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Over the recent years, immunomodulators have opened a new avenue in cancer treatment by virtue of their ability to boost the
immune system for neoplastic cell elimination. Improving treatment outcomes by leveraging the interaction of these agents with
traditional cancer treatments is the main emphasis of this review. Checkpoint inhibitors, chemokine receptors, and pattern recog-
nition receptors are the immunological targets of their interactive mechanisms. Inmunomodulators are generally categorized as
inhibitors of checkpoint, cytokines, agonists, or adjuvants. Despite their high efficacy and specificity, modern-day antibody-based
therapies face several key limitations such as immunogenicity, insufficient tissue penetration, and restricted oral bioavailability.
To address these shortcomings, researchers are crafting small molecules with the potential for oral administration and improved
pharmacokinetic properties. These agents can augment antibody therapies for synergistic effects to enhance therapeutic efficacy
for different types of cancers. This review explores the synergy between immunomodulators and traditional cancer treatments
(chemotherapy, radiation, and targeted therapies) as well as newer strategies like adoptive cell therapies (chimeric antigen recep-
tor therapies such as chimeric antigen receptor-T (CAR-T) cell therapy and chimeric antigen receptor-natural killer (CAR-NK)).
These combinations improve treatment effectiveness in a number of ways: radiotherapy increases tumor antigen presentation
and T-cell infiltration, chemotherapy-induced immunogenic cell death boosts immune responses and targeted therapies lessen
immunosuppression in the tumor microenvironment. Despite the potential appeal as adjuvants, immunomodulators also pose
challenges in maximizing their efficacy and minimizing adverse effects. In this paper, clinical trials proving the effectiveness of
these combined techniques are reviewed, and innovative approaches including next-generation checkpoint inhibitors and deliv-
ery systems based on nanoparticles are also highlighted. Overall, this review evaluates the existing impact of immunomodulatory
adjuvants and their prospective trends in cancer care. Further development of immunomodulators will pave the way for more
accessible and effective therapies, marking a significant step towards personalized oncological interventions.
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Introduction while methotrexate mimics folic acid to disrupt metabolic
pathways [2]. Paclitaxel, also known as Taxol, is a crucial

Cancer therapies have evolved tremendously over the cancer treatment that targets microtubules, preventing cell

past few decades, shifting from traditional approaches like
radiation and chemotherapy to more targeted and precise
alternatives. Historically, cancer treatment primarily relied
on surgery, chemotherapy, and radiation therapy, which
aimed to physically destroy cancerous cells [1]. These
approaches often lack specificity, which causes extensive
harm to healthy cells and serious adverse effects. The pri-
mary mode of medication often involves surgical proce-
dures for solid tumors, focusing on the removal of cancer-
ous growths, especially polyps and adenomas during the
initial stages.

Chemotherapy employs various drugs that inhibit can-
cer cell growth and replication, such as alkylating agents
like cyclophosphamide creates covalent bonds with DNA,

proliferation and apoptosis by binding to S-tubulin subunits
[3]. Upon the induction of radiation therapy, the release
of neoantigens and the enhanced expression of antigen pre-
sentation molecules on neoplastic cells are two distinctive
signs of tumor cell death, a biological process that aids in
enhancing cancer immune response [4—6]. Particle beam
therapy is an advanced radiation treatment that uses charge
particles to target the tumor with precision, capable of min-
imizing radiation exposure to nearby healthy tissues [7-9].
Immunotherapy surpasses traditional approaches, offering
a precise and sustained anticancer response. Immunomod-
ulation is a broad category of oncology therapy that uses
a host defense mechanism to counter tumor growth. Can-
cer immunotherapy encompasses various strategies, includ-
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ing tumor vaccines (i.e., immunization against known tu-
mor antigens), monoclonal antibodies, oncolytic virus ther-
apy, cytokine-based therapies, T-cell transfer therapies, and
pathogen recognition receptor agonists, which are being
actively explored in combination immunotherapy contexts
[10]. A recent review by Mitra et al. [11] has highlighted
advancements in cancer immune evasion mechanisms and
evaluated immunotherapeutic approaches such as cancer
vaccines, adoptive cell therapy, and antibody-based treat-
ments, providing a comprehensive overview of established
and emerging strategies, which is particularly insightful
to the development of effective anticancer immunothera-
pies. One innovative approach involves the use of immune
checkpoint inhibitors, such as blockers of the programmed
cell death protein 1 (PD-1) pathway. Such agents function
by reactivating exhausted T cells, thereby enhancing the
immune system’s ability to target and destroy tumor cells.
Additionally, oncogenic vaccine therapies are engineered
to activate the host defense system to attack cancer by pre-
senting neoplastic epitopes [1,10]. With the emergence of
cutting-edge molecular biology approaches, targeted thera-
pies have appeared as a fundamental aspect of modern on-
cology. These therapies are designed to specifically target
the molecular alterations that are unique to cancer cells. For
example, small-molecule inhibitors and monoclonal anti-
bodies are engineered to bind to oncogenic proteins that
support tumor growth, allowing for a more focused treat-
ment approach [1].

Proteolysis-targeting chimeras (PROTACs) are the
molecules that harness the cell ubiquitin-proteasome sys-
tem to selectively tag target protein (e.g., androgen recep-
tor) for degradation by recruiting E3 ubiquitin ligase [12].
Bavedegalutamide Androgen Receptor Variant-110 (ARV-
110) targets steroid hormone receptors in prostate carci-
noma and ARV-471 targets estrogen receptors in breast
cancer [13,14]. Monoclonal antibody comprises five dis-
tinct immunoglobulin subclasses, namely Immunoglobu-
lin M (IgM), Immunoglobulin D (IgD), Immunoglobulin
G (IgG), Immunoglobulin A (IgA), and Immunoglobulin
E (IgE). Among these, IgG1 (pro-inflammatory) and 1gG4
(anti-inflammatory) subtypes are commonly used in the
production of targeted antibodies due to their long half-
life and strong binding affinity [1]. New therapies incor-
porate toxins or radiolabeled compounds like iodine-131 or
yttrium-90 into the monoclonal antibodies [15]. These iso-
tope markers can form cytotoxic compounds and enable tar-
geted chemotherapy, significantly improving their efficacy
in cancer treatment.

Laser-induced thermal therapy and photosensitized
therapies aligned with nano-engineered medicine in can-
cer therapy [1,16]. Nanoparticles absorb near-infrared light
and generate free radicals to kill malignant cells. Nanopar-
ticles can be specifically designed to trigger apoptosis, or
programmed cell death, by delivering tumor suppressor
drugs or genes directly to cancer cells. For example, nano-

conjugates with targeting moieties are found on the ma-
lignant cells, thereby activating the cascade pathway [17].
Similarly, nanoparticles can be engineered to induce cy-
tochrome c efflux within the cells that activate the intrin-
sic mitochondrial pathway and lead to apoptosis. This tai-
lored therapeutic approach enhances the effectiveness of
cancer therapies by ensuring that the pro-apoptotic signals
are delivered precisely where they are needed [18]. This re-
view bridges the knowledge gap by examining the intricate
relationship between immunomodulators and conventional
therapies, highlighting the molecular mechanisms underly-
ing adoptive cell therapies, checkpoint inhibition, Toll-like
receptor (TLR) agonism, and cytokine-driven immune ac-
tivation.

Through a systematic evaluation of recent studies, we
highlight and provide insights supporting the synergistic
potential of immunomodulators with conventional thera-
pies and other emerging agents including bispecific anti-
bodies and nanoparticle-based delivery systems. Our anal-
ysis draws upon pivotal clinical studies to highlight the op-
timal combination regimes. Conclusively, we discuss the
evolving landscape of immunomodulatory therapies includ-
ing existing challenges like toxicity and immune-related ad-
verse effects. We also explore the future directions for en-
hancing their efficacy through innovative trial designs and
precision oncology.

Immune System’s Role in Cancer Progression
and Therapy

The body’s defense mechanism uses a range of mech-
anisms to fight against cancer cells. Normal cells express a
higher density of histocompatibility antigens that enable the
host defense to recognize them as “self” cells. In contrast,
cancer cells display downregulation of human leukocyte
antigen (HLA) molecules, which makes them more recog-
nizable to T lymphocytes. However, stress signals such as
major histocompatibility complex class I chain-related A/B
(MICA/B), expressed on tumor cells, bind to natural killer
group 2D (NKG2D) receptors on natural killer (NK) cells,
triggering their activation [19]. CD16 receptors on NK cells
bind to IgG antibodies, which recognize tumor-associated
antigens and trigger antibody-dependent cellular cytotoxic-
ity (ADCC), to destroy tumor cells. Dendritic cells help in
processing and presenting antigens to cytotoxic T cells via
HLA class 2. CD8+ T lymphocytes are directly involved
in targeting tumor cells through perforin-mediated mem-
brane pore formation and granzyme-induced cell death, and
CD4+ helper cells enhance these responses by supporting
the activation of cytotoxic T cells, as shown in Fig. | (Ref.
[20-23]). In addition to this, lipid asymmetry on the cell
membrane serves as another important mechanism for the
host defense system to detect cancerous cells. Abnormal-
ities in lipid distribution would be interpreted by immune
cells that a cell is potentially malignant, further aiding in
the identification and eradication of foreign cells [24].
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Fig. 1. The interactions between the immune system and tumor cells, and the roles of various immune cells and checkpoint

inhibitors in targeting cancer. Tumor cells express tumor-associated epitopes and reduced levels of major histocompatibility com-

plex (MHC) class 1 molecule. This reduced expression makes it vulnerable to natural killer (NK) cells. Dendritic cells process and

present tumor epitopes via MHC class I and MHC class II to cytotoxic T lymphocytes and helper T cells. Immunotherapy drugs or

checkpoint inhibitors block checkpoint molecules present on effector T cells and on tumor cells. MICA/B, major histocompatibility

complex class I chain-related A/B; IgG, Immunoglobulin G; NKG2D, natural killer group 2D; PD-1, programmed cell death protein

1; PD-L1, programmed death ligand 1; CTLA-4, Cytotoxic T lymphocyte-associated protein 4. This image is created using Biorender

(https://biorender.com/) [20-23].

