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Abstract

Oncolytic viruses (OVs) possess the distinctive capability to selectively eliminate
malignant cells while exerting reduced impact on healthy tissues compared to traditional
therapies. This unique attribute renders them valuable candidates for the development of
anti-cancer therapeutics. The recognition of OVs dates to historical observations of tumor
regression associated with systemic viral infections. Current advancements in technology
enable us to harness this knowledge for therapeutic purposes. However, owing to their
inherent pathogenic nature, OVs require genetic modifications to attenuate their
virulence, heighten their specificity, and enhance their immunogenic properties. Within
the scope of this review, we explore a range of strategies aimed at augmenting the
therapeutic potential of OVs. Furthermore, we underscore the synergistic advantages
achieved by combining OVs with other cancer treatment modalities. A detailed elucidation
of the oncolytic mechanism executed by OVs is provided, and brief mentions are made
regarding the positive outcomes observed in clinical trials involving selected OVs. Recent
progress in oncolytic viral immunotherapy, exemplified by the utilization of non-infectious
Plant virus-based Nanoparticles (PVNPs) in mammals and the application of the Zika
virus in glioblastoma treatment, heralds a promising era for innovative therapeutic

approaches in the battle against cancer.
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1 Historical Perspective
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Milestones of oncolytic virus therapy development[1-8]. The figure was created using BioRender

(https://www.biorender.com/)

The concept of OVs is not novel but has existed for over a century. Historical records
from the nineteenth century document rare instances where cancer patients experienced
clinical remissions following natural infections, a phenomenon once known as the "Saint
Peregrine tumor.” Saint Peregrine is considered the patron saint of cancer patients after
experiencing a miraculous remission from a leg tumor following an infection, just before a
scheduled amputation. This occurred even before the scientific discovery of viruses. The
first documented case of viral-induced cancer remission was reported in 1904, in which a
42-year-old woman with myelogenous leukaemia experienced temporary improvement
after a presumed influenza infection[1]. In 1922, Levaditi and Nicolau, while developing a
smallpox vaccine using vaccinia virus, observed that these viruses demonstrated selective
affinity for cancerous tissues. They noted that viruses replicated more vigorously in
malignant tissues than in healthy ones, describing tumors as "sponges attracting viral
replication”[2]. The first clinical trial was conducted in 1949, when 22 patients suffering
from Hodgkin's disease were treated with sera and tissue samples from hepatitis patients,

thus establishing the oncolytic potential of viruses[3]. However, these early treatments



only induced temporary remissions rather than complete recoveries. The field
subsequently experienced a setback during the 1960s-1970s due to concerns about
uncontrolled infections and insufficient specificity in viral cancer treatments[9,10]. The
renaissance began in 1991 with the advent of recombinant DNA technology and genetic
engineering, enabling the development of safer and more specific OVs[11]. A significant
milestone occurred in 2004 when RIGVIR, a genetically unmodified ECHO-7 strain
enterovirus, became the first oncolytic virus approved by Latvia's State Agency of
Medicines for treating skin melanoma[5]. The world's first commercialized OV product,
Oncorine (H101), a genetically modified adenovirus developed by Shanghai Sunway
Biotech Co., Ltd. since 1999, received approval from the Chinese SFDA in November
2005 for treating nasopharyngeal carcinoma in combination with chemotherapy[6]. In
2015, talimogene laherparepvec (T-VEC), an oncolytic herpes virus, made an impact as
the first oncolytic virus approved by both the FDA and European Union for treating
advanced inoperable melanoma[7]. Since these breakthroughs, substantial research
continues to flourish in this field, focusing on developing novel OVs, enhancing their
specificity, and exploring innovative combinatorial therapeutic approaches that may

revolutionize cancer treatment in the coming decades.

