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Abstract

Cancer treatment has witnessed a profound transformation in recent decades, with combination therapy emerging
as a beacon of hope for patients. This review delves into the groundbreaking synergy between immunotherapy and
targeted oncolytic viruses, offering a glimpse into the future of cancer conquering. Traditional methods like surgery,
radiation, and chemotherapy have limitations, especially in advanced or metastatic cancers. Immunotherapy,
inspired by the body's innate defenses, leverages the immune system to selectively identify and eradicate cancer
cells. Immune checkpoint inhibitors, such as pembrolizumab and nivolumab, have showcased remarkable success
in clinical trials, unlocking the potential of the immune system against once-intractable cancers. In tandem,
oncolytic viruses exhibit precision targeting, minimizing harm to healthy tissues. Notably, herpes simplex virus
type 1 (HSV-1) has proven effective against various malignancies. The fusion of immunotherapy and oncolytic
viruses represents a paradigm shift in cancer treatment, harnessing the strengths of each modality. This review
explores mechanisms, recent developments, clinical triumphs, and the challenges of combination therapy. The
dynamic synergy of these two approaches promises to revolutionize cancer treatment, transforming it from an

insurmountable foe into a manageable condition.
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Introduction

Cancer, the relentless scourge of our time, continues to
cast its long shadow over the lives of millions
worldwide. The global burden of this insidious disease
is staggering, with an estimated 19.3 million new
cancer cases and 10 million cancer-related deaths
reported in 2020 alone (1). These harrowing statistics
underscore the pressing need for modern, innovative,
and effective cancer treatment methods that can
provide a glimmer of hope amidst the daunting
challenges posed by this complex ailment. Cancer, a
heterogeneous group of diseases characterized by the
uncontrolled growth and spread of abnormal cells,
defies easy categorization (2). It infiltrates virtually
every organ system, from the blood to the bone, and
carries with it a diverse array of subtypes and mutations
that further complicate diagnosis and treatment. In the
face of this formidable adversary, the oncology
community has relentlessly pursued novel strategies to
combat cancer's relentless advance.

Traditionally, cancer treatment has relied on a triad of
approaches:  surgery, radiation therapy, and
chemotherapy (3). While these modalities have been
instrumental in extending the lives of countless cancer
patients, they come with their own set of limitations.
Surgery is often restricted to early-stage tumors, while
radiation therapy can cause collateral damage to
healthy tissues. Chemotherapy, although a mainstay of
cancer treatment, often elicits severe side effects,
leading to a diminished quality of life for patients. The
epidemiological landscape of cancer further
complicates the quest for effective treatments. Age,
genetics, lifestyle factors, and environmental exposures
all play pivotal roles in determining an individual's
susceptibility to cancer (2). Moreover, the rise of
cancer incidence in low- and middle-income countries
adds a layer of complexity, as disparities in access to
healthcare and treatment options persist (4). In the
midst of these formidable challenges, a ray of hope has
emerged on the horizon in the form of immunotherapy
and oncolytic virotherapy (5). These groundbreaking
approaches have heralded a paradigm shift in the field
of oncology, offering a glimmer of optimism in the
relentless battle against cancer.

I. Cancer immunotherapy
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In the realm of cancer treatment, immunotherapy has
emerged as a revolutionary approach, transforming the
oncology landscape and providing renewed hope to
patients with various malignancies. Notable recent
developments in immunotherapy have propelled the
field forward, paving the way for enhanced therapeutic
strategies and improved patient outcomes (6).

l.a. Monoclonal Antibodies (mAbs)

Monoclonal antibodies (mAbs) have revolutionized
cancer treatment through their precise targeting
mechanisms. These immunoglobulins possess two Fab
terminals for direct target binding and an Fc terminal
for interactions with immune cell receptors,
modulating their modes of action (MOA) (7). Notably,
Fc-mediated effector functions encompass
complement-dependent cytotoxicity (CDC), antibody-
dependent cell-mediated cytotoxicity (ADCC), and
antibody-dependent cellular phagocytosis (ADCP) (8).
CDC involves Fc interaction with complement
component Clg, initiating immune responses. ADCC
and ADCP operate via direct Fc-FcyR interactions,
engaging NK cells and macrophages, respectively, in
tumor cell elimination.

mADbs can also bind and block soluble antigens and
disease-related mediators. FDA-approved mAbs, such
as rituximab and trastuzumab, have transformed the
treatment landscape. Antibody drug conjugates
(ADCs) exhibit direct cytotoxicity by delivering
payloads to target cells. While hematological tumors
are more accessible to mAbs due to their
microenvironment, ADCs are increasingly promising
in treating solid tumors. Fc-engineering enhances
mADbs' antitumor and immune activation activities. For
example, Tafasitamab, targeting CD-19, underwent Fc-
related modifications, resulting in impressive clinical
outcomes (9).

Despite mAbs' advantages, cytokine storms can induce
severe side effects in some patients. Reducing
immunogenicity through Fe-engineering may enhance
safety. While mAbs are administered via injection,
nanobodies, lacking an Fe terminal, offer higher tissue
permeability —and lower  production  costs.
Combinations with chemotherapy and targeted
therapies are common, emphasizing mAbs' enduring
importance (10).
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1.b. Bispecific Monoclonal Antibodies (bsAbs)

Bispecific mAbs (bsAbs) offer enhanced antitumor
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immune system's antitumor potential. These therapies
have revolutionized cancer treatment. CTLA-4
inhibition with ipilimumab has improved melanoma

effects by simultaneously binding multiple targets.
They provide better stability, specificity, and fewer
side effects. Blinatumomab, targeting CD19 and CD3,
has achieved high response rates in clinical trials (11).
Several bsAbs targeting diverse antigens are in
development, including MEDI5752, which targets PD-
1 and CTLA-4. Manufacturing challenges and optimal
dosing strategies remain for bsAbs, especially in solid
tumors. However, clinical studies are ongoing, with
promising results. As more bsAbs enter the market,
their potential in cancer therapy is expected to grow
(12).

survival. PD-1/PD-L1 mADbs like pembrolizumab have
shown remarkable results across various cancers,
especially when combined with chemotherapy or
targeted therapy (13). Fe-engineering strategies
enhance the MOA of immune checkpoint mAbs. Other
immune checkpoints like LAG-3, TIM-3, and TIGIT
are emerging targets, with positive clinical outcomes.
Combining checkpoint inhibitors further augments
efficacy (14). While immune checkpoint therapy has
less toxicity than chemotherapy, Immune-related
adverse events (IrAEs) can occur. These are generally
reversible and manageable with glucocorticoids. IrAES
are less common and less severe than chemotherapy-
induced side effects (Table 1).

I.c. Immune Checkpoint Monoclonal Antibodies

Immune checkpoint mAbs target regulatory molecules
like CTLA-4 and PD-1 on T cells, unleashing the

Table 1. Key aspects of monoclonal antibody-based immunotherapy in cancer treatment.

