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Abstract

Cancer immunotherapy has transformed the treatment landscape, introducing new strategies to fight various types of cancer.
This review examines the important role of vaccines in cancer therapy, focusing on recent advancements such as dendritic
cell vaccines, mRNA vaccines, and viral vector-based approaches. The relationship between cancer and the immune system
highlights the importance of vaccines as therapeutic tools. The discussion covers tumor cell and dendritic cell vaccines,
protein/peptide vaccines, and nucleic acid vaccines (including DNA, RNA, or viral vector-based), with a focus on their
effectiveness and underlying mechanisms. Combination therapies that pair vaccines with immune checkpoint inhibitors,
TIL therapy, and TCR/CAR-T cell therapy show promising potential, boosting antitumor responses. Additionally, the review
explores the regulatory functions of microRNAs (miRNAs) in cancer development and suppression, featuring miR-21, miR-
155, the let-7 family, and the miR-200 family, among others. These miRNAs influence various pathways, such as PI3K/
AKT, NF-kB, and EMT regulation, providing insights into biomarker-driven therapeutic strategies. Overall, this work offers
a thorough overview of vaccines in oncology and the integrative role of miRNAs, setting the stage for the next generation
of cancer immunotherapies.
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Introduction

Cancer represents a diverse group of diseases with uncon-
trolled growth and spread of neoplastic cells, which escape
normal cellular controls, invade nearby tissues, and can
metastasize to distant organs. Impairing their regular opera-
tions, these cells can infiltrate healthy tissues and potentially
metastasize to other body areas. A noticeable reduction in
DNA methylation, which lowers the overall quantity of
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5-methyl cytosine by 5-6%, is one of the distinct features
of cancer cells, contributing to the widespread health issue
[1]. This category of disease is the second leading cause of
mortality worldwide, underscoring its extensive effect on
humans [2]. The incidence of cancer differs geographically
and is impacted by a wide range of factors, such as exposure
to carcinogens, lifestyle choices, age, gender, and genetics.
Data from the 1991 Indian census indicate that approxi-
mately 609,000 instances of cancer have been reported. The
nineteenth century saw the first cancer diagnoses and the
twentieth century saw a rise in the disease’s incidence. The
International Agency for Research on Cancer projects that
by 2035, cancer cases in India will rise to almost 1.7 million,
up from 1 million cases in 2012. They also estimate that the
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death rate from cancer will rise from 680,000 to 1-2 million
during the same period [3]. So in 2018, the anticipated inci-
dence of cancer in India was around 1.15 million cases and
is expected to nearly quadruple by 2040 due to demographic
changes alone [4].

Moreover, infectious microorganisms substantially influ-
ence the initiation and risk of cancer. These agents comprise
many pathogens, such as bacteria, viruses, and parasites.
Common viral aetiologies linked to cancer development
include hepatitis B/C virus (HBV/HCV), aflatoxin exposure,
Helicobacter pylori (H. pylori) infection, human papillo-
mavirus (HPV), and Epstein—Barr virus. These viruses are
associated with an elevated risk of acquiring specific cancer
forms. These infections are also significant risk factors for
particular cancer types. For example, they have been con-
nected to gastric, liver, cervical, and nasopharyngeal can-
cers in that order [5]. Furthermore, a recent estimate placed
the primary cause of approximately 1,400,000 cancer cases
annually attributable to viral infections, accounting for
around 10% of the global cancer burden. Oral cavity and
laryngeal malignancies have an attributable fraction of 4%,
but cervical carcinomas have a nearly 100% attributable
proportion [6]. Moreover, in males, the prostate, lung and
bronchus, colon and rectum, and urinary bladder have the
highest prevalence of cancer kinds. In females, the breast,
lung and bronchus, colon and rectum, uterine corpus, and
thyroid exhibit the most significant cancer incidence rates.
Prostate cancer is a major contributor to cancer in males,
whereas breast cancer significantly affects cancer incidence
in women. In order, the most common cancers in children
are blood, brain, and lymph nodes [2].

A condition is known as cancer that leads to different
alterations in the well-being of cells and tissues, eventually
leading to the development of malignant tumors. In cancer,
the biological outcome is known as neoplasia, which refers
to abnormal cell growth. For many individuals with cancer,
the primary cause of illness and mortality is the invasion of
tumor cells into nearby tissues and their subsequent spread,
also known as metastasis, to distant organs [7]. Even with
better methods to identify and address pain associated with
cancer treatment, it continues to be a frequent and persistent
symptom, affecting as many as 55% of individuals following
cancer treatment [8]. A tumor represents an unusual prolif-
eration of cells that can infiltrate surrounding tissues, organs,
and distant regions within the body. When cells multiply
abnormally and start invading nearby tissues, organs, or even
distant body parts, we refer to it as a tumor. These prolif-
erating cells are not always cancerous and have no useful
purpose. There exist benign tumors characterized by their
limited tendency to metastasize or disseminate to other body
regions. Various forms of cancer pose a threat to human
health, yet the insidious nature of cancer cells during their
initial growth phases often results in the unrecognized onset
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of these problems [9]. To maintain their metabolic demands
and ensure survival, cancer cells have evolved systems to
regulate the entry and efflux of Ca2 + within their mito-
chondria. Thus, one possible treatment strategy for cancer
patients could be to target the mitochondrial Ca2 + signal-
ing implicated in the bioenergetic and apoptotic pathways
[10]. The pathophysiology of cancer refers to the process
by which genetic mutations or alterations in a normal cell’s
DNA cause the cancer to start. The altered cell, often called
a cancer cell, cannot control its division and growth [11].
Next, a tumor begins to form, and as it enlarges, it needs
blood flow to get nutrition and oxygen. Metastasis is a criti-
cal phase in cancer progression that often leads to mortality
[12]. The immune system, which usually detects and eradi-
cates abnormal cells, might be deceived by cancer cells.
Cancer can have several systemic impacts on the body as it
advances, including immune system suppression, exhaus-
tion, and weight loss. Genetic alterations, growth trends, and
treatment responses can vary throughout cancer.
Modifying your diet by increasing the consumption of
fruits, vegetables, and whole grains while decreasing red
and processed meat, engaging in regular physical activity,
sustaining a healthy weight, and abstaining from alcohol
and tobacco is thought to prevent 30 to 50 percent of cancer
cases [13]. In addition to non-pharmacological approaches,
surgical techniques, chemotherapy, and radiation therapy
have been successful cancer treatments during the past
century. When employed singly or in combination, these
therapeutic approaches can substantially impact tumor pro-
gression and perhaps lead to cures [14]. The use of other
medications that may raise the incidence of anthracycline-
induced cardiotoxicity raises the risk of it. Specifically,
trastuzumab disrupts the pathways that myocytes use to
survive, which is essential to preventing the harmful effects
of anthracyclines despite being a very effective treatment
for breast cancer [15]. Anticancer drugs can cause various
toxicities, including cardiotoxicity (doxorubicin, epirubicin),
hepatotoxicity (crizotinib, afatinib, dasatinib), neurotoxicity
(cisplatin, paclitaxel, docetaxel, bortezomib, thalidomide)
[16], and pulmonary toxicity (paclitaxel, docetaxel) [17].
Other drugs associated with cardiotoxicity include oxali-
platin, carboplatin, cisplatin, ifosfamide, mitomycin C,
bleomycin, methotrexate, vinca alkaloids, bendamustine,
nitrosoureas, melphalan, gemcitabine, capecitabine, pem-
etrexed, and irinotecan. It is important to note that many of
these drugs can cause multiple toxicities, and they can also
cause nephrotoxicity [18]. Higher levels of financial toxici-
ties were linked to poorer quality of life as well as patient
outcomes, including lack of insurance and lower socioeco-
nomic position [19]. Immunotherapy is a new method that
bypasses the limitations by leveraging the body’s immune
system to recognize and destroy cancer cells. Immunother-
apy provokes the immune system to provide it with more
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specific and potentially long-term protection against cancer
than conventional therapy, which attacks tumors themselves.
Immune checkpoint inhibitors, monoclonal antibodies, can-
cer vaccines, and adoptive cell therapies—e.g., CAR-T cell
therapy—are all part of this innovative approach and have
shown much promise in enhancing patient outcomes.

Vaccines are another method of treating cancer. Also,
cancer vaccines with therapeutic purposes have the poten-
tial to halt the progression of advanced cancers and relapsed
tumors that do not respond to traditional treatments like radi-
ation therapy, chemotherapy, and surgery. Natural bioactive
substances can be added to conventional chemotherapeutic
medications to increase their anticancer benefits and lessen
their adverse effects [20]. In rare circumstances, including
bioactive substances may help cancer cells overcome their
resistance to chemotherapy or radiation [21]. Therapeutic
cancer vaccines aim to prevent non-specific or unpleas-
ant reactions, build persistent antitumor memory, remove
minimal residual illness, and drive tumor regression [20].
Besides creating vaccines, scientists have also started inves-
tigating microRNAs as a novel cancer prevention and treat-
ment approach. MiRNAs, also known as microRNAs, are a
special kind of non-coding RNAs. They are approximately
19-24 long nucleotides and are crucial in regulating gene
expression post-transcription, affecting numerous biologi-
cal processes [22]. Because of their many functions and
involvement in clinical states, miRNAs have great potential
as therapeutic agents, particularly for diseases that do not
have a clear genetic cause.

Immune responses in cancer

The complex interplay between cancer cells and the immune
system underlies significant progress in immunotherapeutic
approaches. Tumors often exploit tissue-resident immune
cells, endothelial cells, fibroblasts, and neurons to their
advantage, utilizing their contribution to promoting tumor
growth. Immune cells like tumor-associated neutrophils
(TANSs), regulatory T cells (Tregs), tumor-associated mac-
rophages (TAMs), and myeloid-derived suppressor cells
(MDSC) play a role in facilitating tumor growth [23].
These immune cells are modulated through chemokines,
cytokines, and effector molecules like collagen, matrix met-
alloproteinases (MMPs), laminin, TGF-f, CXCL2, and can-
cer-associated fibroblasts (CAFs). Their activation contrib-
utes significantly to tumor development, extracellular matrix
remodeling, and degradation [24]. This dynamic interaction
between immune cells and tumors causes metabolic compe-
tition in the ecosystem surrounding the tumor, which reduces
the number of nutrients available and causes microenviron-
mental acidosis, which impairs the ability of immune cells
to function [25]. Recent studies reveal that cancer cells can

inhibit the body’s immune response to tumors by dimin-
ishing the metabolic fitness of immune cells that infiltrate
tumors or by competing for and utilizing vital resources.
The innate immune system comprises many immune cells,
including eosinophils, neutrophils, natural killer cells, baso-
phils, monocytes, and macrophages, responsible for innate
immunity against pathogens to maintain the host’s homeo-
stasis [26].

The connection between the immune system and cancer
is comprised of three stages. In the initial stage, innate and
adaptive immune cells eradicate tumor cells (elimination
phase). The equilibrium phase ensues, during which the
immune system cannot eliminate the tumor, but its growth
can be managed. Through various means, tumor cells escape
immune control during the third phase, which leads to a
condition that may be clinically detected [27]. Immuno-
logically, tumors can be classified as either inflammatory
or non-inflammatory based on the extent of immune cell
infiltration and their activation level. Immunotherapies are
typically more effective for inflammatory cancers than non-
inflammatory ones. However, immune cells are observed
close to the invasive borders of tumors in the immune-
excluded type [28]. Regulatory T cells (Tregs) can impede
the immune system’s capacity to identify cancer in healthy
individuals and diminish its efficacy in combating tumors
in affected hosts. Consequently, Tregs enhance the capacity
of tumor cells to circumvent the immune system, resulting
in expedited tumor development and dissemination across
multiple cancer types. As a result, Tregs are regarded as an
essential therapeutic target for immunotherapy against can-
cer. Numerous cancer types exhibit abundant Tregs in the
tumor microenvironment (TME), including in inflammatory
and non-inflammatory cancers [28, 29].

Cancer immune surveillance is a crucial host defense
mechanism for preventing cancer and preserving cellular
homeostasis. The process is categorized into three principal
stages: escape, wherein immune-resistant cancer cell clones
proliferate and generate tumors; equilibrium, during which
the immune system applies selective pressure to eradicate
the most immunogenic cancer cell clones; and elimina-
tion, wherein the newly transformed cells are identified and
eradicated by cytotoxic CD8 + lymphocytes, natural killer
(NK) cells, and other immune cells [30]. One of the defin-
ing characteristics of carcinogenesis is cancer immune eva-
sion. Cancer cells inhibit the immune system by complexly
modulating immune-related pathways at the transcriptional,
translational, and post-translational levels. Specifically, it
has been demonstrated that DNA methyltransferases 1
(DNMT1), 3A, and 3B are significant de novo and main-
tenance methyltransferases in cancer [31]. Various immune
invasion strategies can impact MHC (major histocompat-
ibility test) class I/peptide presentation and the differentia-
tion, production, migration, survival, and proliferation of
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particular cytotoxic T cell clones, which can select cancer
cells during tumor progression. We created rat CHO cell
lines that either overexpress proteins known to possess the
capacity to evade our immune response or that have an
immunosuppressive agent added to the culture media. These
cell lines express human EpCAM (epithelial cell adhesion
molecule) as the surface target antigen. The efficacy of cyto-
toxic T cells was assessed by evaluating the magnitude and
effectiveness of redirected CHO-EpCAM target cell lysis
and the stimulation of T cell proliferation in response to
AMG 110. We examined chemicals frequently generated
by cancer cells interacting with negative regulatory surface
receptors on cytotoxic T lymphocytes, specifically PD-L1,
adenosine, IL-10, and TGF-f. Tumor cells generate PD-L1,
and monoclonal antibody (mAb) treatment inhibits T cell
attachment to its inhibitory receptor, PD-1 [32]. It has been
seen that T cells can kill cancerous cells and that the human
immune system can eradicate them by employing T cells to
carry out acquired immune responses. These findings imply
that T cells may be logically engineered to regulate the for-
mation of tumors [33]. Still, the immune system’s ability to
eradicate tumor cells is a complicated process that depends
on several factors. Tumor-associated antigens are initially
discharged from necrotic tumor cells into the adjacent tis-
sue and subsequently captured by antigen-presenting cells
(APCs). Antigen-presenting cells (APCs) process major his-
tocompatibility complex (MHC) and antigens, presenting
them on the cell surface and transferring them to lymphoid
organs. Primitive T cells in lymphoid organs recognize spe-
cific peptide major histocompatibility complexes via the T
cell receptor (TCR), initiating the priming and activation of
effector T cells [34].