2 Introduction

The concept of OVs is not novel but has existed for over a century. Cancer is
characterized by the uncontrolled proliferation of abnormal cells. In 2020, it accounted for
approximately 10 million deaths worldwide, establishing it as one of the most formidable
life-threatening conditions globally. While a multitude of cancer treatment approaches are
available, there is a pressing need for more precise strategies that minimize harm to
healthy cells. Oncolytic virotherapy has emerged as a promising option for cancer
treatment due to its inherent ability to specifically target tumor cells. Genetically
engineered OVs were developed to reduce the risk of off-target or uncontrolled viral
replication, thereby enhancing their safety profile. These viruses were initially modified to
augment tumor specificity and tropism, and later, transgenes were introduced to activate
immune responses against tumors or aid in tumor identification[12]. Oncolytic virotherapy
holds significant promise due to its capacity for precise destruction of cancer cells,
selective replication within tumors, stimulation of the immune system, and systemic

therapeutic effects[13]. (Table 1) lists various viruses of animal origin used in oncolytic



virotherapies. Oncolytic virotherapy can be synergistically combined with other treatment
modalities such as chemotherapy, surgery, radiation, hormonal therapy, and immune
checkpoint inhibitors to enhance its effectiveness. Clinically successful oncolytic viruses,
including H101, T-VEC, G47A, OH2, T3011, and Pelareorep, have demonstrated
substantial anti-tumor activity across various cancer types, with minimal adverse
events[14].

This review offers an in-depth examination of various OVs, detailing their types and
mechanisms (Fig. 2). It explores the different modification strategies used to boost the

oncolytic potential of these viruses and discusses the challenges that must be addressed.
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Table 1 Various animal viruses used in oncolytic virotherapy

Oncolytic Virus Type of Virus Mechanism of action Against cancer type Phase of development Clinical Trial ID Reference
. ) . Listed drugs (FDA
) . Stimulates granulocyte-macrophage colony-stimulating factor
. Genetically engineered herpes ) . . > approved)
T-VEC simplex virus type 1 (HSV-1) (GM-CSF) and enhances local and systemic antitumor immune Melanoma NCTO01740297 [15]
responses
. . ) . ~ ) oesophageal carcinoma, ’
H101 recombinant human adenovirus activated host immune system and enhanced cell-medicated nasopharyngeal carcinoma, lung Listed drugs (FDA NCT06031636 [16]
type 5 immune responses ; : ) approved)
carcinoma, and liver carcinoma
. . G47A facilitates the priming of the immune system with cancer malignant glioma, prostate cancer, )
G47A recom'blnant ODCOIWC herpes neoantigens, serving as a platform to revert immunologically malignant pleural mesothelioma, Listed drugs (FDA UMIN000002661 [17]
simplex virus type 1 . b L a n approved)
cold” tumors into “hot” tumors. recurrent olfactory neuroblastoma
CVA21 Coxsackievirus A21 Attaches to ICAM-1 and DAF on cancer cells, enters, Melanoma Phase I-1l clinical trial NCT02316171 [14]
replicates, lyses, and spreads, activating immune response.
IX-594, genetically modified vaccinia virus s(_:‘Iecn\::eell)ll Id?sisstrgzz zgnmcj;gg:Lsotfh;ﬂz?uhrr:gfallllcii?;t:ite pendent Colorectal, refractory renal cell
Y Y- » refractory Phase II-1ll clinical trial NCT01171651 (18]
carcinoma
Pelareorep Reovirus Type 3 Dearing strain targets RAS—acth{ited cancer cells, gvades_lmmune response, Breast cancer, coIorectaI_. Head and Phase I-Il clinical trial NCT04445844 [19]
triggers anti-cancer immunity. neck cancer, Pancreatic cancer
KH901 Conditionally repllqatlng oncolytic lyses telomerase-positive tum(_)r cells_ and expresses head and neck cancer Phase I-11 clinical trial NCT06264453 120]
adenovirus granulocyte macrophage colony-stimulating factor (GM-CSF)
T3011 recombinant HSV-1 oncolytic virus T3011 virus :’:;h (I)Ir‘]'slez ﬁ]r;l?b?trsmtu?c;rl err;r\;‘;atﬂces immune melanoma Phase I-1l clinical trial
ponse, 9 NCT05602792 [21]
retroviral replicating vector (RRV)
Toca 511 based on an amphotrc_:plc mouse triggers immune response glioma, breast cancer Phase I clinical trial NCT02598011
gamma-retrovirus [22]
) . . Selectively amplify in tumor cells and express granulocyte-
OH2 geﬁ::'?;'é?%gfgﬁg?nc:gmc macrophage colony-stimulating factor to enhance antitumor Phase Il clinical trial NCT05235074
p P yp immune responses Glioblastoma [23]