Immunotherapy can also be classified on the basis of
the type of immunological reaction. TLRs are a group of
peptides that play an essential role in the first line of defense
system, particularly in reaction to infections. They trig-
ger the release of cytokines that promote inflammation and
help to stimulate the acquired immune response in CD4+ or
CDB8+ cells [20,25]. Polyinosinic-polycytidylic acid with
Poly-L-Lysine and Carboxymethylcellulose (Poly-ICLC)
and lipopolysaccharide (LPS) are TLR3 activators used
in vaccine-based therapies and tumor prophylaxis, respec-
tively, and are safe and effective in interacting with TLR4
and LPS [26-28]. Peptide vaccines, which can be either
therapeutic or preventive, are developed to stimulate or re-
vive anti-tumor immunity. Therapeutic vaccines focus on
training the host defense system to bind and neutralize tar-
geted foreign antigens, thereby activating T cells that target
cancer cells. On the other hand, cancer vaccines directly
prompt the immune system to attack cancer cells. To boost
the therapeutic response of these vaccines, they are fre-
quently coupled with adjuvants, including dendritic cells,
which are considered a natural type of adjuvant [21,29,30].

Cellular therapy in cancer treatment harnesses living
cells to help fight cancer. This strategy aims to precisely tar-
get and eradicate cancer cells by altering or leveraging the
recipient’s own effector cells or other cell types. Chimeric
antigen receptor-T (CAR-T) cell therapy is among the lead-
ing forms of cellular therapy where T lymphocytes are ge-
netically recombinant to express a receptor that specifi-
cally targets oncolytic cells [31]. When these cells bind
to their target, they become activated and release cytotoxic
molecules like perforin and granzyme B, inducing apopto-
sis in the tumor cells. Additionally, these cells can attract
macrophages to the tumor region by secreting cytokines.
This concerted collaboration among the immune cells en-
hances the attack on tumor cells, thereby causing their elim-
ination [32]. A notable aspect of CAR-T cell therapy is
its ability to formulate long-lived T cells, which can pro-
vide long-term immunity against cancer. In passive im-
munotherapy, cytotoxic T cells or NK cells are isolated
from the recipient and then cultivated in vitro where they are
multiplied and programmed to discriminate between one’s
own cells and foreign cells [33]. In the predominant form
of this therapy, killer T cells are treated with cytokines to
enhance their ability to destroy tumor cells, while other
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therapy variants entail the collection of T cells that have
already invaded the tumor, expansion of their population,
and re-administration to the recipient [34]. By leveraging
the body’s natural defenses, this approach enhances the im-
mune system’s reaction to cancer.

Immunomodulators

Immunomodulators, including immunostimulants,
immunosuppressants, and immunoadjuvants, are ther-
apeutic medications intended to modify and enhance
immune function. These immunomodulators have two
modes of action: non-specific and specific [35]. The
specific ones only work in the presence of a particular
foreign antigen, triggering an immune response to the
foreign antigen, which is similar to that induced by a
therapeutic vaccine or adjuvant [36]. On the other hand,
non-specific immunomodulators can either boost or sup-
press the immune response; instead of targeting a specific
antigen, they exert a more general effect on the immune
system. Immunomodulators are categorized into three
main classes: type | immunomodulators, which are applied
in individuals with a healthy immune system to ensure
proper function; type II immunomodulators, which are
designed for individuals with impaired immune function
such as those with immunodeficiency diseases; and type
III immunomodulators, which are more superior to the
other types, effectively acting on both normal and weak-
ened immune systems [37]. In short, immunomodulators
influence immune responses by interacting with various
molecules and signaling pathways. For instance, they
target cytokines, which are crucial messengers in the
immune system.

Classification of Immunomodulators

Immunomodulators are classified into two primary
types: immunosuppressants and immunostimulants. Im-
munosuppressants are further divided into glucocorticoids,
which help mitigate inflammation and suppress immune
response, and non-steroid agents such as calcineurin in-
hibitors, mammalian target of rapamycin (mTOR) in-
hibitors, and antimetabolite, which target specific pathways
in immune cell activation. These agents are commonly used
in patients receiving organ transplants and those with au-
toimmune disorders. In contrast, immunostimulant agents
such as interferon and interleukins enhance immune func-
tion, promoting a stronger response against infection and
cancer, as shown in Fig. 2 (Ref. [38]).

Immunosuppressant Drugs

Glucocorticoids. Interleukin (IL)-2 is identified as a crit-
ical growth factor for T lymphocytes. Upon binding to its
specific T cell receptor, IL-2 activates a signaling cascade
that promotes the proliferation of these immune cells. Im-
munosuppressant drugs target lymphocytes to manage and

control immune response effectively. Glucocorticoids rep-
resent a class of steroid hormones produced by the adrenal
gland that suppress the initial inflammatory response and
the activity of immune cells like macrophages and T lym-
phocytes [33]. Dexamethasone (synthetic corticosteroid)
is a powerful immunosuppressant that induces apoptosis in
T lymphocytes, resulting in the decline of the immune re-
sponse critical for the resolution of multiple myeloma. It is
also used to treat allergic responses, nausea, and vomiting,
which are the adverse effects of chemotherapy [39].

Alkylating Agents. Cyclophosphamide is an alkylating
agent, which exhibits both antineoplastic and immunoreg-
ulatory effects. While immunosuppressants are more tar-
geted in their action, the cytostatic agent is used for treat-
ing not only various solid tumors but also autoimmune dis-
eases such as anemia due to immune dysfunction, granulo-
matosis with polyangiitis, and systemic lupus erythematous
[40]. Cytostatic drugs inhibit cell division, posing a signifi-
cant effect on the immune system. They are often combined
with other immunosuppressive medications like calcineurin
inhibitors, corticosteroids, and antibodies to enhance their
effectiveness. Calcineurin inhibitors are known to decrease
IL-2 synthesis. Anti-metabolites such as azathioprine and
methotrexate inhibit T-cell proliferation. Methotrexate is a
folic acid analog that hinders the synthesis of tetrahydro-
folate synthesis. Methotrexate is a folic acid analog that
hinders the synthesis of tetrahydrofolate synthesis. It re-
duces the proliferation of immune cells by inhibiting the
synthesis of DNA and RNA, thereby reducing inflamma-
tion and modulating the immune response. This mechanism
of action enables methotrexate to effectively manage au-
toimmune diseases and prevent transplant rejection [2,34].

Immunostimulatory Drugs

Bacterial Metabolites. Bacterial metabolites, particularly
those derived from the bacterium Bacillus Calmette-Guérin
(BCQG), play an important role in boosting the natural de-
fense system. These metabolites stimulate a robust immune
response, which is crucial for combating infections and dis-
eases. They enhance the activity of two vital types of im-
mune cells: B cells, which produce immunoglobulins, and
T lymphocytes, which are essential for directly attacking
infected or cancerous cells. Importantly, it has been proven
that BCG possesses the ability to prevent and treat certain
types of cancer, specifically carcinoma; by capitalizing on
the enhanced immune activity, it triggers to effectively tar-
get and eliminate cancer cells, as shown in Fig. 2. Such
ability makes BCG and its metabolites valuable tools in im-
munotherapy and cancer treatment [38].

Recombinant Cytokines. Cytokines, such as interferons
and interleukins, exert a profound effect on the modulation
of immune responses. Recent advances in this regard are
marked by clinical trials of recombinant cytokine produced
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Fig. 2. The roles and mechanisms of different classes of immunomodulators in modulating immune response. Different classes of

immunosuppressants and drugs are used to stimulate immune response. One classic example discussed is the Bacillus Calmette-Guérin

(BCG) vaccine, which is a live attenuated vaccine used primarily against tuberculosis and is used as an immunotherapy treatment for

superficial bladder cancer. The BCG works by stimulating the immune system to recognize and fight off Mycobacterium tuberculosis

and cancer cells, enhancing the natural body defenses. This image is created using Biorender (https://biorender.com/) [38].

using plant-based expression systems to treat cancer and
immune disorders [41]. IL-12 has shown notable efficacy
in stimulating anti-tumor immunity. It promotes the differ-
entiation of naive T cells into T helper 1 (Th1) cells. These
Thl cells subsequently produce interferon-gamma (IFN-v),
a cytokine that inhibits angiogenesis and induces apopto-
sis. Researchers are now focusing on the development of
combination therapies that integrate cytokines with com-
plementary approaches, including immune checkpoint inhi-
bition, targeted antibodies, and novel vaccine strategies, to
enhance immune-mediated cancer elimination and restore
immune function [42].