T cell-based immunotherapy is currently recognized as a
crucial component of cancer treatment [34]. Immunotherapy
is a substantial breakthrough in cancer treatment that has
fundamentally transformed the field of oncology. The objec-
tive is to enhance the body’s immunity against malignant
cells. Given that immune cells provide the biological basis
of immunotherapy, it is crucial to understand the immuno-
logical infiltrates within the tumor microenvironment (TME)
to improve response rates and develop innovative therapeu-
tic strategies for cancer treatment. Extensive research has
been conducted on T cells; however, other immune cells
from both the innate and adaptive immune systems, includ-
ing macrophages, natural killer (NK) cells, dendritic cells
(DCs), and B lymphocytes, have also been shown to contrib-
ute to tumor progression and responses to immunotherapy
[35].

In the fight against cancer, immunotherapy has revolu-
tionized the field. Fighting tumor cells depends on strength-
ening the patient’s immune system. Since the FDA-approved
chimeric antigen receptor (CAR) T cell therapy, immuno-
therapy has also been successful in adoptive cell therapies.
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Other promising approaches include tumor-infiltrating lym-
phocytes (TILs) and T cell receptor (TCR)—engineered
cells, which are being tested in multiple advanced clinical
trials for various cancers [36].

Vaccines as cancer immunotherapy

A vaccine’s goal is to either prevent or lessen the severity of
infectious diseases that can be fatal (prophylactic vaccines).
Vaccines, both therapeutic and preventive, serve as exem-
plary approaches to cancer immunotherapy. Since infec-
tious viruses bring on some malignancies, vaccines against
viruses can help prevent cancer formation in the first place.
To prevent hepatitis B virus (HBV)-related hepatocarcinoma
and human papillomavirus (HPV)-related malignancies, the
Food and Drug Administration (FDA) has approved two
types of prophylactic cancer vaccines [37]. Vaccines have
also been used as therapeutic approaches, triggering the
immune system to launch cytotoxic T cells to fight against
malignancies and infected cells. The cancer models where
the etiological oncogenic agents are foreign viruses, such as
human papillomavirus-associated malignancies, have shown
the most tremendous success with DNA vaccines [38].
Cancer vaccines can elicit immunological memory that
offers long-term protection against tumor recurrence, pro-
mote targeted destruction of tumor cells with minimum harm
to healthy cells, and trigger particular anticancer immune
responses. As potential cancer vaccine candidates, CT anti-
gens have been studied [39]. Tumor-specific antigens are
used in cancer vaccines to initiate T cell-mediated immune
responses against tumors. The discovery of MZ2-E and MZ2-
D, two melanoma-derived antigens produced by the MAGE
(melanoma-associated antigen) gene family, which cytotoxic
T lymphocytes could detect to initiate anticancer immune
responses, led to pivotal investigations [40]. The most profi-
cient antigen-presenting cells (APCs) are DCs, essential for
inducing anticancer immunity. This procedure involves rein-
fusing isolated dendritic cells that have been pulsed with tumor
antigens or tumor cell lysates and activated ex vivo using a
designated maturation cocktail. The advancement of GVAX,
a cancer vaccine composed of genetically modified autolo-
gous tumor cells that secrete granulocyte—macrophage col-
ony-stimulating factor, demonstrated potential in augmenting
tumor-specific immune responses across multiple cancer types
[39]. Prophylactic vaccines against the human papillomavirus
(HPV) are founded on the appealing and straightforward idea
that malignancies caused by oncogenic HPV infections can be
avoided through antibody-mediated prevention of HPV infec-
tions. Every year, HPV vaccines could potentially save over
500,000 cases of oral, anogenital, and cervical cancer globally.
Immunotherapy aimed at the cancer-associated viral early pro-
teins (HPV16 E6 and HPV16 E7) is anticipated to establish the



Cancer Immunology, Immunotherapy (2025) 74:163

Page50f28 163

basis for cancer-specific immunotherapy, as HPV-associated
tumors persist in expressing viral proteins and presenting them
to the host immune system. The MUCI1 (Mucinl) vaccine is
both safe and highly immunogenic. It can impede the develop-
ment of new adenomas in persons with premalignant colonic
adenomas, hence reducing the risk of colon cancer [41].

Cancer vaccines have been powerful tools for prophylac-
tic as well as therapeutic immunotherapy that can be used
to prevent or reduce the severity of malignancies caused by
infectious agents and stimulate immune responses against
cancer [42]. FDA-approved prophylactic vaccines include
those for hepatitis B virus (HBV) to avert hepatocellular
carcinoma and human papillomavirus (HPV) to reduce the
incidence of cervical and anogenital cancers. Therapeutic
cancer vaccines, including DNA vaccines, have been effec-
tive against cancers caused by HPV through the induction
of cytotoxic T cell responses [43]. Cancer vaccines stimu-
late immunological memory, providing long-term immunity
against the recurrence of tumors and minimizing the destruc-
tion of normal cells. Antigens, such as melanoma-associated
antigens (MAGE), have been critical in the evolution of can-
cer vaccines, triggering T cell-mediated immune responses
[44]. Dendritic cell (DC)-based vaccines, like GVAX, have
shown promise in augmenting tumor-specific immunity.
Recent developments are mRNA-based cancer vaccines such
as BNT162b2, which utilize lipid nanoparticle technology to
elicit strong immune responses, and CRISPR-edited CAR-T
cells, which increase the specificity of T cell-mediated tumor
targeting [45]. These technologies are transforming cancer
immunotherapy by providing highly individualized and
efficient treatment approaches. Cancer vaccines and micro-
RNAs (miRNAs) complement each other in cancer immu-
notherapy by augmenting immune response and regulating
gene expression in the tumor microenvironment. Vaccines
trigger the immune system to identify and target cancer
cells by presenting tumor-associated antigens, activating
cytotoxic T cells and long-lasting immunologic memory.
In contrast, miRNAs control critical immune-related path-
ways by regulating antigen presentation, cytokine secre-
tion, and immune cell differentiation. Some miRNAs can
improve vaccine effectiveness by increasing immune activa-
tion, whereas others can be involved in immune evasion by
repressing antitumor immunity. The integration of cancer
vaccines with miRNA therapy has the potential to overcome
immune resistance, enhance tumor targeting, and increase
the persistence of immunotherapy responses.

Cell vaccines (tumor cell vaccines or dendritic cell
(DC) vaccines)

Dendritic cells (DCs) are essential antigen-presenting cells
in the immune system derived from hematopoietic stem cells
in the bone marrow. They play a pivotal role in orchestrating

innate and adaptive immune responses to pathogens, includ-
ing tumor antigens [46]. Nevertheless, cancer disrupts this
process, resulting in a reduction in the number and func-
tionality of DCs. This dysfunction underscores the potential
of DCs as a therapeutic target. DC vaccines are promising
for augmenting the immune system’s capacity to combat
cancer. DC-based therapy has demonstrated the ability to
augment T cell priming and modify the tumor microenviron-
ment, thereby augmenting systemic host immune responses
and achieving long-term antitumor responses [47]. DC
vaccines are intended to enhance the immunogenicity of
tumor-associated antigens. In this method, autologous den-
dritic cells are cultured with necrotic lung cancer cells to
facilitate the processing of the tumor antigens. Subsequently,
the antigen-loaded dendritic cells are administered intrader-
mally. Therapeutic cancer vaccines are designed to increase
tumor-specific T cell immunity. A primary goal of thera-
peutic cancer vaccines is to promote tumor regression by
inducing antigen-specific T cells in vivo. SNP-IV was able
to control the growth of established tumors; this was associ-
ated with the generation of stem-like CD8+ T cells capable
of replenishing effector cells upon treatment with checkpoint
inhibitors such as anti-PD-L1 [37, 48]. Dendritic cells (DC)
are well known as the optimal antigen-presenting cell (APC)
for priming T cell responses. DC requires minimal amounts
of antigens to stimulate T cell proliferation. They are also
shown to be superior stimulators of T cells, so 100-fold more
macrophages and B-cells are needed to induce a proliferative
MLR (mixed lymphocyte reaction) response. The recogni-
tion mechanisms that DC uses to recognize endogenous and
non-endogenous signals are also another strategy currently
utilized to generate more effective DC vaccines against
cancer by taking advantage of highly immunogenic signals
resulting from cell death [49]. ¢cDCs (conventional dendritic
cells) can be further subdivided into type 1 (cDC1) or type
2 (cDC2) lineages: cDCls excel at cross-presentation for
priming of CD8 + T cells, whereas cDC2s are specialized at
priming CD4 +T cells [48].

Spileucel-T, a therapeutic cancer vaccine consisting of
autologous peripheral blood mononuclear cells (DCs) fused
with granulocyte—macrophage colony-stimulating factor
(GM-CSF), which serves as an immune cell activator and
is loaded with the prostatic acid phosphatase antigen, was
the inaugural vaccine approved by the US Food and Drug
Administration. These attributes underscore the importance
of extensive activation of CTLs and T helper cells through
two mechanisms: selecting appropriate antigens that acti-
vate both T cell populations and systematically design-
ing vaccines for the precise delivery of tumor antigens to
activated dendritic cells, enabling the loading of epitopes
from exogenous tumor antigens onto MHC class I (via the
cross-presentation pathway) and MHC class II molecules
to stimulate CTLs and T helper cells effectively [50]. To
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achieve these requirements, therapeutic cancer vaccine
techniques have evolved over the past ten years, combin-
ing better antigen selection, immunogenicity, and structural
design [47]. Murine models have provided critical insights
into the antitumor mechanisms of DC vaccines, specifically
the stimulation of cytotoxic T cells and the diminishment of
neoplastic tissue. These vaccines hold significant potential
for cancer treatment. Various murine models provide sup-
porting evidence for DC vaccines [51]. One study illustrates
that successful treatment of DC infused with tumor pep-
tides is contingent upon T cells, B7 costimulation, and Th1
cytokines. In models such as B16 melanoma and MBT-2
bladder tumors, the vaccines with DCs laden with unfrac-
tionated tumor lysates significantly extended survival and
reduced lung metastases. These results emphasize the capac-
ity of DC vaccines to induce tumor-specific CTL responses
without necessitating the identification of specific antigens
in each instance [52]. Although showing promising preclini-
cal results, dendritic cell (DC) vaccines have shown only
limited efficacy in the clinic and limited long-term survival
advantage. One significant hindrance is the immunosuppres-
sive tumor microenvironment, which suppresses the immune
activation and hinders the vaccine from functioning effec-
tively. Another issue is the manufacturing process, which is
complicated and expensive, involving individualized ex vivo
preparation, thus posing difficulty for large-scale production.
Even if successful, the immune response is usually fleeting,
requiring booster shots or combination regimens to maintain
efficacy. In addition, tumor antigen heterogeneity permits
tumor cells to avoid immune recognition, reducing vaccine
efficacy. Finally, ambiguities about the ideal dose, timing,
and delivery route add to the challenges of implementing
DC-based treatments on a large scale (Fig. 1).

Protein/Peptide vaccines

Antibodies exhibit a higher affinity and a prolonged half-
life than peptides. In contrast, antibodies are less effective
than peptides regarding cell internalization and tissue pen-
etration. Despite the merits and demerits of peptides, they
have been utilized as tumor-targeting ligands to deliver
carriers (including nanoparticles, extracellular vesicles,
and cells) and payloads (such as cytotoxic peptides and
radioisotopes) to tumors [53]. Furthermore, linkers have
been employed to conjugate tumor-homing peptides
with cargoes, including small-molecule or chemothera-
peutic medications, to produce peptide—drug conjugates
[53]. Moreover, peptides specifically interacted with cell
surface receptors and proteins, such as immunological
checkpoints, receptor kinases, and hormone receptors,
suppressing their biological function or serving as hor-
mone analogs. Furthermore, internalized peptides within
cells associate with intracellular proteins, disrupting
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protein—protein interactions. Thus, peptides demonstrate
considerable promise as multifunctional agents in cancer
treatment [53]. Protein/peptide vaccines are a form of
immunotherapy that induces an immune response against
specific proteins or peptides linked to diseases, with a
particular emphasis on cancer. These vaccines comprise
complete proteins that are derived from tumor cells or
pathogens.