3 Overview of Oncolytic viruses and mechanisms of certain viruses to target
oncogenic cells

Viral oncolysis refers to the destruction of tumor cells via selective viral infection,
replication, cell lysis, and the subsequent spread of new viral particles within the tumor.
Unlike viral gene therapy, where genes are the therapeutic agents, in this approach, the
virus itself serves as the treatment. The anti-cancer properties of viruses have been
studied for nearly a century, beginning with early research on HSV-1[11]. OVs are a
promising class of anti-cancer agents with a unique ability to selectively infect and destroy
cancer cells while largely sparing normal tissues. These viruses can be broadly classified
into natural OVs, which have an inherent ability to target and kill cancer cells, and
engineered OVs, which are genetically modified to enhance safety, selectivity, and
efficacy[24]. This selectivity arises from similarities between the cellular environments of
viral infection and malignancy. Cancer cells often exhibit altered signaling pathways,
weakened antiviral responses, and disrupted apoptotic mechanisms, making them more
vulnerable to viral infection and replication. Some naturally occurring tumor-killing viruses

include the reovirus, Newcastle disease virus, and Coxsackievirus A21.

4 Mechanisms of Selectivity in Oncolytic Viruses

Cancer cells actively rewire transcriptional and signaling networks to promote
survival, immune evasion, and metastasis. Viruses exploit similar pathways for replication,
creating a natural susceptibility in cancer cells due to overlaps between carcinogenic
processes and viral infection. Tumor cells serve as ideal targets for OVs due to their rapid
proliferation and elevated metabolic activity compared to normal cells. OVs leverage three
primary mechanisms to target cancer cells: interaction with oncogenic receptors, immune

evasion, and selective targeting of oncogenic pathways (Fig. 3).
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How Natural Oncolytic Viruses Strategically Target Cancer Cells? Naturally occurring oncolytic
viruses selectively target cancer cells by exploiting specific mechanisms:1. Oncogenic Receptors:
Overexpressed receptors like ICAMs and integrins facilitate viral entry into cancer cells. 2. Oncogenic
Pathways: Deregulated pathways such as Bcl-xL and Ras-EGFR are utilized to support viral
replication. 3. Immune Evasion Mechanisms: Viruses bypass host immunity by interfering with
molecules like IFN-a and targeting CD46, often upregulated in cancer cells. The figure was created

using BioRender (https://www.biorender.com/)

4.1 Interaction With Oncogenic Receptors

Viral infection of cancer cells begins with the virus’s ability to recognize and enter
suitable cellular targets, primarily via cell surface receptors. Many OVs are selected for
their ability to recognize and bind specific cell surface receptors or molecules that are
frequently overexpressed on cancer cells compared to normal cells. These receptors act
as entry points for the virus, which binds selectively to receptors such as CAR, laminin,
CD155, and CD46, commonly overexpressed on cancer cells. This increased
expression allows Adeno - [25], Sindbis [26], Polio[27], and the Measles virus[28] to

enter and infect cancer cells more efficiently. For example, the measles virus



(Edmonston strain) targets CD46, a receptor overexpressed by malignant cells to evade
the complement system, facilitating selective tumor cell destruction. Similarly, the
elevated levels of ICAM-1 (Intercellular Adhesion Molecule — 1) and decay-
accelerating factor (DAF/CD55) in cancers like breast cancer, multiple myeloma, and
melanoma allow coxsackievirus (e.g., coxsackievirus A21) to induce oncolysis within
these malignancies. The Vaccinia virus, part of the poxvirus family, has emerged as a
promising OV for targeting cancer cells. This potential arises from its ability to selectively
infect cells that overexpress the Epidermal Growth Factor Receptor (EGFR), a receptor
commonly found in high amounts on tumor cells. By attaching to EGFR, the Vaccinia
virus enhances its entry, replication, and spread within malignant cells through the
EGFR-RAS signaling pathway. This receptor-targeted entry mechanism supports viral
proliferation and facilitates immune evasion and oncolytic effects, contributing to its

effectiveness in cancer treatment.