Plant-Based Immunomodulators. Certain plants and com-
pounds, such as Tulsi (Ocimum sanctum) and azadirachtin
(extracted from the A. indica plant), have been found to
possess immunomodulatory properties that stimulate the
immune system. Tulsi, also known as holy basil, is
known to enhance the activity of neutrophils, thereby aug-
menting specific as well as non-specific immune reac-
tions and fortifying the body’s defense against pathogens
[43]. Azadirachtin can increase leukocyte count and boost
the antigen-specific and antibody responses in certain or-
ganisms [44]. Curcuma longa, commonly referred to as
turmeric, possesses a potent bioactive compound known as
curcumin, which helps in the reduction of inflammation by
inhibiting the production of molecules that cause inflam-
mation in immune cells. It has been shown to inhibit cy-

clooxygenase 2 (COX-2), an enzyme involved in inflam-
mation and cancer. The development of new blood vessels,
which is necessary for tumor growth and metastasis, can be
inhibited by curcumin [45].

Categories of Immunomodulators in Cancer Therapy. T
lymphocyte invasion of the neoplastic niche is essential for
the body’s defense against malignancies. This tumor niche
can also promote the expansion of immunosuppressive cells
like regulatory T cells (Tregs). This creates a challenging
environment for the immune system to effectively target on-
colytic cells [46]. Aluminum adjuvants, such as aluminum
phosphate and aluminum hydroxide, have been used for
over a century to enhance the immune response triggered
by vaccines. They are recognized as some of the safest and
most extensively used adjuvants in the world. These adju-
vants were among the first to receive U.S. Food and Drug
Administration (FDA) approval for use in human vaccines
[22].

Agents and Approaches for Cancer
Immunomodulation

Immune Checkpoint Inhibitors (ICls)

Malignant cells can destroy immune checkpoint-
related mechanisms for immune evasion by using negative
feedback mechanisms that help them escape immune re-
sponses. A protein called programmed death ligand 1 (PD-
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L1) interacts with PD-1 to signal T lymphocytes not to at-
tack cancer cells. The clinical application of antibodies that
interfere with immunological checkpoints has been a major
turning point in cancer immunotherapy, by blocking this
pathway with inhibitors like nivolumab, pembrolizumab,
and cemiplimab [11,23,47-49]. Pembrolizumab is widely
used for metastatic cervical cancer while combination ther-
apy involving atezolizumab or durvalumab coupled with
chemotherapy has shown efficacy in extensive small-cell
lung cancer and urothelial cancer. Cytotoxic T lymphocyte-
associated protein 4 (CTLA-4) is another critical molecule
in this domain, serving as an immune checkpoint that en-
gages with the B7 ligand family to dampen immune reac-
tions. Ipilimumab, which is a monoclonal antibody against
CTLA-4, was approved by the FDA in 2011. It func-
tions by blocking the interaction between B7 and CTLA-
4, thus reactivating the cytotoxic activity of T lympho-
cytes, as shown in Fig. 1. Ipilimumab is used in combi-
nation with nivolumab (anti-PD-1) for the treatment of ad-
vanced renal cell carcinoma and malignant pleural mesothe-
lioma. T cell immunoglobulin and mucin-domain contain-
ing protein (TIM-3), an integral membrane protein, forms
part of the host defense mechanism against cytopathogenic
agents and recognizes pathogen-associated molecular pat-
terns (PAMP), subsequently triggering an immune response
by suppressing T cell activity to prevent over-activation
[49]. This suppression causes T cell exhaustion, impairing
their ability to attack and destroy tumor cells, particularly
in the treatment of advanced solid tumors. LY3321367 is
an anti-TIM-3 monoclonal antibody (mAbs) developed by
Eli Lilly to block the interaction of TIM-3 with its ligand.
Lymphocyte-activation gene 3 (LAG-3), which is upregu-
lated in Tregs, aids cancer cells in evading the immune sys-
tem. Relatlimab combined with nivolumab has been shown
to treat unresectable or metastatic melanoma, a particularly
aggressive form of skin cancer that often metastasizes to
other parts of the body. By inhibiting LAG-3, relatlimab
enhances T-cell activation [50] as depicted in Table 1 (Ref.
[23,47-50]).

Cytokine and Growth Factor

Preclinical studies have demonstrated the anticancer
effects of several cytokines, like myeloid growth factor,
type 1 interferons (IFN-1s), IFN-, IL-2, IL-12 and IL-
15. IFN-1s have historically been viewed as having an-
ticancer properties by virtue of their ability to boost cel-
lular quiescence, arrest cellular proliferation, and encour-
age programmed cell death in cancerous cells, as well as
to strengthen the oncolytic response [51-58]. Interferon is
essential for the maintenance of killer T lymphocytes. It
has been reported that high-dose interferon-alpha (IFN-«)
was utilized as adjuvant therapy following surgical removal
of the tumor to lower the risk of relapse. It potentiates the
antitumor activity of antibodies targeting growth factor re-
ceptors, such as human epidermal growth factor receptor

2 (HER2) and epidermal growth factor receptor (EGFR)
[59]. Upon stimulation by IFN-1, TLR4 and TLR3 rec-
ognize cytosolic DNA and start a chain reaction of pro-
inflammatory cytokines, enhancing the immune response
against tumors and infections. They can also boost the mat-
uration of dendritic cells and NK cells. Growth of can-
cer cells can be effectively hindered by IFN-v, triggering
the phosphorylation of the Janus kinase/signal transducer
and activator of transcription (JAK/STAT) pathway. The
IFN-7 also helps in limiting angiogenesis, initiating apopto-
sis in Tregs, improving dendritic cell maturation, augment-
ing M1-like macrophage activity, and weakening TH2 and
TH17 (a subset of T helper cells) responses and autoim-
mune reactions. The clinical response to immune check-
point inhibitors may be predicted by the observed IFN-
v signature. Patients with urothelial and non-small cell
lung cancer (NSCLC) who may benefit from durvalumab,
an anti-PD-L1 antibody, may be identified by a four-gene
IFN-v signature [60]. Recombinant human IL-15 (rhIL-
15) has been thoroughly investigated for its potential as an
immunomodulator against cancer. Out of the participants,
four patients completed at least two cycles of therapy, while
atotal of 19 patients managed to finish at least two cycles. A
moderately toxic rhIL-15 injection significantly increased
the number of circulating NK, and major histocompatibil-
ity complex (MHC) class 1 restricted T cells in individuals
with melanoma and renal cell carcinoma. The treatment
increased circulating NK cells, especially the CD56 bright
subset and moderately increased CD8+ T cells [61].

Another kind of cytokine that is particularly involved
in influencing proliferation and differentiation is the mito-
genic or proliferation factors. Mitogenic factors such as
transforming growth factor beta (TGF-/3) and vascular en-
dothelial growth factor (VEGF) are essential for the ad-
vancement of cancer because they stimulate angiogenesis
(restoring blood flow to ischemic tissue), tumorigenesis,
and metastasis. In ischemic conditions, VEGF expression
is upregulated, leading to the accumulation of immunosup-
pressive cells such as Tregs and myeloid-derived suppres-
sor cells, which inhibit T cell activity and promote tumor
growth. Activation of TGF-g signaling occurs when TGF-
B ligand binds to type II receptors results in activation and
phosphorylation of type I receptors (TGF-/-RI), which in
turn leads to the phosphorylation of small mothers against
decapentaplegic homolog 2 & 3 (SMAD2 & SMAD3) pro-
teins. TGF-f in cancer prevents tumor growth by arrest-
ing the cell cycle, but afterward, it promotes cancer ex-
pansion through epithelial-mesenchymal transition, metas-
tasis, chemotherapy resistance, angiogenesis, and immune
system evasion. A phase II clinical trial (NCT00431561)
showed promising results in treating glioblastoma carci-
noma with AP12009, a unique oligodeoxynucleotide that
targets TGF-8. The treatment demonstrated significant
efficacy in one-third of the patients. Additionally, re-
search on gastric stump carcinoma (GSC) found that us-
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Table 1. Immune checkpoint inhibitors and their roles in cancer.

Immunosuppressors Mechanism Immune checkpoint inhibitors Therapeutic approaches References
PD-1 PD-1, a protein on T cells, serves Nivolumab Nivolumab has been approved for [23,48]
as a “brake” that acts to prevent ~ Pembrolizumab treating bronchogenic carcinoma.
the immune response from being Cemiplimab Pembrolizumab is used for treat-
over-activated. ing metastatic cervical cancer.
PD-L1 Tumor cells exhibit PD-L1, Atezolizumab Atezolizumab and durvalumab [47,48]
which binds to PD-1, allowing Durvalumab are used for treating advanced
them to manipulate the defense urothelial carcinoma.
system and evade detection.
CTLA-4 CTLA-4 is a protein that recruits Ipilimumab For treating renal adenocarci-  [23,48]
two key proteins found on APC— noma and malignant pleural
HLA-B7-1 and HLA-B7-2. mesothelioma.
TIM-3 TIM-3 can cause T cells to be- Eli Lilly and Company (Indianapo- Used for curing advanced solid [49]
come less effective over time, re- lis, IN, USA) created the medica- tumors.
ducing their ability to attack can- tion LY3321367, which is an anti-
cer cells. TIM-3 antibody or, when associ-
ated with an anti-PD-L1 antibody,
an anti-TIM-3 antibody.
LAG-3 On APCs, LAG-3 attaches to Relatlimab Relatlimab is mainly applied  [23,50]

MHC class II molecules and
sends inhibitory signals that re-
duce T cell activity.

in combination with nivolumab
to treat metastatic or incurable

melanoma.