Peptide vaccines exhibit significant promise in cancer
immunotherapy by targeting tumor antigens and stimulating
the patient’s immune system to elicit a particular response
against cancer cells. Peptide vaccines have numerous advan-
tages compared to other vaccine types, such as their selectiv-
ity for neoplastic cells, potential for enduring immunological
memory, ease of production and scalability, and low toxic-
ity. Upon administration to patients, Peptide vaccines are
digested and presented by antigen-presenting cells (APCs),
such as macrophages and dendritic cells (DCs), activating
T cells to initiate an immune response against cancer cells
[54]. Peptide-based hydrogels are supramolecular materials
that self-assemble into diverse nanostructures via several
interacting forces (e.g., hydrogen bonding and hydropho-
bic interactions) and react to microenvironmental stimuli
(e.g., pH and temperature). Immunotherapies aim to utilize
the body’s immune system to safeguard against and address
numerous diseases, including cancer proactively [55].
Furthermore, several studies using HPV16 mE6A/mE7/
TBhsp70A fusion protein in a C57BL/6 mouse model dem-
onstrate the promising approach, effectively preventing and
treating HPV-associated cancers and metastases. It has been
demonstrated that vaccinating inbred rodents with these pep-
tides produces a protective immune response against tumors
[56]. The mechanisms involve the peptide presenting the
associated tumor antigen to cytotoxic T cells, which mount a
target against the cancer cells. Developing a peptide vaccine
targeting HER1, HER2, and VEGF is also highly promis-
ing. Peptide cancer vaccines are encumbered with a number
of challenges that hamper their clinical efficacy. Their low
immunogenicity is one significant challenge, wherein they
need adjuvants or combination therapies to induce a potent
immune response. Moreover, HLA restriction limits their
efficacy in the population at large, as they are tailored to
attack specific human leukocyte antigens (HLAs). They also
have a short half-life, making repeated doses a necessity
to maintain efficacy. In addition, antigen escape variability
enables cancer cells to mutate and become immune evasive,
reducing vaccine efficacy with time. Although peptide vac-
cines have demonstrated potential in virus-induced cancer
prevention, including HPV-related cancers, numerous others
have failed late-stage clinical trials because they failed to
stimulate the immune system adequately, making optimiza-
tion necessary (Fig. 1).
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Nucleic acid vaccines (DNA, RNA, or viral vector)

Nucleic acid vaccines are a type of vaccines that elicits
an immune response through the use of genetic material,
including DNA, RNA, or viral vectors. These vaccines pos-
sess the capacity to be both commercially viable and effica-
cious. Nucleic acid-based vaccines, comprising DNA (in the
form of plasmids) and RNA (as messenger RNA [mRNA]),
demonstrate considerable promise for the management of
triple-negative breast cancer (TNBC) [57]. Nucleic acid
vaccines (NAVs) have lately been explored as a therapeu-
tic approach for cancer. DNA and mRNA vaccines convey
genetic information encoding tumor antigens (TAs) to the
host, hence eliciting immune responses against cancer cells
expressing the TAs [58]. Notwithstanding the conveni-
ence, safety, and straightforwardness of producing NAVs,
they have not yet been regarded as feasible substitutes for
peptide vaccines. This method faces multiple challenges,
such as the immunosuppressive characteristics of cancer,
inadequate immunogenicity, and the identification of suit-
able tumor antigens [59]. Therapeutic DNA cancer vaccines
are seen as a promising approach to stimulate the immune
system against cancer. DNA vaccines may be optimized
through two distinct ways to augment the immune response
elicited by the vaccines and improve treatment efficacy. The
initial approach involves enhancing immunogenicity by the
selection and optimization of the most effective antigen(s)
included into the plasmid DNA [60]. The second technique
involves integrating DNA vaccines with additional comple-
mentary medicines to enhance their efficacy by mitigating
immunosuppression within the tumor microenvironment or
augmenting the activity and quantity of immune cells. Sev-
eral commercially available immunotherapeutic therapies
include anti-CTLA-4, anti-PD-1, anti-PD-L1, and CAR-T
cells targeting acute lymphoblastic leukemia and B-cell
lymphoma, among others [61]. mRNA vaccines represent
a compelling and strong immunotherapeutic platform for
cancer due to their high efficacy, specificity, adaptability,
quick and scalable development capabilities, cost-effective
manufacturing potential, and safety profile. The immu-
nostimulant mRNA vaccine TriMix, which encodes CD70,
CD40L, and a constitutively active version of TLR4, elicited
robust CD8 + T cell responses in patients with stage III or
IV melanoma, demonstrating favorable tumor response rates
in a phase II clinical trial [62]. The safety and antitumor
efficiency of viral-based vaccines in preclinical models have
prompted clinical trials to assess the immunological and
clinical effectiveness of this therapy approach. Viral vectors
comprise derivatives of vaccinia virus from the orthopoxvi-
rus genus and members of the avipoxvirus genus, including
fowlpox and canarypox (ALVAC). Poxviral vectors have a
broad host range, stable recombinants, precise replication,
and effective post-translational processing of added genes.
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The intracellular expression of the transgene(s) facilitates
the processing of the tumor antigen via both class I and II
MHC pathways, resulting in the activation of CD4 +and
CDS8+T cells [63]. Several studies show that nucleic acid
vaccines have a promising role in preclinical studies. The
robust antitumor immunity observed in CT26 and B16F10
murine models, with sustained T cell responses against
tumor-specific neoepitopes, is particularly encouraging [64].
This approach of DNA vaccines targeting NMM antigens
effectively induced cellular immunity and inhibited tumor
growth. These studies highlight the potential of DNA vac-
cines for personalized therapy design. Another study on
nucleic acid vaccines demonstrated that a the DNA vaccines
encoding NMM (NY-ESO-1/MAGE-A3/MUCI) target anti-
gens and immune-related components successfully elicited
cellular immune responses and suppressed tumor growth
in C57BL/6 mice, providing a novel approach for tumor
vaccine design and laying a foundation for clinical applica-
tion [65]. The pNMM vaccine showed significant immuno-
genicity and efficacy in prolonging survival in mice with
B16-NMM + tumors. A study on globin-stabilized mRNA
vaccines in mice shows successful translation and modula-
tion of the immune response, presenting a versatile and safe
alternative to DNA vaccines for various diseases, includ-
ing antiviral, antibacterial, and antitumor applications [66].
The use of naked p-globin UTR-stabilized mRNA encoding
[-galactosidase was evaluated, revealing detectable transla-
tion in vivo and a Th2-type immune response that can be
augmented and redirected to a Th1-type response by recom-
binant granulocyte/macrophage colony-stimulating factor
[67]. This study demonstrates that plasmid DNA-based
neoepitope vaccines induce robust antitumor immunity in
CT26 and B16F10 murine cancer models, with sustained
neoepitope-specific T cell responses, highlighting their
potential as personalized cancer immunotherapies. A sepa-
rate study assesses the effectiveness of a xenogeneic EGFR
DNA vaccine delivered via various methods and formula-
tions in a murine lung tumor model. The gene gun delivery
of the non-coating DNA vaccine elicited the most robust
cytotoxic T cell activity and optimal anticancer effects.
CD8(+) T cells were crucial for antitumor immunity, sug-
gesting this method as a viable strategy for treating EGFR-
positive lung tumors [68]. Nucleic acid vaccines, such as
DNA and mRNA-based strategies, encounter a number of
key challenges that limit their general success in cancer treat-
ment. A significant challenge is low transfection efficiency,
as DNA vaccines are unable to enter cells efficiently, leading
to poor immune responses. Another significant challenge is
mRNA instability, since these molecules are prone to quick
degradation and need sophisticated delivery systems such as
lipid nanoparticles (LNPs) for protection. Safety issues also
exist, especially with DNA vaccines, which pose the risk of
genomic integration, which can result in unwanted mutations
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or autoimmune responses. The poor effectiveness of mRNA
and DNA vaccines against solid tumors, despite their great
success against infectious illnesses like COVID-19, high-
lights the need for more effective strategies to penetrate
the immunosuppressive tumor microenvironment, which
inhibits immune activation. International distribution is also
logistically challenged by complex production and storage
requirements, especially the preservation of RNA vaccines
at extremely low temperatures. Maximizing the effectiveness
of nucleic acid vaccines as cancer immunotherapies requires
overcoming these obstacles.

Combination therapy with cancer vaccines

These cancer vaccine therapies involve using the vaccine
in combination with other medications to improve the vac-
cine’s overall therapeutic effects. Cancer vaccines stimulate
the immune system to identify and combat cancer cells,
which utilize tumor-associated antigens. These therapies aim
to leverage the strength of different treatments to improve
outcomes, such as increasing regression of tumors, increas-
ing survival rate, and decreasing resistance to therapy [69].
Combining gemcitabine treatment with a CTLA-4 inhibi-
tion may elicit a robust CD4 4+ and CD8 + T cell-mediated
antitumor immune response [70]. Radiotherapy combined
with CTLA-4 resulted in enhanced survival compared to
radiotherapy alone. VEGF antibodies, when used alongside
a tumor vaccine that promotes granulocyte—macrophage
colony-stimulating factor secretion, have been shown to
reduce the quantity of CD4 + CTLs and enhance vaccine
efficiency [71]. PD-L1 inhibitors have demonstrated the
ability to enhance the anticancer efficacy of PARP inhibi-
tors by reinstating antitumor immunity [72]. These combi-
nation approaches are currently being investigated in can-
cer therapy to enhance their efficacy and address various
disease-related factors. This approach has been shown to
have enhanced therapeutic effects in a xenograft model,
indicating that it can potentially target both tumor cells and
the CSC population. One study examined carbon nanotubes
conjugated with CD44 antibodies to deliver paclitaxel and
salinomycin to breast cancer cells and cancer stem cells [73].
This approach is believed to contribute to treatment resist-
ance. Additionally, another study investigated the utiliza-
tion of combination antibody therapy, which is known to
target the erB-2 gene in a variety of adenocarcinomas [74].
This method has accomplished substantial tumor regression
in human gastric tumor cells in vitro and xenograft mod-
els. Another intriguing discovery was made in a study that
assessed the role of clopidogrel in combination therapy for
various cancers [75]. The study revealed a complex inter-
action between clopidogrel and various chemotherapeutic
agents, which enhanced the efficacy of certain drugs, such
as 5-fluorouracil, and reduced the efficacy of others, such as

doxorubicin [76]. These results underscore the significance
of evaluating potential interactions when developing com-
bination therapies. Additionally, in a mouse model of breast
cancer, a study was conducted to compare the efficacy of
combination therapy, which comprises laser ablation and
photodynamic therapy (PDT), to single-modality approaches
[77]. This combination treatment exhibited superior results
by effectively inducing tumor cell necrosis and obtaining
improved management of tumor margins. In conclusion,
these investigations demonstrate the potential of combina-
tion therapies to enhance the results of cancer treatment.
These methods provide promising opportunities for future
cancer research by focusing on various aspects of the disease
and leveraging synergistic effects.

Combination cancer therapy improves treatment out-
comes by targeting the tumor cells and evading resistance
mechanisms. Immunotherapy, combined with cancer vac-
cines such as CTLA-4 and PD-L1 inhibitors, increases
antitumor immune response, enhancing survival and tumor
regression [78]. VEGF antibodies improve the efficiency of
the vaccine, whereas PARP inhibitors regain effectiveness
upon combination with PD-L1 blockade [79]. Resistance
continues to pose a problem, especially through cancer
stem cells (CSCs) and heterogeneity of tumors [80]. Treat-
ing CSCs with CD44-targeted nanoparticles or laser abla-
tion combined with photodynamic therapy (PDT) has been
shown to be effective in overcoming resistance [81]. Also,
antibody therapy targeting the erB-2 gene and clopidogrel
combinations of drugs reflects the complexity of treatment
interactions [82]. Targeting resistance pathways is key to
maximizing combination therapies and realizing personal-
ized cancer therapy.

Other promising immunotherapy
Tumor-infiltrating lymphocyte (TIL) therapy

This therapy is a form of immunotherapy employed in
the treatment of specific tumors. The process entails the
extraction of tumor-infiltrating lymphocytes (TILs) from a
patient’s tumor, followed by their proliferation in substan-
tial quantities in the laboratory, and subsequently reinfus-
ing them into the patient [83]. The therapy significantly
increases these cells, hence enhancing the immune system’s
ability to detect and eliminate cancer cells. CD8 + tumor-
infiltrating cells are essential for a vigorous antitumor
immune response [84]. Monoclonal antibodies that block
immunological checkpoints to prevent T cell exhaus-
tion and improve tumor destruction by cytotoxic CD8 + T
cells are effective in mCRC patients with dAMMR-MSI-H.
Tumor-infiltrating lymphocytes (TILs) are essential for
effective antitumor immunity, involving many T cell types,
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including cytotoxic T cells, T helper (TH) cells, and regula-
tory T cells (Tregs), which contribute to T cell-mediated
immune responses inside the tumor microenvironment [35].
Researchers have demonstrated that blocking immune check-
points significantly delays tumor growth and enhances T cell
infiltration and functions; this study strongly supports the
potential of co-inhibitory checkpoint blockade to improve
the efficacy of TIL therapy in cancer patients. Additionally,
another study suggests a potential link between Ras-MAPK
pathway activation and immune invasion in triple-negative
breast cancer (TNBC); this supports the exploration of MEK
and PD-L1 targeted therapies in clinical trials. In a huPBL-
NSG mouse model using human prostate cancer cells, TIL
therapy demonstrated a predominance of CD8 + T cells with
increased CD69 and CD56 expression, resulting in slowed
tumor growth but not complete elimination, highlighting the
model’s relevance for preclinical studies of tumor immune
interactions [85]. In immunocompetent mouse models of
renal adenocarcinoma and melanoma, TIL therapy using
mesenchymal stem cells (MSCs) infected with oncolytic
adenovirus dIE102 significantly reduced tumor volume by
50% and increased TILs, while decreasing their PD-1 + sub-
sets demonstrates that PD-1-selected tumor-infiltrating
lymphocytes (TILs) effectively recognize and target tumor
cells in vivo, showing significant antitumor activity in
mouse models of solid tumors and multiple myeloma, with
enhanced efficacy through PDL-1 blockade [86]. Refer to
Fig. 1 for how TIL therapy works.

TCR/CAR-T cell therapy

The application of TCR-T and CAR-T cells in cancer treat-
ment emphasizes the success in hematological malignan-
cies and the challenges in applying these therapies to solid
tumors due to the immunosuppressive tumor microenvi-
ronment and the absence of tumor-specific antigens [87].
TCR-T cells recognize intracellular and surface antigens
through major histocompatibility complex (MHC) presen-
tation, broadening their target range compared to CAR-T
cells, which primarily bind extracellular antigens. How-
ever, TCR-T therapy is limited by MHC restriction, requir-
ing patient-specific HLA matching, while CAR-T cells face
difficulties in antigen escape and tumor infiltration [88].
Recent gene-editing advancements, including CRISPR/
Cas9, TALEN:S, and zinc finger nucleases (ZFNs), have been
employed to enhance T cell efficacy by knocking out endog-
enous TCRs, PD-1, and HLA molecules, reducing the risk of
graft-versus-host disease (GVHD) and immune evasion [37].
TCR-T cells acquire antigens from the complete proteome of
cells through HLLAs, enabling them to identify both internal
and surface antigens. TCR gene therapy is advancing the
creation of optimum cellular products with minimal adverse
effects and enhanced proliferative potential. Zinc finger
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nucleases (ZFNs) were the inaugural gene-editing technique
employed to silence endogenous T cell receptors (TCRs)
and generate enhanced antigen-specific T cells. ZFNs have
been employed to eliminate HLA on CAR-T cells. CAR-T
cells have been engineered to continuously express IL-12
and IL-15 to enhance antitumor efficacy and promote long-
term persistence [89]. Additionally, armored CAR-T cells
expressing costimulatory ligands (e.g., 4-1BBL, CD40L)
or targeting multiple antigens through dual CAR constructs
are being explored to improve tumor recognition and reduce
relapse rates.[90]. Studies in preclinical models have demon-
strated that CAR/TCR-T cells expressing oncolytic viruses,
such as myxoma virus (MY XV), enhance tumor cell killing
by inducing immunogenic cell death, addressing antigen loss
and immune escape mechanisms [91]. Furthermore, clini-
cal investigations of CRISPR/Cas9-mediated TCR knockout
in anti-CD19 CAR-T cells have shown promising efficacy
and safety in treating B-cell acute lymphoblastic leukemia
(B-ALL), suggesting the feasibility of this approach for
broader applications [92]. Despite these advances, chal-
lenges such as T cell exhaustion, trafficking to solid tumors,
and off-target toxicity must be addressed to optimize the
therapeutic potential of TCR-T and CAR-T cells in solid
malignancies. Refer to Fig. 1 for how TCR/CAR-T cell
therapy works (Table 1).

