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Oncolytic Viruses for the Elimination of Tumor Cells: Mechanisms of Action and Selectivity, and Therapeutic Applications
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ABSTRACT

	Cancer is one of the most devastating illnesses afflicting humanity, having claimed the lives of 9.7 million people worldwide. Its definition comprises abnormal, uncontrolled cell growth that physiologically creates an invasive and destructive environment and has the capacity to migrate and spread throughout the body. First-line therapies such as chemotherapy, radiotherapy, and surgery have been relatively effective and generally more accessible. Nonetheless, they often fail to achieve the desired results, given their susceptibility to tumor evasion mechanisms that prevent immune cell localization, activation, and action, and protect against cytotoxicity. Because of this scenario, biotechnology has provided more specialized and personalized options. One of these tools is oncolytic viruses, which can be found naturally in the environment and can be genetically modified to enhance their specificity and efficacy in destroying tumor cells and stimulating the immune system to act synergistically in eliminating the cancer. Evidence from multiple clinical trials demonstrates their applicability as monotherapy and in combination with other therapies, with improvements in tumor response, reduced systemic adverse effects, and prolonged survival. However, it is recommended to continue promoting these studies to ensure safe and effective employment in patients.
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1. INTRODUCTION

The definition of cancer has changed over the years. Still, from the beginning, it has been understood as an abnormal and uncontrolled growth of cells that physiologically creates an invasive and destructive environment and has the capacity to migrate and spread throughout the body (Brown et al., 2023). It is one of the most devastating diseases afflicting humanity, having claimed the lives of 9.7 million people worldwide, a figure that is rising with high projections for 2050 (Bray et al., 2024).
This condition has a highly genetic component, is beyond the control of most people, and represents a latent risk for every human being (Brown et al., 2023). Furthermore, it has a significant socioeconomic impact at all levels, from the healthcare system's capacity to provide prevention and health promotion to the patient's ability to afford their own treatment (Bizuayehu et al., 2024; Brown et al., 2023).
First-line conventional therapies such as chemotherapy, radiotherapy, and surgery (National Cancer Institute, 2026) have proven to be relatively effective and generally more accessible. Nevertheless, these treatments often fail to achieve the desired results, given their susceptibility to tumor evasion mechanisms that prevent immune cell localization, activation, and action, and protect against cytotoxicity (Galassi, Chan, Vitale, & Galluzzi, 2024). Plus, they tend to be toxic to the system (National Cancer Institute, 2026).
Currently, biotechnological tools have provided healthcare professionals and patients with increasingly specialized and personalized options. These options can increase the success rate of eradicating the pathology and offer fewer or no side effects (Kaur, Bhardwaj, & Gupta, 2023).
Biotechnology is defined as the application of engineering, basic sciences, and life sciences (microbiology and biochemistry) to industrial processes and products, with a multidisciplinary approach originally described for commercial purposes (Bhatia, 2018). It encompasses the design of proteins to perform specific functions, as well as therapeutic approaches that employ the biological mechanisms of microorganisms to exert their pharmacological activity (Bhatia, 2018; Desai, Thaker, & Pagariya, 2024).
Oncolytic virus therapy, which utilizes viruses that selectively infect and replicate in tumor cells, leading to tumor cell death without harming healthy cells, is emerging as a promising therapeutic strategy (Chen, Szalay, Buller, & Lauer, 2012). They can be genetically modified or of natural origin. In either case, they promote antitumor responses through a dual mechanism of action that depends on the selective destruction of malignant cells and the induction of systemic antitumor immunity. This immune response occurs when tumor antigens are released, generating an inflammatory microenvironment within the cancer (Kaufman, Kohlhapp, & Zloza, 2015).
This new class of immunotherapeutic agents offers additional benefits beyond selective replication, including the delivery of distinct eukaryotic transgene payloads, the induction of immunogenic cell death, and enhanced immunity against cancer. Thus, it presents a favorable safety profile, differentiating it from other therapies (Shalhout, Miller, Emerick, & Kaufman, 2023).
Therefore, this review aims to explore the potential of oncolytic virus-based therapies for selectively destroying tumor cells.

2. MAIN CHARACTERISTICS OF CANCER

Neoplasia, tumor, or cancer refers to a group of complex pathophysiological conditions whose clinical manifestations are sufficiently homogeneous to consider the group a single disorder. These conditions are characterized by abnormal cell division that can cause damage, alter the physiology of the site where it occurs, and migrate to distant locations within the body. They are classified according to their aggressiveness as benign, if the proliferation process does not threaten the patient's integrity, or malignant, if it provokes illness (Moasser & Ai, 2015; Sánchez, 2013).
Currently, it is known that their etiology is genetic. Carcinogenesis arises from mutations in the cell's genetic material that confer distinctive characteristics, which can be inherited or acquired through exposure to chemical and biological agents (Sánchez, 2013).
Mutations confer the ability to maintain uncontrolled growth and proliferation for extended periods, triggered by oncogenes, the induction and maintenance of deficiencies in cell growth control and repair mechanisms due to defects in tumor suppressor genes, and resistance to apoptosis and immortality associated with telomere protection, resulting from defects in deoxyribonucleic acid (DNA) repair genes (Hanahan & Weinberg, 2011; Sánchez, 2013). These genetic groups are shown in greater detail in Table 1.