Abbreviations: PD-1, programmed cell death protein 1; PD-L1, programmed death ligand 1; CTLA-4, Cytotoxic T lymphocyte-associated

protein 4; APC, antigen-presenting cell; HLA, human leukocyte antigen; TIM-3, T cell immunoglobulin and mucin-domain containing protein;

LAG-3, Lymphocyte-activation gene 3.

ing RGFP966 and a histone deacetylase (HDAC3) inhibitor
helped control SMAD?7 acetylation, which can aid in can-
cer treatment [62,63]. The FDA-approved combination
of lenvatinib and pembrolizumab (KEYNOTE-775/Study
309, NCT03517449, Phase 3) demonstrated superior clini-
cal outcomes in advanced endometrial cancer patients with
mismatch repair-proficient tumors [64], as mentioned in Ta-
ble 2 (Ref. [59-64]).

Toll-Like Receptor Agonist

Pathogen-conserved molecular patterns are recog-
nized and bound by pattern recognition receptors on cell
types that present antigens, including dendritic cells and
monocytes. This recognition initiates signaling cascades
within immune cells, ultimately triggering a coordinated
immune response. Among pattern recognition receptors,
TLRs are key components of innate immunity and have
emerged as promising therapeutic targets for innovative
cancer treatments, including those for cervical cancer [65].
Pro-inflammatory cytokines are released to fight off infec-
tions. Pro-inflammatory cytokines, like interferons and in-
flammatory mediators, are released to fight off infections.
These cytokines also activate the adaptive immune sys-
tem, stimulating T cells to target and remember pathogens,
preparing the body for future infections. Poly-ICLC and
LPS are used as adjuvants in cancer vaccines to enhance

the immune response. Similarly, interferons and inflamma-
tory mediators are produced when imiquimod, a drug used
to treat epidermal carcinomas, binds to TLR7. Upon bind-
ing to TLR9, CpG oligodeoxynucleotides resemble bacte-
rial DNA and activate T cells and dendritic cells. Cancer
vaccines leverage these chemicals to strengthen the immune
system. Monophosphoryl lipid A (MPL), an LPS deriva-
tive, binds to TLR4 and initiates the nuclear factor kappa
B (NF-xB) pathway, enhancing the host defense system’s
capacity to identify and eliminate oncolytic cells [26—28].

Monoclonal Antibodies

Monoclonal antibodies bind to distinct receptors on
cancer cells, such as EGFR, which plays a critical role in
tumor cell proliferation and metastasis. By blocking these
receptors, mAbs effectively inhibit the signaling pathway
that drives tumor growth and division, thereby halting can-
cer progression. Furthermore, mAbs also utilize ADCC in
a process involving the Fc regions of the mAbs that engage
with Fc receptors on NK cells, which leads to the recruit-
ment of NK cells to the tumor site. Upon activation, NK
cells release cytotoxic substances that selectively eliminate
cancer cells, as shown in Fig. 3 (Ref. [33]). This method is
commonly used to treat B-cell lymphoma. This therapeu-
tic approach involves targeted immunoglobulin that selec-
tively binds to the CD20 molecule found in the cancerous
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Table 2. Clinical anticancer outcomes and other details of cytokines.

AN
—_
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Cytokine Source Mechanism Key biological processes used in cancer treatment  Clinical outcomes References
IFN-1s  Immune cells, tumor TLR4 and TLR3 activate cytosolic DNA, IFN-1s stimulate tumor cell apoptosis, promote den- Lowers relapse risk after surgical resection of tumor; [59]
cells, endothelial cells, triggering pro-inflammatory cytokines dritic cell maturation and antigen presentation, and Boosts the effectiveness of targeted cancer therapies,
PDCs, and CAFs and enhancing the immune response enhance natural killer cell activation, thereby reduc- including HER?2 inhibitors and EGFR inhibitors.
against tumors and infections. ing tumor size and preventing cancer spread, thus en-
hancing the immune response against cancer.
IFN-~ CTLs When IFN-vy binds to its receptor, it IFN-v suppresses Treg activities, reduces Th2 and Predicts response to immune checkpoint inhibitors; [60]
phosphorylates Janus kinases and acti- Th17 responses, activates T and NK cells, and im- Identifies patients who may benefit from durval-
vates STAT1, which in turn stimulates the proves antigen presentation. umab; Specific to urothelial and NSCLC patients.
JAK/STAT signaling cascade. Uses four-gene IFN-v signature for identification.
IL-15 Macrophages IL-15Ra ligand presents interferon reg- The function of engineered IL-15 proteins is to acti- Increased circulating NK cells; [61]
ulatory factor elements to NK and T vate and promote the growth of these immune cells, Enhanced CD56 bright subset;
cells and nuclear factor kappa-light-chain- which increases their capacity to recognize and elim- Moderately increased CD8+ T cells; Increased MHC
enhancer of activated B cells. inate cancer cells. class 1, restricted T cells; Moderately toxic
treatment.
TGF-8  Epithelial cells, immune TGF-g ligand binds to type II receptors, Initially, TGF-3 arrests the cell cycle and prevents Promising results in glioblastoma carcinoma; Sig-  [62,63]
cells, platelets activates the phosphorylation of type I re- tumor growth. Later, it promotes cancer expansion nificant efficacy in one-third of patients; Controlled
ceptors (TGF-S-RI), and phosphorylates through epithelial-mesenchymal transition, metasta- SMAD?7 acetylation; Potential aid in cancer treat-
SMAD?2 and SMAD?3 proteins. sis, chemotherapy resistance, angiogenesis, and im- ment; Targeted TGF-3 expression.
mune system evasion.
VEGF  Immune cells and non- Ischemia VEGF supports cancer growth and increases the ac- Lenvatinib + pembrolizumab for treatment of ad- [64]

immune cells

cumulation of Treg and MDSCs, which aid in neo-

plastic evasion.

vanced endometrial cancer (KEYNOTE-775/Study
309, NCT03517449, Phase 3) shows a higher objec-
tive response rate and exerts a beneficial effect on

tumors without mismatch repair deficiency.

Abbreviations: IFN-1s, type 1 interferons; PDCs, Plasmacytoid dendritic cells; CAF, Cancer-associated fibroblasts; TLR, Toll-like receptor; CTLs, cytotoxic T lymphocytes; STAT1, signal transducer

and activator of transcription 1; JAK, Janus kinase; NK, natural killer; Th, Helper T cell; VEGF, vascular endothelial growth factor; Treg, regulatory T cell; MDSCs, Myeloid-derived suppressor cells;

HER2, human epidermal growth factor receptor 2; EGFR, epidermal growth factor receptor; TGF-g, transforming growth factor beta; NSCLC, non-small cell lung cancer; SMAD2, small mothers

against decapentaplegic homolog 2.
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B lymphocytes. When the antibody binds to CD20, it trig-
gers several processes that destroy the tumor cells. This
approach triggers an immune activation to combat malig-
nancy [33]. Herceptin and Erbitux are monoclonal anti-
bodies primarily used in combating ductal carcinoma and
specific epithelial cancer affecting the cervical and cranial
regions, respectively. Herceptin targets the HER2 recep-
tors and blocks the signals that promote cancer cell growth
and division. Targeted therapies like Erbitux inhibit the re-
ceptor tyrosine kinase, which is often overexpressed in can-
cer cells [1]. Monoclonal antibodies may strengthen future
cancer treatments by augmenting tumor-targeting selectiv-
ity, thereby bridging the gap toward achieving therapeutic
goals.

Cancer Vaccines and Oncolytic Viruses

The goal of utilizing cancer vaccines is to fortify
the body’s defenses against cancerous antigens. Cancer
vaccines are classified into four types, each type lever-
aging a distinct mechanism to combat cancerous cells.
These include cellular vaccines like dendritic cell-based
vaccines that utilize cellular components to stimulate im-
munity and oncolytic viruses-based vaccines that harness
modified viruses to deliver oncogenic proteins. Addition-
ally, peptide-based vaccines coupled with immunoadju-
vants employ specific protein fragments to trigger an im-
mune response. The limited ability of this type of vaccine
is due to the variability of HLA and the small size of the
antigenic determinant. The low-molecular-weight antigen
can boost their antigenicity by conjugating with molecular
chaperons, whereas nucleic acid-based vaccine uses genetic
material to instruct cells to neoplastic antigens and facilitate
macrophages and dendritic cells to process and present epi-
topes [66].

