core journals showed that the top 10 journals by publication volume collectively published 171 articles,
accounting for 30.6% of the total, with an average impact factor of 6.1 (Table 5). The journal citation network consisted
of 580 nodes and 2755 links, forming a complex knowledge exchange network (Figure 3F). Among them, Cancer
Research was the most frequently cited journal (449 times), followed by Clinical Cancer Research (440 times) and
Molecular Therapy (433 times) (Table 6). The dual-map overlay of journals (Figure 3G) intuitively reveals the

Table 4 The Top 5 Institutions with the Most Publications and Centrality

Rank | Publications Institutions Rank | Centrality Institutions

| 77 Harvard University Medical Affiliates | 0.21 Brigham & Women’s Hospital

2 38 Brigham & Women’s Hospital 2 0.18 Institut National de la Sante et de la Recherche Medicale
3 37 Massachusetts General Hospital 3 0.13 Massachusetts General Hospital

4 34 University of Texas System 4 0.11 University System of Ohio

5 26 University System of Ohio 5 0.1 University of Texas System
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Table 5 The Top 10 Journals with the Most Publications

Rank | Publications Journal IF (Quartile in Category)
| 37 Cancers 44 (Ql)
2 24 International Journal of Molecular Sciences 4.9 (Q2)
3 21 Viruses 3.5 (Ql)
4 20 Frontiers in Immunology 5.9 (Ql)
5 15 Neuro-Oncology 13.4 (QI)
6 14 Cancer Gene Therapy 5.0 (Q1)
7 13 Journal of Virology 3.8 (Ql)
8 10 Molecular Therapy 12.0 (QI)
9 9 Frontiers in Oncology 3.3(Q2)
10 8 Gene Therapy 4.5 (Ql)

Table 6 The Top 10 Cited Journals with the Most Citation Counts and Centrality

Rank Cited Journal Frequency | Rank Cited Journal Centrality
| Cancer Res 449 | Cytokine Growth F R 0.07
2 Clin Cancer Res 440 2 Oncol Rep 0.07
3 Mol Ther 433 3 J Neuroimmunol 0.07
4 P Natl Acad Sci Usa 408 4 Nat Biotechnol 0.05
5 Neuro-Oncology 379 5 Brit | Cancer 0.05
6 Nat Med 348 6 Curr Cancer Drug Tar 0.05
7 New Engl | Med 339 7 Cell Death Differ 0.05
8 J Clin Oncol 319 8 Cancer Lett 0.04
9 Science 311 9 Acta Neuropathol 0.04
10 Nature 310 10 Anticancer Res 0.04

knowledge flow path in the field: citing literature is mainly concentrated in clinical application areas such as
“Immunology” and “Clinical Medicine/Neurology”, while cited literature primarily originates from basic science fields
like “Molecular/Biology/Genetics.” This clear knowledge translation path from basic science to clinical application can
provide an important reference for researchers in the field for journal selection and literature tracing.

Reference and Knowledge Base Analysis

The reference co-citation network, composed of 857 nodes and 2237 links, delineates the knowledge base of the field
(Figure 4A). The most frequently cited publications primarily focus on clinical trials of key viral vectors (DNX-2401,
recombinant poliovirus) and the efficacy of immune checkpoint inhibitors (nivolumab) in recurrent GBM'-'*-!%-26-32
(Table 7). To identify rapidly developing research frontiers, this study conducted a reference burst detection analysis. The
results (Figure 4B) show that the majority of burst literature is concentrated between 2018 and 2023, with five high-
intensity bursts occurring since 2023, indicating that clinical application research on OV is in an accelerated development
phase,!:8:10:14:13.26-3032746 e timeline view of the clusters (Figure 4C) further reveals the evolution of research themes.
While early hotspots such as oncolytic h-1 parvovirus and newcastle disease virus still receive attention, the focus on

emerging themes like immunotherapy is rapidly increasing, becoming a current research hotspot.