Bispecific Monoclonal

Immune Checkpoint
Monoclonal Antibodies
Unleashing the immune system's

Monoclonal Antibodies (mAbs)

Antibodies (bsAbs)

Precision targeting through Fab Simultaneous binding to

terminals multiple targets potential
Fc terminal modulates modes of action Enhe_ln.cgd stability and Targeting regulatory molecules
Overview specificity on T cells
Fc-mediated effector functions (CDC, Promising clinical results Significant improvement in
ADCC, ADCP) cancer treatment
Challenges in manufacturing and Ongoing research on novel
dosing immune checkpoints
Rituximab (CD20), Trastuzumab . Ipilimumab (CTLA-4),
(HER-2), B(evacizzjmab (VEGFA) Blinatumomab (CD19/CD3) Ppembronzurr(]ab (PD-i/PD-Ll)
Antibody-Drug Conjugates (ADCs) MEDI5752 (PD-1/CTLA-4) Avelumab (PD-L1)
. Emerging targets (LAG-3,
Amivantamab (EGFR/METR) TIM-g, Tg| GI% (
Examples - .
Challenges in manufacturing and . . .
. Fc-engineering strategies
dosing
Promising clinical results Combination therapy
Management of immune-related
adverse events
Fc-engineering for safer and more Overcoming manufacturing Expansion of targets and
effective mAbs challenges combination therapies
Nanobodies with higher tissue Optimizing dosing strategies ~ Continued refinement of Fc-
Future permeability for solid tumors engineering
Prospects Combinations with chemotherapy and Exploring optimal routes of Personalized treatment

targeted therapies

administration

approaches

Expanding clinical applications

Patient selection based on
genetic screening
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(Fc: Stands for "fragment crystallizable,” referring to the tail portion of an antibody that interacts with other immune cells or
molecules. CDC: Complement-Dependent Cytotoxicity, a mechanism involving the complement system to target cells. ADCC:
Antibody-Dependent Cell-Mediated Cytotoxicity, a mechanism where immune cells are activated to kill targeted cells. ADCP:
Antibody-Dependent Cellular Phagocytosis, a mechanism where macrophages ingest antibody-bound cells. mAbs: Monoclonal
Antibodies. bsAbs: Bispecific Monoclonal Antibodies. CTLA-4; Cytotoxic T Lymphocyte-Associated Antigen-4, an immune
checkpoint molecule. PD-1: Programmed Death-1, another immune checkpoint molecule. PD-L1: Programmed Cell Death Ligand
1, aligand for PD-1. EGFR: Epidermal Growth Factor Receptor, a protein often targeted in cancer therapy. LAG-3, TIM-3, TIGIT:
Emerging immune checkpoints. Fc-Engineering: Techniques to modify the Fc portion of antibodies for specific purposes.
Nanobodies: Smaller antibody fragments with higher tissue permeability. Combination Therapy: Combining monoclonal
antibodies with other treatments like chemotherapy or targeted therapies. Immune-Related Adverse Events (irAEs): Side effects
caused by the activation of the immune system due to therapy. Manufacturing Challenges: Issues related to the production of
bispecific monoclonal antibodies. Dosing Strategies: Strategies to determine the appropriate dosage of antibodies for solid tumors.
Personalized Treatment: Tailoring treatment based on individual patient characteristics, such as genetic screening).

1.d. Small Molecule Drug Immunotherapy AUNP12, resembling PD-1's extracellular domain,
demonstrates substantial potency in inhibiting tumor
growth and metastasis. Bristol Myers Squibb's (BMS)
research efforts have yielded compounds with 1C50
values under 1 nM, showing significant potential.
ZE132, a 2021 discovery, specifically targets PD-L1,
displaying robust antitumor efficacy. Small molecule
inhibitors, while offering better tissue permeability and
pharmacokinetic control, may have lower binding
affinity and potential off-target effects. Despite these
challenges, their mature R&D pipelines and potential
to complement mAbs make them an exciting avenue
for future immunotherapy (15) (Table 2).

Tumors employ immune escape mechanisms to avoid
eradication by the immune system. Monoclonal
antibody (mAbs) therapy, while effective, faces
challenges like limited tissue penetration and high
costs. Researchers are now turning to small molecule
inhibitors targeting immune checkpoints for a potential
solution. Several inhibitors, although in early
development, show promise. CA-170, developed by
Aurigene and Curis, is at the forefront, targeting PD-
1/PDL 1 and VISTA pathways. It enhances T cell
activation, vyielding encouraging results against
melanoma and colon cancer in animal models.

Table 2. Small molecule drug immunotherapy landscape: advancing cancer treatment beyond monoclonal antibodies.

Development
Phase

Company Description Reference(s)

These inhibitors target the PD-1/PD-L1
pathway, enhancing the immune
system's ability to fight tumors.
CA-170 targets PD-1/PD-L1 and
VISTA pathways, promoting T-cell

CA-170 Phase 11 Aurigene, Curis  proliferation and cytokine production. It (16, 17)
shows promise in melanoma and colon
cancer treatment.

INCB- Phase 11 Incyte This inhibitor targets PD-L1 and is in

086550 Phase Il development.

GS-4224 Phase 1b/2 Gilead GS-42?4_ is a I_3D-L1 inhibitor in Phase (19)
1b/2 clinical trials.

PD-1 MX- Phase | Maxinovel MX-10181, an undisclosed PD-1
Inhibitors 10181 inhibitor, is in Phase | development.
IDO1 inhibitors target the enzyme
involved in  immune regulation,
potentially reversing
immunosuppression in  the tumor
microenvironment.

BMS-986205 is in Phase Il and being
tested in combination therapies for (21)
bladder cancer.

PD-1/PD-L1
Inhibitors

(18)

(20)

IDO1
Inhibitors

BMS- Bristol-Myers
986205 Phase 111 Squibb
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INCB- Phase 111 Incvte INCB-024360, another IDO1 inhibitor, 22)
024360 Y is also in Phase Il clinical trials.
ADU-S100 activates the STING
:1;'::5?3 élljéé- Phase Il Aduro, Novartis  pathway and is under Phase I (23)
9 investigation.
MK-1454 Phase I Merck MK—1454, a _STING agonist, is currently (24)
in Phase Il trials.
A2A
Adenosine AZD4635 is in Phase Il development,
Receptor AZD4635 Phase 1 Astrazeneca targeting the A2A adenosine receptor. (25)
Inhibitors
NIR178 Phase I Novartis NIR178 is a Phase Il A2A adenosine (26)
receptor inhibitor under investigation.
Other Various small molecule drugs are in
Targeted development, targeting diverse
Inhibitors pathways in cancer immunotherapy.
CXCR2 inhibitors are under Phase 1l
CXCR2 Phase 11 AstraZeneca trials for potential use in cancer (27)
treatment.
X4 CXCR4 inhibitors, like Mavorixafor,
CXCR4 Phase 11l Pharmaceuticals  are in Phase Il clinical trials. (28)
Bristol-Myers BMS-813160 targets CCR2/5 and is in
CCR2/5 Phase 11 Squibb Phase Il development. (29)
3M Imiquimod is a TLR7 inhibitor that is
TLR7 Marketed Pharmaceuticals  already marketed. (30)
Array Pharma, Motolimod, a TLR8 inhibitor, is in
TLR8 Phase 111 Celgene Phase I/11 development. (31)
Calithera . L
ARG Phase I/I1 Biosciences, INCBOOllS_S_ls an ARG inhibitor in (32)
Phase I/11 clinical trials.
Incyte
Polypeptide inhibitors combine
. antibody-like affinity and specificity
Pl?mlm?ii)ct)ﬁe with  favorable  pharmacokinetics. (33)

Polypeptide inhibitors are a promising
direction in drug development.

l.e. IDO1 Inhibitors: Navigating Challenges

Indoleamine 2,3-dioxygenase 1 (IDO1) plays a pivotal
role in cancer immune escape. Inhibiting IDO1
activates antitumor immune responses. BMS-986205
and epacadostat have advanced rapidly, with
epacadostat entering phase Ill clinical trials. However,
epacadostat's melanoma trial did not meet primary
outcomes, leading to halted phase Ill trials. Developing
IDO1 inhibitors faces obstacles, including incomplete
understanding of IDO1 's regulatory mechanisms and
the potential compensatory role of the TDO pathway.
Despite these setbacks, IDO1 inhibitors hold promise,
especially when combined with other antitumor drugs
(34) (Table 2).