Oncolytic viruses could directly or indirectly destroy
tumor cells. Herpes simplex viruses are the most com-
mon vector, showing abnormally overexpressed surface
markers on cancer cells and possessing the ability to in-
vade targeted cells [67-69]. Proliferation of the oncolytic
viruses leads to cellular disruption and expulsion of newly
produced bacteriophage, which penetrates surrounding tis-
sues [70]. The tumor microenvironment releases microbial
signature molecules, cellular distress signals, and cancer-
specific markers, which can be detected by macrophages
and dendritic cells. These cells activate anticancer immune
defense by stimulating T cells to elicit tumor-targeted cyto-
toxicity and adaptive immunity, as shown in Fig. 4 (Ref.
[67-70]). While oncolytic viruses-based vaccines offer
several advantages, such as increased exposure to tumor
antigens, selective replication, and immune system activa-
tion, some of their shortcomings should not be overlooked,
including weak immune response, low tumor-targeting se-
lectivity, the need to determine the optimal viral dosage,
and the need to manage viral growth inside target cells [71—
73].
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Combination Strategies: Immunomodulators
with Conventional Cancer Therapies

A deeper dissection of the complex molecular mech-
anisms has rapidly transformed our understanding of dis-
eases. This fresh insight is paving the way for the devel-
opment and testing of innovative therapeutic approaches.
Numerous combination therapies have been proposed and
are now being used in the battle against different types of
cancer throughout the past several years. Despite relative
obscurity a few years ago, targeted medication therapy, im-
munotherapy, and customized medicine are now commonly
used as therapeutic approaches [74].

Combination therapy combines the enduring advan-
tages of immunotherapy with the rapid eradication of tu-
mors observed with targeted therapies, providing potential
clinical benefits. Immunotherapy, in particular, could pro-
mote the potent tumor responses induced by targeted ther-
apy, resulting in extended remissions where robust host re-
sponses against several antigens may reduce the likelihood
of the emergence of drug-resistant cancer cells [74,75].

Immunomodulators and Chemotherapy

Chemotherapy has been an integral component of can-
cer treatment for many years. However, immune check-
point inhibitors (ICIs) have been a breakthrough in the
last decade and are now the first-line treatment for numer-
ous malignancies. Although substantial progress has been
made, primary and acquired resistance remains a perennial
challenge in treatment, yielding a response rate of about
20% across solid malignancies treated with ICI monother-
apy [76].

The inability of conventional chemotherapy to specif-
ically target malignant cells is one of its primary draw-
backs. The efficiency of treatment is limited by this non-
specificity, which reduces the capacity to deliver medica-
tions directly to tumor tissues. As a result, over the past ten
years, novel strategies that harness and train a patient’s im-
mune system to identify and target altered cells by identify-
ing a variety of cell surface markers have been created [77].
Treatment success has been greatly increased by combining
immunotherapy and chemotherapy, especially for tumors
that are challenging to treat, such as triple-negative breast
cancer [78-80].

Chemoimmunotherapy is a new approach that com-
bines immunotherapy with chemotherapy to improve clin-
ical results. Drugs used in immunotherapy can be used ei-
ther alone or in combination with chemotherapy to directly
target cancer cells and strengthen the immune system’s
defenses against the disease. The FDA-approved medi-
cation tisagenlecleucel, which treats B-cell lymphoblastic
leukemia by modifying the patient’s CAR-T cells, is a prime
example of this approach [81].

Another group of G protein-coupled receptors
(GPCRs) that are involved in controlling the growth of
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Fig. 3. Monoclonal antibodies (mAb) as targeted therapies in cancer treatment. The mAbs specifically bind to cancer cell receptors

like epidermal growth factor receptor (EGFR), blocking signals that promote cell growth and division, thereby inhibiting tumor growth.

The Fc receptors on natural killer (NK) cells promote the destruction of tumor cells through an antibody-dependent cellular cytotoxicity

(ADCC) mechanism. When the encodes bind to the antibody on the cancer cells, the NK cells release cytotoxic substances to target and

kill the cancer cells. This image is created using Biorender (https://biorender.com/) [33].

tumors are adenosine receptors (ARs) [82]. Among the
four known ARs (Al, A2A, A2B, and A3) [83], the
adenosine A2B receptor (A2BR) exhibits potential as a
target for chemotherapeutic strategies [84], whereas the
adenosine A2A receptor (A2AR) is the primary target
for immunotherapy [85,86]. Now being investigated
for their potential in combined chemotherapeutic and
immunotherapeutic interventions, dual-target drugs that act
on both A2AR and A2BR receptors present a potentially
new treatment alternative for cancer [87,88].

Immunomodulators and Radiotherapy

Radiation therapy stands as an essential method
for managing unresectable malignancies. This treatment
causes cellular damage and death by directly delivering
carbon-ion radiation or X-rays that damage DNA to tumor
cells [89]. Free radicals created by ionizing radiation dam-
age vital cellular constituents, resulting in chromosomal ab-
normalities and double-stranded DNA breaks. The delayed

onset of negative effects can be explained by the possibility
that these severely damaged cells will divide a few more
times before undergoing cell death. Additionally, radia-
tion triggers cellular signaling pathways that initiate lung
fibrosis and inflammatory processes, which can lead to ad-
verse effects including elevated intracranial pressure, skin
redness, and swelling [90].

When used in conjunction with immunotherapy, ra-
diation therapy enhances immune responses by exposing
tumor-specific antigens to immune cells. Research on the
effectiveness, benefits, and potential of combined radiation
and immunotherapy in treating metastatic tumors is crucial
because of the synergistic effect attained in reducing tu-
mor size and treating metastases. The “abscopal effect”, in
which targeted radiation on a tumor may trigger the immune
system to identify and target metastatic tumors outside the
radiation field, is a notable consequence of this combination
therapy [91]. Antigen-presenting cells can identify anti-
gens released by irradiated tumors at the initial phase of
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tumor, they replicate inside tumor cells. The replication of the viruses within the oncolytic cell causes the cell to rupture, releasing the

viruses to infect nearby tumor cells. The lysed tumor cells release pro-inflammatory cytokines that attract other immune cells such as

natural killer (NK) cells to the tumor microenvironment, thereby extending the immune-mediated tumor destruction at a greater scale.

Indirect method: Virus-mediated lysis of tumor cells causes the release of viral antigen into the tumor microenvironment. Macrophages

process the viral antigen and present it to T lymphocytes, which can target and kill the tumor cells. This image is created using Biorender

(https://biorender.com/) [67-70].

the process, triggering T cell activation and proliferation
by presenting the tumor antigens to T cells in lymph nodes.
Tumor-specific T cells that are produced then travel to dis-
tant, non-irradiated tumors to aid in their identification and
elimination [92]. It has been demonstrated that combining
immunotherapy with radiation results in a more robust and
long-lasting T-cell response [93].

Immune checkpoint inhibitors have been the most ex-
tensively researched immunotherapies used in conjunction
with radiation therapy, and the results have revealed favor-
able clinical outcomes. Combining ICIs with radiation ther-
apy improves the systemic effects of immunotherapy and
the local effects of radiation in preclinical models. The im-
munogenic effects of radiation, including antigen presen-
tation, T cell activation and trafficking, and stimulator of
interferon genes (STING) pathway activation, augment the
immunological pathways targeted by CTLA-4 and PD-1 in-
hibitors [91]. Additionally, radiation promotes an adaptive
immune response by increasing the absorption of foreign
DNA into the cytoplasm, which in turn triggers the pro-
duction of interferon via the cyclic GMP-AMP synthase

(cGAS)-STING pathway [94]. The potential of this com-
bined strategy to augment the palliative advantages of ra-
diation monotherapy, overcome primary and acquired re-
sistance to ICIs, and improve local tumor management is
being investigated in ongoing research.

Immunomodulators and Targeted Therapies

Immunotherapy and targeted therapy, which each ad-
dresses a separate aspect of tumor management, have
emerged as viable treatments for cancer patients. De-
spite the fact that both have demonstrated efficacy against
a variety of malignancies, sometimes they are often lim-
ited by low or transient response rates when used alone.
While targeted medicines block important biochemical
pathways necessary for tumor development and survival,
immunotherapy triggers a long-lasting immune response
that can maintain long-term tumor control. Targeted treat-
ments and cytotoxic drugs can also alter immune responses,
implying that combining them with immunotherapy could
greatly enhance clinical results.
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A particularly promising approach that targets the im-
mune system as well as the molecular dynamics of can-
cer is the combination of immunotherapy and epigenetic
treatment. This strategy increases the immune system’s ca-
pacity to identify and eliminate tumor cells while revers-
ing cancer-related epigenetic alterations with medications
like azacitidine and entinostat [95]. In cancer models, re-
search has demonstrated several advantages of this com-
bination, including triggering cancer cell death, improv-
ing immune recognition of tumors, decreasing immuno-
suppressive cells in tumor environment, and boosting ef-
ficacy of immunotherapies like adoptive cell transfer and
checkpoint inhibitors. Specifically, research in melanoma,
renal, and lung cancer models has shown encouraging re-
sults, with some cases showing complete tumor eradication
[96,97] the possibility of this approach in treating metastatic
melanoma and lung cancer is being investigated in clinical
trials [98].

Kirsten rat sarcoma viral oncogene homolog (KRAS)
mutations, accounting for approximately 86% of rat sar-
coma (RAS)-driven cancers worldwide, are predominantly
associated with lung, pancreatic, and colon cancers, and
are linked to poor prognosis and reduced overall sur-
vival. Recent advancements in immunomodulatory ap-
proaches, such as combining KRAS mutant-targeted ther-
apies with immune checkpoint inhibitors and T-cell-based
strategies, show significant promise in enhancing anti-
tumor responses and improving outcomes in patients with
KRAS-driven malignancies [99].  Similarly, mitogen-
activated protein kinase kinase (MEK) inhibitors, target-
ing the Mitogen-activated protein kinase (MAPK) signal-
ing pathway, play a crucial role in enhancing immunother-
apy efficacy by increasing tumor antigen expression, pro-
moting T-cell infiltration, and mitigating immunosuppres-
sion within the tumor microenvironment. Preclinical mod-
els of colorectal and melanoma cancers have demonstrated
encouraging anti-tumor responses with this approach. In
metastatic colorectal cancer, the MEK inhibitor cobime-
tinib has been shown to enhance the efficacy of the anti-PD-
L1 antibody atezolizumab. A deeper understanding of the
mechanisms by which targeted therapies foster anti-tumor
immunity will enable the development of rational combi-
nation therapies that achieve rapid tumor eradication while
promoting durable immune responses, ultimately leading to
more effective cancer treatments.