4.2 Selective Targeting of Oncogenic Pathways: A brief insight into the
mechanism of Newcastle Disease virus

Cancer cells have been shown to circumvent apoptosis by increasing the expression
of anti-apoptotic molecules, particularly those belonging to the Bcl family. This
heightened expression of anti-apoptotic factors renders cancer cells optimal targets for
specific OVs. NDV is a unique OV that selectively targets cancer cells exhibiting high
levels of Bcl-xL expression. Bcl-xL, an anti-apoptotic protein from the Bcl-2 family, is
commonly upregulated in cancer cells. This allows them to evade programmed cell death
and survive under conditions that would typically trigger apoptosis in healthy cells. This
overexpression of Bcl-xL makes cancer cells more susceptible to NDV infection and
replication. NDV exploits this vulnerability by selectively infecting these cancer cells,
which not only provide a permissive environment for viral replication but also enable the
virus to proliferate within the tumor without being halted by the usual apoptotic defenses.
Once inside the cancer cell, NDV initiates its replication cycle, producing viral particles
that accumulate within the cell. NDV triggers the formation of syncytia, large
multinucleated cells formed by the fusion of NDV-infected cells with their neighbors.
Syncytia formation is particularly advantageous for NDV, as it facilitates viral spread
across multiple cancer cells without requiring extracellular release. This enables the virus

to evade immune detection and continue replicating within the tumor microenvironment



(TME). This cell fusion and syncytia formation are critical for NDV's survival and
propagation, as the infected syncytial cells serve as hubs of viral production, continually
spreading the virus throughout the tumor. The destruction of cancer cells through
syncytial lysis, along with the release of tumor antigens, alerts the immune system and
triggers an inflammatory response that enhances tumor recognition and targeting.
Through this mechanism, NDV not only induces direct oncolysis in Bcl-xL-
overexpressing cancer cells but also leverages the high Bcl-xL expression of these cells
to sustain its own replication[29].

4.3 Circumventing Immune Responses: Reovirus Exploits Ras Signaling for
Oncolysis

The Ras signaling pathway is frequently altered in cancer cells, impacting the
regulation of cell death and proliferation. Reovirus and vaccinia virus are classified as
natural OVs due to their selective targeting of cancer cells with active Ras signaling.
Reovirus preferentially replicates in Ras-transformed cells. The pathway begins with the
virus attaching to host cells via junctional adhesion molecule-A (JAM-A) and sialic acid
residues, enabling internalization through receptor-mediated endocytosis. Once inside,
acidification and proteolytic processing by endosomal cathepsins transform the intact
virion into an infectious subviral particle (ISVP), which penetrates the endosomal
membrane to release the viral core into the cytoplasm. This core acts as a protected
factory for transcription, producing capped positive-sense mRNAs that exit into the
cytosol for translation of viral proteins. In healthy cells, the detection of viral double-
stranded RNA (dsRNA) PKR leads to phosphorylation of elF2a, shutting down global
protein synthesis, while RIG-I and MDA5 pathways drive robust type | interferon
responses. These mechanisms collectively restrict viral replication[30]. However, in Ras-
activated cancer cells, where Ras effector pathways such as Raf/MEK/ERK are
chronically active, PKR activation is impaired, preventing elF2a phosphorylation and
allowing unhindered translation of viral mMRNAs. Simultaneously, reduced IFN (interferon)
signaling further enhances permissiveness. This selective vulnerability is the cornerstone
of reovirus oncolytic therapy. Inside tumor cells, newly synthesized structural proteins
and genomes assemble in inclusion bodies where progeny virions are packaged. These
mature reovirus particles accumulate until they ultimately trigger cell lysis, releasing

thousands of infectious units that propagate to neighboring cancer cells, amplifying



oncolysis within the tumor[31]. Moreover, the lysis of infected cells releases tumor
neoantigens that can prompt an immune response, further targeting and attacking the
tumor[32]. Beyond direct cytolysis, reovirus infection provokes local immunogenic cell
death, enhancing tumor antigen release and promoting dendritic cell activation. This
fosters a systemic anti-tumor immune response, broadening the therapeutic impact

beyond the initial sites of viral replication.