I.f. Exploring Other Small Molecule Drugs

The STING pathway, a novel immunostimulatory
target, activates antitumor effects. Drugs like ADU-
S100 are under clinical investigation. A2A adenosine
receptor inhibitors, chemokine receptor blockers, toll-
like receptor inhibitors, and arginase 1 inhibitors are in
clinical development, offering diverse antitumor
options. Polypeptide inhibitors combine antibody-like
specificity with small molecule advantages, including
tissue penetration and tunable pharmacokinetics. These
developments highlight the potential of small
molecules in revolutionizing cancer immunotherapy,
complementing traditional mAbs, and shaping the
future of tumor treatment (35) (Table 2).

I.g. Advances in Immune Checkpoint Inhibitors

Significant breakthroughs have been achieved with the
development of immune checkpoint inhibitors,
exemplified by drugs like pembrolizumab (Keytruda)
and nivolumab (Opdivo) (36). These inhibitors
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function by blocking specific proteins, such as PD-1 or
CTLA-4, that act as brakes on the immune system. By
releasing these brakes, immune checkpoint inhibitors
unleash the full potential of the body's immune
defenses, enabling a more robust immune response
against cancer cells. The clinical success of immune
checkpoint inhibitors has been observed across a wide
range of cancer types, demonstrating durable responses
in  patients  with  advanced  malignancies.
Immunotherapy's impact has transcended its initial
success in certain cancer types, with ongoing efforts
aimed at expanding its application to a broader
spectrum of malignancies. Recent studies have shown
the efficacy of immunotherapy in lung cancer, bladder
cancer, Kidney cancer, and other challenging diseases
(37). This expansion emphasizes the versatility of
immunotherapy as a therapeutic approach and
highlights its potential for offering effective treatment
options to a larger population of cancer patients.

I.h. Next-Generation Immunotherapies

Chimeric Antigen Receptor T-cell therapy (CAR-T)
stands at the forefront of groundbreaking cancer
treatments. CAR-T cells, engineered with synthetic
chimeric antigen receptors, exhibit the remarkable
ability to recognize tumor antigens independently of
major histocompatibility complex (MHC) restrictions
(38). Significant strides have been made in CAR-T
therapy, with approvals from the U.S. Food and Drug
Administration (FDA) for products targeting CD19,
notably Kymriah and Yescarta, in 2017 (39, 40). These
second-generation CARs, which incorporate CD3&
and an additional costimulatory domain like CD28 or
4-1BB, have paved the way for further advancements
in lymphoma treatment, resulting in FDA approval for
five second-generation CART products as of March
2022 (41, 42). Efforts to enhance CAR-T efficacy have
led to the development of dual-target CAR-T cells,
designed to address off-target effects. CAR-T therapies
targeting CD19/CD22 and CD123/CLL1 are
undergoing clinical studies, some advancing to phase
/1 trials (43, 44). Innovative approaches, such as
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subcutaneous injection of self-inactivating lentiviral
vectors encoding CARs (AACR 2022 Abstract
#3294/11), offer new avenues to overcome production
challenges and costs. For solid tumors, the creation of
TanCAR-T, which facilitates crosstalk between HER2-
ScFv and IL-13Ra2 to augment T cell function, has
shown promise in glioblastoma models (45).
Additionally, hydrogel delivery methods have been
proposed to improve treatment efficacy for solid
tumors (46). Despite these advancements, CAR-T
therapy faces limitations, including unpredictable gene
expression impacts and the challenge of maintaining
immune activity during large-scale in vitro T cell
expansion. Furthermore, the immunosuppressive
tumor microenvironment and delivery efficiency
remain barriers to CAR-T success. Ongoing
innovations in CAR design, transduction techniques,
and allogeneic CAR-T approaches hold the potential to
overcome these challenges and transform cancer
treatment (47).

I.h.a. TCR-T and TILs

T-cell Receptor T-cell therapy (TCR-T) offers an
alternative approach, leveraging T-cell receptors
engineered to recognize tumor-associated antigens
(TAAs) in an MHC-dependent manner. TCR-T
targeting NY-ESO-1, such as Adaptimmune
Therapeutics' NY-ESO-1 TCR, is progressing through
phase I/11 clinical trials (Table 3) (48). Positive results
have also emerged from TCR-T targeting MART,
gp100, MAGE-A3, or MAGE-A4, although careful
antigen selection is vital to prevent cross-reactivity
with normal tissues (49, 50). Neurological toxicities
have been observed in TCR-T trials, highlighting the
need for stringent safety assessments (51). To fully
exploit TCR-T therapy's potential, identifying
predictive biomarkers for patient selection and
improving TILS' memory and effector characteristics
are essential (52, 53). Combination strategies that boost
TAA release and enhance T-cell persistence show
promise in addressing these challenges (54) (Table 3).

Table 3. Advances in adoptive cell therapies for cancer treatment.

Highest

Key Challenges and
Milestones Considerations

2017 FDA - Impact of CAR (55, 56)
approval  for expression via

Category  Target Name Company Developm References

ent Phase
Marketed

CAR-T CD19  Kymriah Novartis
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CD19 CAR-T retroviral/lentivira
therapies, a |vectorson T cell
breakthrough ~ gene expression
in lymphoma - Scalability and
treatment cost challenges
-Second- -Immune
generation suppressive tumor
CAR-T  with microenvironmen
CD28/4-1BB  t (TME)
co-stimulation
-Ongoing
development
of third-
generation
CARs
- 2017 FDA
approval  for
CD19 CAR-T
therapies, a
breakthrough -Limited
in lymphoma durability of
treatment CAR-T cells
-Second- - Cytokine release
CAR-T Gilead Marketed  generation syndrome (CRS)
CAR-T with and neurotoxicity
CD28/4-1BB - Patient-specific
co-stimulation  manufacturing
- Ongoing  processes
development
an of third-
generation
Therapy CARS
- 2017 FDA
approval  for
CD19 CAR-T
therapies, a
breakthrough - Potential long-
in lymphoma term side effects
treatment - Variability in
-Second- treatment
CAR-T Gilead Marketed  generation response
CAR-T with - Manufacturing
CD28/4-1BB complexities and
co-stimulation  patient-specific
-Ongoing processes
development
of third-
generation
CARs
- 2017 FDA
acpé);gvaé AFI—O'I[ - Risk of cytokine
. release syndrome
therapies, a
(CRS)
breakthrough -Long-term safet
CAR-T BMS Marketed in lymphoma g y
treatment concerns _
-Second- - Qhallenges in
. scaling up
generation production
CAR-T with
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CD28/4-1BB
co-stimulation
-Ongoing
development
of third-
generation
CARs