Immune checkpoint inhibitors

A specific form of medication inhibits the production of
checkpoint proteins by immune system cells, including T
cells and certain cancer cells. These checkpoints, such as
PD-1/PD-L1 and CTLA-4/B7-1/B7-2, regulate immune
responses but can also prevent T cells from destroying tumor
cells[93]. Immune checkpoint inhibitors (ICIs) block these
interactions, allowing T cells to remain active against cancer
PD-L1 on tumor cells binds to PD-1 on T cells, suppress-
ing immune responses. ICIs targeting PD-1 (anti-PD-1) or
PD-L1 (anti-PD-L1) restore T cell function by preventing
this binding [94]. Similarly, CTLA-4 on T cells binds to
B7-1/B7-2 on antigen-presenting cells (APCs), maintain-
ing immune suppression. Anti-CTLA-4 antibodies disrupt
this interaction, enabling T cell activation [95]. ICIs have
significantly advanced cancer immunotherapy by remov-
ing inhibitory immune checkpoints and promoting robust
antitumor responses [37]. The US Food and Drug Adminis-
tration (FDA) has approved ICIs targeting three checkpoint
molecules: CTLA-4, PD-1, and PD-L1. Ipilimumab, the first
anti-CTLA-4 antibody, was approved for metastatic mela-
noma [96]. Anti-PD-1 antibodies, which block PD-1 from
interacting with PD-L1 and PD-L2, further enhance T cell
responses. The FDA has also approved three anti-PD-L1
antibodies—atezolizumab, durvalumab, and avelumab—for
cancers such as urothelial carcinoma, non-small cell lung



163

Page 11 of 28

(2025) 74:163

Cancer Immunology, Immunotherapy

I00UR)) UBLIBAQ
100ue) 3ung
I9JURD) [B19210[0)) INEBISBIAN

OTOSN deIseRN

190UE)) Jsealg
Adeloyjounw] ‘I10UL)) 9)BIS0IJ
Iaoue)) Isealq ‘un ‘oreIsoig ‘uo[o)

Iooue)) Jsearg

I90ue)) Jsearq ‘3un ‘uo[o)

Ioue) ‘61-ATAOD

Iooue)) uo[o)) 1] 251

Jadue)) ajeisold

(P9103s9y) 1dUR)) dneAIouRd

BUWOUR[IIN

(oreway) Iooue)) Jsearq

100ue) Sung

Surpuad sjnsoy
-asuodsar ounwwl pue Ajofes sajen[eArq

Surpuad synsoy
‘asuodsar sunwiwil pue AJoJes sassssy
Surpuad synsoy oJ1] jo Ayfenb
pue ‘asuodsar Jown) ‘Ajojes soyenfeaq
s1o3qIyur Jurodoayo snyd
QUIOOEA JO AoBOIJJo pue K19Jes Sossassy
Surpuad
S)[NSQY "9SOP PoILIo[0) WNWIXEW PUL
‘sosuodsar or3o[ounuur ‘A1ayes sajen[eAq
Surpuad synsay -esuodsar sunwrwr
“oeduur 911 Jo Aypenb ‘Kjoges sassassy
SONIOIX0} SuNIWI[-9s0p
PUE ‘SJUAD 9SIOADE ‘AJoJes sojen[eAq
sdnoi3 JSO-ND pue Xep
-NON U99M]2q SIUIA 3sIdApe saredwio)
SIOOUED O1BISBIOW AT}
-180d-y/gD) UI 9SOP PaJeIS[O} WnwIXew
pue ‘osuodsar ounwwt ‘Kjojes sajen[eaq
Adeaypounwwt uo syuoned 190uLd
UT SJUIAS 9SIOAPE PAJB[aI-ounuWl pue
S[oAQ] Apoquiue 7-A0D)-SYVS SQINSBIA
Surpuad sjnsoy
"190UBD UO[09 [[] 95e)s ur asuodsar
QuNWWI pue A19Jes SUIDJBA SISSASSY
I'1
LSTIDAY 1od asuodsar rown) pue ‘asop
7 oseyd papuswiodal ‘Kjajes sojen[eAsq
190URD
onearoued pareInwW-Sy I UI SIUSAS
9SIOAPE PUB SQWODINO [BAIAINS SISSASSY
S9JeI [RATAINS ‘9suodsar [eorur[d ‘Suad
-1jue JoWn) 0} SU0dsal QUNWIWIT SOINSBIJA

sadojide Jown) anbrun

SOUTIUSP] "SUIDILA AU} JO SIS 9pIS
pue ‘Kjoyes ‘Kyroruagounuuul Sajen[eAy

I0oued Juny ur asuodsar sunwwr

SuroueyuUR ‘suasnUR IOUBD JUIZIUS002I
S[192 I, pooiq [exeydrred pasearouy

Da-0SD :edrsoforg

auroea DSD Tedrdoforg

uone[qeoA1D ‘wnSo[[y :[esisojorg
6¥819¢1

14 ‘qewnwiowal], ‘qewnieAin(y :Sni

opndad ggo +ouro
oA JSD-IND + qewnznysel], :3nig

saurooea DA ‘O :[eor3oorg
11o-xdarL4d
‘190-X4.Ld ‘160-Xd.Ld [eo13o[org

ENe
-JAD ‘eurooea xeAnaN ‘undaoioy :Sniq

QUPITA VHD SAV :[edrsojorg

QUIdIEA 61-AIAOD

TOLXAYV :Ted1soforg

sourooeA AmAyoeiq

‘IDNIN ‘VSd [eaaouape :[eatoorg

10D :[eo13o0[org
wnupe[dso F saurooea D :[edrsojorg
NiEs

onupuap opndad pasing :[esrwayoorg

0-0G9] duIddEA [ed130[01g

S[[92 I, pue sarpoqnue pawrid-)8)

(DSD) SI[90 WIS JduR)

Jodue) [B)I2I0[0I ISR

JTOSN

Jadue)d jsealq nau/HHH

DdYDw Ioj saurdoea D

suagnue Jown) ‘YD ‘AImAyseiq ‘1DNN

JoouRd Jsedlq + 7YHH

urrord yvHD

sadojide 7-A0D-SUVS

(190ued U0709) urjoxd YD

(OdYOHwW) 1R0ULd

Je1s01d JUBISISOI-UOTIBIISED ONIRISLIOIA

ASD-IND pue 10DL
(eseursoif)
‘001d3) sueSnue Jown) BWOUR[IIN

Jadued jsealgq

suagnue 100UBd JUIZIuS009I ST[AD [,

0L98LTCOLON

8S6STICOLON

EPY08EC0LON

CLLY9TEOLON

9L0VI0€0LON

9L6CT69COLON

9IEY8ECOLON

9€00LSTOLON

S96LYITOLON

§TST90S0LON

€12068T0LON

9I8187C0LON

Y1L19CTOLON

€I¥S8CCOLON

8886L870LON

€LE6C8TOLON

suonIpuo))

QWodINO

SUONUIAAINUT

1a81e],

ou JoYIudp[

IQOUED [)IM PIJRIOOSSE SAIPNIS [BOTUI[D) | d|qeL

pringer

As



(2025) 74:163

Cancer Immunology, Immunotherapy

Page 12 of 28

163

Iddue)) Aaelsold

I9JUE)) d1EAIOUER JRISEIA

swse[dooN jueu3I[RN UTRIg

100ue)) Sun

I90ue)) Sun' [[9D [[BWS-UON

100ue)) Isealg + 7YdH Al 251

190UB)) UBLIBAQ ‘Jown],
LSID uo[0)) JUBUSI[EJA ‘Tooue)) Isearg

rWOID AdeIayioway)-1s0g/1ual
~INO2Y ‘eWOID YSIY-YSIH II 9PEID OHM

I90UR)) UBLIBAQ) JUSLINOAY
BWOUIOIEI0USPY ‘Iooue)) Sung

Jadue)) [BJIAIRD)

BWOUR[IA

Iddue)) 9eisoid

I90UR)) [B192I0[0)

SJUAD 9SIDAPE PRy %001—L6
"uo1ssa1301d 9seasIp 10§ PAIOJUOIA

SJUQAD

9s1oApE paouatIadxo 94001 "s100[0
Juswear) ‘esuodsar sunul ‘K1oyes

SIUOAD

ISIAAPE PeY %00 [—6 A1o1X0) ‘@suodsar
QUNWWI ‘[BATAINS 99IJ-UOISSAIS0Ig

SJUQAQ 9SIOAPE PAdU
-1adxa %(00] "osuodsal walsAs sunuwwut
‘[eATAINS 931J-U0ISsa1T01d ‘TRAIAING

sjuoned [Te Ur parImodo
SJUDAD 9SIOAPY "S[OAJ] 6T-LTVD UeS
-nue ‘9J11 Jo Ayrenb ‘osuodsar sunurwy
SJUQAD
9sIoApE Qwos paoudLradxa syuaned [y
*SULIOIIUOW JUIAD ISIIAPE PUB AJIOTXO],
Surpuad synsay] "sonoury
asuodsar sunwuit 7YHH ‘(0 A HVILO)
Ky101%0) “Kjoes ‘esuodsar sunurwy
Surpuad sj[nsoy "‘A1OWOIAd MOfj pue
10[q UIQISIM BIA sasuodsar [eo130[o1as
‘asuodsar [[30 T, ‘A1101X0} SunruI-asoq
Sur
-puad $)[NSY “[eAIAINS pUE ‘dZIS Jown)
‘S[OA] GZT VD BIA PISSISSE JWOINO
[eoturo pue ‘Kyroruagounuutut ‘AIIqIse,]
BLIONLD [STOHY Tod
uorssar3ord pue ‘Aoeoyje ‘Kjojes sajenjeaq
Surpuad sjnsoy ‘Adoeduje Jownnue
pue ‘osuodsar sunurwr ‘A19Jes s9Ssassy

Surpuad

S)NSaY "BWIOUER[OW UT KOBOYJO [edTUI[D
pue ‘osuodsar ounwwt ‘Kjojes sajen[eaq

Surpuad sjnsoy

‘sourodeA 2dojida Iy sse[o Jo Aoeorpye
pue ‘osuodsar ounwwr ‘K)oyes sojenjeAy

Surpuad
SINSY "JOOURD [£)O3I0[0D JOJ SAUIOOBA

D Papeo-DSD JO ANTIQISEs) sajen[eas

0Qqaoe[d ‘I-[oono[ndIs :TeorSojorg

oprureydsoydo(o£) :3niq
‘LOT-SYD ‘seardued XVAD :[ed15o[org

OpIWIO[0ZOWa],
‘wmsowreIdIes ‘ourooea ¢-Jqd :edrsojorg

VLV ‘oprweydsoyd
-0[0A)) :3nI(J ‘UONRZIUNUIW] :[ROTWYI0TG

(OS9) ared
aanioddng jseq ‘oprwreydsoydo[ok)

:3n1Q (§7dTd-T) 9PHOWR3Y, :TedrSoforg

oqaoeld
9dooroue)y ‘qeuunzmsea], “y-opLreyd
-0BSA[0 ‘U1a)01d Nau/YHH :s[edidojorg

QuIddRA TYHH S.ddO
:[ed130[o1g ‘sourodeA gYHH OYNuaIs

QUIDIBA

9yesAT Jowny, ‘powrtnbruay :eorSojorg

d71S
¢cd :[eor3oorq ‘qg-ej[V UOIFINU] :Sni

SQUIOOEA [ZTID " 10FAD ND :[edrso[org

QI0IVSI/I0TVSI :8n1g

HIOIN-OBA SNIURD) :[eJI30[01g
(I-49VV/1-0SH-AN)

aurooea opndad Ty/7 sse[d yVIH :Ted1dojorg

JurooeA DS (TeorSororg

I90UBd
9es01d £1010BIJOI-OUOWIOY O1RISEISA

I90ued dneaoued JNRISBIOIA

QULIOJN[NW BUWIOISE[QOT[D)

rwIouroIeOOUIpE Junj A a3e1S

OTOSN Al/dIII 95e18

I90URd 15831q + 7YHH Al 28¢1S

S[[99 Jown],

sewoI[3 |
apeIS OHM Ut sasuodsar Jowninue [0 I,

JIQ0UED UBLIBAO JUBISISOI-WNUNR[J
J90ued Jung

BUWOUIdIR) [BIIAIDD)

(DAd) s1190 an1Ipusp projfoewse]d

I90ued 9)e)soxd O1je)seIOA

S[[92 I, pue sarpoqnue pawrid-)8)

L¥6S0000LON

000LT¥T0LON

L60€¥900LON

96L10900LON

60CLSTO0LON

1C6TCO6T0LON

SOS9LETOLON

CSEBLITOLON

G886£9T10LON

CLIEEYTOLON

9CI8CICOLON

80TE€98T0LON

16C91900LON

9YL9LTCOLON

suonIpuo))