4.4 Mechanism of Oncolysis by Coxsackievirus A21: Targeting ICAM-1 and DAF-
Expressing Tumors

Two important cell surface molecules, ICAM-1 and DAF, are commonly
overexpressed in a variety of cancers, such as glioblastoma, colorectal cancer, triple-
negative breast cancer, and melanomal33,34]. Through mechanisms of immune
evasion, metastasis facilitation, and resistance to complement-mediated cell lysis, these
molecules play crucial roles in promoting the progression of tumors. As a ligand for the
integrin LFA-1 (lymphocyte function-associated antigen-1), ICAM-1, a member of the
immunoglobulin superfamily, allows tumor cells, especially melanocytes, to interact with
circulating lymphocytes. In addition to enabling immune evasion, this interaction may
facilitate melanoma cell migration across endothelium and metastasis. However, DAF is
a complement regulatory protein that prevents C3/C5 convertases from forming,
protecting tumor cells from complement-mediated cell destruction. CVA21, a naturally
occurring enterovirus most commonly associated with the common cold, finds an ideal
receptor complex on the surface of cancer cells when both ICAM-1 and DAF are
overexpressed. Target cells are infected by this virus using a two-step receptor-mediated
mechanism. By acting as a membrane attachment or sequestration receptor, DAF
efficiently concentrates CVA21 on the surface of tumor cells. The virus is brought close
to the cell by this binding, but internalization is not made possible by it alone. Rather,
ICAM-1 serves as the main entry receptor. The conformational changes in the CVA21
capsid that enable viral uncoating and endocytosis into the host cell depend on its
expression[35]. Rapid viral replication, effective internalization, and highly specific viral
attachment are all made possible by the coordinated action of DAF and ICAM-1, which
leads to tumor cell lysis. Since most healthy tissues do not co-express high levels of both
receptors, while many malignant cells do, this dual-receptor mechanism is especially

useful for targeting tumors. The clinical significance of this mechanism has instigated an



increasing interest in CVA21 as an oncolytic virotherapy molecule. In preclinical models,
the potent cytolytic activity of CVA21 against numerous tumor cells that express ICAM-1
and DAF, and the capability to induce immunogenic cell death that can initiate systemic
anti-tumor immune responses, have been shown. These encouraging results have

progressed CVA21 into several Phase | and Il clinical trials[36].

5 Genetically Modified Oncolytic Viruses

Genetically modified OVs are essential to improve the safety, specificity, and efficacy
of virotherapy. Natural viruses may infect both healthy and cancerous cells, leading to
non-specific targeting and potential off-target effects, which can be particularly
detrimental in immunocompromised patients. Genetic modifications enhance tumor
specificity, allowing OVs to selectively infect and replicate within cancer cells while
minimizing damage to normal tissues. Additionally, engineered OVs can express
therapeutic genes, boost anti-tumor immunity, and reduce the risk of viral shedding or
recombination with wild-type viruses, making them more effective and safer for clinical
applications.

Optimizing the spread and delivery of OVs is pivotal for therapeutic efficacy.
Numerous host barriers present significant challenges in achieving optimal outcomes
with OVs in patients. OVs administered via intra-tumoral (1.T.), intravenous (I.V.), or
intramuscular (1.M.) routes often face reduced effectiveness, especially in I.V. delivery,
due to neutralizing antibodies and complement proteins in the bloodstream.
Consequently, it becomes imperative to formulate strategies that circumvent the
neutralization of OVs by antibodies and complement proteins within the circulatory
system. Classical strategies for shielding oncolytic vectors from neutralization include the
exchange of envelope proteins within a virus species or among related virus families, the
incorporation of multiple epitope replacements, the development of cell carriers, and
chemical modifications[37]. Several classical strategies have been devised for immune
detection while preserving tumor-specific targeting. One prominent approach is envelope
exchange or pseudo-typing, which involves replacing the viral envelope glycoproteins
with those derived from unrelated, non-cross-reactive viruses to evade recognition by
existing antibodies. For example, measles virus (MV) glycoproteins have been
substituted with glycoproteins from Tupaia paramyxovirus (TPMV) or canine distemper
virus (CDV), yielding chimeric viruses that resist neutralization by anti-MV antibodies yet



retain their ability to infect target cells. Although this strategy effectively avoids pre-
existing immunity, it can sometimes disrupt critical viral functions like membrane fusion
or proper particle assembly due to incompatibility between viral components[38].