- 2021 FDA
approval  for
BCMA.-

- Limited
availability to

targeting certain patient
. . CAR-T in  populations
CAR-T BCMA  Abecma Bluebird Bio Marketed  multiple - Management of
& BMS . .
myeloma potential side
-Demonstrated  effects, including
efficacy in CRS and
heavily  pre- neurotoxicity
treated patients
Ongoing Early-stage
development clinical trial,
CAR-T BCMA bb21217  BluebirdBio  Phasel O  BCMA- further — data
targeting needed for safety
CAR-T and efficacy
therapy assessment
Preliminary stage
Advancements of development,
cART  CYPN BNT211 BioNTech  Phaseinla M CARTfurther data
6 therapy for required for safety
solid tumors and efficacy
evaluation
- Potential off-
NY- Exploration of target effects
TCR-T NY- ESO-1 Adaptlmml_me Phase I/11 TCR—_Ttherapy - Developmeptal
ESO-1 Therapeutics targeting NY- stage requires
TCR o .
TCR-T ESO-1 additional clinical
Cell data (57, 58)
Therapy Advancements Phasel_ I.I dg'al
in TCR-T stag_<|a,b||m|te ?ta
TCR-T PRAM  MDG101 MediGene AG Phase Il therapy for avaranie or
E 1 safety and
cancer .
treatment efficacy
assessment
- Need for
biomarkers to
Successful improve  patient
lovance application of selection and
TILs - LN-144  Biotherapeutic Phase Il TILs therapy response rates
S in solid - Optimization of
cancers TILs for enhanced
ersistence  and
TILs gctivi y (59, 60)
Therapy -ldentifying
Positive results  predictive
in TILs biomarkers  for
lovance thera for patient selection
TILs - LN-145  Biotherapeutic Phase II Py P .
s stage Illc/IV - Improving TILs
melanoma memory and
patients effector

characteristics
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- Need for further

Promising clinical data and
Fate outcomes in safety assessment
CAR-NK  CD19 FT596  pponeutics T8¢! CD19CARNK  -Enhancing CAR-
clinical trials NK proliferation
and activity
Positive results -Continued
in Phase | clinical trials to
clinical trial of assess safety and
CAR-NK '\”EGZ NKX101 The'\:;‘agﬁics Phase|  NKG2D CAR- efficacy
P NK targeting - Improving CAR-
hematologic NK proliferation
CAR- tumors and persistence
NK Cell - Further clinical (61, 62)
. References
Therapy trials needed to
. Advancements
anti-CD7 PersonGen in  anti-cD7 23S safety and
CAR-NK CD7 CAR- BioTherapeuti  Phase I/11 efficacy
CAR-NK .
pNK cs thera -Enhancing CAR-
Py NK's tumor
specificity
-Continued
Advancements clinical trials to
anti- PersonGen in  anti.cD33 2S5ess safety and
CAR-NK  CD33 CD33 BioTherapeuti  Phase I/l efficacy
CAR-NK .
CAR-NK cs - Improving CAR-
therapy

NK proliferation
and persistence

I.h.b. Tumor-Infiltrating Lymphocytes (TILS)

Tumor-infiltrating  lymphocytes (TILs) represent
another potent weapon in the cancer treatment arsenal.
Extracted from tumor tissues, TILs are expanded in
vitro with high doses of IL-2 before reinfusion into
patients, achieving impressive objective response rates
and durable complete remissions (63-67). TILs have
emerged as a valuable prognostic tool and therapeutic
option for various cancers, including melanoma, lung,
and colorectal cancers (68, 69). Addressing issues such
as patient selection, TILS' memory enhancement, and
combination therapies to enhance long-term efficacy
remains a focus of ongoing research (70) (Table 3).

I.h.c. CAR-NK Therapy

Natural Killer (NK) cells, integral to innate immunity,
are harnessed in Chimeric Antigen Receptor NK-cell
therapy (CAR-NK). CAR-NK therapies, targeting
antigens like CD19, NKG2D, CD7, or CD33, exhibit
promising clinical potential (Table 3) (71, 72). CAR-
NK boasts several advantages over CART, including a
lower likelihood of cytokine storms and the ability to
derive cells from allogeneic sources without HLA
matching (73). Nevertheless, challenges such as

improved CAR design, targeted Killing, proliferation
enhancement, and immunosuppressive  tumor
microenvironments must be addressed. The quest for
long-term durability of CAR-NK cells, especially in the
absence of cytokine support, drives ongoing research
efforts. Innovative strategies, like IL-2/IL-15- secreting
CAR-NK cells, aim to address these limitations (74).
Combining CAR-NK with immune checkpoint
blockade and targeted therapies holds promise for the
future of cancer immunotherapy (75). The field of
immunotherapy is dynamic and continuously evolving.
Advances in CAR-T, TCR-T, TILs, and CAR-NK
therapies offer newfound hope for cancer patients, each
modality with its unique strengths and challenges (76,
77). Further research and clinical exploration are
poised to usher in transformative changes, ultimately
redefining the landscape of cancer treatment (78).
Immunotherapy has emerged as a promising approach
in the treatment of various cancer types, offering new
avenues for more effective and durable responses (79).
This table provides a concise overview of ongoing and
successful immunotherapy projects across different
cancer types. It highlights the cancer type, the specific
immunotherapy approach being employed, the target or
agent of the therapy, the clinical trial identifier, current
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trial status, and references (80-82). Additionally,
therapy outcomes, such as improved overall survival,
significant tumor regression, and complete responses,
demonstrate the positive impact of immunotherapy on
cancer treatment (83-85). Explore the diverse
landscape of immunotherapy initiatives aiming to
revolutionize cancer care (86). The table 4 showcases
the diverse landscape of ongoing and successful
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immunotherapy projects for various cancer types,
highlighting their potential to transform cancer
treatment outcomes (87). Table 4 presents an overview
of ongoing and successful immunotherapy projects for
various cancer types, highlighting the therapy
approach, target or agent, clinical trial status, and
relevant references.

Table 4. Ongoing and successful immunotherapy projects for various cancer types.

Cancer Immunotherapy

Target/Agent

Clinical Trial

Status Therapy Outcomes

Type Approach Identifier
Immune Anti-PD-1 Anti-CTLA-  Durable responses
Melanoma checkpoint . NCTO03012581  Ongoing 4 + Anti-PD- and improved
(Nivolumab) .
blockade 1 overall survival
EGFR- Significant tumor
Lung cancer C'?‘hF;g cell CDlgeCI:I?R'T NCT03638167 Ongoing targeted regression and
Py CAR-T cells  prolonged survival
Breast Cancer vaccine HER2 pfeptlde NCT04114721  Recruiting
cancer vaccine
. Improved overall
. Anti-CTLA- .
Prostate Checkpoint Anti-CTLA-4  NCT03641637  Active  4+Anti-pD-  Survivaland
cancer inhibitor 1 delayed disease
progression
Colorectal Cancer vaccine Per_sonallzgd NCT03223103  Recruiting
cancer peptide vaccine
_ Checkpoirt Anti-PD-1 + Anti-PD-1 + res%‘(’)rgfe'set:n ;
Leukemia inhibitor Anti-CD19 Anti-CD19 long-term
CAR-T CAR-T g
remissions
Bispecific CD19-CD3 CD19-CD3 High response
Lymphoma antibog thera bispecific bispecific rates and sustained
y Py antibody antibody remission

I1. Oncolytic Viruses: Precision-Targeted Warfare

In the realm of oncolytic viruses, recent developments
have been nothing short of revolutionary, propelling
these precision-guided agents to the forefront of
modern cancer therapeutics. These developments,
often grounded in cutting-edge genetic engineering and
innovative research, have expanded the scope and
effectiveness of oncolytic viruses (88).