Emerging Immunomodulatory Agents and
Novel Approaches

In order to fully utilize the immune system’s thera-
peutic potential, cellular immunotherapy has advanced past
conventional techniques and into an exciting transforma-
tional phase. Advanced bispecific antibodies that connect
immune cells to cancer cells; precisely engineered adop-
tive cell therapies, such as Clustered Regularly Interspaced

Short Palindromic Repeats (CRISPR)-edited CAR-T cells,
that target tumor-specific antigens; improved checkpoint
inhibitors that revitalize exhausted T cells within the tu-
mor microenvironment; and advanced nanoparticle deliv-
ery systems that maximize the distribution of immunomod-
ulators are some of the innovative approaches that have
revolutionized cancer treatment. These methods give new
prospects for better results across a variety of tumors by
combining the advantages of cellular engineering, molecu-
lar precision, and creative delivery mechanisms.

Next-Generation Checkpoint Inhibitors

A number of inhibitory immune receptors, such as PD-
1, CTLA-4, LAG-3, TIM-3, T-cell Ig and ITIM domain
(TIGIT), and B- and T-lymphocyte attenuator (BTLA),
have been identified as “immune checkpoints” in cancer.
These receptors are important regulators that keep the im-
mune system in balance by limiting excessive responses.
By preventing immune cells from inadvertently attack-
ing healthy tissue, these checkpoints are essential for self-
tolerance. Immune checkpoint receptors on immune cells
like T cells bind to homologous receptors on aberrant cells,
such as cancer cells, and send a “switch off” signal that
stops the immune system from attacking the tumor. By in-
terfering with this signal, ICIs enable T cells to locate and
destroy tumor cells [11,100].

Tremelimumab (NCT01008358) and other anti-
CTLA-4 antibodies function by obstructing the CTLA-4
pathway. This keeps T cells from being suppressed and en-
courages the release of important cytokines that strengthen
the immune system, like IFN-y and IL-2. In conditions
such as lung cancer, melanoma, and kidney cancer, this
enhances the body’s anti-cancer immune response. The
FDA has approved ipilimumab (NCT01658878), another
anti-CTLA-4 antibody, for the treatment of melanoma.
Additionally, it is occasionally used in conjunction with
nivolumab to treat hepatocellular carcinoma [101].

In phase II clinical studies, nivolumab, a humanized
antibody that targets PD-1 on activated T cells, has strong
anti-tumor effectiveness [102]. However, the necessity for
next-generation ICIs is highlighted by the resistance mech-
anisms that tumors develop against anti-CTLA-4 and anti-
PD-1/PD-L1 treatments. To enhance the effectiveness and
results of cancer treatment, treatments that target TIGIT,
LAG-3, and TIM-3 are being developed [100].

Bispecific Antibodies and Immune Cell Engagers

Today, one of the main problems with mAb treatments
is that they can cause an unintended immunological re-
action, which can result in the development of antibodies
against the medication. This may lessen the clinical effi-
cacy of the treatment.

Nonetheless, the creation of bispecific mAbs and im-
provements in mAb production techniques, which would
also influence endogenous B cell action, offer prospects for
improved therapeutic efficacy [103]. The capacity of bis-
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pecific antibodies (bsAbs) to carry out tasks that are merely
achievable when two antibodies with distinct binding speci-
ficities are combined into a single molecule is one of its
unique advantages [ 104].

Multispecific antibodies termed bispecific killer en-
gagers (BiKEs) and trispecific killer engagers (TriKEs) are
generated by combining two or three separate single-chain
variable segments. When treating complicated disorders in-
volving a variety of receptors, ligands, and signaling path-
ways, this multi-targeting strategy is beneficial. BiKEs and
TriKEs facilitate the attachment of NK cells to tumor cells,
increasing NK cell activation and encouraging NK cell-
mediated cancer cell killing [105,106].

Bispecific T cell engager (BiTE) antibodies, which are
produced from T cells, have been approved by the FDA
for a number of cancer types due to their remarkable effi-
cacy against both large tumors and minimal residual disease
[107]. Research by Kufer et al. [108] has demonstrated the
great potency of bispecific antibodies linked to CD3/target
antigens, which attract CD8+ and CD4+ T cells to target
cancer cells directly at particular effector-to-target ratios
[108]. ABBV-428 is a potential bispecific antibody that is
presently undergoing phase I clinical trials. It targets both
CD40 and the tumor protein mesothelin [109]. With signif-
icant therapeutic promise, more bispecific immunomodula-
tory antibodies are also currently being evaluated in clinical
settings.

Adoptive Cell Therapies

Adoptive cell therapy, sometimes referred to as cel-
lular immunotherapy, is a cancer treatment that targets
and eliminates tumors using the patient’s own immune
cells. To strengthen the immune system’s reaction to ma-
lignancy, this strategy includes isolating the patient’s im-
mune cells, growing them to a large quantity, and then ren-
dering them. Engineered natural killer cell therapy, tumor-
infiltrating lymphocyte (TIL) therapy, CAR-T cell therapy,
and engineered T cell receptor (TCR) therapy are impor-
tant cancer immunotherapy techniques [11,110]. Even in
HLA-matched ovarian cancer cell lines that are resistant
to chemotherapy, studies have demonstrated that TILs can
have encouraging anti-cancer effects [111,112]. By inter-
acting with MHC class I and MHC class II molecules, en-
gineered TCRs are able to identify tumor antigens. This en-
ables the cells to efficiently target the antigens, combat the
immunosuppressive environment of the tumor, stop antigen
escape, and lessen adverse consequences [113,114]. In or-
der to improve the patient’s NK cells’ capacity to combat
tumor cells, NK cell treatment involves genetically alter-
ing the cells to introduce antigen specificity. Structurally
similar to CAR-T cells, chimeric antigen receptor-natural
killer (CAR-NK) cells need co-stimulatory molecules such
as CD28, 4-1BB, and CD134 to boost their ability to pro-
liferate and destroy cancer, particularly solid tumors. Com-
pared to CAR T-cell therapy, which takes longer to take ef-
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fect, CAR-NK cell therapy provides a faster option [115].
CAR-T therapies, like tisagenlecleucel, are FDA-approved
for B-cell acute lymphoblastic leukemia, while CAR-NK
cells are under investigation for solid tumors like glioblas-
toma (GBM) [116]. Genetically modified multifunctional
human NK cells (CD73.mCAR-pNK) have substantial anti-
GBM activity, which effectively addresses tumor hetero-
geneity and immunosuppressive tumor microenvironment,
according to research by Wang ef al. [117]. For solid tu-
mors, CAR-NK cell therapy is safer than CAR-T therapy
due to the brief half-life of CAR-NK cells, which min-
imizes adverse effects on healthy tissues and lowers the
likelihood of graft-versus-host disease [118]. The prostate
stem cell antigen CAR s15 NK cells engineered by Teng
et al. [119] have shown anti-pancreatic effects, highlight-
ing their notable potential in tumor suppression. In experi-
mental models, the combination of cabozantinib with NK-
92 cells that have been altered to target EGFR has shown
increased efficacy, pointing to a new therapeutic strategy
for renal cancers [118]. Unprocessed antigens and tumor
cell surface components including glycolipids and carbo-
hydrates are the target of CAR T-cell therapy. Without the
need for MHC class I and MHC class II expression, this
strategy leverages the patient’s CD4+ and CD8+ T lympho-
cytes to identify and eliminate the cancer cells using stable,
effective, and secure gene transfer techniques. Then, these
altered T cells destroy tumor cells mainly by cytolyzing
them through granzyme and perforin release, and occasion-
ally by triggering apoptosis via the Fas receptor (Fas)/Fas-
ligand or tumor necrosis factor (TNF)/TNF-receptor path-
ways [114,120].

Nanoparticle-Based Delivery of Immunomodulators

A variety of immunological reactions and pathways
can be triggered by the inherent immune-stimulating prop-
erties of nanoparticles (NPs). Depending on their chem-
ical and physical characteristics, different kinds of NPs
have distinct impacts on the immune system. For instance,
silver-based NPs decrease inflammation by blocking TLR
signaling, but gold-based NPs cause inflammation by ac-
tivating NF-xB pathways. The production of reactive oxy-
gen species (ROS) is the primary mechanism through which
multiple types of NPs influence immune responses. The ef-
fects of various materials vary: carbon nanotubes lower im-
mune responses generally, iron oxide nanoparticles (NPs)
lessen specific antigen responses, and CeO2 NPs suppress
inflammatory signals. The immunological effects of NPs
are also significantly influenced by their stability and break-
down patterns. The physical and chemical characteristics of
NPs influence their usage in immunological applications, as
evident by the increased toxicity of more readily degradable
materials like ZnO in comparison to stable compounds like
TiOg [121].