Keyword Evolution and Research Hotspot Analysis

The keyword co-occurrence network contained 433 nodes and 1897 links (Figure 4D), with high-frequency and high-
centrality keywords listed in Table 8. In addition to oncolytic virus and gene therapy, GBM, stem cells, HSV, and Phase
I trial are core research topics in the field. Keyword cluster analysis categorized these topics into 11 main research directions
(Figure 4E), including #0 immunotherapy, #1 alpha dystroglycan, #2 combination, and #3 newcastle disease virus.
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Table 7 The Top 10 Cited References with the Most Citation Counts References

Rank | Frequency Article Title Authors & Year Main Findings
| 89 Phase | study of DNX-2401 (delta-24-RGD) Lang, Frederick F, DNX-2401 results in long-term survival in
oncolytic adenovirus: replication and etal, 2018 recurrent high-grade glioma through direct
immunotherapeutic effects in recurrent oncolysis followed by an immune response.
malignant glioma?’
2 88 Recurrent glioblastoma treated with Desjardins Intratumoral infusion of recombinant poliovirus
recombinant poliovirus'® Aetal, 2018 (PVSRIPO) resulted in a durable survival benefit
in patients with recurrent glioblastoma.
3 6l Effect of nivolumab vs bevacizumab in patients Reardon DA Nivolumab did not improve overall survival
with recurrent glioblastoma: the CheckMate 143 et al, 2020 compared with bevacizumab in patients with
phase 3 randomized clinical trial®® recurrent glioblastoma in this trial.
4 57 Intratumoral oncolytic herpes virus G47A for Todo Tetal, 2022 Repeated intratumoral G47A demonstrates
residual or recurrent glioblastoma: a phase 2 a significant survival benefit and good safety
trial'® profile in recurrent glioblastoma patients.
5 46 Oncolytic HSV-1 G207 immunovirotherapy for Friedman GK Intratumoral G207 is safe for pediatric high-grade
pediatric high-grade gliomas®’ et al, 2021 glioma, showing responses and converting
immunologically “cold” tumors to “hot”.
6 44 Neoadjuvant anti-PD-1 immunotherapy Cloughesy TF Neoadjuvant anti-PD-| immunotherapy
promotes a survival benefit with intratumoral etal, 2019 significantly extended overall survival in
and systemic immune responses in recurrent recurrent glioblastoma compared to adjuvant-
glioblastoma3I only therapy.
7 39 Oncolytic H-1 parvovirus shows safety and signs | Geletneky Ketal, [ H-I parvovirus (H-1PV) is safe for glioblastoma
of immunogenic activity in a first phase I/lla 2017 patients, crosses the blood-brain barrier;, and
glioblastoma trial?® triggers immunogenic activity.
8 38 Macrophage polarization contributes to Saha D etal, 2017 | Triple combination of oHSV expressing IL-12 and
glioblastoma eradication by combination dual checkpoint inhibitors cured mouse
immunovirotherapy and immune checkpoint glioblastoma, requiring T cells and macrophages.
blockade®?
9 36 The 2021 WHO Classification of Tumors of the Louis DN et al, The 2021 WHO classification for CNS tumors
Central Nervous System: a summary' 2021 integrates molecular diagnostics, leading to new
tumor types and revised nomenclature
10 33 A single dose of peripherally infused EGFRvIII- ORourke DM Peripherally infused EGFRVIIl-directed CAR
directed CAR T cells mediates antigen loss and etal, 2017 T-cells traffic to GBM, mediate antigen loss, and
induces adaptive resistance in patients with induce an adaptive resistant tumor
recurrent glioblastoma®® microenvironment

The temporal analysis of keywords (Figure 4F and G) clearly illustrates the dynamic evolution of research hotspots.
Before 2020, research hotspots primarily revolved around basic and early clinical explorations such as HSV, apoptosis,
and dendritic cell vaccination. Since 2020, the research focus has significantly shifted towards immunotherapy, combina-
tion, and tumor microenvironment, with the continuous emergence of keywords like recurrent GBM and dose escalation,
marking the entry of research into a deeper phase of clinical application and mechanistic exploration.

Disciplinary Thematic Structure and Evolutionary Path

To grasp the thematic structure of the discipline at a macro level, this study constructed a strategic diagram (Figure 5A).
This diagram, with centrality (representing the pivotal nature of a theme) and density (representing the maturity of
a theme) as its axes, divides research themes into four quadrants. The results show that the field has formed a mature
disciplinary structure dominated by “core-driving themes” in the first quadrant, with a balanced distribution of themes
across all quadrants. “Core-driving themes” represent mainstream research directions, “specialized-niche themes”
(second quadrant) have independent research systems, and “emerging/declining themes” (third quadrant) and “founda-
tional themes” (fourth quadrant) represent future development potential and the discipline’s foundation, respectively.
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Table 8 The Top 10 Keywords with the Most Citation Count and Centrality