AWodINQ

SuonuaAIuUY

1981k,

ou JoYIudp[

(ponunuoo) | sjqey

pringer

AQs



163

Page 13 of 28

(2025) 74:163

Cancer Immunology, Immunotherapy

I00ue) 3ung
I00uR)) 918)S01d

I00UE)) [BUSY

I00uR)) Jsealg

IodUR)) [ELOWOopU
190UR)) PIOIAY],

I00uR)) Ioppe[q

Io0ue)) Jsearq xordnny
Iooue)) 918)s01d

BUIOTOAIN

Jadue)) dneardued

I00UE)) Jsearg

Jowmng, urerg

(+noN/TIAH)
I9dUE)) JseaIqg pue ueLieAQ Al 95eis

I0JUE)) 9))S0IJ JUSLINONY
I90UR)) 9J)S01g KI0JORIJIY-oUOWLIOH]
JI9OUE)) OIRISBIQJA] “JOOUR)) [2J2I0[0))

Io0UR)) [B192I0[0)

anyea onsouSerp pue £ou9)sSISUOD I0J

SPOYIoW UOT)ORIIXd YNYIW ¢ soren[eAq
juounjean) pazifeuosiad 10y Aderoy

01 asuodsar JoyIewolq sAesnsaAu]
prepue)s e se DHJ 3ursn A1

-AT)ISUSS 159) Apoquiueoine ¢ SOSSIssy
asuodsar
Ade1oy) oM 918[o1I00 0] JUSU)BAI) I9)je

pue 210J2q SYN YW ewseld sayenfeaq
Surpuad s)[nsay “190ULD [BLNOWOPUD

O] IoSTew J1)souSeIp e se YN JOIOIN
Surpuad s)nsay ‘100ULD pIOI

-Ay 10§ Tenuajod onsouseIp YN YOIOIN
Surpuad synsoy ‘190ULd

IOpPE[q YIIM UONR[ALI0D (] UTWIE)IA WNIAS
Surpuad synsoy Jusunean

I00URD JS821q OpINS 03 SISATeUR YN JOIOTA
SJUOAQ 9SIOAPE

PeY %001 S[9A9] YSd ‘uorssaidord uorso|
SJUOAD 9SIOAPE PRy

%001 "S[ea9] urajordered ‘osuodsar [[e0 I,

SJUOAD 9SIGAPE PRy %(] 6 SuLIoyuow
KI10TX0) QUNWIIT ‘TBATAINS 991J-SISBISBIOIA
SJUQAD ISIOAPE PeY %/9'99
'sodueyo werdowwew ‘osuodsar sunuwrwy
SJUOAD
as19Ape pey %001 "(10dST T AN
9suodsal dunwiwl YUAWssISSe AJIIX0],
SJUOAD
9s10Ape paouatIadxe 9,00 "SIsATeue
Ioyrewolq ‘osuodsar sunwl ZYHH

SJUQAD 9SIQAPE PRy

9%7L—09 "SeIel [eAIAINS ‘@suodsar sunuruy
SJUQAQD 9SIQAPE PRy

%001—96 "S[PA9] VS ‘osuodsar ourooep
SJUOAQ 9SISAPE PIoUALIAdXe %00T—L6

*(s1sATeue jodST1H) 9suodsar sunurwy

SIUSAQ ISIOAPE PBY %00 [—( Suon
-orar1 ounwwt ‘osuodsar adoyrds Teuosiog

Surdwes poorg
oprwenfezug :Sniq
SISATeue JOYIeWOIq PUe O1joUD)

QUB)SIWAXY
‘9[0Z0I)SBUY ‘9[0ZONdT ‘Udjrxowe], :SniQg

VNYTw A1eurrp) :3s9], onsousder(q

uonendse 9[pasu UL IOYIQ

SCI-SVNYOIIN
‘9SBIOWIO[Q) J0J 1Y 1189, dnsouser(q

VNYIW -onauas
oprureinjezuyg
‘INODIYL ‘DOVALSO¥d :s[edrsojorg

dSO-IWO/EV-HOVIA “OpIwuopI[eus|
‘S[[90 I, PRAIBATIOY ‘TeUARI{ :S[edrSoforg

uonerpelr
LY4S ‘qeunzijoiquiod ‘QurodeA Seard

-ued XVAD ‘oprueydsoydo[doh) :s3nig

CYdH 10}
QUIOJBA [[0D ONLIPUI( pasind :[edr3ojorg

prwojozoway, :3ni( ‘eLIay)
-ydig-snue, ‘ourodseA WIHAIJAd :otd

aurooeA opndod nou/gyYHH :[ed1sojorg

QUIOOBA YSd/SNIIAOUSPY :[edrSojorg

HANIO

-OVA VSd/SNAIAONHAQY :Tedrsoforg
S[[9D ONLIPUI( ‘WNSOweIsd

-IeS ‘AQIBWI[BU] ‘AQIeWIR,] :S[edI3o[org

aurodeA YD 8T0TIdAdATd :Tedrsoforg

(190UBD
a3eys-A[Ies 10 uSTuaq) se[npou Jun|

I90ueDd 9eysoxd JNe)IseIoN

(DDY) rwWOUIDIRD [[D [RUY

190UBD Jsealg
I00UED [ELIIOWIOPUL UT YNRYTW ATeurin)
SuOIS9[ u3Iuaq pue JUBUSIBIN

I0JUBD JOPPR[Q JAISBAUI-I[OSNUI-UON
sonssn Jsearg

S[[99 JooUB)

S[[99 BWOTAIN

Hicspehlie)

I00UE) 1SBAIq ARIpAULIULYSIY 7YHH

Jown) urelq Arewrd [ opein

Ayunwwat oyroads-gdH
S[[99 J2ouRd IS0l
S[[99 190UBD 9)BIS0IJ

S[[95 Jowny,

S[[90 130UB))

£EVE6CE0LON

6971 LYC0LON

05990800.LON

IL8CI9T0LON

€19¥C8C0LON

80S¥9610LON

LI9ET6SE0LON

0€€91SYOLON

€€€L98T0LON

€L9SYCTI0LON

C8T8Y9C0LON

¥CLEY0COLON

LYEe61C0LON

Y1LY6100LON

CSLEBSO0LON

¥20€8S00LON

¢r1€0T100LON

CECI6EC0LON

suonIpuo))

AWodINQ

SuonuaAIuUY

1981k,

ou JoYIudp[

(ponunuoo) | sjqey

pringer

As



(2025) 74:163

Cancer Immunology, Immunotherapy

Page 14 of 28

163

D snnedoy

BIWOYNOT

I9ouR)) [19210[0))
SuoIsa JueuSIRWaI] [BI0
BIWOYNO]

BUWOURB[IIN

BIWYNST

BIWAYNO T

Iooue)) 91e)s0Id
BWOUIOIE)) [BO1)I00UIPY
ewourore)) renedojedoy

I90UR)) JR[NONSI], PUB UBLIBAQ

120ue)) Sun

ADH pue
VNJOINA Uoam1aq dIysuone[aI Sassassy

syuaned TNV SQ-uou
pue g ut uorssairdxa auag saredwo))
sonssn
UOJ09 UI §)09]J9 dIjoqelaw pue ‘sojyoid
Qua3 ‘uorssardxo YN YIW SozAeuy
Uuo10)ap I90ued A[Ied
10§ (TISTTH) SYNIIW KIeAT[Es sojenfeaq
SYdIU HSIAL 243 ULPIM S[[30 TNV
ur sa3ueyd uoIssaIdxa YN YIW SouTweXy
uorssardxe YN
orgod 03 YDJ-1¥ pue Aerreordmu sasn)
uonerdjrord
[190 pro[eAw pue stsarodo[nuels ur so[o1
POI-VNYIW PUe eye-VNYIW saIpmg
Sjuejur ur TNV
0) payuI] s9ouanbas YN FOIOIW SaYnUIP]
JUSWISSISSE
VN Sursn wasAs 11oddns uorstosp
& sdo[eAdp pue spoyiowt YA seredwo)
so[dures Jown) [eon
-I000UQIPE Ul SUOTIRIO)[E O1JoUas SaynUIp]
Surouonbas uo3-1xau vIA s1oyIRW
oneuad oyroads-100ued I9AT] SaYNUIP]
sowooino pue skemyed YN
im suonein [YFIIJ SeIe[e110)
09 pue ‘109 ‘dg-q901 SYNYIW jo
anfea onsougoid pue onsouJelp sozA[euy

Surdwes poorg

SISA[eue JOYIRWOIq PUB O1}oUD)

JoBIIX djeurISoWOq
159 VNI AIeArfes
SIsA[eue ID[IBWOIQ PUE OT)OUSD)

Asdorg

SIs[euE JD[IBWOIQ PUE O1)OUSD)

SISA[eue JOYIRWOIq PUB J1}OUID)

TN omnowerednniy pue ornowered-1g
sisA[eue YN Pue dO11ouan)

a1e)) JO pIepur)S

sIsA[eue JO)Iewolq pue dNouan)

UONUIAINUI ON

SISOIQY IOAT] puE s1sojea)sojedoy

QWIOIPUAS UMO(] UI SIOPIOSIP
aaneojrjordojadur Juarsuen) pue TNV

I9JUBD [£199I0[0))
SUOISI [I0 UT UOTJRWLIOJSUEI) JUBUSITRIA
SY2I DSIN PUe TNV dLneIpad

BWOUE[OW JUBUSI[EW SnosueIny)

suoneInW yaga wis TNV

BIWAYNI[ 9INOY

(eDd) 19oued deIS0I]

SIouIn) [BONIOO0UAIPE. JLNRIPS]

(DDH) rwourdIed rernfeoojedoy
sJown)

[BWOI)S PIOD X3S UBLIBAO IO JR[NONSA,

Io0ued Suny [0 [[EWS-UON

LY86vYSOLON

SLSTISTOLON

6€C91610LON

SYSE16v0LON

Y1¥86CI0LON

09¢Z8¥10LON

661LSOTOLON

YCI6CCIOLON

€0LE69C0LON

9S68CSTOLON

6LSTIYCOLON

LOYCLSTOLON

LOYST8SOLON

suonIpuo))

AWodINQ

SuonuaAIuUY

JERAA S

ou JoYIudp[

(ponunuoo) | sjqey

pringer

AQs



Cancer Immunology, Immunotherapy (2025) 74:163

Page 150f28 163

cancer (NSCLC), and Merkel cell carcinoma [97]. Addition-
ally, a study demonstrated that the combination of anti-PD-1
therapy with PSMA-targeted radionuclide therapy signifi-
cantly improved disease control (TTP: 47.5 days, survival:
51.5 days) in a C57BL/6 mouse model of prostate cancer,
compared to monotherapies [98].

MicroRNA’s in cancer

A class of small non-coding RNAs known as miRNAs is
involved in post-transcriptional gene silencing [99]. Micro-
RNAs are a subclass of non-coding RNAs that control
the expression of genes by either translatory inhibition or
mRNA degradation. About half of miRNAs are autono-
mously transcribed and encoded on non-protein-coding
regions. The introns of transcripts that code for proteins
contain the remaining miRNAs. Tumor suppressor miR-
NAs and oncogenic miRNAs, also known as oncomiRs,
are two types of miRNAs that are important in cancer
development [100]. A multitude of human miRNA genes
are positioned in genomic regions that are deleted, ampli-
fied, or translocated in cancer, or situated at fragile loca-
tions. The transcription of pri-miRNA represents the initial
phase of miRNA synthesis and is dysregulated in several
human malignancies [101]. These genetic alterations influ-
ence miRNA and pri-miRNA transcription, resulting in the
abnormal production of downstream target mRNAs that
may promote cancer formation and dissemination. The ini-
tial example originated from the induced expression of the
miR-17 ~92 cluster, referred to as oncomiR-1, which col-
laborated with MYC to accelerate tumor growth in a B-cell
lymphoma murine model [102]. MiRNA’s canonical bio-
genesis is a multi-step process involving cytoplasmic and
nuclear phases. A single nuclear miRNA gene, transcribed
by RNA polymerase II (Pol II), produces a hairpin interme-
diate termed “pri-miRNA,” which is subsequently identified
by a microprocessor primarily consisting of two molecules
of DiGeorge syndrome critical region gene 8 (DGCRS),
a cofactor of Drosha, an RNase III enzyme featuring two
RNase III domains, and one molecule of Drosha. Drosha
subsequently cleaves the stem of the pri-miRNA hairpin
into two strands, resulting in a stem-loop structure referred
to as “pre-miRNA.” Exosomes can encapsulate miRNAs,
subsequently participating in intercellular communication
[99]. The initial evidence of miRNASs’ involvement in human
cancer emerged in 2002, when B-cell chronic lymphocytic
leukemia (B-CLL) was associated with the deregulation of
miR-15a and miR-16-1. The greatest biomarker for doxoru-
bicin-induced cardiotoxicity was found to be miR-1, which
exhibited significantly higher expression than other miRNAs
and improved the assessment of cardiac injuries in patients
with cardiotoxicity as opposed to cardiac troponin I (¢Tnl)

[103]. The extensive deregulation of miRNAs in human can-
cers shown in recent decades underscores the critical role
of miRNAs in the development, metastasis, and onset of
tumors. A global reduction in miRNA expression in tumor
cells compared to normal cells has been documented, as
demonstrated by the profiling of 217 mammalian miRNAs
from both normal and human cancer specimens. Apart from
the overall reduction in miRNA expression, it has been
demonstrated that 540 solid tumor samples had differen-
tially expressed miRNAs. This indicates that specific altera-
tions in each miRNA expression were evident in tumors,
as miRNA expression becomes unregulated during cancer
progression, leading to a different expression pattern. In the
initial phases of diffuse large B-cell lymphoma (DLBCL),
miR-21 expression is elevated relative to subsequent stages.
Hypoxia, characterized by diminished oxygen levels in the
tumor microenvironment (TME), might influence the matu-
ration and functionality of mature microRNAs (miRNAs)
due to the regulation of miRNA expression and function by
cellular stress. The hypoxic environment stimulates epider-
mal growth factor receptor (EGFR) signaling to promote
growth and oncogenesis. MicroRNAs are essential for the
regulation of cellular activities, including cell proliferation,
metabolism, and protein synthesis, in normal physiological
conditions. Their dysregulation causes aberrant cell growth
and biosynthesis, promoting tumors’ development, spread,
and metastasis [104]. Any miRNA deregulation will con-
tribute to the growth of tumors. MiRNA expression profiles
have the potential to be a useful noninvasive diagnostic tool.
Only cancerous tissues and cell lines showed upregulation
of miRNA-93, miRNA-196a, miRNA-196b, miRNA-203,
miRNA-205, miRNA-210, miRNA-221, miRNA-222, and
miRNA-224. MiRNAs can potentially be ground-breaking
gene therapies, but their effectiveness largely depends on a
reliable delivery system [100]. Exosomes have been shown
to impact several aspects of cancer, such as EMT, multidrug
resistance, metastasis, and progression. It has been reported
that miRNAs impact immune responses against tumors and
tumor immunogenicity. For instance, a study found that
miR-124-3p is the target of LINC00240 and may stimulate
the development of cervical cancer through the actions of
MHC class I-related proteins A (MICA) and STAT3, which
in turn mediates the tolerance of natural killer T (NKT)
cells [99]. According to reports, miR-449a plays a role in
carcinoma development and could be a useful prognostic
marker. We believe that miR-449a can potentially serve as a
therapeutic agent for treating certain types of cancer based
on the putative pathogenetic relationships between cancer
and miR-449a [105]. miRNAs may be useful instruments for
prognostication and diagnosis to enhance cancer prognosis.
One of the most active cell signaling pathways in cancer is
PIK3/AKT/MTOR [103] (Fig. 2). The following evidence
proves that miRNA profiling holds diagnostic potential
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while standardization of clinical application lacks. Moreo-
ver, the accuracy of miRNAs as noninvasive biomarkers is
encouraging but needs further validation in a heterogeneous
population, and there is a need for additional research to
interpret efficacy and safety of miRNA therapy in human
trials. Nonetheless, recent findings reveal that extracellular
vesicle-delivered miRNA transfer can remold tumor micro-
environment, and it has therapeutic potential. It has also
been shown that miRNA expression is regulated by tumor
metabolism, which may be targeted for the treatment of
cancer. CRISPR-based gene editing has opened up avenues
to precisely manipulate miRNAs and has the potential for
personalized medicine.