PEGylation refers to the covalent attachment of polyethylene glycol (PEG)
chains to the surface of OVs. This advanced form of surface engineering addresses
major challenges associated with systemic OV delivery by improving circulation time and
reducing immune-mediated clearance. The addition of PEG creates a hydrophilic and
steric shield around the viral capsid or envelope, effectively masking immunogenic
epitopes and minimizing recognition by the host immune system. This protective coating
prevents complement activation and neutralizing antibody binding, thereby prolonging
viral persistence in circulation and increasing the probability of tumor localization[39]. A
study by Tesfay et al. demonstrated that in passively immunized mice, PEGylated
vesicular stomatitis virus exhibited significantly prolonged circulation times compared to
its unmodified form, confirming PEG’s ability to protect viral particles from rapid
neutralization by circulating antibodies. Importantly, PEGylation conferred partial immune
shielding without entirely compromising viral infectivity. Beyond improving
pharmacokinetics, PEGylation also enhances safety by reducing off-target toxicity. Virus-
induced hepatotoxicity, evaluated through serum levels of alkaline phosphatase (ALP)
and alanine aminotransferase (ALT), revealed that mice treated with unmodified VSV
displayed markedly elevated enzyme levels compared to those receiving PEGylated
VSV or phosphate-buffered saline (PBS) controls. These findings indicate that
PEGylation mitigates hepatic injury and systemic toxicity, likely by restricting viral
replication in non-tumor tissues[40].

Another unigue method employs cell carriers, making use of immune cells such as
monocytes and granulocytes to ferry the OV through the bloodstream. Cell carriers offer
an advanced and promising strategy in oncolytic virotherapy aimed at improving the
delivery, stability, and therapeutic efficacy of OVs. Among the most widely used carrier
cells are T lymphocytes and mesenchymal stem cells (MSCs), both valued for their
inherent tumor-homing properties and ability to efficiently load and transport viral
particles. Other cell types, such as neural stem cells and monocytes, have also
demonstrated potential in enhancing OV bioavailability and tumor specificity in preclinical
models[41,42]. These carriers can either internalize viral particles or bind them to their
surface, enabling stable circulation and controlled release within the TME. For instance,
studies with reovirus have demonstrated that when carried within blood cell



compartments, the virus can traverse the circulatory system intact, preferentially infect
tumor tissue, and spare normal organs, despite the presence of antiviral antibodies[43].
Current research is focused on genetically engineering carrier cells to optimize viral
payload capacity, targeting precision, and immune compatibility. Furthermore,
combinatorial strategies, including the integration of OV-loaded carriers with immune
checkpoint inhibitors or adoptive immune therapies (such as CAR-T or CAR-NK cells),
are being explored to achieve synergistic and durable antitumor responses, paving the
way for next-generation systemic oncolytic virotherapies[44].

In addition, genetic engineering strategies offer nuanced approaches to immune
evasion. Incorporating miRNA-responsive elements into viral genomes, such as in
modified adenoviruses, allows selective replication in tumor cells by exploiting the
absence or low levels of specific microRNAs in cancerous tissues, thereby reducing
exposure to systemic immune responses. Similarly, engineering viruses to include
specialized 5'-untranslated regions (5-UTRs), like those responsive to rFGF-2 that
require high levels of elF4E (commonly overexpressed in tumors), restricts viral
translation and replication to malignant cells[45]. Together, these approaches help to
defend OVs from neutralization, facilitate preferential destruction of cancer cells, and
maintain the effectiveness of oncolytic virotherapy even in individuals with strong antiviral
immunity.

Different types of viruses exhibit varying degrees of natural affinity and preferential
replication tendencies in distinct tumor cell types. Genetically engineered OVs are
specifically designed to enhance their selectivity for targeting tumors (Table 2). Two
primary modification strategies are employed to improve the precision of OVs in tumor
targeting. The first strategy involves augmenting the affinity and binding activity of
viruses towards the overexpressed receptors on the surface of tumors. The increasing
identification of tumor-specific receptors or antigens provides OVs with additional
promising avenues for enhancing targeting accuracy. Another effective approach to
refining tumor targeting involves enhancing the replication capacity of OVs. Some
viruses possess inherent mechanisms that promote replication, while molecular
engineering techniques enable the modification of viruses to enhance their replication
efficiency specifically within cancer cells. It has been postulated that the loss of tumor-
suppressor genes and dysregulation of signalling pathways within tumor cells can further
contribute to the selective replication of OVs within tumors. Another strategy involves