Rank | Frequency Keyword Rank | Centrality Keyword

| 247 Oncolytic virus | 0.04 Oncolytic virus
2 164 Gene therapy 2 0.11 Adenovirus

3 147 Glioblastoma 3 0.1 Stem cells

4 143 Malignant glioma 4 0.1 Herpes simplex virus
5 105 Stem cells 5 0.1 Growth

6 103 Herpes simplex virus 6 0.1 Cancer therapy
7 66 Expression 7 0.09 Glioblastoma
8 63 Oncolytic virotherapy 8 0.09 Cancer

9 62 Cancer 9 0.09 Phase i trial
10 57 Phase i trial 10 0.09 Activation

Thematic evolution analysis based on a time series (Figure 5B) further deconstructs the research progress into four
stages: the technological exploration period (2009-2013), the clinical validation period (2014-2017), the disciplinary
integration period (2018-2021), and the emerging development stage (2022-2025). The research trajectory shows that
oncolytic virus therapy has undergone a paradigm shift from early basic exploration of the feasibility of specific viruses
(like herpes-simplex-virus) in malignant glioma, to a clinical validation paradigm combining immunotherapy for GBM,
and finally deepening into the current in-depth integrated research on host immune responses (like t-cells) and tumor cell
molecular mechanisms (like dna-damage response, metabolism).

Discussion

This study, through bibliometric methods, has systematically and comprehensively analyzed the research dynamics, knowledge
structure, and developmental trends in the field of oncolytic virus therapy for glioma over the past 16 years. The results clearly
indicate that the field is undergoing unprecedented rapid development, and its research paradigm has undergone a profound
transformation. Our analysis not only quantifies the global research output and collaboration landscape but also reveals a clear
evolutionary path from basic virology exploration to complex immune combination therapy strategies, providing a macro-level
perspective for understanding the current state and predicting future directions of the field.

Overall Trends and Key Turning Points: A Burgeoning Research Field

Our analysis reveals that research on oncolytic virus therapy for glioma entered an “explosive” growth period after 2020,
with the publication volume in the last five years accounting for more than half of the total literature. This trend is not
coincidental but is driven by a series of major scientific breakthroughs and clinical advancements. A key milestone event
was the approval of the genetically engineered HSV G47A (Teserpaturev/DELYTACT®) by the Japanese Ministry of
Health, Labour and Welfare in 2021 for the treatment of malignant glioma, making it the world’s first oncolytic virus
product approved for brain tumor therapy. This approval was based on a successful Phase II clinical trial that achieved
a one-year survival rate of up to 84.2% in patients with recurrent GBM, far exceeding historical controls.'® This approval
greatly boosted the confidence of researchers worldwide, validated the clinical feasibility of oncolytic virus therapy, and
directly spurred the initiation of numerous subsequent studies and clinical trials, which perfectly aligns with our
observation of annual publication counts consistently exceeding 50 since 2021. Furthermore, as early as 2015, the
oncolytic virus T-VEC was approved by the US FDA for the treatment of melanoma. Although its indication was not
glioma, as the first approved oncolytic virus drug, it laid the foundation for the development of the entire oncolytic virus
field and stimulated its application in other “cold tumors”, including glioma.** Another bibliometric analysis on the
combination of OV and immunotherapy also identified 2014 as a watershed year for the development of this intersecting
field,*” marking a sharp increase in research interest. This corresponds with the starting point of growth observed in our
study, jointly confirming that oncolytic virus therapy, especially in combination with immunotherapy, is one of the most

dynamic frontiers in oncology in recent years.
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Figure 5 (A) The strategy map of identified topics clustered by keywords plus. (B) Thematic Evolution of oncolytic viruses in gliomas research from 2009 to 2025.

Global Research Landscape: Leaders and Followers in the Collaboration Network

From the perspective of country and institutional contributions, the United States is undoubtedly the global leader in this
field. It not only holds an absolute advantage in the number of publications but also leads significantly in the centrality of its
collaboration network. This is backed by its strong research foundation and continuous financial investment. As pointed out
by Cheng et al, institutions like the United States National Institutes of Health and the National Cancer Institute have
provided the vast majority of research funding for this field, ensuring support for high-quality, large-scale research.'®
Concurrently, the core high-producing institutions identified in this study, such as Harvard University and Brigham and

6178 https: Journal of Multidisciplinary Healthcare 2025:18



Liu and Liang

Women’s Hospital, are all located in the United States. These institutions are not only powerhouses of basic research but
also the initiators and executors of many key clinical trials, forming a complete research chain from bench to bedside.