Il.a. Genetically Engineered Oncolytic Viruses

Genetically engineered oncolytic viruses (OVs) are
emerging as a promising approach to cancer therapy,
selectively targeting and destroying cancer cells while
sparing healthy tissue (89). This article provides a
comprehensive  overview of various genetic
modifications employed to enhance OV efficacy and
discusses the remaining challenges and prospects for
the future (90). Genetic modifications have

significantly improved the oncolytic potential of
viruses (91). These modifications broadly fall into four
categories:

Promoting Virus Replication and Tumor Cell
Killing: In this category, deletions in specific genes,
such as y34.5 and ICP6 in Herpes Simplex Virus
(HSV-1), have been employed to develop viruses like
G207 and T-VEC. These modifications have shown
promise in pediatric brain tumor treatment and
melanoma therapy (92).

Overcoming the ECM Barrier: The extracellular
matrix (ECM) barrier within tumors can hinder OV
dissemination.  Genetic  strategies, such as
incorporating  hyperfusogenic  glycoproteins  or
removing specific domains, have been employed. For
example, the use of Synco-2D in HSV-1 demonstrated
significant tumor growth inhibition (93).
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Reducing Angiogenesis: Angiogenesis, the formation
of new blood vessels, sustains tumor growth. Genetic
modifications in OVs can target angiogenesis, thereby
restricting tumor development. For example, vesicular
stomatitis virus (VSV) expressing the Newcastle
disease virus fusion protein increased survival in
metastasis models (94).

Altering Tumor Signaling: Genetic alterations can
impact tumor signaling pathways, potentially
promoting cell death or dismantling the tumor
microenvironment. These modifications contribute to

the overall

oncolytic effect.

However, further

molecular insights are required (95).

Combining multiple genetic modifications

is a

promising avenue for achieving potent and durable
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cancer therapy. Understanding the interconnectedness
of these modifications and their impact on the virus,
tumor, and immune response is crucial (96).
Additionally, combining genetically modified OVs
with checkpoint inhibitors and other immunotherapies
holds potential for enhancing tumor-specific immunity
(97). Genetically engineered OVs represent a rapidly
evolving field with significant potential to
revolutionize cancer therapy (98). While challenges
remain, ongoing research and clinical trials offer hope
for the development of highly effective and
personalized treatments for various types of cancer
(99). Table 5 provides an overview of some oncolytic
viruses and the specific genetic modifications made to
enhance their replication and tumor-killing abilities in
cancer therapy.

Table 5. Mechanisms of genetic modifications to improve oncolytic viruses.

Oncolytic Virus

Genetic Modification

Enhanced Potency and Applications

Herpes Simplex
Virus (HSV-1)

Deletions in y34.5 and ICP6 genes (e.g.,

G207)

Effective against pediatric brain tumors, Phase 1 trials
show increased tumor-infiltrating lymphocytes and
improved survival

Deletions in y34.5, ICP47, and GM-CSF
insertion (e.g., T-VEC)

FDA-approved for melanoma therapy, combines safety
with immunomodulation

Incorporation of hyperfusogenic
glycoprotein (e.g., Synco-2D)

Demonstrated significant tumor growth inhibition in
multiple models

Removal of N-terminal domain of y34.5
(e.g., AN146)

Enhanced replication in tumor cells, reduced metastases

Addition of RGD domain (e.g., Ad5-

Improved infectivity in cancer cells, prolonged survival

Adenovirus A24RGD) in metastatic breast cancer models

Directed evolution to enhance replication Reduced tumor growth and enhanced virus replication in
(e.g., ColoAd1) colon cancer models
Overexpression of adenovirus death protein  Increased replication and cell-cell spread, reduced tumor
(ADP) size
Error-prone  polymerase-induced ADP Enhanced cell killing of various cancer cell lines
expression (e.g., F421Y mutant)
Tumor-specific replicating adenovirus with  Efficiently targets lymph node metastases when
KillerRed for PDT (e.g., TelomeKiller) combined with photodynamic therapy

Vesicular Expression of Newcastle disease virus Increased long-term survival in liver and lung metastasis

Stomatitis Virus  fusion protein (e.g., rVSV-NDV/FL) models
(VSV)

Pseudotyping with reptilian reovirus pl4
fusion protein (e.g., VSV-pl4)

Smaller tumor volumes, increased survival, and enhanced
tumor immunity

Pseudotyping with lymphocytic
choriomeningitis virus glycoprotein (e.g.,
VSV/LCMV-GP)

Reduced neurotoxicity, fewer neutralizing antibodies,
and reduced lung metastasis in melanoma models

Reovirus (T3wt)

Genetic modifications enhancing virus
disassembly (e.g., T3v1 and T3v2)

Increased replication and plaque size, extended survival
in metastatic melanoma models
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I1.b. Successful Clinical Trials

Clinical trials involving oncolytic viruses have
demonstrated promising results, signaling a pivotal
turning point in the fight against cancer (100).
Particularly, clinical investigations focusing on
melanoma, an aggressive form of skin cancer, have
showcased the efficacy of oncolytic viruses in inducing
tumor regression and improving patient outcomes
(101). Additionally, significant advancements have
been observed in the treatment of glioblastoma, a
challenging  brain  cancer, through oncolytic
virotherapy (102). Clinical trials evaluating the
combination of immunotherapy and targeted oncolytic
viruses have vyielded promising  outcomes,
demonstrating prolonged survival rates and improved
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quality of life for patients (103). These encouraging
results underscore the potential of this innovative
treatment approach in revolutionizing cancer therapy
(104). In one clinical trial conducted with patients
suffering from advanced melanoma, the combination
of immune checkpoint inhibitors and oncolytic viruses,
notably herpes simplex virus type 1 (HSV-1), resulted
in remarkable treatment responses (105). Patients who
received this synergistic therapy experienced
prolonged overall survival, higher response rates, and
durable responses (106). Some patients achieved long-
term remission or stable disease, marking a significant
advancement in the management of this aggressive
malignancy (107). Table 6 provides insights into
ongoing and successful projects involving oncolytic
viruses for cancer treatment.

Table 6. Ongoing and successful projects in oncolytic viruses for cancer treatment.

Clinical Trial

Outcomes

Cancer Type

Virus Type

Target/Agent

Identifier

Status Reference(s)

Promising response

Herpes simplex Talimogene rates were observed,
Melanoma ?/irus—lp laherparepvec (T- NCT03618641 Ongoing (108) with tumor
VEC) shrinkage in 60% of
patients.
Initial results show
improved
Glioblastoma Reovirus Reolysin NCT02069087  Ongoing (109) prog_ressmn-free
survival compared
to standard
treatment.
Pancreatic Pexastimogene :Ena::rrlgasggta Sg\?grgsli
cancer Vaccinia virus devacirepvec NCT02562755 Ongoing (110) survival in the
(Pexa-Vec)
treatment group
Phase | trials
indicate a well-
Breast cancer !\lewcas?le CEA-jcargete(_j NCT02285816 Ongoing (111) tolerated  therapy
disease virus oncolytic vaccine . .
with potential for
tumor regression
Preliminary results
Head and Adenovirus ONCOS-102  NCT02117167  Ongoing (112) ~ Show - improved
neck cancer quality of life and
tumor reduction
Early data
demonstrate
Melanoma Measles virus Measle_s Vaceine  NcT03971799 Ongoing (113) promising response
virus rates and
manageable  side
effects
Phase Il trials
indicated prolonged
Melanoma Vaccinia virus JX-594 NCTO01394939 Completed (114) overall survival