Table 1. Genetic groups involved in cancer mutagenesis.
	Genetic group
	Definition
	Examples

	Oncogenes (Dakal et al., 2024; Kontomanolis et al., 2020)

	These are aberrant versions of proto-oncogenes, genes associated with normal cell growth and proliferation. When they mutate, they lose control over the regulatory systems of these processes, leading to uncontrolled proliferation.
	BCL2, ERBB2 o HER2, CDK4, MET, MYC, RAS

	Tumor suppressor genes (Dakal et al., 2024; Kontomanolis et al., 2020)

	These are genes that regulate cell division and apoptosis under normal conditions.
	APC, BRCA, PTEN, P53, RB1

	DNA repair genes (Wang & Xie, 2022)

	These genes prevent the generation of mutations and DNA damage associated with endogenous and exogenous factors.
	BRCA1, RAD51, 53BP1



Moreover, they induce angiogenesis, creating a microenvironment conducive to in situ tumor progression. Similarly, they promoted metastasis to other body sites, leading to aberrant morphological changes and the release of adhesion molecules, thereby providing favorable conditions for the escape of cancer cells that cannot be detected (Galassi et al., 2024; Hanahan & Weinberg, 2011). Further details of other tumor evasion strategies are presented in Table 2.

Table 2. Relevant tumor evasion strategies based on the innate and adaptive immune systems.
	Mechanism
	Purpose
	Strategies
	Results

	Innate (Peng et al., 2016; Spranger & Gajewski, 2018; Trelford & Shepherd, 2024; Zhan, Rindtorff, & Boutros, 2017; Zhan et al., 2025)
	Limiting T cell infiltration into tumors
	-Activation of the Wnt/β-catenin pathway.
-Activation of phosphatidylinositol 3-kinase (PI3K) due to loss of the phosphatase and tensin homolog (PTEN) deleted on chromosome 10.
-Activation of c-Myc signaling.
-Loss of liver kinase B1 (LKB1) signaling.

	-Evading apoptosis.
-Promoting uncontrolled proliferation and tumor growth.
-Creating an immunosuppressive tumor microenvironment.
-Inhibiting autophagy.

	Adaptative (Dhatchinamoorthy, Colbert, & Rock, 2021; Renne et al., 2024; Rosenthal et al., 2019; Spranger & Gajewski, 2018; Zaretsky et al., 2016)
	Limiting the immune system's recognition of the tumor
	-Loss of expression of the major histocompatibility complex class I (MHC-I).
-Loss of β2-microglobulin expression.
-Loss of antigen processing machinery.
-Loss of tumor antigen expression.

	-Promoting immune escape through the loss of the recognition site and its functionality
-Eliminating the effectiveness of the response due to the absence of tumor antigens.



This process is contrary to the expected organism's normal process. Through immunosurveillance, changes at the cellular level are detected very early, and multiple immune effector mechanisms are recruited to eliminate them (Kunimasa & Goto, 2020).

3. Overview of oncolytic viruses

Currently, oncolytic viruses represent one of the most significant because of their ability to provide sustained and effective clinical responses in individuals with cancer (Chaurasiya, Chen, & Fong, 2018). They can be found naturally in the environment, taking advantage of their inherent capacity to infect and destroy tumors. In addition, they have been genetically modified to enhance their specificity and efficacy. These modifications optimize their ability to replicate selectively in tumor cells, avoiding normal tissues, and to stimulate the immune system to act synergistically in eliminating the cancer (Jhawar et al., 2017). 
Unlike gene therapy, in which the virus is utilized as a simple carrier to introduce transgenes, fragments of DNA that have been genetically engineered into an organism's cells, to modify its genome, granting it previously lacking and making these modifications heritable (Jouve de la Barreda, 2020), oncolytic virus therapy delivers them as an active drug reagent (Fukuhara, Ino, & Todo, 2016). Therefore, they serve as versatile platforms that combine techniques from virology, genetic engineering, and pharmacology (Seymour & Fisher, 2016).
Additionally, they can elicit a significant immune response by releasing tumor antigens and creating an inflammatory microenvironment within the tumor. Selective replication offers various benefits, comprising the delivery of diverse eukaryotic transgenic payloads, the induction of immunogenic cell death, and the enhancement of immunity against cancer. Furthermore, they offer a favorable safety profile, which sets them apart from other therapies (Macedo, Miller, Haq, & Kaufman, 2020).
Therefore, these agents stimulate innate immunity as the body's first line of defense against infections, characterized by a rapid and non-specific response that recognizes common patterns in pathogens, and adaptive immunity, which is subsequent but specific, developed after exposure to a pathogen, generating immunological memory to protect against similar future infections (Marshall, Warrington, Watson, & Kim, 2018). Their effectiveness depends on their ability to multiply sufficiently to destroy malignant cells and to promote an immune response, thereby evading the individual's anticipated elimination (Alwithenani, Hengswat, & Chiocca, 2025).
Most of them have been genetically altered to improve their ability to attack tumors and decrease their virulence in healthy host cells. As a complement, they can foster an inflammatory environment by releasing and recognizing antigens, leading to immune system activation and preventing cancer cells' evasion. In fact, they seek to exploit mechanisms that induce tumor tolerance, facilitating tumor infection and the elimination of cells not protected by the immune response (Raja, Ludwig, Gettinger, Schalper, & Kim, 2018). 
Genetic modifications include deleting viral genes essential for normal cell replication. Plus, therapeutic genes encoding cytokines or enzymes to stimulate the immune response, induce cell death, or enhance tumor tissue degradation are inserted. Likewise, tropism is optimized by modifying viral proteins to recognize specific receptors on cancer cells and controlling viral expression through promoters active only in tumors. Similarly, genes that degrade the extracellular matrix, such as metalloproteinases, are incorporated to facilitate viral spread within the malignant cell (Cristi, Gutiérrez, Hitt, & Shmulevitz, 2022).
Among its advantages over other therapies is the ability to trigger a nearly universal therapeutic effect in cancer with greater selectivity. This situation contrasts with more conventional treatments, such as chemotherapy, a medical treatment that uses chemical substances, primarily cytotoxic drugs, to destroy cancer cells (Hossain & Haldar Neer, 2023), and radiotherapy, which employs radiation to destroy or control the growth of malignant cells, administered locally (Valentini, Boldrini, Mariani, & Massaccesi, 2020), affecting surrounding healthy tissues.
Certain advantages are obtained over other immunotherapies, which dynamically modulate the immune system to target cancer cells through different mechanisms, intensifying the body's response (Tan, Li, & Zhu, 2020). Unlike oncolytic viruses, they are limited by the need for a specific ligand or receptor (Raja et al., 2018).