At the author level, the research directions of the highly productive scholars identified in this study constitute the core
pillars of the field’s development. The top-ranking prolific author, Professor Chiocca, E Antonio, is a key figure in
advancing OV from the laboratory to the clinic, having led several important Phase I clinical trials covering different
viral platforms and therapeutic strategies. For instance, he led the first-in-human trial of rQNestin34.5v.2 (CAN-3110),
a novel oncolytic virus where the HSV neurovirulence gene is placed under the control of the tumor-specific nestin
promoter.*® Additionally, he has been deeply involved in cutting-edge clinical research on regulatable IL-12 gene therapy
(Ad-RTS-hIL-12) combined with the PD-1 inhibitor nivolumab, as well as cytotoxic immunotherapy mediated by the
adenoviral vector AdV-tk.**~>! Professor Rabkin, Samuel D, is a pioneer in viral genetic engineering and the exploration
of immune mechanisms. He was one of the core developers of the G47A virus and has revealed the synergistic
mechanisms of combining OV with immune checkpoint inhibitors for glioma treatment through in-depth research. His
discovery that macrophage polarization plays a key role in combined immuno-virotherapy provides a crucial theoretical
basis for optimizing combination regimens.**>** Professor Kaur, Balveen’s research focuses on the interaction between
the tumor microenvironment and OV. She pioneered the exploration of the synergistic effects of oncolytic HSV with
epigenetic drugs like histone deacetylase (HDAC) inhibitors, demonstrating that modulating the tumor microenvironment
can significantly enhance the virus’s anti-tumor activity, thus opening new avenues for combination therapy.’*>’
Professor Lesniak, Maciej S, is dedicated to solving the core challenge of oncolytic virus delivery. He innovatively
used stem cells as “Trojan horse” vectors. Notably, he led the first-in-human Phase I clinical trial using neural stem cells
to deliver an oncolytic adenovirus, successfully validating the safety and feasibility of this strategy and providing an
innovative solution for overcoming the blood-brain barrier.**>%7 The work of these top scholars, along with the
foundational contributions of the highly cited scholar Stupp, Roger, in standard chemotherapy for glioma,” collectively
paints a comprehensive picture of the field, from viral design, mechanistic exploration, microenvironment modulation,
and innovative delivery to clinical validation.

Compared to the United States, China, although performing impressively in publication volume, ranking second, has
a lower centrality in the collaboration network. This suggests that while China’s research output is high, it may be more
concentrated on domestic collaborations, and its leadership role and influence in the global academic network have yet to
be fully realized. This phenomenon is similar to findings in bibliometric analyses of other fields, suggesting that
strengthening international, especially East-West, substantive collaboration is crucial for promoting the synergistic
development of the entire field.

Evolution of the Research Paradigm: A Profound Shift from Viral Oncolysis to Immune
Synergy

One of the most central findings of this study is the clear delineation of a profound shift in the research paradigm of the
field, as revealed through keyword evolution and thematic change analysis. This shift can be summarized as an evolution
from early “virus-centric oncolytic exploration” to the current “immunity-centric synergistic therapy.”

During the technological exploration period (2009-2013), core keywords were focused on HSV, adenovirus, gene
therapy, and phase-i trial. This reflects that the primary task of early research was to develop and validate the viral vectors
themselves. Researchers were dedicated to improving viral safety and tumor-targeting specificity through genetic
engineering techniques, such as deleting viral neurovirulence genes (eg, the y134.5 gene of HSV-1) or inserting tumor-
specific promoters, and conducting preliminary Phase I clinical trials to verify their safety in humans.*>*%->*-® The focus
at this stage was on whether the virus could safely and effectively replicate within tumor cells and directly cause their
lysis. Currently, various viral platforms have been developed for glioma treatment, including HSV-1, adenovirus,
poliovirus, and reovirus, and have shown encouraging prospects in preclinical and early clinical trials, as summarized
in Supplementary Table 2.