There has been a report that special “amphiphilic” vac-
cines were manufactured by combining an antigen with a
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lipophilic albumin-binding tail. The lipid head binds to
DNA segments containing CpG sequences that interact with
TLRO. By targeting lymph nodes, this combination deliv-
ery approach efficiently transports both peptide antigens
and CpG DNAs via a nanocarrier, increasing T cell re-
sponses and anti-tumor efficacy [122].

To reverse low oxygen levels in tumors, other re-
searchers developed a liposome-based delivery system for
catalase and hydrogen peroxide (H2O2). This enhancement
improves the efficacy of anti-CTLA-4 treatment and radi-
ation therapy in combination with immunotherapy [123].
There have been relentless investigations on NP vaccines
owing to their superiority to traditional vaccination formu-
lations in a number of ways, including greater localiza-
tion, improved lymphatic circulation, increased uptake by
antigen-presenting cells (APCs), and stronger B cell acti-
vation through receptor crosslinking. Therefore, it is crit-
ical to deepen our understanding of how the NPs interact
with and penetrate through lymphoid tissue, and specifi-
cally what cell types they interact with, in order to provide
more insights into developing more effective NP vaccines.

Key Clinical Trials on Immunomodulators as
Adjuvant Cancer Therapies: Efficacy and
Safety Profiles

Ipilimumab was authorized by the FDA in 2011 as
an immunomodulatory cancer therapy for the treatment of
skin cancer. Clinical trials (NCT02559829) demonstrated
notable improvements in patients treated with ipilimumab.
A study of 1861 patients using the therapy showed that
10% achieved objective responses, while 20% survived for
around 10 years [124]. Some patients experienced pro-
longed disease stabilization or unconventional immune re-
sponses. Ipilimumab has shown limited effectiveness in
non-melanoma cancers, prompting further research on its
potential in kidney, lung, and prostate cancer. A study
found that 10% of patients with advanced kidney cancer
responded positively to ipilimumab (NCT00364723) treat-
ment [125]. In lung cancer, combining ipilimumab with
chemotherapy phase III trials (NCT00084812) extended
progression-free survival by one month, but overall survival
did not improve significantly [126]. Ipilimumab’s efficacy
in prostate cancer has been investigated in several studies.
In one study involving 110 individuals, ipilimumab reduced
prostate-specific antigen (PSA) levels by 50% in a few pa-
tients [127]. A large trial of 799 patients found that ip-
ilimumab (NCT02020029) extended progression-free sur-
vival by one month and might prolong survival in patients
with favorable prognostic features [128]. Two ongoing
phase III trials are currently underway to further investigate
ipilimumab’s efficacy and potential so as to provide valu-
able insights into its role in cancer treatment, particularly in
the form of combination therapy [128].

A study has reported that nivolumab induced durable
tumor regressions in patients with advanced cancer, with
a therapeutic rate of response of 17% in lung cancer,
27% in kidney cancer, and 31% in melanoma, and ex-
tended survival (9.9-22.4 months) [128]. The FDA has ap-
proved nivolumab for chemotherapy-refractory squamous
lung cancer, and multiple pharmaceutical companies are
developing PD-1 pathway-blocking drugs [129]. Ongoing
clinical trials are exploring the full potential of these treat-
ments in various cancer types. This breakthrough offers
new hope for patients with advanced cancer, revolutioniz-
ing the landscape of cancer care. Studies have shown that
the combined blockade of LAG-3 and PD-1 holds promise
in cancer treatment and the establishment of autoimmunity
models [130]. Double-knockout mice lacking both LAG-
3 and PD-1 exhibit severe autoimmune reactions, while
dual blockade of LAG-3 and PD-1 leads to elimination of
cancerous cells in some models without causing signifi-
cant autoimmune side effects. Currently, an anti-LAG-3
blocking antibody (clinical trial NCT(02968109) is in phase
I clinical trials for cancer treatment, with cohorts receiv-
ing either anti-LAG-3 monotherapy or combination ther-
apy with anti-PD-1. This innovative approach offers po-
tential breakthroughs in cancer treatment and immune reg-
ulation [131]. Eftilagimod alfa (IMP321), an immunother-
apy, was tested in a 2006 phase I trial (NCT00369718) for
advanced renal cell carcinoma. Results showed no signifi-
cant response, but diagnostic confirmation was evaluated in
7 out of 8 patients receiving higher doses. Subsequent tri-
als combining IMP321 with chemotherapy/immunotherapy
showed promise in melanoma, breast cancer, and pancre-
atic neoplasms, with a favorable safety profile [132]. The
study investigated the dual blockade of TIM-3 and PD-1
has shown remarkable potential in cancer treatment. By
targeting both molecules, tumor growth can be controlled
more effectively than blocking either alone. TIM-3 has
emerged as a promising target for cancer immunotherapy
to achieve combined immune checkpoint blockade, which
potentially improves treatment outcomes. Currently, anti-
human TIM-3 blocking antibodies are still under develop-
ment. The importance of TIM-3 in regulating immune cell
function and preventing excessive responses has been high-
lighted. The potential advantages of combined blockage in
the therapy of cancer are realized through the integration of
TIM-3 and PD-1, which suggests a more worn-out immune
state. Sym023 has been evaluated in a 2018 phase I trial
for advanced solid tumors/lymphomas, showing promise in
patients with stable disease. This led to combination tri-
als of Sym021/Sym022. Sabatolimab, an anti-TIM-3 anti-
body from Novartis, was found to trigger manageable side
effects and demonstrate potential benefits in a phase I trial
for advanced malignancies [133]. Other TIM-3 inhibitors
(INCAGN2390, LY3321367, BMS-986258, SHR1702) are
currently being tested in phase I trials, alone or with anti-
PD-1/PD-L1 therapies, for advanced cancer [133].
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Tumors can evade the surveillance of the immune sys-
tem with the aid of an essential enzyme called indoleamine
2,3-dioxygenase (IDO). IDO weakens T cells and reduces
their ability to fight tumors by preventing the breakdown of
kynurenine necessary for T cell activity. Additionally, IDO
promotes the formation of Tregs, which inhibits the natural
defense system [134]. The use of pembrolizumab combined
with epacadostat, an IDO inhibitor, in treating advanced
melanoma and urothelial carcinoma has been investigated.
Phase I/II trials showed promising results, but a phase 111
study found no superiority of this combination over pem-
brolizumab alone. However, a subsequent phase III study
(KEYNOTE-672/ECHO-307) in urothelial cancer patients
showed improved overall response rates (31.8% vs 24.5%)
following the implementation of the combination therapy.
New studies are investigating epacadostat’s efficacy in
glioblastoma, pancreatic adenocarcinoma, and breast can-
cer, in combination with other treatments [135]. Other
IDO-targeting therapies, like BMS-986205, are also show-
ing promise, despite some (PF-06840003 and LY3381916)
being terminated or abandoned. These ongoing trials aim
to enhance IDO inhibition’s potential in treating solid tu-
mors, offering hope for improved cancer treatments [135],
as described in Table 3 (Ref. [124-126,128,131-136]).

Challenges and Limitations of Immunotherapy

The field of cancer immunotherapy faces several sig-
nificant challenges that require innovative solutions and
comprehensive research. At the outset, initiating prelimi-
nary studies that accurately depict human protection against
infection is essential to comprehending the intricate rela-
tionships between functioning of the immune system and
malignancies. Humanized mouse models, which incorpo-
rate human immune cells and tumors, are increasingly used
to study these interactions, but they come with limitations
such as the lack of tumor heterogeneity and the difficulty
in distinguishing between anti-tumor and alloantigen re-
sponses [137]. Identifying the dominant drivers of cancer
immunity involves understanding the role of tumor-driving
mutations, which can either promote cancer growth or ex-
pose tumors to the immune system. Immune-based treat-
ments can target the neoantigens resulting from these mu-
tations, but it can be difficult to control their frequency and
uniformity across various cancer types [137]. The quan-
tity of mutations within a tumor is referred to as mutational
load or tumor genetic heterogeneity. High mutational load
correlates with an increased amount of abnormal protein,
making them visible to the immune system. Loss of het-
erozygosity (LOH) in HLA genes is a phenomenon where a
tumor loses genetic diversity in its HLA genes, potentially
impairing immune recognition. When a tumor loses genetic
diversity in its HLA genes, it can evade immune recogni-
tion, making it challenging for the immune system to tar-
get the tumor. Tumor mutational Burden (TMB) refers to
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the number of mutations within a tumor’s genome [138].
However, the TMB thresholds might differ for inflamma-
tory tumors with immune cell infiltration. The optimal cut-
off for TMB in inflammatory tumors is currently unknown,
and researchers and clinicians are still trying to determine
the specific TMB threshold that would predict a favorable
response to immunotherapy in inflammatory tumors. Un-
derstanding the optimal TMB cutoff for inflammatory tu-
mors could have significant implications for personalized
cancer treatment, enabling clinicians to better predict which
patients with inflammatory tumors would benefit from im-
munotherapy [138].