4. MOLECULAR MECHANISMS OF ACTION OF ONCOLYTIC VIRUSES

The actions of oncolytic viruses on tumor processes share essential characteristics with those of natural viruses. First, the virus must be able to infect the tumor cell and exploit its protein synthesis machinery. This strategy allows it to replicate and eventually lyse the cell, eliminating it directly (Bai, Hui, Du, & Su, 2019). Besides, they must act within the tumor microenvironment, which is characterized by signaling molecules that promote tumor proliferation and facilitate immune evasion. By modifying the microenvironment, the elimination is facilitated (Bai et al., 2019; Pidelaserra-Martí & Engeland, 2020; Zeng et al., 2021). The main molecules found in include angiogenic factors (fibroblast growth factor or FGF, platelet-derived growth factor or PDGF, vascular endothelial growth factor or VEGF), cytokines (interferon α or IFN-α, interleukin 1 or IL-1, IL-6, IL-8, IL-17, IL-22, IL-33, IL-37, tumor growth factor β or TGF-β, tumor necrosis factor α or TNF-α), and chemokines (chemokine ligand 1 or CCL1, CCL-20, CCL-25, atypical chemokine receptor 3 or ACKR3, fusionin or CXCR4, stromal cell-derived factor-1 or SDF-1, also known as CXCL12 (Abdul-Rahman et al., 2024; Jiang, et al., 2020; Shi, Riese, & Shen, 2020).
Many oncolytic viruses have been modified through genetic engineering techniques to add or delete genes or sequences. Genetic modifications increase its oncolytic capacity or allow it to evade tumor resistance or the body's elimination mechanisms. Talimogene laherparepvec (T-VEC) is a modified herpes simplex virus that exhibits attenuation of some of its virulence factors and the deletion of a viral gene (Kohlhapp & Kaufman, 2016).
Based on the general scheme of action described above, its therapeutic action can be characterized by two mechanisms. They comprise those related to selectivity for tumor cells and those related to the molecular pathways by which it exerts its oncolytic effect. Selectivity mechanisms are especially relevant for safety, as their failure can lead to the destruction of healthy cells and adverse effects. Oncolytic mechanisms are closely linked to tumor elimination efficacy (Volovat et al., 2024; Wang et al., 2023)

4.1 Death of tumor cells

There are several methods by which viruses can generate tumor cell lysis. One possibility is that abundant viral replication occurs within the tumor cell, leading to lysis via the viral lytic cycle (Xu, Sun, Lemoine, Xuan, & Wang, 2024). Additionally, some viruses modify mitochondrial membrane permeability, leading to lysis, as seen with the modified Newcastle disease virus (Volovat et al., 2024).
As a complement, some express pro-apoptotic, necroptotic, or cell lysis genes. Apoptosis is a mechanism of programmed cell death, in which molecular regulation is carried out by proteases called caspases. Subsequently, these cells are phagocytosed. This type of cell death does not involve the release of danger-associated molecular patterns (DAMPs) into the extracellular environment, nor does it involve inflammatory processes (Bertheloot, Latz, & Franklin, 2021).
On the other hand, necroptosis is a programmed cell death process in which DAMPs are released into the extracellular environment due to a loss of cell membrane integrity. Necroptosis results from signaling by receptor-interacting serine/threonine-protein kinases 1 and 3 (RIPK1/RIPK3) and the mixed lineage kinase domain-like protein (MLKL), which translocate to the cell membrane and form pores, inducing lysis, DAMP release, and inflammation (Bertheloot et al., 2021). 
Finally, pyroptosis involves loss of plasma membrane integrity and is induced by activation of inflammasome sensors, leading to inflammatory cell death (Bertheloot et al., 2021). The A4 virus, originally a Newcastle disease virus, has been genetically modified with the tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). The protein produced binds to TRAILR1 and TRAILR2 receptors on the tumor cell membrane and induces tumor cell apoptosis (Volovat et al., 2024).