compared to
historical controls
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Phase Il  results
Pancreatic Coxsackievirus showed' improved
CAP-1002 NCTO02045589 Completed (115) progression-free
cancer A21 . .
survival and quality
of life
Promising  results
Prostate vesicular - \SvIENB-NIS  NCT02004171 Completed  (116)  With - prolonged
cancer stomatitis virus survival in  the
treatment group
Early stages of the
Ovarian . . trial shgw
cancer Maraba virus MRX0518 NCTO03724071 Active (117) manageable  side

effects and potential
for tumor regression

I1.c. Impact on Challenging Cancers

Glioblastoma, a notoriously challenging brain cancer,
has also witnessed significant advancements through
oncolytic  virotherapy  (118).  Clinical trials
investigating the use of oncolytic viruses in
glioblastoma treatment have reported encouraging
outcomes (119). Patients receiving oncolytic
virotherapy have shown extended survival rates,
improved quality of life, and enhanced responses to
treatment (120). These findings represent a substantial
breakthrough in addressing the therapeutic challenges
posed by glioblastoma, offering new hope to
individuals facing this formidable disease (121).
Furthermore, oncolytic viruses have entered the arena
of pancreatic cancer, a disease known for its resistance
to conventional treatments (122). Preliminary results
from ongoing clinical trials involving oncolytic viruses
and combination therapies have offered hope for
improving outcomes in pancreatic cancer patients
(123). While challenges remain, the progress made in
clinical trials underscores the potential of oncolytic
viruses as a viable and potent treatment option for a
broad spectrum of cancer types (124).

11.d. Exploration of Novel Oncolytic Viruses

Beyond enhancing existing oncolytic viruses,
researchers are actively exploring novel viral
candidates and their potential applications in cancer
therapy (125). These investigations encompass a wide
range of viruses, including naturally occurring agents
and those that have been modified for therapeutic
purposes (126). Novel oncolytic viruses offer the
prospect of diversifying treatment options, potentially
improving response rates, and expanding the range of

cancers that can be effectively targeted (127).
Researchers are diligently studying these viruses to
uncover their unigue mechanisms of action and their
compatibility with existing therapeutic modalities
(128). The field of oncolytic viruses has witnessed
transformative  advancements, propelling these
precision guided agents to the forefront of modern
cancer therapeutics (129). Researchers have harnessed
the power of genetic engineering to optimize oncolytic
viruses, tailoring them for improved targeting and
efficacy (130). Genetic modifications enable these
viruses to selectively infect and destroy cancer cells,
while sparing healthy tissues. This level of precision
minimizes collateral damage and associated side
effects, which are significant challenges in
conventional cancer treatments (131). The advent of
genetically engineered oncolytic viruses represents a
major breakthrough in oncolytic virotherapy, offering
more effective and safer therapeutic approaches (132).

Ill. Combining Immunotherapy and Oncolytic
Viruses

In recent years, the convergence of two powerful anti-
cancer modalities, immunotherapy and oncolytic
virotherapy, has garnered substantial attention in the
field of oncology (133). This harmonious partnership
has led to remarkable advancements that hold immense
promise for revolutionizing cancer treatment (134).
Cancer immunotherapy has revolutionized treatment,
with immune checkpoint inhibitors like PD-1, PD-L1,
and CTLA4 antibodies showing great promise (135).
However, these therapies have limitations, including
resistance development and reduced efficacy in the
tumor microenvironment (TME) due to factors like low
CD8+ T cell presence and downregulated PD-L1
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expression (136). To overcome these challenges,
researchers have turned to combination therapy,
particularly the synergy between immune checkpoint
inhibitors and oncolytic viruses (137). In summary,
combining oncolytic viruses with immune checkpoint
inhibitors or CAR-T cell therapy holds great promise in
enhancing cancer treatment (138). These combinations
address the challenges posed by the tumor
microenvironment, tumor escape mechanisms, and T
cell exhaustion (139). Furthermore, triple therapies
may represent a significant advancement in cancer

I Macrophages
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therapy, simultaneously targeting multiple pathways to
reinforce antitumor responses and prevent recurrence
(140). Ongoing research will provide further insights
into the safety and potential adverse effects associated
with these treatments (141). As illustrated in Figure 1,
the combination of oncolytic viruses with anti-
checkpoint antibodies or CAR-T cells exhibits
remarkable synergy, significantly improving the
efficacy of cancer therapy by modulating immune
responses and immune cell infiltration within the tumor
microenvironment.

PDL-1 DCsl

Treg l

Release of perforin,
granzyme and IFN-

gamma

Tumor sizel
Tumor cell lysis T

Figure 1. Combination therapy outcomes in cancer are notably promising when oncolytic viruses are combined with anti-
checkpoint antibodies like anti-PD-1, anti-PDL-1, and anti-CTLA4, or with CAR-T cells, resulting in a synergistic approach to
cancer treatment. Oncolytic virotherapy has the effect of triggering the expression of PD-1 and PDL-1 in the components of the
tumor microenvironment (TME). Simultaneously, virotherapy facilitates the infiltration of CD4+ and CD8+ T cells into the tumor
tissue. Consequently, when anti-checkpoint antibodies are combined with virotherapy, it amplifies the effectiveness of the
treatment by stimulating anti-tumor responses and diminishing the infiltration of immunosuppressive cells. Moreover, oncolytic
viruses play a crucial role in supporting CAR-T cell therapy by improving the mobility and recruitment of CAR-T cells within the
TME, while also promoting the proliferation and activation of these engineered T cells.

I1l.a. Enhancing Immune Checkpoint Blockade
with Oncolytic Viruses

Oncolytic viruses have gained attention for their ability
to complement immune checkpoint blockade (142).
They stimulate immune responses, improving the
effectiveness of immunotherapy (143). One significant

benefit of this combination is that oncolytic viruses can
enhance CD4+ and CD8+ T cell infiltration while
increasing IFN-y secretion in the TME (144). For
example, in murine rhabdomyosarcoma models, the
combination of anti-PD-1 and HSV-1716, an oncolytic
virus, demonstrated enhanced CD4+ and CD8+ T cell-
mediated  antitumor  responses compared to
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monotherapies (145). Similarly, the Western Reserve
strain of engineered vaccinia virus, in combination with
immune checkpoint blockers or oxaliplatin, induced
abscopal effects on distant untreated cancer cells,
particularly effective when tumor cells had type | IFN
signaling defects (146). Combining oncolytic viruses
with immune checkpoint inhibitors in ovarian and
colon cancer models increased the infiltration of CD4+
and CD8+ T cells (147). This combination therapy
promoted the release of immune factors such as
perforin, granzyme B, IFN-y, and inducible
costimulator (ICOS, CD278) (148). Moreover, it
reduced the frequency of immunosuppressive cells like
PD-1+CD8+ exhausted T cells and tumor-associated
macrophages (TAMSs) (149). Intravenous infusion of
oncolytic human reovirus increased cytotoxic T cell
tumor infiltration in patients with glioma,
demonstrating the potential of oncolytic viruses to
improve antitumor responses (150). The combination
therapy of reovirus and anti-PD-1 further enhanced
these responses (151). Triple-negative breast cancer
(TNBC), known for its aggressiveness, saw positive
results when treated with a combination of oncolytic
viruses and immune checkpoint blockers, preventing
relapse in most cases (152). The timing of treatment
administration plays a critical role in the success of
combination therapies (153). Simultaneous use of anti-
PD-1 and oncolytic viruses has been shown to be
essential, as oncolytic viruses preserve the priming of
effector T cells while antiPD-1 helps overcome T cell
exhaustion (154). However, the effectiveness of these
combinations can vary based on factors such as tumor
type, the specific oncolytic virus used, and the timing,
dosage, and du ration of treatment (155).