As research deepened, especially during the clinical validation period (2014-2017) and the disciplinary integration
period (2018-2021), the emergence and rapid rise of immunotherapy as a core theme marked the first major leap in the
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research paradigm. Researchers gradually realized that the true power of OV lies not only in their direct cell-killing effect
but also in their potent ability to reshape the Tumor Microenvironment (TME).”® Glioma, particularly GBM, is a classic
immunologically “cold” tumor, characterized by an immunosuppressive TME and a lack of T-cell infiltration.®® By
inducing Immunogenic Cell Death (ICD), OV release a large number of tumor-associated antigens (TAAs), damage-
associated molecular patterns (DAMPs), and pathogen-associated molecular patterns (PAMPs), effectively transforming
“cold” tumors into immunologically “hot” ones. This attracts and activates immune cells, thereby initiating a powerful
and durable anti-tumor immune response.>*®"°> The dual-map overlay analysis of journals also corroborates this point,
showing a knowledge flow where basic research from the “Molecular/Biology/Genetics” field is ultimately widely cited
by journals in the “Immunology” and “Clinical Medicine” fields, perfectly illustrating the knowledge translation path
from basic virology and genetics to clinical immunotherapy.

Entering the emerging development stage (2022-2025), the burst of keywords such as combination, t-cells, tumor
microenvironment, dna-damage response, and metabolism signifies that the research paradigm is evolving towards
a deeper and more refined direction. This indicates that current research is no longer satisfied with simple combinations
of viruses and immune checkpoint inhibitors but is beginning to deeply explore the intrinsic mechanisms of combination
therapy, focusing on the central role of T cells, and how viruses affect tumor cell DNA damage repair and metabolic
pathways to identify new synergistic targets.®®

Current Research Hotspots and Future Frontiers: Combination, Precision, and

Personalization
Our analysis has identified several major research hotspots in the field today, which not only are high-frequency themes
in the literature but also represent the most promising future directions.

First, combination immunotherapy is the absolute core at present. Glioma has an extremely low response rate to
single immunotherapies, including ICIs, primarily due to the strong immunosuppression of its TME and low tumor
mutational burden.®* The “heating” effect of OV precisely compensates for the shortcomings of ICIs. A large body of
preclinical and clinical research has confirmed that OV can upregulate the expression of PD-L1 on tumor cells and
increase the infiltration of cytotoxic T lymphocytes (CTLs), thereby creating a favorable environment for ICIs (such as
anti-PD-1/PD-L1 antibodies) to work. Their combination can produce a synergistic effect of “1+1>2".>"%® For example,
the breakthrough success of the PVSRIPO virus Phase I clinical trial was due to its induction of a durable immune
response in patients with recurrent GBM, resulting in 21% of patients remaining alive at 24 and 36 months, an
unprecedented outcome in recurrent GBM, which lacks effective treatment options.' Besides ICIs, the combination of
OV with other therapies is also being actively explored. An emerging and highly promising direction is the combination
of OV and Tumor Treating Fields (TTFields). TTFields inhibit tumor cell proliferation by interfering with mitosis, while
OV induce ICD. Their mechanisms are complementary and expected to produce a synergistic killing effect, providing
new ideas for future clinical trial designs.®”

Second, innovation in virus delivery systems is a critical bottleneck that urgently needs to be overcome. Our
keyword analysis shows that the word “delivery” has exhibited a strong burst in recent times. The blood-brain
barrier (BBB) is the main obstacle to the systemic delivery of drugs for brain tumor treatment. Therefore, the vast
majority of current clinical trials use intratumoral injection for drug administration, but this faces limitations of
uneven virus distribution and the inability to cover infiltrative tumor cells.*’® To overcome these challenges,
various innovative delivery strategies are being explored. For instance, Convection-Enhanced Delivery (CED)
technology can distribute the virus more widely throughout the brain parenchyma by establishing a pressure gradient
within or around the tumor; the PVSRIPO clinical trial successfully applied this technique.'® Furthermore, using
stem cells with natural tropism as viral vectors, such as neural stem cells (NSCs), is another highly promising
direction.*® The latest research progress also points to more advanced technologies, such as using Focused
Ultrasound (FUS) to transiently and non-invasively open the local BBB, creating a “window of opportunity” for
intravenously injected OV to enter the brain tumor.”' Concurrently, using aptamers to modify the surface of OV,
enabling them to specifically recognize markers on the surface of glioma cells (such as EGFRVIII or Tenascin-C),
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and thus achieve precise targeting like “biological missiles” to minimize damage to normal brain tissue, is also an
important future direction for delivery technology.’?