4.2 Tumor microenviroment remodelling

Remodeling of the tumor microenvironment is an essential part of oncolytic activity. This process takes two forms: activation of the immune system within the tumor microenvironment and disruption of the tumor vasculature (Bai et al., 2019; Pidelaserra-Martí & Engeland, 2020; Wang et al., 2023).
Regarding immune system activation, the most direct mechanism occurs with tumor lysis at the time of cell rupture, during which pathogen-associated molecular patterns (PAMPs), DAMPs, and tumor-associated antigens are released. These substances bind to toll-like receptors (TLRs) and induce dendritic cell maturation and cytokine release. The interaction triggers responses from the innate and adaptive immune systems (Grigorov, Kirov, Marinov, & Galabov, 2021; Zeng et al., 2021).
Likewise, genetic modifications have been made to enhance immunological activity within the microenvironment. One example is the addition of the gene encoding granulocyte-macrophage colony-stimulating factor (GM-CSF), a cytokine that signals dendritic cells to transform into antigen-presenting cells (Huang, et al., 2023). Similarly, viruses have been engineered to express interleukins, interferons, and activators of T and NK (Natural Killer) cells, which promote the recruitment of NK cells, neutrophils, and cytotoxic T lymphocytes (CD8+) to participate in the antitumor response (Pidelaserra-Martí & Engeland, 2020; Qian et al., 2015).
The mechanism also involves disruption of the tumor vasculature through angiogenesis inhibition and endothelial damage, leading to hypoxia that will eventually cause lysis. Moreover, mechanisms that rise proinflammatory activity promote vascular permeability, immune cell infiltration, and cell aggregation in blood vessels, decreasing blood flow and favoring hypoxia (Volovat et al., 2024).
It should be noted that some viruses encode proteins that induce an anti-angiogenic state or regulate tumor expression of angiogenic molecules. One example is the adenovirus OBP-301, which was engineered to produce interferon γ (IFN-γ), which induces an anti-angiogenic state. Similarly, iNDV3a-LP has been engineered to enhance direct endothelial cell lysis, and vesicular stomatitis viruses stimulate clot formation in blood vessels (Volovat et al., 2024).

5. MOLECULAR MECHANISMS OF SELECTIVITY

Not all oncolytic viruses have been genetically modified. Newcastle disease virus, parvovirus, and reovirus have a natural tropism for some tumors (Bai et al., 2019; Zeng et al., 2021). Besides, genetic modification has subsequently enabled the enhancement of tropism for a specific tumor type or the imparting of selectivity not previously present (Huang, et al., 2023). The main mechanisms of selectivity are based on tumor receptors, particular protein targets expressed by tumors, or signaling cascades involved in tumor processes (Volovat et al., 2024). OAd Oncorine was genetically modified by deleting the E1b-55kDa gene. The protein encoded blocks p53-mediated apoptosis (a protein that regulates the cell cycle and the response to changes in the genome), allowing for greater viral replication. If the virus infects a healthy cell, deleting this gene means it cannot replicate before p53 exerts its function. Still, in a tumor cell with a defective p53 receptor, it can replicate and selectively exert its oncolytic function (Huang, et al., 2023).
Another method involves tumor promoters, in which the key viral replication material is combined with a promoter overexpressed in cancers and not in healthy cells. The result is that viral replication is inefficient in healthy cells but efficient in tumor cells, thus facilitating selectivity. Promoters used for this purpose are associated with genes for telomerase, reverse transcriptase, alpha-fetoprotein, and nestin (Hardcastle, Kurozumi, Chiocca, & Kaur, 2007). These elements are detailed in Table 3.

Table 3. Main promoters used to confer selectivity to oncolytic viruses for specific cancer types.
	Genetic promoter
	Type of cancer
	Tumor selectivity mechanism

	Survivin (Hardcastle, et al., 2007; Liu et al., 2011)
	Lung, colon, pancreatic, prostate, breast, and gallbladder cancer
	It is not expressed in most adult tissues, but is overexpressed in human cancers.

	L-plastin (Peng et al., 2001)
	Bladder and ovarian cancer
	L-plastin overexpression has been reported in ovarian and bladder cancer, which is important because it is expressed only in mature leukocytes.

	Hypoxia-inducible factor (HIF)-dependent gene (Longo, Griffith, Glass, Shillitoe, & Post, 2011)
	Human primary tumors, metastases, and cancer stem cells
	Its presence is associated with increased mortality and resistance to chemotherapy and radiotherapy. In healthy tissues, this pathway is inhibited.

	Human telomerase reverse
Transcriptase (Fujiwara, Urata, & Tanaka, 2007)
	Head and neck, lung, esophageal, gastric, colorectal, breast, pancreatic, hepatic, prostate, and cervical cancer
	Telomerase activity is detected in about 85 % of malignant tumors. In contrast, in most normal somatic tissues, it is absent, except for weak activity in peripheral blood leukocytes and certain stem cell populations.

	Carcinoembryonic antigen (CEA) (Xu et al., 2012)
	Pancreatic cancer
	The molecule is not expressed in normal pancreatic tissue, but it is frequently found in pancreatic cancer cases and is more significant than other markers.

	Alphafetoprotein (Hardcastle et al., 2007; Qian et al., 2015)
	Hepatocellular carcinoma

	The macromolecule is expressed in the fetus, but not in adults, and is upregulated in most hepatocellular carcinomas.

	Nestin (Hardcastle et al., 2007)
	Primary tumors of the central nervous system
	The molecule is expressed in neural stem cells during embryogenesis. In postnatal mammals, its expression is restricted to vascular endothelium and neural stem cells. Also, it is induced in response to pathological conditions, such as brain injuries and ischemia.

	Mucin 1 (MUC1) (Wang et al., 2025)
	Breast, pancreatic, lung, and bladder cancers
	The glycosylated protein is overexpressed in several types of cancer compared to healthy tissues.

	Prostate-specific antigen (PSA) (Yang et al., 2023)
	Prostate cancer
	In the normal prostate, it degrades large, secreted proteins to inhibit serum coagulation and control growth. Elevated serum levels of PSA correlate with a higher grade/stage and poor prognosis.