Oncomirs and oncosuppressive microRNAs

Oncomirs are microRNAs associated with cancer, catego-
rized based on their roles in various tumorigenic processes
[106]. A key group of oncomirs, including miR-21, miR-
181a, miR-632, and miR-221/222, are implicated in metas-
tasis, while another category, consisting of miR-155 and
miR-375, drives the proliferation of neoplastic cells [107].
MicroRNAs such as miR-182, miR-10b, miR-373, and

miR-520c are critical for tumor cell invasion into organs,
and miR-9 and miR-27a are involved in angiogenesis, aid-
ing tissue vascularization [108]. Additionally, miR-22, miR-
181a, and miR-221/222 participate in tumor progression.
In contrast, the let-7 family of microRNAs acts as a sig-
nificant tumor suppressor, with its overexpression in early-
stage bladder cancer inhibiting the activity of oncogenes like
H-RAS and HMGAZ2 [109]. Another well-studied suppressor
microRNA, miR-145, is typically expressed at lower levels
in cancer cells compared to normal tissues [110]. The miR-
200 family, comprising miR-200a, miR-200b, miR-200c,
miR-429, and miR-141, plays a vital role in the invasion of
solid tumors, highlighting the diverse yet critical functions
of microRNAs in cancer biology [111] (Fig. 2).

Although enormous progress has been made in miRNA
study, some gaps exist. The intricate relationship between
oncomirs and tumor suppressor miRNAs between distinct
cancer subtypes needs further probing to establish their
specific roles during tumorigenesis. Specifically, miR-375
shows conflicting behavior in different cancers, and its func-
tion needs to be subjected to a more in-depth exploration.
Lastly, the long-term consequences of miRNA-based thera-
peutic interventions in cancer therapy are poorly understood,
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Fig.2 Schematic illustrates the critical roles of various miRNAs in
cancer progression by targeting key signaling pathways and biomark-
ers. miR-99a and miR-424 suppress the PI3K/AKT/mTOR pathway,
which regulates cell proliferation and survival, while miR-21-5p
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modulates the NF-kB pathway, promoting inflammation and tumor
progression. miR-106a influences tumorigenesis by regulating PTEN,
a crucial tumor suppressor
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and it is essential to conduct extensive preclinical research.
Conversely, recent findings indicate that miRNA expression
is epigenetically controlled, allowing for new epigenetic
therapies. In addition, combination therapies that include
miRNA modulators and immune checkpoint inhibitors show
synergistic effects, increasing the potential for miRNA ther-
apeutics. Finally, identifying cooperative miRNA clusters
provides new avenues for combination therapy as targeted
agents, providing a more nuanced method for cancer treat-
ment. These observations highlight the need for ongoing
studies to fill existing gaps and refine miRNA-based oncol-
ogy approaches.

The role of miR-99a

miR-99a has been identified as a tumor suppressor gene in
multiple human malignancies [112]. The tumor suppressor
gene miR-99a is often deleted or expressed at diminished
levels in numerous human malignancies. For instance,
miR-99a was observed to be downregulated in esophageal
squamous cell carcinoma tissues, and diminished miR-99a
expression was associated with poorer overall patient sur-
vival. Transient gene transfection of miR-99a overexpression
suppressed esophageal cancer cell proliferation and triggered
apoptosis [112]. miR-99a can selectively suppress IGFIR
expression, hence inhibiting the proliferation and migration
of cervical cancer cells (CCCs) [113].

miR-99a has emerged as a multifaceted tumor suppressor
with significant roles in various cancers, including non-small
cell lung cancer (NSCLC). Studies highlight its therapeu-
tic potential, demonstrating that miR-99a overexpression
enhances radiosensitivity in NSCLC, improving radiation
efficacy and suggesting its role in better treatment outcomes
[114]. Additionally, miR-99a acts as a tumor suppressor in
NSCLC by inhibiting cell migration and invasion through
AKT1 downregulation [115]. However, its role appears con-
text-dependent, as research in breast cancer shows miR-99a
and miR-99b functioning as downstream targets of TGF-f,
promoting epithelial-to-mesenchymal transition (EMT) by
increasing cell migration and fibronectin expression while
reducing E-cadherin and ZO-1 [116]. This duality under-
scores its potential contribution to tumor progression in
certain contexts. In endometrial cancer (EC), miR-99a is
notably downregulated in tumor tissues, correlating with
poor differentiation and aggressive behavior [117]. Overex-
pression studies reveal its ability to inhibit cell proliferation,
induce apoptosis, suppress invasion, and curb tumor growth
in vivo, primarily through dual suppression of the PI3K/
AKT/mTOR pathway [118]. These findings establish miR-
99a as a promising biomarker and therapeutic target across
different cancer types (Fig. 2).

In spite of exhaustive studies on miR-99a, there are some
gaps that exist in completely unraveling its cancer role.

Its dual role as a tumor promoter and suppressor in vari-
ous forms of cancer warrants further studies to understand
its context-dependent functions. Furthermore, the exact
mechanisms by which miR-99a controls the PI3K/AKT/
mTOR pathway in various cancers are yet unknown, which
makes further molecular investigations necessary. From a
clinical point of view, although miR-99a holds promise as a
biomarker, its validation has just begun and highlights the
need for more cohort studies to confirm its diagnostic and
prognostic credibility. Emerging information, though, points
toward its new potential as a therapy. Experiments indicate
that miR-99a boosts radiosensitization, bringing new hope
to combination therapies, especially in lung cancer. Addi-
tionally, recent research suggests that miR-99a is involved
in regulating cancer cell metabolism, offering a new area
for targeted interventions. Another important finding is that
tumor hypoxia controls the expression of miR-99a, link-
ing it to the tumor microenvironment and further increas-
ing its significance in cancer development and therapeutic
approaches. These new findings underscore the necessity of
further investigation to realize miR-99a’s full potential in
cancer therapy.

The role of miR-21-5p

microRNA appears frequently upregulated in various can-
cers, promoting cell viability, proliferation, and migration
while inhibiting apoptosis in many cases. Several studies
have shed light on the complex role of miR-21-5p in can-
cer [119]. MiR-21-5p exhibited elevated expression across
multiple cancer types. MiR-21-5p enhanced cell survival,
proliferation, and migration while inhibiting apoptosis by
targeting BTG2. The MiR-21-5p inhibitor diminished the
size and volume of xenograft tumors, as well as the expres-
sions of Ki67 and miR-21-5p in the xenograft tumor tissues
[120]. miR-21-5p was both overexpressed and repressed in
cancer stem cells (CSCs) [121]. Inhibition of miR-21-5p
in melanoma cell lines diminishes cell proliferation and
enhances apoptosis via elevating the expression of PDCD4,
PTEN, and BTG2. miR-21 can additionally associate with
toll-like receptor 8, resulting in toll-like receptor-mediated
activation of NF-kB [122].

Furthermore, some studies identify exosomal miR-21-5p
as a key player in promoting cancer. The authors demon-
strate that exosomal miR-21-5p from cancer cells induces
mesothelial-to-mesenchymal transition (MMT) in peritoneal
mesothelial cells, facilitating metastasis [123]. This effect
was mediated through targeting SMAD7 in the TGF-p/
Smad pathway, validated by in vitro and in vivo models.
These findings suggest that targeting exosomal miR-21-5p
could be a promising therapeutic strategy for gastric cancer.
Another study investigated the role of exosomal miR-21-5p
in colorectal cancer (CRC) [124]. Exosomal miR-21-5p from
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CRC cells promoted angiogenesis and vascular permeability
by targeting KRIT1 and activating the -catenin pathway
in endothelial cells [125]. Notably, higher exosomal miR-
21-5p levels were observed in CRC patients compared to
healthy controls, highlighting its potential as a diagnostic
or therapeutic target [126]. Furthermore, the review dis-
cusses Andrographolide (Andro), a natural compound with
antitumor properties. In a transgenic breast cancer model,
Andro inhibited tumor growth and metastasis by suppressing
proliferation, migration, and invasion of cancer cells [127].
Mechanistically, Andro suppresses NF-kB activation, lead-
ing to downregulation of miR-21-5p expression and promo-
tion of PDCD4, a tumor suppressor [127]. These findings
suggest that Andro may be a promising therapeutic agent
for luminal-like breast cancer by targeting the miR-21-5p
pathway (Fig. 2). Although miR-21-5p has been extensively
studied, there are still some knowledge gaps regarding its
function in cancer. Its regulation of tumor immunity is not
fully explored, so concerns exist regarding its contribution
to immune evasion and response. Furthermore, though miR-
21-5p has the potential to serve as a liquid biopsy biomarker,
it still requires validation before it can be considered clini-
cally useful. Another key field to be studied is the exact
mechanisms by which miR-21-5p is involved in drug resist-
ance, which are still not well understood. New findings have
clarified its function in enhancing metastasis by exosomal
communication, with implications for cancer development.
Also, new data indicate that natural products such as Andro-
grapholide may suppress miR-21-5p, providing new poten-
tial therapeutic approaches. Moreover, its NF-kB regulation
connects miR-21-5p to inflammatory tumor signaling, again
highlighting its cancer pathophysiology role. Closing these
research gaps may open new avenues for targeted therapies
and biomarker discovery in cancer treatment.

The role of miR-4728

miR-4728 was recently discovered within an intron of the
ErbB2 gene. mir-4728 is a tumor-suppressive miRNA that
regulates MAPK signaling through the targeting of MST4,
highlighting its potential as a prognostic biomarker and
therapeutic target in oncology [128]. The pre-miR-4728
(mir-4728) is encoded within an intron of the HER2 gene.
Patients with HER2 positivity exhibiting elevated miR-4728
expression levels demonstrated improved responsiveness to
targeted treatments [129]. miR-4728 was the predominant
independent risk factor for tumor recurrence in patients with
advanced T stage [129]. miR-4728 exhibits dual roles in
HER?2 + breast cancer, acting as both an oncogenic factor
and a tumor suppressor depending on the context. Stud-
ies have shown that miR-4728 can contribute to resistance
against HER?2 inhibitors like lapatinib by downregulating
NOXA expression through reduced ESR1 transcription, with
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pharmacological inhibition of MCL-1 emerging as a poten-
tial strategy to overcome this resistance [130]. Conversely,
the miR-4728-5p variant has been identified as an oncogenic
factor that promotes proliferation and migration in breast
cancer cells by targeting EBP1, creating a feedback loop
that amplifies HER2 signaling [131]. On the other hand,
miR-4728 also demonstrates tumor-suppressive properties
by inhibiting the MAPK pathway via MST4 targeting, with
its downregulation in breast tumors correlating with poor
patient prognosis [129]. This dual functionality highlights
its potential as both a therapeutic target and a prognostic
marker, emphasizing the need for context-specific strate-
gies when designing miR-4728-focused therapies. (Figure 2)
Notwithstanding increasing evidence of the role of miR-
4728 in HER2 + cancers, much research remains to be done.
Its dual oncogenic and tumor-suppressive activities must be
explored further to understand its exact role in tumor devel-
opment. Moreover, the long-term consequences of targeting
miR-4728 in HER2 + breast cancer are unknown, and more
studies need to be conducted to assess possible therapeutic
risks and benefits. A further important void is in identifying
if miR-4728 would be a universal prognostic marker for all
cancer types. Nevertheless, some recent findings indicate its
potential in drug resistance reversal, as miR-4728 has been
reported to regulate resistance to HER2 inhibitors. Addi-
tionally, its ability to control the MAPK pathway suggests
a larger role beyond breast cancer, possibly extending to
other cancers. Significantly, the finding that miR-4728-5p is
involved in the migration of tumor cells further enhances its
potential as a therapeutic target, highlighting the necessity
for further investigation of its functions in the development
of cancer and in treatment protocols.