I11.b. Combining Oncolytic Viruses with Anti-
CTLA4 Antibodies

The CTLA4-blocking antibody Ipilimumab, approved
for melanoma treatment, can induce immune-related
adverse events when used as monotherapy (156).
Combining oncolytic viruses with Ipilimumab has
shown promise in enhancing cancer therapy (157).
Clinical trials combining T-VEC with Ipilimumab
effectively inhibited tumor growth without significant
adverse effects in melanoma patients (158). A
combination of oncolytic coxsackievirus A21 (V937)
with Ipilimumab led to systemic immune activation and
durable responses in patients with advanced melanoma
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(159). This approach demonstrated safety and
controllable toxicities (160). Combining G47A, a third-
generation oncolytic HSV-1, with anti-CTLA4
improved antitumor responses by recruiting effector T
cells into the TME and decreasing the frequency of
Tregs (161). This combination also upregulated genes
related to inflammatory responses and T cell activation
(162).

I11.c. Research into Mechanisms of Synergy

Comprehending the underlying mechanisms driving
the synergy between immunotherapy and oncolytic
virotherapy has been a focal point of recent research
endeavors (163). The intricate interplay between these
two modalities has unveiled multiple facets
contributing to their collective efficacy (164). One
pivotal mechanism revolves around immune activation
(165). Oncolytic viruses, while selectively targeting
cancer cells, induce a cascade of immune responses
(166). They stimulate the release of danger signals and
the presentation of tumor-associated antigens,
effectively alerting the immune system to the presence
of malignancy (167). Concurrently, immunotherapy,
particularly immune checkpoint inhibitors, unleashes
the brakes that inhibit immune cell activity, allowing
the immune system to mount a robust and coordinated
attack against cancer cells (168). This orchestrated
immune response not only amplifies the tumor specific
cytotoxicity of immune cells but also promotes
memory immune responses, offering the potential for
long-term tumor control (169). Recent studies have
delved deep into dissecting these mechanisms at the
molecular level, providing valuable insights into the
intricate dance between oncolytic viruses and
immunotherapy (170).

I11.d. Advances in Delivery Methods

Effective delivery of both immunotherapeutic agents
and oncolytic viruses to the tumor site is crucial for
realizing the full potential of combination therapy
(171). Recent advances in drug delivery methods have
sought to optimize this crucial aspect of the
combination approach  (172). Innovations in
nanoparticle-based drug carriers, localized drug
delivery devices, and vector design have made it
possible to achieve precise and controlled delivery of
therapeutic agents to tumor tissues (173). These
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advancements not only enhance the therapeutic index
of oncolytic viruses but also mitigate off-target effects,
minimizing damage to healthy tissues (174).
Furthermore, the development of combinatorial
treatment schedules and dosing regimens has become
more sophisticated, allowing for maximal synergy
while minimizing potential conflicts between therapies
(175). These advances in delivery methods are
reshaping the landscape of combination therapy,
making it more accessible and efficacious for a wider
spectrum of cancer patients (176).

I1l.e. Exploration of Intratumoral Injection
Techniques

Recent advancements in cancer research have
highlighted the importance of innovative drug delivery
methods (177). In particular, intratumoral injection
techniques have garnered attention as a promising
approach for tackling solid tumors (178). Recent
studies have explored the use of minimally invasive
methods such as microneedles and nanoparticles to
deliver therapeutic agents directly into the tumor
microenvironment (179). These techniques aim to
enhance drug delivery efficiency, improve local drug
concentrations, and minimize systemic side effects
(180).

I11.f. Strategies to Modulate the Tumor
Microenvironment

Recent investigations have delved into strategies aimed
at reshaping the tumor microenvironment to create a
more favorable milieu for immune cell infiltration and
activity (181). Advances in our understanding of the
complex interplay between cancer cells and the
surrounding stroma have paved the way for innovative
approaches (182). Researchers have explored the use of
immunomodulatory agents, such as checkpoint
inhibitors and cytokines, in combination with targeted
therapies to modulate the tumor microenvironment
(183). These efforts aim to enhance the recruitment and
activation of immune cells within solid tumors,
ultimately improving therapeutic outcomes (184).

I11.g. Investigating Combination Therapies for
Notoriously Resistant Cancers

Notoriously resistant cancers, like pancreatic cancer,
have posed significant therapeutic challenges (185).
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Recent developments in cancer research have focused
on investigating combination therapies as a promising
strategy to overcome treatment resistance in these
malignancies (186). Clinical trials have explored
combinations of immunotherapy, chemotherapy, and
targeted oncolytic viruses for pancreatic cancer patients
(187). Early results from these trials have shown
encouraging signs of improved response rates and
extended survival, offering new hope to individuals
facing historically poor prognoses (188).

I11.h. Triple Therapy: A Multifaceted Approach

Triple therapy, involving anti-PD1/PD-L1, anti-
CTLA4, and oncolytic viruses, presents an attractive
therapeutic approach (189). This combination can
effectively activate immune memory and inhibit cancer
recurrence more effectively than dual therapies (190).
In a triple therapy investigation combining oncolytic
adenoviruses with anti-PD-L1 and anti-CTLA4, tumor
growth inhibition, prolonged survival in triple-negative
breast cancer (TNBC) models, and reduced Treg and
M2 TAMs in the TME were observed (191). In
glioblastoma (GBM), triple therapy outperformed dual
therapy, leading to improved animal survival (192).

I11.i. Clinical Success Stories

Clinical trials have emerged as the crucible for testing
the efficacy of combined immunotherapy and oncolytic
virus regimens (193). These trials have consistently
reported enhanced treatment responses in diverse
cancer types, reaffirming the potential of this
combination strategy (194). Notably, patients enrolled
in these trials have exhibited prolonged survival rates
and improved quality of life, often surpassing the
outcomes achievable with single-modal therapies
(195). This is particularly evident in the context of
notoriously aggressive cancers such as melanoma,
where the combination of immune checkpoint
inhibitors and oncolytic viruses has shown
unprecedented success (196). Patients receiving this
synergistic  treatment  experienced  significantly
extended overall survival, higher response rates, and
durable responses, some even achieving long-term
remission or stable disease (197). These clinical
successes have illuminated a path forward,
demonstrating that the union of immunotherapy and
oncolytic viruses can surmount the formidable
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challenges posed by advanced and resistant
malignancies (198). Table 7 highlights ongoing and
successful projects that employ a combination of

oncolytic viruses and immunotherapy for cancer
treatment.

Table 7. Ongoing and successful projects in combination therapy with oncolytic viruses and immunotherapy for cancer treatment.