6. GENETIC ENGINEERING STRATEGIES FOR IMPROVING THE SPECIFICITY AND EFFICIENCY OF ONCOLYTIC VIRUSES TOWARDS TUMOR CELLS

Genetic engineering is the use of molecular biology technology to modify DNA sequences in the genome. Among its approaches is homologous recombination (HR), which enables targeted modifications to specific genomic sequences. Another approach is DNA random integration, which occurs after direct transfection or microinjection and offers less control over the insertion site. Also, Transposon-mediated DNA insertion is considered, utilizing mobile elements of the genome to insert DNA fragments, like DNA insertion mediated by viral vectors, which are efficient and safe delivery systems for exogenous genetic material. Finally, the most precise approach involves targeted endonucleases such as clustered regularly interspaced short palindromic repeats (CRISPR)-Cas9, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and rare-cutting meganucleases (Lanigan, Kopera, & Saunders, 2020).
In the case of oncolytic viruses, their specificity is not absolute, and factors such as infection of healthy tissues and immune response limit their clinical efficacy. For this reason, strategies to improve their specificity and efficiency are needed to reduce secondary effects and improve safety (Gujar et al., 2024; Zhou & Shen 2025).
A key approach is deleting viral genes to limit toxicity in healthy cells, allowing replication only in cancer cells, enhancing specificity and safety (Zhou & Shen 2025). Among the most prominent are adenoviruses and herpes simplex virus 1 (HSV-1).
Oncorine (H101) is the first recombinant oncolytic adenovirus approved by the China Food and Drug Administration (CFDA) in combination with chemotherapy for the treatment of nasopharyngeal carcinoma. Its modifications consisted of deleting E1B and partially deleting E3 (Mondal, Guo, He, & Zhou, 2020). This latter region encodes a protein that protects infected cells against the immune response (Matsunaga & Gotoh, 2023).
Meanwhile, the Onyx-015 virus was developed and demonstrated significant efficacy against non-small-cell lung, pancreatic, ovarian, and colorectal cancers, as well as premalignant oral dysplasia (Gujar et al., 2024). The E1B gene, which normally selectively binds to the p53 protein and disrupts apoptosis, was deleted (Mondal et al., 2020). Its deletion prevents replication in normal cells and promotes it in p53-deficient cancer cells (Matsunaga & Gotoh, 2023).
T-VEC is approved for the treatment of melanoma in the United States and Europe. It is an HSV-1 that has been modified by the deletion of two copies of γ34.5, which encodes an accessory factor required for neurovirulence. Its removal reduces neurotoxicity, prevents replication in healthy neurons, and maintains oncolytic activity at the tumor level. Furthermore, ICP47 has been eliminated (Kangas, Krawczyk, & He, 2021). It normally blocks CD8+ lymphocyte recognition of infected cells, facilitating immune evasion (Velusamy, Singh, Croft, Smith, & Tscharke, 2023). Its deletion improves the body's recognition of the virus and increases the antitumor response. Finally, the gene encoding GM-CSF has been inserted, enhancing the virus's immune response by activating, proliferating, and recruiting antigen-presenting cells in the bone marrow (Kangas et al., 2021). GM-CSF promotes the generation of polymorphonuclear neutrophils, monocytes, macrophages, and dendritic cells from hematopoietic progenitor cells, thus augmenting the virus's ability to induce a significant immune response (Kumar, Taghi Khani, Sanchez Ortiz, & Swaminathan, 2022).
In addition, another immunomodulatory gene that has been inserted is IFN-α, which promotes antitumor, antiangiogenic, and immunomodulatory effects. A conditionally replicating adenovirus (CRAd) expressing this IFN-α under the COX-2 promoter was fabricated for esophageal adenocarcinoma. The virus replicates efficiently in tumor tissue but not in healthy esophageal tissue, suggesting potential clinical development (LaRocca et al., 2021).
Another strategy is to replace promoters that are activated in cancer cells, preventing infection of normal cells (Muthukutty & Yoo, 2023). In adenoviruses, the endogenous promoter that regulates transcription of the E1A gene, which is essential for viral replication, has been replaced with a tumor promoter. This modification has been implemented in an E1B55-kDa-defective vector with a tumor-specific promoter, which cannot replicate in normal cells. This arrangement ensures that viral replication is activated only in tumors, increasing oncolytic efficacy (Chira et al., 2015).
As a complement, changes in tropism have been made by altering surface proteins to redirect the response toward specific receptors (Enow, Sheikh, & Rahman, 2023; Muthukutty & Yoo, 2023). In one study, a genetically modified oncolytic adenovirus vector with dual capsid modifications was developed, demonstrating promising results as a therapeutic option for glioblastoma (Wang et al., 2020).
The insertion of transferrin-binding domains in these same viruses facilitates their accumulation in tumor tissues, while reducing systemic immunogenicity and promoting more efficient infiltration of CD8+ lymphocytes (Lee et al., 2025). These domains are sequences that bind to the transferrin receptor (TfR1), a type II transmembrane glycoprotein that binds to transferrin and plays a crucial role in cellular iron uptake through the transferrin-iron interaction, a fundamental component in DNA synthesis and, therefore, cell proliferation. TfR1 is generally overexpressed in tumors, which is associated with a poor prognosis (Candelaria, Leoh, Penichet, & Daniels-Wells, 2021).
DNX-2401 (Ad5-Delta-24-RGD) is an oncolytic vector based on adenovirus 5 (Ad5) with enhanced replication capacity, infectivity, and tumor selectivity (Stepanenko & Chekhonin, 2018). An effective strategy for enhancing viral entry is the insertion of the arginine-glycine-aspartate (RGD) peptide into the virus fiber knob receptor, due to its strong affinity for integrins, which are overexpressed on cancer cells (Ene, Fueyo, & Lang, 2021).
Other approaches involving genome modifications through genetic engineering in HSV-1 include reducing infectivity and toxicity to healthy cells by limiting replication and assembly, altering viral protein-receptor binding, and minimizing immune evasion. Likewise, disruption of cancer cell metabolism can improve immune recognition, induce autophagy, and modify the tumor microenvironment (Gujar et al., 2024). Evidence of these mechanisms is T-VEC, approved for melanoma therapy, as previously mentioned (Funk et al., 2024).
Recently, microRNAs (miRNAs) have been incorporated as regulatory tools to augment selectivity and efficacy. These are short non-coding molecules that regulate gene expression at the post-translational level. Their expression profiles vary across diverse tissues and change with the progress of pathologies, such as cancer. By inserting miRNA target sites into viral genomes, miRNAs bind to them and inhibit messenger RNA (mRNA) translation, restricting viral replication in healthy tissues (Toropko, Chuvpilo, & Karabelsky, 2024).
Finally, technologies allow the flexible design of viruses for different cancers. The Theravision platform is a broadly applicable engineering technology for immunotherapy employing combinatorial oncolytic viruses derived from HSV-1. Through genetic engineering, an attenuated virus is generated that expresses two transgenes encoding immunomodulatory and redirecting single-chain variable fragments (scFvs) (Funk et al., 2024). These are functional antigen-binding domains of approximately 30 kDa, formed by the variable regions of the light and heavy chains linked by a flexible linker (Ferrantelli, Chiozzini, Leone, Manfredi, & Federico, 2020).
The development showed a favorable safety profile, infecting cells expressing the epidermal growth factor receptor (EGFR) (Funk et al., 2024), which is highly expressed in breast, head and neck, non-small cell lung, and prostate cancer (Ciardiello & Tortora, 2003). Simultaneously, the virus produced a functional immune checkpoint inhibitor targeting programmed cell death protein 1 (PD-1) (Funk et al., 2024), which maintains peripheral immune tolerance and is expressed on activated T cells. However, it has also been detected in tumor cells. In tumor cells such as melanoma, acute myeloid leukemia, thyroid cancer, and brain tumor-initiating cells, it promotes proliferation, survival, and cell self-renewal by activating pathways such as MAPK/ERK or NF-κB (Wei, Liu, & Zhang, 2025). Blocking this receptor is an effective strategy for enhancing the antitumor immune response (Malfitano, Di Somma, Iannuzzi, Pentimalli, & Portella, 2020).