Third, personalized and precision virotherapy is the inevitable trend for the future. Glioma exhibits high intra- and inter-
tumoral heterogeneity, meaning a “one-size-fits-all” treatment approach is unlikely to succeed. However, there is still a lack of
effective biomarkers to predict which patients will benefit from specific oncolytic virus therapies. A systematic review pointed
out that common molecular subtypes, such as IDH mutation or MGMT promoter methylation status, do not effectively predict
the efficacy of OV, a view our results indirectly support.”® Therefore, a key future research focus is to find reliable predictive
biomarkers for efficacy, such as the status of the interferon pathway in tumor cells or the expression level of specific viral
receptors. At the same time, tailoring treatment plans for specific patient populations is already showing initial success. For
example, in a Phase I clinical trial for pediatric high-grade glioma, the G207 virus combined with a single low dose of radiation
(5 Gy) was proven to be safe and effective, providing valuable clinical evidence for treating this challenging patient group.?’
Furthermore, patient-derived organoids (PDOs) and other 3D culture models offer a powerful platform for the preclinical
screening of the most suitable oncolytic virus for an individual patient.”* By testing a range of different OV on these models,
which highly mimic the in vivo tumor microenvironment, individualized “virograms” can be constructed, thereby achieving

true personalized precision medicine.”

Limitations

Although this study employed multiple bibliometric tools, combining co-word analysis and literature review to systematically
analyze the research landscape of OV in glioma treatment, some inherent limitations need to be acknowledged. First, the
literature search for this study has a cutoff date of May 9, 2025, but the WOSCC database is continuously updated, and a large
number of new publications from 2025 are still being indexed, which may have led to us not fully capturing the latest research
dynamics. Second, this study only searched the WOSCC database, which might have missed some relevant literature indexed
only in other important databases such as PubMed, Scopus, and Embase. Future research could consider expanding the data
sources to increase data diversity and comprehensiveness. Third, this study was limited to English-language literature, which
may overlook important research findings published in other languages, thereby restricting a comprehensive understanding of
the research landscape in this field on a global scale. Finally, although bibliometric tools like CiteSpace are powerful in
processing large-scale datasets, mapping knowledge, and identifying trends, they also have methodological limitations. For
example, the algorithms used for clustering and label extraction (such as the log-likelihood ratio algorithm) may not fully
capture the nuances of a research area, and their results are influenced by parameter settings and the quality of the input data.
Automatically generated cluster labels might be too broad (eg, “#0 immunotherapy”) or too specific (eg, “#1 alpha
dystroglycan”), requiring careful interpretation by researchers with domain expertise. More importantly, the core of biblio-
metric analysis is publication metrics (such as publication count, citation frequency), which cannot directly assess the clinical
quality, validity, or strength of evidence of a single study. Furthermore, bibliometric analysis has inherent limitations in
relation to clinical translation, as it primarily relies on published literature and citation metrics, which may not fully capture
ongoing clinical trials, unpublished data (eg, negative results), real-world implementation barriers, or the practical challenges
of translating research findings into patient care. Therefore, the findings of this study reflect the structure and hotspots of
published academic literature, rather than a clinical practice consensus or proven therapeutic efficacy. Future work could
combine such macro-level bibliometric analysis with in-depth systematic qualitative reviews to provide a more multi-faceted
and comprehensive assessment of the field. Despite these limitations, we believe this study still provides a valuable, objective,
and macro-level reference for understanding the knowledge base, evolutionary path, and future frontiers of oncolytic virus
therapy for glioma.

Conclusion

In summary, the field of oncolytic virus therapy for glioma has made significant progress over the past 16 years and is
advancing at an unprecedented pace. The research paradigm has successfully shifted from focusing on the oncolytic effect of
the virus itself to a new era of combination therapy centered on its immune-activating capabilities. Current research hotspots are
highly concentrated on the synergistic potentiation of OV with immunotherapies like immune checkpoint inhibitors and CAR-
T, as well as with therapies like TTFields. Meanwhile, overcoming the blood-brain barrier through innovative technologies
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such as focused ultrasound, stem cell carriers, and aptamers to achieve efficient and precise viral delivery, and using biomarkers
to guide personalized treatment, represent the core challenges and most promising breakthrough directions for the field.

The knowledge map and development roadmap generated by this study provide a clear, data-driven framework
for researchers, clinicians, and policymakers. These bibliometric insights—specifically the identification of key
research hotspots and emerging trends—can directly inform clinical translation by guiding the design of more
effective clinical trials, prioritizing resources for promising areas like personalized virotherapy, and fostering
strategic collaborations between leading institutions. Ultimately, this comprehensive understanding can help accel-
erate the development of evidence-based protocols and translate this promising therapy into tangible survival
benefits for patients with glioma.
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