A key challenge in immunotherapy is the precise reg-
ulation of immune cell migration and adhesion within the
tumor microenvironment. Effective immune responses are
enabled by the interactions between immune cells, extra-
cellular matrix, and stromal structures, highlighting the
need for strategies that enhance these processes to improve
immunotherapy outcomes [139]. Different organs have
unique immune environments, influencing how tumors in-
teract with the immune system. Understanding these organ-
specific differences is important for designing tailored im-
munotherapies that are effective in various tumor locations.
The effectiveness of cancer treatments is influenced by the
specific organs affected by metastasis. Organ-specific im-
munity plays a crucial role in determining treatment out-
comes. For example, patients with liver metastases have
poor prognosis due to the liver’s unique immune envi-
ronment, while those experiencing lymph node metastases
have better survival rates. The bone microenvironment
poses challenges for anti-cancer treatments due to its spe-
cialized stromal interactions and immune-suppressive cy-
tokines [140]. In contrast, organs with high immune cell
presence offer more favorable conditions for anti-cancer
immunity. To improve treatment outcomes, clinicians
should consider organ-specific approaches, taking into ac-
count the distinct immune characteristics of different metas-
tasis sites. Tumors can evade the immune system through
primary mechanisms (initial evasion) or secondary mecha-
nisms (evasion after immune activation). A more in-depth
dissection of these mechanisms will pave the way for de-
veloping strategies to prevent immune escape and improve
the durability of immunotherapy responses [141-144].

Resistance to Immunotherapy

Unresponsive to cancer treatments in certain patients
could be caused by various factors suppressing the immune
response. Immunomodulatory therapy can be hindered by
three distinct immune evasion mechanisms, including in-
herent, adaptive, and acquired evasion. Inherent evasion
occurs when cancer cells are naturally resistant to treatment,
often due to genetic changes that inhibit immune response
[145]. As treatment progresses, adaptive resistance can de-
velop as cancer cells attempt to evade the immune system.
This type of resistance results from the ongoing interactions
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Table 3. Clinical trial outcomes for immunomodulatory cancer therapies.

Immunomodulators Clinical trial ID Cancer type Treatment outcome Clinical trial phase References
Ipilimumab NCT02559829 Skin cancer 10% of patients achieved objective responses, 20% survived for ~10 Phase-I11 [124]
years, and some patients showed prolonged disease stabilization or ex-
perienced unconventional immune responses.
NCT00364723 Kidney cancer 10% of patients with advanced kidney cancer responded positively to Phase-I1 [125]
treatment.
NCT00084812 Lung cancer Combination with chemotherapy extended progression-free survival by Phase-111 [125,126]
1 month, but overall survival did not significantly improve.
NCT02020029 Prostate cancer Ipilimumab reduced PSA levels by 50% in a few patients and extended Phase-III [128]
progression-free survival by 1 month in a large trial of 799 patients.
Nivolumab NCT01642004 Lung cancer Patients achieved a 17% therapeutic response rate and long-term Phase-II1 [136]
survival (9.9-22.4 months).  Nivolumab was FDA-approved for
chemotherapy in the treatment of refractory squamous lung cancer.
NCTO02017717 Kidney cancer Patients achieved a 27% therapeutic response rate. Phase-111 [136]
NCTO01585987 Melanoma Patients achieved a 31% therapeutic response rate. Phase-I11 [136]
Anti-LAG-3 & Anti-PD-1  NCT02968109 Various cancers and au- Dual blockade of LAG-3 and PD-1 showed promise in cancer treatment. Phase-1 [131]
toimmune diseases This combination caused severe autoimmune reactions in knockout mice
but was effective in eliminating cancerous cells in some models.
IMP321 NCT00369718 Renal cell carcinoma IMP321 caused no significant response in most patients, but diagnostic Phase-1 [132]
confirmation was evaluated in 7 out of 8 patients receiving higher doses.
NCT01497828 Melanoma, breast can- IMP321 showed therapeutic promise when combined with chemother- Phase-I1 [132]
cer, pancreatic cancer apy/immunotherapy, with a favorable safety profile.
Sym023 (TIM-3 inhibitor) 2018, not specified  Solid tumors, lym- Stable disease observed in several patients, leading to combination trials Phase-1 [133]
phomas with other therapies.
Sabatolimab (TIM-3 in- Not specified Advanced malignancies  Patients with advanced malignancies receiving sabatolimab demon- Phase-1 [133]
hibitor) strated manageable side effects, indicating its potential benefits based
on phase I trial’s results.
Pembrolizumab + epaca- KEYNOTE- Urothelial cancer Combination therapy improved the overall response rates (31.8% vs. Phase-111 [134]
dostat (IDO inhibitor) 672/ECHO-307 24.5%) compared to pembrolizumab monotherapy.
BMS-986205 (IDO In- Not specified Various solid tumors Early trials of IDO inhibition showed promise for treating solid tumors. Ongoing [135]

hibitor)

Abbreviations: PSA, prostate-specific antigen; IDO, indoleamine 2,3-dioxygenase; FDA, Food and Drug Administration.

N
[\
(o))



https://www.discovmed.com/

between the immune system and tumor. On the other hand,
acquired resistance occurs after initial treatment success,
where cancer cells develop resistance mechanisms, leading
torelapse. This is often driven by genetic changes over time
[146].

Resistance factors can be intrinsic, such as genetic mu-
tations and protein expression changes within cancer cells
that hinder immune recognition. Extrinsic factors also play
arole, involving surrounding stromal and immune cells, ab-
normal blood vessels, and host factors like age, sex, overall
health, and lifestyle [147].

To improve treatment outcomes, researchers are work-
ing tirelessly to understand and overcome these resistance
mechanisms. By addressing intrinsic and extrinsic fac-
tors, scientists aim to enhance immunotherapy efficacy and
achieve better patient outcomes. Unraveling the intricacies
of drug resistance by disentangling the complex interplay
between cancer cells, tumor microenvironment, and host
factors is essential for the development of more effective,
innovative anticancer strategies, which hold promise to im-
prove success rates post-treatment and transform lives of
cancer patients.

Immunotherapy-Related Adverse Events

Immunotherapy may result in a number of adverse
events or treatment-related side effects. These incidents
may differ in intensity and influence multiple body systems,
usually as a result of the immune system being triggered to
attack both healthy tissues and cancer cells. Some of the
most commonly reported adverse effects include skin re-
actions, gastrointestinal issues, and hormonal imbalances
[148]. In recent studies, it has been observed that several
combinations of immunotherapy and radiotherapy tend to
lead to higher rates of adverse reactions, with a notable
proportion of patients experiencing grade 3 or higher side
effects. For instance, data shows that up to 47.3% of pa-
tients may suffer from severe adverse events when treated
with certain immunotherapy regimens. Additionally, when
combining immunotherapy with radiotherapy, about 89.4%
of patients have reported experiencing adverse reactions of
varying severity [148]. Overall, 94.5% of cases have docu-
mented some form of adverse effect, highlighting the im-
portance of ongoing monitoring and management during
treatment to mitigate these risks [149].

Patient Selection and Biomarker Development

When testing new immunomodulatory therapies,
closely monitoring patients is crucial to ensuring safety and
efficacy. These treatments can be highly effective, but only
for some patients. To improve success rates, biomarkers
that can identify treatment responders should be explored.
Monitoring the immune response during clinical trials is
vital, including measuring cytokine levels to comprehend
how the natural defence system responds to therapy. Ad-
ditionally, analyzing drug-specific antibodies throughout
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clinical trials is essential [150,151]. Drug-specific antibod-
ies generated by the immune system in response to biologic
drugs can neutralize treatment effects. Thus, managing the
neutralizing effect by these antibodies is critical to ensure
optimal treatment effects. Studies on currently underway to
develop screening and identification methods for these anti-
bodies, predict their formation, and minimize their neutral-
izing effect. For instance, Bharadwaj et al. [152] developed
a large-scale test to quantify reactions to narcotics, optimiz-
ing it with five different antibodies. Another group devel-
oped a machine learning prediction model to analyze serum
metabolites and lipids in multiple sclerosis patients treated
with interferon-beta (IFN-3), which accurately predicts the
anti-drug antibody status. These efforts aim to provide early
prediction tools for biologics success, reducing therapeutic
drug loss when antibody responses to drugs arise, in order
to enhance patient outcomes. This prediction model de-
veloped using patient data at baseline or the third month
for estimating treatment effectiveness has demonstrated re-
markable accuracy, with an F1 score of 0.735 (a measure of
overall accuracy) and specificity of 0.83 (a measure of true
negative predictions), offering a potential non-invasive tool
for predicting treatment success in various diseases, thereby
constituting a strong impetus for revolutionizing personal-
ized medicine [152,153].

Conclusion

The advancements in cancer research has significantly
transformed the role of immunotherapy in combating can-
cer, highlighting the need for more sophisticated delivery
systems and a better understanding of the association be-
tween malignancies and the immune system. The success
of these treatments relies on identifying precise therapeu-
tic targets and bridging the gap between laboratory find-
ings and patient care. Targeted treatments show consid-
erable promise as they increase the vulnerability of cancer
cells to immune attacks. These methods provide immedi-
ate benefits and prevent cancer recurrence in the long run.
On a separate note, with the advancements in immunother-
apy, therapies can be tailored to a patient’s immune system
and tumor features, moving toward realizing the adoption
of precision medicine approaches. In addition to ensuring
that these novel techniques are safe and do not elicit sub-
stantial adverse effects, well-designed clinical studies are
warranted to determine the optimal treatment combination
and sequence. The use of immunotherapy combined with
other therapeutic modalities proves to be the most feasible
and effective mode of cancer treatment in future for improv-
ing prognosis of cancer patients worldwide.
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