7. USE OF ONCOLYTIC VIRUSES ALONE OR IN COMBINATION WITH OTHER THERAPEUTIC APPROACHES

Oncolytic virus therapy has proven more effective in treating cancer when combined with other therapeutic strategies, including chemotherapy and immunotherapy, than when used alone, due to the multiple evasion mechanisms associated with cancer (Malfitano et al., 2020). This scenario makes it difficult to identify a single agent capable of achieving a concrete response with the fewest adverse effects (Yan et al., 2024).
Although it is a tool that promotes the immune response, the contribution of each component to the therapeutic outcomes remains unknown. Similarly, treatment success will depend on the type and stage of cancer, as well as the mutations present (Fretwell & Houldsworth, 2025; Yan et al., 2024). Some tumors exhibit a high mutation rate, such as lung, bladder, colon, gastric, and endometrial ones, as well as most melanomas. Others exhibit a lower mutational burden, including leukemia, lymphoma, neuroblastoma, and sarcoma (Colli et al., 2016). In many cases, there is a correlation between a person's age and the mutation burden, since pediatric malignancies (individuals under 18 years of age) tend to have a lower mutational burden (median of 1.7 mutations/Mb) than adults (median of 3.6 mutations/Mb) (Chalmers et al., 2017). These factors should be considered when choosing the therapy combination and the best virus for each case. Regarding oncolytic viruses as monotherapy, Table 4 shows some of the trials conducted.
Table 4. Clinical trials using oncolytic viruses as monotherapy against cancer.
	Vesicular stomatitis virus expressing human interferon beta (IFN-β) and tyrosinase related protein 1 in metastatic uveal melanoma (Smith et al., 2023).

	Characteristics of the clinical trial
	Phase I.


	Objective
	To determine the safety profile of vesicular stomatitis virus vector modified to express IFN-β and Tyrosinase Related Protein 1 (TYRP1) (VSV-IFN-β-TYRP1) administered by intravenous and intratumoral routes.

	Sample and groups
	12 patients with metastatic uveal melanoma previously treated, distributed across four dose levels (DL1-DL4) according to a 3+3 design.

	Treatment administered
	The virus was injected into the liver metastasis area, and on the same day, it was administered via a single intravenous infusion.

	Main results
	Administration via both routes was safe in individuals with less than 25 % tumor burden in the liver. Four patients maintained a stable cancer status, while eight experienced progressions. However, no objective responses to therapy were observed.

	Oncolytic H-1 parvovirus in glioblastoma (Geletneky et al., 2017)

	Characteristics of the clinical trial
	Open, non-controlled, three-group, intra-group dose escalation, single-center phase I/IIa study.

	Objective
	To establish safety and tolerability, virus pharmacokinetics, shedding, and a maximum tolerated dose.

	Sample and groups
	18 patients with prior glioblastoma resection and subsequent radiotherapy were divided into three groups (G1, G2, and G3) and could receive different doses (L1, L2, L3, or L4).