miR-17-5p, miR-20a, and miR-106a

miR-17-5p may serve as a novel tumor marker for monitor-
ing cancer development and progression. miR-17-5p exhibits
a predictive influence on several tumor types [132]. miR-
17-5p is intricately linked to malignancies via complex regu-
latory pathways [133]. miR-17-5p is highly overexpressed in
all tumor types. Pterostilbene downregulated the expression
of miR-17-5p and miR-106a-5p in tumors and systemic cir-
culation, restoring PTEN mRNA and protein levels, which
resulted in decreased tumor growth in vivo [134]. miR-20a’s
function in regulating breast cancer angiogenesis suggests its
potential as an angiogenic biomarker [135]. Elevated expres-
sion levels of miR-20a have been detected in colorectal can-
cer (CRC) tissues, serum, and plasma. miR-20a was shown
to be present in feces and demonstrates excellent sensitivity
for colorectal cancer (CRC). Consequently, miR-20a may
serve as a biomarker for colorectal cancer (CRC) and an
indicator to avert invasive procedures in affected patients.
miR-20a demonstrates potential for clinical application
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as a novel diagnostic biomarker and therapeutic target for
colorectal cancer patients [136]. miRNA modulates the
expression of essential cell cycle and apoptosis components,
indicating miR-106a as a promising diagnostic and prog-
nostic biomarker with therapeutic implications. Levels of
miR-106a are highly correlated with tumor stage, size, dif-
ferentiation, lymphatic and distant metastases, and invasion
[137]. MicroRNAs (miRNAs) play a critical role in cancer
progression, with several emerging as potential diagnostic
markers or therapeutic targets. For instance, miR-17-5p
has been shown to directly target RUNX3 in gastric can-
cer (GC), leading to enhanced cell proliferation and inva-
sion. Studies using mouse models revealed that miR-17-5p
overexpression significantly increased tumor growth, while
its inhibition reduced tumor volume, making it a promising
therapeutic target for GC [133]. Similarly, in nasopharyn-
geal carcinoma (NPC), miR-17-5p promotes tumor pro-
gression by downregulating p21, a key cell cycle inhibitor.
This downregulation drives increased cell proliferation and
tumor growth, as demonstrated in both in vitro studies and
in vivo xenograft models, further highlighting miR-17-5p’s
potential as a diagnostic or therapeutic tool in NPC [138].
Beyond miR-17-5p, miR-20a displays a context-dependent
role in breast cancer, particularly in angiogenesis. In vitro
experiments showed that miR-20a enhances blood vessel
formation in MCF7 cells but inhibits it in MDA-MB-231
cells [135]. Clinically, higher miR-20a expression has been
associated with larger blood vessels and increased VEGFA
expression in invasive breast carcinomas. These findings
underscore the complexity of miR-20a’s role in angiogen-
esis, necessitating further research to define the conditions
under which it promotes or inhibits tumor vascularization
[135]. In non-small cell lung cancer (NSCLC), miR-106a
overexpression has been linked to aggressive cancer pheno-
types by suppressing PTEN, a tumor suppressor. This sup-
pression drives increased cell proliferation, migration, and
invasion, as observed in NSCLC cell lines and tissues [139].
Given its role in facilitating tumor progression, miR-106a
represents a compelling target for therapeutic interventions
in NSCLC. Collectively, these studies emphasize the critical
role of miRNAs like miR-17-5p, miR-20a, and miR-106a in
cancer progression and highlight their potential as targets for
innovative treatment strategies (Fig. 2).

Anyhow the vast research on miR-17-5p, miR-20a, and
miR-106a in cancer, there are some gaps in knowledge
regarding their exact roles in tumorigenesis. The molecular
pathways by which miR-17-5p promotes tumorigenesis in
various cancers are poorly defined, restricting the scope for
specific therapeutic targeting. Likewise, functional variation
in the angiogenic roles of miR-20a in different tumor micro-
environments needs to be explored, given that its action on
tumor vascularization seems to be dependent on context.
Further, the role of miR-106a in immune modulation in

cancer is also less understood, which creates a difficulty in
fully interpreting its role in tumor growth. Recent evidence
indicates that miR-17-5p is a promoter of tumor growth
through targeting major suppressors like RUNX3, which
offers new therapeutic possibilities. Further, the differen-
tial influence of miR-20a on angiogenesis reflects the mul-
tifaceted nature of its action in tumor biology. In contrast,
miR-106a has been recognized as a tumor promoter through
PTEN downregulation and is a potential target for targeted
therapy. Filling these gaps in research will be important to
the development of effective miRNA-based cancer therapies.

miR-155

miR-155 is a highly conserved and versatile microRNA,
primarily distinguished by its overexpression in several ill-
nesses, particularly malignant tumors. The modified expres-
sion of miR-155 is linked to numerous physiological and
pathological processes, such as hematopoietic lineage differ-
entiation, immunological response, inflammation, and can-
cer [140]. miR-155, a non-coding microRNA, is revealed to
have a strong correlation with various nutritional processes
[141]. MicroRNA-155 (miR-155) is a versatile regulator of
cell proliferation, the cell cycle, development, immunity, and
inflammation, playing crucial and occasionally contradictory
roles in various malignancies, including esophageal cancer
[142]. One study has investigated its function in metasta-
sis using a metastasis cell line model in immunodeficient
mice. Interestingly, miR-155 overexpression in highly meta-
static CL16 cancer cells significantly decreased lung tumor
burden. This effect appears to be driven by reduced cell
invasiveness without affecting proliferation or apoptosis in
established tumors [143]. These findings suggest a potential
therapeutic role for miR-155 in targeting metastasis without
compromising overall tumor growth. Another study explored
miR-155 in the context of pancreatic cancer, utilizing the
p48-Cre/LSL-KrasG12D mouse model. Here, miR-155 lev-
els increased during malignant progression, accompanied
by a downregulation of its predicted target, MLH1. Addi-
tionally, this study observed distinct changes in circulat-
ing miRNAs following gemcitabine treatment, suggesting
potential links between miR-155 and drug response [144].
While the precise role of miR-155 in pancreatic cancer
progression remains to be elucidated, this study highlights
its potential involvement and the influence of treatment on
miRNA expression profiles (Fig. 2). Although there has been
extensive research, the function of miR-155 in metastasis is
unclear, and more in vivo experiments are needed to deter-
mine its role in various cancers. Its role in drug resistance
in pancreatic cancer is also poorly understood, calling for
more targeted studies. The clinical use of miR-155 suppres-
sion remains to be established, despite the fact that it has
been identified as a possible treatment strategy. Remarkably,
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new research suggests that overexpressing miR-155 may
reduce metastasis in some cancer types, suggesting poten-
tial therapeutic benefits. Gemcitabine treatment has also
been demonstrated to modify circulating miRNAs, includ-
ing miR-155, which may impact how the medicine works.
Further highlighting its significance in tumor growth and
treatment response, miR-155 may potentially modulate the
immune response in cancer due to its participation in regu-
lating inflammatory signaling pathways.

miR-424

MiR-424’s position in cancer may serve as a prognostic and
diagnostic biomarker and a possible therapeutic candidate
for cancer treatment. Mature miR-424 induces the degrada-
tion of its target transcripts or inhibits translation by binding
to molecular targets. miR-424 participates in the modula-
tion of p53, PI3K/Akt, Wnt, and various other molecular
pathways, governing cellular proliferation, apoptosis, dif-
ferentiation, chemoresistance, and cancer immunity [145].
miR-424 has been identified as a tumor-suppressive micro-
RNA in certain cancer types, functioning as an oncogene
in others. miRNA is upregulated in melanoma, laryngeal
and esophageal squamous cell carcinomas, glioma, multiple
myeloma, and thyroid carcinoma [146]. Melatonin exerts
a tumor-suppressive effect by modulating the miR-424-5p/
VEGFA axis. miR-424 has been demonstrated to facilitate
apoptosis and induce cell cycle arrest in glioblastoma cells
[147]. miR-424-5p can enhance proliferation and metastatic-
related characteristics by directly interacting with SCN4B
[148]. miR-424(322)/503 is a tumor suppressor in breast
cancer. A lack of miR-424 causes tumors to form and resist-
ance to chemotherapy to develop [149]. Research using a
knockout mouse model and primary tumor analysis shows
its promising potential as a therapeutic target. On the other
side, circTBL1XR1 a circular RNA with the opposite effect
in colon cancer [150]. When overexpressed, it ramps up can-
cerous behaviors like growth, migration, and invasion. But
when it is dialed down, these effects are reversed. circT-
BL1XR1 seems to target and suppress Smad7, which may
help explain its role in advancing colorectal cancer (Fig. 2).
Despite being widely studied regarding miR-424, little is
known regarding its dual functions as an oncogene and a
tumor suppressor in various forms of cancer and the mech-
anisms that mediate its chemoresistance. Further research
is therefore necessary to clarify this function. Another key
lacuna is the paucity of investigation into miR-424’s role in
the immune response in the tumor microenvironment, which
would be of great interest in understanding its overall regula-
tory roles. Recent evidence has highlighted novel facets of
miR-424 regulation, including melatonin-mediated regula-
tion of the miR-424-5p/VEGFA axis, with implications for
new combination therapies. Reiterating its function in the
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formation of cancer, miR-424(322)/503 is also known to be a
tumor suppressor in breast cancer, and its loss is what causes
chemoresistance. Furthermore, the control of miR-424 by
circTBL1XR1 in colorectal cancer demonstrates the novel
function of circular RNAs in miRNA modulation, opening
the door to novel targeted treatment strategies.

miR-146a

miR-146a-5p may serve as a noninvasive biomarker and a
targeted therapy in certain malignancies. Direct targets of
miR-146a are overexpressed, resulting in enhanced cell pro-
liferation, invasion, metastasis, and survival. miR-146a-5p
generated from cancer-associated fibroblasts can enhance
stemness and increase chemoresistance in urothelial bladder
cancer. Exosomal miR-146a-5p may serve as a biomarker
for UBC recurrence and a prospective therapeutic target
[151]. CAFs transfected with miR-146a-5p demonstrated a
significant elevation in the levels of inflammatory cytokines
interleukin-6, tumor necrosis factor-a, transforming growth
factor-p, and CXCL12, which initiate the epithelial-mes-
enchymal transition and pro-metastatic transformation of
colorectal cancer cells [152]. Crucially, the activation of
cancer-associated fibroblasts (CAFs) by miR-146a-5p pro-
moted tumorigenesis and pulmonary metastasis of colorectal
cancer (CRC) in vivo through tumor xenograft models [153].

Researchers, using the KCI transgenic mouse model,
discovered that a decrease in miR-146a contributes to the
overexpression of the epidermal growth factor receptor
(EGFR) [154]. Treating these mice with CDF—a synthetic
compound—brought miR-146a levels back to normal. This
reduced EGFR levels and slowed tumor growth in xenograft
models. Restoring miR-146a with CDF could be a game-
changer for personalized pancreatic cancer treatments. In
castration-resistant prostate cancer (CRPC), miR-146a levels
drop significantly compared to androgen-dependent prostate
cancer (ADPC) [155]. In in vivo as well as in vitro studies
show that boosting miR-146a levels slowed down cancer
cell growth, migration, and tumor formation in androgen-
independent prostate cancer cell lines [156]. It seems this
works by suppressing EGFR and MMP2 and dialing down
p-ERK signaling. All of this points to miR-146a’s role in
controlling CRPC progression. Research with genetically
engineered mice has revealed that removing miR-146a
leads to serious immune system issues, such as increased
inflammation, overactive myeloid cell production, and tumor
development [157]. In short, miR-146a is a natural regulator,
keeping inflammation, cell proliferation, and cancer risks in
check (Fig. 2). In spite of increasing evidence of the impor-
tance of miR-146a in cancer biology, there are some gaps
in the research. Regulatory networks involving miR-146a
in various cancers need to be explored to completely real-
ize its mechanistic functions. Its function in immunotherapy
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resistance is not well explained, which restricts its therapeu-
tic application as a target. The potential for miR-146a-based
personalized treatment is also still unexplored. Yet, recent
reports point to miR-146a as an emerging noninvasive bio-
marker for cancer detection, considering it plays a critical
role in regulation of inflammatory response and immune
activities in the tumor microenvironment. There is emerg-
ing evidence that the miR-146a has roles in regulation of
tumor progression via the NF-kB and PI3K pathways and,
therefore, has a potential connection to cancer driven by
chronic inflammation. This indicates the significance of fur-
ther exploration to unlock miR-146a’s maximum potential
in diagnosing and treating cancer.

miR-21

MicroRNA-21 (miR-21) is potentially carcinogenic and tar-
gets tumor suppressor proteins across nearly all cancer types
[158]. miR-21 is upregulated in numerous malignancies and
facilitates cell proliferation, metastasis, and treatment resist-
ance. Targeting miR-21 with traditional chemotherapeutic
drugs may augment their therapeutic efficacy and mitigate
drug resistance and cancer recurrence in both in vitro and
animal models [159]. miR-21 represents a viable cancer
therapy target and an early cancer detection biomarker.
The downregulation of tumor suppressor genes, particu-
larly miR-21, is correlated with cancer resistance to many
chemotherapeutic agents [160]. miR-21 levels were often
heightened relative to surrounding normal tissue. A little
overexpression of miR-21 increased tumor xenograft devel-
opment and facilitated androgen-independent proliferation
post-surgical castration [161]. Research into the role of miR-
21 in cancer has shown various results, including one study
on genetically engineered mouse models of hepatocellular
carcinoma (HCC) [162]. However, the study raised con-
cerns about using miR-21 inhibition as a therapy, whereas
removing miR-21 in these models made things worse—it
increased tumor growth and aggressiveness [163]. This
might be because it triggered the upregulation of oncogenes
and activated multiple signaling pathways out of balance.
On the other hand, a different study highlighted the promise
of miR-21 inhibition for treating breast cancer. Researchers
using miR-21 antagomir (anti-miR-21) on 4T1 murine breast
cancer cells demonstrated that tumor cells stopped multiply-
ing as quickly and even started dying, thanks to the targeting
of PTEN [164]. Even more exciting, in live animal models
(VEGFR2-luc transgenic mice implanted with 4T1 cells),
antagomir-21 slowed tumor angiogenesis—basically cut-
ting off the tumor’s blood supply—by blocking the HIF-1a/
VEGF/VEGFR?2 pathway [165]. They confirmed this effect
with bioluminescent imaging. In short, the effects of miR-
21 inhibition seem to depend on the type of cancer being
studied. While it is risky in liver cancer, it could offer real

benefits in breast cancer (Fig. 2). Since miR-21 has a varying
function in different types of cancer, its therapeutic effective-
ness is very context-dependent. Cancer-specific strategies
are required since, despite its well-established status as an
oncogene, data such as those for hepatocellular carcinoma
(HCC) suggest that its total blockage may worsen tumor
growth. Targeted regulation of miR-21 or its target pathways
could be a safer and more effective alternative to complete
suppression. Nonetheless, clinical translation is confronted
with delivery and safety issues, since off-target effects and
long-term risks plague existing antagomir-based treatments.
The development of tumor-specific delivery systems, such
as nanoparticle-based carriers or antibody-conjugated ther-
apies, may improve specificity and minimize side effects.
Moreover, since miR-21 is involved in drug resistance, its
inhibition in combination with chemotherapy or immu-
notherapy may enhance treatment efficacy, and combina-
tion strategies are a promising direction for future studies
(Table 2).