integrating so called “suicide genes” into the OVs. These genes sensitize tumor cells to



externally administered prodrugs or initiate cell death through alternative mechanisms.
Such genetic elements may encompass enzymes that heighten cytotoxicity or transform
otherwise inert prodrugs into potent cytotoxic agents exclusively within cells expressing
the self-destruction gene. OVs can be engineered to carry genes encoding major
cytokines such as IL-2, IL-10, TNF-a, and thymidine kinase, which are often suppressed
in cancer.

The immune system, however, plays a dual role in oncolytic virotherapy, acting both
as a facilitator of antitumor immunity and as a barrier that limits viral efficacy. On one
hand, OVs can enhance antitumor responses by inducing immune mediated cell death in
infected tumor cells, thereby releasing tumor-associated antigens (TAAs), pathogen-
associated molecular patterns (PAMPs), and danger signals (DAMPS). These molecules
recruit and activate APCs, such as dendritic cells, which prime CTLs and promote
systemic antitumor immunity. Lytic infection further attracts immune effector cells,
including NK cells and macrophages, to the TME, directly killing tumor cells. But on the
other hand, the immune system can hinder OV efficacy through rapid antiviral
responses. Neutralizing antibodies, complement proteins, and cytotoxic T cells can clear
viral particles or infected cells before sufficient tumor infection occurs. Pre-existing
immunity to the viral strain, due to prior vaccination or infection, further accelerates viral
clearance. In some cases, excessive antiviral activation may trigger harmful inflammation
or systemic toxicity, limiting safe dosing. Balancing these opposing effects is central to
optimizing the therapeutic potential of OVs and several relevant strategies to achieve this

will be discussed in detalil ahead.



Table 2 Genetic Modification Strategies in Oncolytic Virus Engineering

Modification Strategy

Purpose

Examples of Viruses

Mechanism

References

Deletion of virulence genes

Increases tumor
selectivity by disabling
replication in normal cells

HSV-1 (ICP34.5, ICP6),
Adenovirus (E1B-55K)

Targets tumors with defective
antiviral pathways (e.g., p53, PKR)

[46,47]

Insertion of therapeutic
transgenes

Enhances immune
response or therapeutic
effect

HSV-1 (GM-CSF in T-VEC),
VSV (IL-12), VACV (anti-PD-
L1)

Express cytokines, checkpoint
inhibitors, or prodrug-converting
enzymes

[46,48,49]

Promoter substitution with
tumor-specific promoters

Restricts viral gene
expression to cancer cells

Adenovirus (hTERT, E2F1),
HSV (Nestin)

Drives selective viral replication
based on tumor-specific
transcriptional activity

[50-52]

Capsid/Envelope modification
(retargeting)

Alters viral tropism to
improve tumor cell
targeting

Adenovirus (RGD maotif),
Measles virus (EGFR
targeting), AAV (peptide
ligands)

Enhances binding to receptors
overexpressed in tumors

[53-55]

MicroRNA target site insertion

Prevents replication in
normal tissues via post-
transcriptional regulation

VSV, Adenovirus, HSV

miRNA target sites restrict gene
expression in non-cancerous cells

[56-58]

Immune evasion modifications

Prolongs viral persistence
by avoiding rapid immune
clearance

VACV (E3L, B18R), Measles
virus

Encodes immune-modulating
proteins or downregulates MHC, IFN
responses

[59]

Incorporation of suicide genes

Allows safety control via
inducible cell death

HSV (TK), Adenovirus (CD/5-
FC system)

Converts non-toxic prodrugs into
toxic metabolites in infected cells

[60,61]

Enhanced fusogenicity genes

Promotes syncytia
formation and direct
tumor killing

Measles virus, NDV

Increases oncolysis via membrane
fusion

[62,63]

Arming with bispecific T-cell
engagers (BIiTES)

Redirects immune cells to
tumor antigens

Adenovirus, VACV

Encodes BIiTEs that bind tumor
antigen and CD3 on T cells

[64]

Arming with anti-angiogenic
genes