	Treatment administered
	The individuals were assigned to two treatment arms that differed in the mode of the first virus application. In arm 1 (G1 and G3), the first dose of the virus was injected intratumorally. In arm 2 (G2), the persons initially received five intravenous virus infusions on days 1 to 5. On day 10, all patients of both arms underwent tumor resection, and the virus was re-injected around the resection cavity.

	Main results
	The treatment was safe and well-tolerated, and no maximum tolerated dose was reached. No dose-dependent side effects or dose-limiting toxicity were defined. The median overall survival was 464 days. Nine of the 12 patients analyzed developed a CD8+ lymphocyte response against viral epitopes. The virus penetrated the tumor mass, and after administration, a significant infiltration of immune cells occurred, which was not observed in the negative control.
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Regarding combination therapies, details are provided on trials conducted in conjunction with radiotherapy (Table 5), chemotherapy (Table 6), and immunotherapy (Table 7).
Table 5. Clinical trials using oncolytic viruses in conjunction with radiotherapy for cancer treatment.
	Intensity modulated radiation therapy with oncolytic adenovirus in prostate cancer (Freytag et al., 2014)

	Characteristics of the clinical trial
	Seamless, adaptive, multisite, prospective, randomized, controlled phase II/III trial.

	Objective
	To assess the safety and efficacy of combining oncolytic adenovirus-mediated cytotoxic gene therapy with intensity modulated radiation therapy in intermediate-risk prostate cancer.

	Sample and groups
	The research included 44 patients with intermediate-risk prostate cancer, who were divided into 21 patients who received oncolytic virus plus radiotherapy (group 1) and 23 patients who received only radiation therapy (group 2).

	Treatment administered
	Men in group 1 received a single intraprostatic injection of 1 × 1012 viral particles of the adenovirus Ad5-yCD/mutTKSR39rep-ADP on day 1. After 2 days, they received 5-fluorocytosine (dose: 150 mg/kg/day, four times per day) and valganciclovir (dose: 1800 mg/kg/day, twice per day) for 2 weeks, followed by radiotherapy at 80 Gy in 40 fractions. Men in group 2 received only the radiation dose.

	Main results
	33 % of men in group 1 had a positive biopsy, compared to 58 % in group 2, representing a relative reduction of 42 %. No patient developed hormone-refractory or metastatic disease, and none died from prostate cancer. Individuals in the first group showed a greater incidence of influenza-like symptoms, transaminitis, neutropenia, and thrombocytopenia.

	Radiotherapy combined with recombinant adenoviral human p53 in oral cancer (Liu et al., 2013)

	Characteristics of the clinical trial
	Randomized, controlled and unmasked phase II study.

	Objective
	To determine the clinical benefits of recombinant adenoviral human p53 (rAd-p53) gene therapy combined with radiotherapy in the prevention of oral cancer recurrence after a radical resection.

	Sample and groups
	107 individuals participated, of whom 51 had tongue cancer, and 56 had gingival carcinoma. The experimental group consisted of 57 patients, 27 with tongue cancer and 30 with gingival carcinoma, while the control group consisted of 50 people, with a distribution of 24 and 26, respectively, for each pathology.

	Treatment administered
	The experimental group received an injection of rAd-p53 (1×1012 viral particles) after radical tumor resection and radiotherapy three weeks after surgery, while the other group received only radiotherapy. Radiotherapy was administered five times a week for six weeks, for a total dose of 60 Gy.

	Main results
	The overall recurrence rate in the oncolytic virus-treated group was 7 %, while in the other group it was 32 %, a statistically significant difference. Similarly, the three-year overall survival rates were 100 % and 94 %, and the three-year disease-free survival rates were 93 % and 68 %, respectively. 
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Table 6. Clinical trials conducted using oncolytic viruses in combination with chemotherapy for the treatment of cancer.
	Intratumor injection of H101 in combination with chemotherapy in patients with advanced cancers (Lu et al., 2004)

	Characteristics of the clinical trial
	Pilot phase II clinical trial.

	Objective
	To evaluate the anti-tumor activity and toxicity of H101 in combination with chemotherapy in patients with late-stage cancers.

	Sample and groups
	50 patients participated, of whom 18 had head and neck cancer, 8 had esophageal cancer, 5 had gastric cancer, 5 had lung cancer, 3 had colorectal cancer, 3 had breast cancer, 3 had soft tissue sarcoma, 2 had malignant melanoma, 1 had ovarian cancer, 1 had lymphoma, and 1 had chordoma.
The individuals had more than two measurable lesions (at least one of which could be injected with H101), who had recurrent disease after surgery and/or radiotherapy for the primary tumor, or whose pathology had progressed at or within eight weeks after completion of chemotherapy and/or radiotherapy.

	Treatment administered
	The most symptomatic and/or largest tumor mass was injected with 5 × 1011 viral particles of H101, and the person was treated simultaneously with routine systemic chemotherapy. The tumor was mapped into five equally spaced sections, and the injection was administered into one section per day for five consecutive days. These injections were repeated every three weeks as one treatment cycle. Uninjected tumors were established as controls.

	Main results
	46 patients were evaluated, with a response rate of 30.4 %. The injection induced 3 complete responses and 11 partial responses (an overall response rate of 28.0%). The response rate in the control group was 13.0 %, with 1 complete response and 5 partial responses, a statistically significant difference. Regarding safety, the main side effects were fever and injection-site pain. Grade 4 hepatic dysfunction was observed in one patient, and grade 4 hematologic toxicity in four individuals.