Clinical Trial

Cancer Type  Therapy Combination Target/Agent |dentifier Status Reference(s)
~ T-VEC (Oncolytic virus)  Talimogene laherparepvec (T- .
Melanoma + ANti-PD-1 VEC) NCT02307149 Ongoing (199)
Oncolytic virus + . .
. Iytic N tl .
Lung cancer Immune checkpoint Oncolytic 5;’:;:3 e disease NCT04021444 Ongoing (200)
inhibitor
Combination
Breast cancer immunotherapy + Pembrolizumab + Pelareorep NCT02628067 Ongoing (201)
Oncolytic virus
Talimogene .
Head and laherparepvec + Talimogene laherparepvec (T- NCT02759588 Ongoing (202)
neck cancer . VEC)
Cetuximab
Pancreatic Oncolytic virus + Pembrolizumab +
Immune checkpoint Pexastimogene devacirepvec NCT02705196 Ongoing (203)
cancer .
inhibitor (Pexa-Vec)
Colorectal Oncolytic virus + . .
. Reovirus + VSV-IFNB-NIS NCTO03567793 Ongoing (204)
cancer Oncolytic virus
Prostate Oncolytic virus + Enadenotucirev + .
cancer Checkpoint inhibitor Pembrolizumab NCT03916680 Ongoing (205)
. Talimogene laherparepvec (T-
| + CAR- .
Melanoma ~ OMCOWHCVINUS ¥ CAR- /e o) GDo targeted CAR-T ~ NCT03853317  Ongoing  (206)
T cell therapy
cells
. Talimogene .
Ovarian laherparepvec + Talimogene laherparepvec (T- NCT03424005 Ongoing (207)
cancer . VEC)
Bevacizumab
Pancreatic Onco_IyFlc wru_s + Vaccmla_wrus + NCT03252938  Completed (208)
cancer Vaccinia vaccine Pembrolizumab
Advancing Cancer Combination Therapies: Recent years have seen a surge of interest from
Research, Challenges, and Pharmaceutical pharmaceutical companies in developing and

Innovations commercializing advanced combination therapies for
cancer (213). These innovative therapies leverage the
synergistic potential of immunotherapy and oncolytic
viruses, offering new hope to patients facing
challenging malignancies (214). The involvement of
pharmaceutical giants in this field underscores the
transformative potential of combination therapy in

reshaping the landscape of cancer treatment (215).

Ongoing research aims to optimize combination
therapy by fine-tuning treatment timing and sequencing
for improved effectiveness (209). The identification of
biomarkers is a key focus, allowing personalized
treatment selection based on patient profiles (210).
Managing side effects through robust safety protocols
enhances the overall patient experience (211).
Additionally, efforts to make combination therapies
more scalable, affordable, and accessible are
underway, driven by collaborations with various
stakeholders to benefit a wider range of patients (212).

IV. Future Directions

The future of cancer therapy holds great promise, with
exciting developments on the horizon. Research into
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novel immunotherapies, oncolytic viruses, and
combination approaches continues to advance (216).
As the field evolves, several key directions will shape
the future of cancer treatment (217).

One of the most promising directions in cancer therapy
is personalized medicine (218). Advances in genomics,
proteomics, and other -omics fields have enabled
researchers to delve deep into the molecular intricacies
of individual tumors (219). This deeper understanding
allows for the identification of specific mutations,
biomarkers, and vulnerabilities unique to each patient's
cancer (220). Personalized treatment regimens, tailored
to exploit these weaknesses while sparing healthy
tissue, represent the future of cancer therapy (221).
Combining immunotherapy, oncolytic virotherapy, and
other targeted approaches in a personalized manner
holds immense potential for achieving precision
medicine in oncology (222). Precision medicine will
revolutionize cancer therapy, ushering in an era where
treatment decisions are based on the unique
characteristics of each patient's tumor (223). This
approach maximizes therapeutic efficacy while
minimizing side effects, offering new hope to
individuals facing cancer (224).

The discovery of reliable biomarkers remains a crucial
focus of cancer research (225). Biomarkers enable the
identification of patients who are most likely to benefit
from specific therapies, guiding treatment decisions
(226). Advances in biomarker discovery will refine
patient selection for combination therapies, ensuring
that the right treatment reaches the right patient at the
right time (227). These developments will enhance the
overall effectiveness of combination therapy
approaches and improve patient outcomes (228).
Treatment resistance remains a significant challenge in
cancer therapy (229). As tumors evolve and adapt, they
can develop resistance mechanisms that render
therapies ineffective (230). Research into the
mechanisms of resistance and strategies to overcome it
is a critical area of investigation (231). Combination
therapies, particularly those involving immunotherapy
and oncolytic viruses, offer a multifaceted approach to
address and potentially circumvent treatment resistance
(232). Ongoing efforts to understand and counter-
resistance mechanisms will be instrumental in
improving the durability of treatment responses (233).
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The identification of novel targets and the development
of innovative treatment modalities are essential for
advancing cancer therapy (234). Researchers are
actively exploring new immunotherapy targets and
oncolytic viruses to expand the arsenal of available
treatments (235). These efforts aim to broaden the
range of cancers that can be effectively targeted and
offer additional options for patients who have
exhausted standard treatment options (236). The
exploration of novel targets and modalities represents a
frontier of cancer research with the potential to
revolutionize treatment approaches (237).

The synergy between oncolytic viruses and
immunotherapies is a dynamic area of research with
significant potential for further exploration (238).
Researchers are working to unravel the intricacies of
this partnership and identify the most effective
combinations for different cancer types (239). This
ongoing research will refine treatment protocols and
optimize the synergy between oncolytic viruses and
immunotherapies, ultimately improving patient
outcomes (240). Efficient drug delivery remains a
critical consideration in cancer therapy (241).
Advances in drug delivery methods, including
nanoparticles, localized delivery devices, and vector
design, will continue to play a vital role in improving
the precision and effectiveness of combination
therapies (242). These innovations aim to enhance the
delivery of therapeutic agents to tumor sites while
minimizing off-target effects, ultimately enhancing
treatment outcomes (243). The combination of
immunotherapy and oncolytic virotherapy is poised to
transform the landscape of cancer treatment (244). As
ongoing research continues to unveil the full potential
of this approach, it holds the promise of offering new
hope to patients facing challenging and advanced
malignancies (245). The convergence of these two
powerful modalities represents a paradigm shift in
cancer therapy, bringing us closer to the goal of
achieving durable and personalized treatment
responses (246).

Conclusions

The urgent need for new methods in cancer therapy
arises from the diverse and evolving challenges posed
by the heterogeneity of cancer, treatment resistance,
and the quest for precision medicine (247-249). The
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convergence of immunotherapy and oncolytic
virotherapy represents a paradigm shift in the field of
cancer treatment. Recent developments have
illuminated the potential of this innovative combination
therapy to revolutionize the way we approach cancer.
Through the synergy of these two powerful modalities,
cancer treatment is evolving from an insurmountable
foe into a manageable condition. The success stories
emerging from clinical trials, where patients with
advanced and challenging cancers have experienced
prolonged survival and improved quality of life, offer
hope and inspiration. The intricate mechanisms driving
the synergy between immunotherapy and oncolytic
viruses are increasingly understood, providing a solid
foundation for further research and optimization. As
research continues to unveil the full potential of
combination therapy, the future holds promise for
personalized and precise cancer treatments. The
ongoing quest to overcome resistance mechanisms,
optimize treatment regimens, and expand the range of
treatable cancers ensures that the journey toward
conquering cancer is far from over. Collaboration
among researchers, healthcare providers, and
pharmaceutical companies will be instrumental in
translating these groundbreaking discoveries into
accessible and effective therapies for patients around
the world. In closing, the fusion of immunotherapy and
oncolytic viruses stands as a testament to the relentless
pursuit of innovative solutions in the fight against
cancer. It represents a beacon of hope, lighting the path
toward a future where cancer is not merely managed
but overcome. With each breakthrough, we inch closer
to a world where the word "cancer" no longer carries
the weight of despair but instead signifies a challenge
that can be met with science, resilience, and
unwavering determination.
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