	Carboplatin and paclitaxel in combination with intravenous oncolytic reovirus in advanced malignancies (Karapanagiotou et al., 2012)

	Characteristics of the clinical trial
	Phase I/II, open-label trial.

	Objectives
	Phase I aimed to establish the safety profile and the maximum tolerated dose, and to determine the dose for phase II of Reovirus type 3 Dearing (RT3D) in combination with carboplatin/paclitaxel.
Phase II consisted of measuring tumor response and duration employing the Response Evaluation Criteria in Solid Tumors (RECIST) or describing any evidence of antitumor activity.

	Sample and groups
	A total of 31 individuals with histologically proven, incurable relapsed/metastatic solid tumors for whom combined carboplatin/paclitaxel was appropriate, palliative chemotherapy were eligible for the phase I study. Phase II was restricted to patients with incurable or relapsed/metastatic head and neck cancer.

	Treatment administered
	Placitaxel 175 mg/m2 (day 1) and carboplatin (area under the curve 5 or AUC 5, day 1) were administered in a three-week cycle. RT3D was scaled across three dose levels: 3 x 109, 1010, and 3 x 1010 tissue culture infectious dose (TCID50).

	Main results
	There were no dose-limiting toxicities during dose escalation, and most toxicities were grade I/II. One patient had a complete response, six patients had a partial response, two patients had major clinical responses in radiation-pretreated lesions that are not evaluable by RECIST, nine patients had stable disease, and eight patients had disease progression. Viral shedding was minimal, and antiviral immune responses were attenuated compared with previous single-agent data for RT3D.
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Table 7. Clinical trials conducted using oncolytic viruses in combination with immunotherapy for the treatment of cancer.
	Oncolytic DNX-2401 virotherapy in combination with pembrolizumab in recurrent glioblastoma (Nassiri et al., 2023)

	Characteristics of the clinical trial
	Two-part, phase I/II, multicenter, open-label clinical trial.

	Objective
	To evaluate the safety and objective response rate of the combination of the oncolytic virus DNX-2401 with pembrolizumab against recurrent glioblastoma.

	Sample and groups
	49 participants were enrolled. There was a 3 x 3 dose-escalation phase (3 groups, 10 patients) and a dose-expansion phase (39 patients).

	Treatment administered
	To define the safety of combining DNX-2401 with pembrolizumab, an initial dose-escalation phase was done to establish a safe dose. All patients received a single dose (5 x 108, 5 x 109, or 5 x 1010 viral particles of DNX-2401) by stereotactic injection at the time of standard tumor biopsy, followed by 200 mg of pembrolizumab infused intravenously over 30 minutes every three weeks, starting seven days after DNX-2401. Treatment with pembrolizumab continued for up to two years, or until one of the following events occurred: disease progression, unacceptable toxic effects, or withdrawal of consent.

	Main results
	There were no dose-limiting toxicities, and full-dose combined treatment was well tolerated. The objective response rate was 10.4 %, which was not statistically greater than the prespecified control rate (5 %). The 12-month overall survival was 52.7 %, which was statistically greater than the control rate (20 %). Median overall survival was 12.5 months, and objective responses were associated with longer survival; 56.2% of patients had a clinical benefit, defined as stable disease or better. Three patients completed treatment with durable responses and remained alive at 45, 48, and 60 months.

	T-VEC combined with pembrolizumab in advanced melanoma (Chesney et al., 2023)

	Characteristics of the clinical trial
	Randomized, double-blind, placebo-controlled, multicenter, international phase III trial.

	Objective
	To evaluate the efficacy and safety of T-VEC combined with pembrolizumab versus placebo plus pembrolizumab in patients with unresectable/metastatic melanoma.

	Sample and groups
	692 patients with stage IIIB-IVM1c unresectable melanoma who had not received anti-programmed cell death protein-1 participated. Individuals were randomly assigned 1:1 to receive the combination of T-VEC plus pembrolizumab or placebo plus pembrolizumab.

	Treatment administered
	T-VEC was administered at 4 x 106 plaque-forming unit or PFU (a measure of the quantity of individual infectious particles based on the number of plaques formed per unit volume) (BiologyOnline, 2021) followed by 4 x108 PFU three weeks later and eleven every two weeks until dose 5 and once every three weeks thereafter. Pembrolizumab was administered intravenously at 200 mg once every three weeks.

	Main results
	T-VEC-pembrolizumab did not significantly improve progression-free survival or overall survival compared with placebo. The objective response rate was 48.6 % and 41.3 %, and the durable response rate was 42.2 % and 34.1 %, respectively. Grade more than or equal to 3 treatment-related secondary events occurred in 20.7 % of persons in the oncolytic virus group and in 19.5 % of patients in the placebo group.



8. CONCLUSIONS

Oncolytic viruses represent an innovative and promising therapeutic alternative in cancer, especially in cases of resistance to conventional therapies such as chemotherapy, radiotherapy, or immunotherapy. Their ability to selectively destroy tumor cells and activate a specific immune response positions them as multifunctional agents with high clinical potential.
Evidence from several clinical trials demonstrates their efficacy as monotherapy and in combination with other therapies, with improvements in tumor response, reduced systemic adverse effects, and prolonged survival. Genetic engineering has enabled greater specificity, safety, and immunogenicity, paving the way for more personalized treatments.
Nonetheless, limitations persist, such as rapid viral clearance by the immune system and difficulty penetrating solid tumor tissues. Therefore, it is recommended to continue promoting preclinical and clinical research to develop technologies that optimize their administration, ensuring safe and effective utilization in patients.
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