Conclusion and future perspective

Cancer vaccines are emerging as promising tools in oncol-
ogy, utilizing the immune system to identify and destroy
tumors. Ranging from tumor cell-based vaccines to inno-
vative nucleic acid platforms, these methods show consid-
erable potential in generating strong and lasting antitumor
responses. Combining vaccines with other immunotherapeu-
tic strategies, like immune checkpoint inhibitors and TIL
or CAR-T cell therapies, enhances their effectiveness by
tackling tumor diversity and immune evasion mechanisms.
Moreover, miRNAs, which play crucial roles in cancer path-
ways, present opportunities to refine and improve vaccine-
based therapies. By focusing on oncogenic and tumor sup-
pressor miRNAs, new interventions can boost the specificity
and effectiveness of cancer treatments. Despite notable pro-
gress, several obstacles still impede the broader use of can-
cer vaccines. Addressing challenges such as tumor-induced
immunosuppression, the low immunogenicity of certain
vaccines, and resistance mechanisms is essential. Moreover,
regulatory and logistical hurdles greatly affect the clinical
application of cancer vaccines. Strict approval procedures,
the costliness of development, and standardization require-
ments in manufacturing and distribution make sweeping
adoption difficult. Personalized vaccine approaches need
careful biomarker identification and patient-specific formu-
lation, making clinical translation more complicated. Future
studies should aim to integrate multi-omics approaches,
including proteomics and genomics, to discover new bio-
markers for personalized vaccine development. The com-
bination of miRNA modulation with cancer vaccines is an
exciting area of exploration, with the potential to enhance
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immune responses and overcome treatment resistance.
Additionally, advancements in delivery systems, particu-
larly nanotechnology-based ones, could enhance vaccine
stability and targeting. A collaborative effort across vari-
ous fields, alongside regulatory streamlining and improved
infrastructure, will be crucial to unlocking the full potential
of vaccines for different cancer types, ultimately leading to
better patient outcomes.

Acknowledgements The authors are grateful to the Chitkara College
of Pharmacy, Chitkara University, Rajpura, Patiala, Punjab, India, for
providing the necessary facilities to carry out the research work.

Author contribution Conceptualization was done by Thakur Gurjeet
Singh. Ashi Mannan and Thakur Gurjeet Singh analyzed the data;
Gitika Sareen and Maneesh Mohan wrote the manuscript. Visualiza-
tion was done by Ashi Mannan and Maneesh Mohan. Editing of the
manuscript was done by Ashi Mannan, Maneesh Mohan, Kamal Dua,
and Thakur Gurjeet Singh. Thakur Gurjeet Singh critically reviewed
the article. Supervision was done by Thakur Gurjeet Singh. All authors
read and approved the final manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Availability of data and materials No datasets were generated or ana-
lyzed during the current study.

Declarations

Conflict of interests There are no conflicts of interest.
Ethical approval Not applicable.

Consent to participate Not applicable.

Consent to publish The paper is submitted with the consent of all listed
authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Almatroodi SA, Alsahli MA, Almatroudi A et al (2021) Potential
therapeutic targets of quercetin, a plant flavonol, and its role in
the therapy of various types of cancer through the modulation of
various cell signaling pathways. Molecules 26:1315. https://doi.
org/10.3390/molecules26051315

10.

11.

12.

13.

14.

15.

16.

17.

18.

Hassanpour SH, Dehghani M (2017) Review of cancer from
perspective of molecular. J Cancer Res Pract 4:127-129.
https://doi.org/10.1016/j.jerpr.2017.07.001

. Mathur P, Sathishkumar K, Chaturvedi M et al (2020) Can-

cer Statistics, 2020: report from national cancer registry pro-
gramme, India. JCO Glob Oncol 6:1063-1075. https://doi.org/
10.1200/G0.20.00122

Smith RD, Mallath MK (2019) History of the growing burden
of cancer in India: from antiquity to the 21st century. J Glob
Oncol 5:1-15. https://doi.org/10.1200/JGO.19.00048
Maomao C, He L, Diangqin S et al (2022) Current cancer burden
in China: epidemiology, etiology, and prevention. Cancer Biol
Med 19:1121-1138. https://doi.org/10.20892/j.issn.2095-3941.
2022.0231

. Schiller JT, Lowy DR (2021) An introduction to virus infec-

tions and human cancer. Recent Results Cancer Res 217:1-11.
https://doi.org/10.1007/978-3-030-57362-1_1

Seyfried TN, Flores RE, Poft AM, D’Agostino DP (2014) Can-
cer as a metabolic disease: implications for novel therapeutics.
Carcinogenesis 35:515-527. https://doi.org/10.1093/carcin/
bgt480

. Evenepoel M, Haenen V, De Baerdemaecker T et al (2022) Pain

prevalence during cancer treatment: a systematic review and
meta-analysis. J Pain Symptom Manage 63:¢317-e335. https://
doi.org/10.1016/j.jpainsymman.2021.09.011

Wang J-J, Lei K-F, Han F (2018) Tumor microenvironment:
recent advances in various cancer treatments. Eur Rev Med
Pharmacol Sci 22:3855-3864. https://doi.org/10.26355/eurrev_
201806_15270

Sterea AM, El Hiani Y (2020) The role of mitochondrial calcium
signaling in the pathophysiology of cancer cells. Adv Exp Med
Biol 1131:747-770. https://doi.org/10.1007/978-3-030-12457-1_
30

Mannan A, Mohan M, Gulati A et al (2024) Aquaporin pro-
teins: a promising frontier for therapeutic intervention in cer-
ebral ischemic injury. Cell Signal 124:111452. https://doi.org/
10.1016/j.cellsig.2024.111452

Garg N, Mannan A, Mohan M, Singh TG (2025) Therapeutic
Efficacy of hydroalcoholic extract of Euphorbia prostrata Aiton
in NAD-STZ-induced diabetic nephropathy: a multifaceted
intervention targeting oxidative stress and inflammation. Obe-
sity Medicine 54:100579. https://doi.org/10.1016/j.0bmed.2024.
100579

Byrne S, Boyle T, Ahmed M et al (2023) Lifestyle, genetic risk
and incidence of cancer: a prospective cohort study of 13 cancer
types. Int J Epidemiol 52:817-826. https://doi.org/10.1093/ije/
dyac238

Shewach DS, Kuchta RD (2009) Introduction to cancer chemo-
therapeutics. Chem Rev 109:2859-2861. https://doi.org/10.1021/
cr900208x

Cardinale D, Iacopo F, Cipolla CM (2020) Cardiotoxicity of
anthracyclines. Front Cardiovasc Med 7:26. https://doi.org/10.
3389/fcvm.2020.00026

Staff NP, Grisold A, Grisold W, Windebank AJ (2017) Chem-
otherapy-induced peripheral neuropathy: a current review. Ann
Neurol 81:772-781. https://doi.org/10.1002/ana.24951

Long K, Suresh K (2020) Pulmonary toxicity of systemic lung
cancer therapy. Respirology 25:72-79. https://doi.org/10.1111/
resp.13915

Heidari-Soreshjani S, Asadi-Samani M, Yang Q, Saeedi-Borou-
jeni A (2017) Phytotherapy of nephrotoxicity-induced by cancer
drugs: an updated review. J Nephropathol 6:254-263. https://doi.
org/10.15171/jnp.2017.41

. Udayakumar S, Parmar A, Leighl NB et al (2022) Pembroli-

zumab alone or with chemotherapy for metastatic non-small-cell
lung cancer: a systematic review and network meta-analysis. Crit

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26051315
https://doi.org/10.3390/molecules26051315
https://doi.org/10.1016/j.jcrpr.2017.07.001
https://doi.org/10.1200/GO.20.00122
https://doi.org/10.1200/GO.20.00122
https://doi.org/10.1200/JGO.19.00048
https://doi.org/10.20892/j.issn.2095-3941.2022.0231
https://doi.org/10.20892/j.issn.2095-3941.2022.0231
https://doi.org/10.1007/978-3-030-57362-1_1
https://doi.org/10.1093/carcin/bgt480
https://doi.org/10.1093/carcin/bgt480
https://doi.org/10.1016/j.jpainsymman.2021.09.011
https://doi.org/10.1016/j.jpainsymman.2021.09.011
https://doi.org/10.26355/eurrev_201806_15270
https://doi.org/10.26355/eurrev_201806_15270
https://doi.org/10.1007/978-3-030-12457-1_30
https://doi.org/10.1007/978-3-030-12457-1_30
https://doi.org/10.1016/j.cellsig.2024.111452
https://doi.org/10.1016/j.cellsig.2024.111452
https://doi.org/10.1016/j.obmed.2024.100579
https://doi.org/10.1016/j.obmed.2024.100579
https://doi.org/10.1093/ije/dyac238
https://doi.org/10.1093/ije/dyac238
https://doi.org/10.1021/cr900208x
https://doi.org/10.1021/cr900208x
https://doi.org/10.3389/fcvm.2020.00026
https://doi.org/10.3389/fcvm.2020.00026
https://doi.org/10.1002/ana.24951
https://doi.org/10.1111/resp.13915
https://doi.org/10.1111/resp.13915
https://doi.org/10.15171/jnp.2017.41
https://doi.org/10.15171/jnp.2017.41

163

Page 24 of 28

Cancer Immunology, Immunotherapy (2025) 74:163

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rev Oncol Hematol 173:103660. https://doi.org/10.1016/j.critr
evonc.2022.103660

Guo C, Manjili MH, Subjeck JR et al (2013) Therapeutic cancer
vaccines: past, present, and future. Adv Cancer Res 119:421-
475. https://doi.org/10.1016/B978-0-12-407190-2.00007-1
Nurgali K, Jagoe RT, Abalo R (2018) Editorial: adverse effects
of cancer chemotherapy: anything new to improve tolerance and
reduce sequelae? Front Pharmacol 9:245. https://doi.org/10.
3389/fphar.2018.00245

Grimaldi AM, Salvatore M, Incoronato M (2021) miRNA-Based
therapeutics in breast cancer: a systematic review. Front Oncol
11:668464. https://doi.org/10.3389/fonc.2021.668464

Ozga AJ, Chow MT, Luster AD (2021) Chemokines and the
immune response to cancer. Immunity 54:859-874. https://doi.
org/10.1016/j.immuni.2021.01.012

Mao X, Xu J, Wang W et al (2021) Crosstalk between cancer-
associated fibroblasts and immune cells in the tumor microen-
vironment: new findings and future perspectives. Mol Cancer
20:131. https://doi.org/10.1186/s12943-021-01428-1

Sharma VK, Singh TG, Mehta V, Mannan A (2023) Biomark-
ers: role and scope in neurological disorders. Neurochem Res
48:2029-2058. https://doi.org/10.1007/s11064-023-03873-4
Xia L, Oyang L, Lin J et al (2021) The cancer metabolic repro-
gramming and immune response. Mol Cancer 20:28. https://doi.
org/10.1186/s12943-021-01316-8

Chitadze G, Kabelitz D (2022) Immune surveillance in glioblas-
toma: Role of the NKG2D system and novel cell-based therapeu-
tic approaches. Scand J Immunol 96:e13201. https://doi.org/10.
1111/sji.13201

Koyama S, Nishikawa H (2021) Mechanisms of regulatory T cell
infiltration in tumors: implications for innovative immune preci-
sion therapies. J Immunother Cancer 9:¢002591. https://doi.org/
10.1136/jitc-2021-002591

Mohan M, Mannan A, Singh TG (2023) Therapeutic implica-
tion of Sonic Hedgehog as a potential modulator in ischemic
injury. Pharmacol Rep 75:838-860. https://doi.org/10.1007/
$43440-023-00505-0

Ferrari SM, Fallahi P, Galdiero MR et al (2019) Immune and
inflammatory cells in thyroid cancer microenvironment. Int J
Mol Sci 20:4413. https://doi.org/10.3390/ijms20184413
Berglund A, Putney RM, Hamaidi I, Kim S (2021) Epigenetic
dysregulation of immune-related pathways in cancer: bioin-
formatics tools and visualization. Exp Mol Med 53:761-771.
https://doi.org/10.1038/s12276-021-00612-z

Deisting W, Raum T, Kufer P et al (2015) Impact of diverse
immune evasion mechanisms of cancer cells on T cells engaged
by EpCAM/CD3-bispecific antibody construct AMG 110. PLoS
ONE 10:e01416609. https://doi.org/10.1371/journal.pone.01416
69

Mohan M, Mannan A, Nauriyal A, Singh TG (2024) Emerg-
ing targets in amyotrophic lateral sclerosis (ALS): the promise
of ATP-binding cassette (ABC) transporter modulation. Behav
Brain Res 476:115242. https://doi.org/10.1016/j.bbr.2024.
115242

LiuZ, Ren Y, Weng S et al (2022) A new trend in cancer treat-
ment: the combination of epigenetics and immunotherapy. Front
Immunol 13:809761. https://doi.org/10.3389/fimmu.2022.
809761

Zhang Y, Zhang Z (2020) The history and advances in can-
cer immunotherapy: understanding the characteristics of
tumor-infiltrating immune cells and their therapeutic implica-
tions. Cell Mol Immunol 17:807-821. https://doi.org/10.1038/
s41423-020-0488-6

Villanueva L, Alvarez-Errico D, Esteller M (2020) The contribu-
tion of epigenetics to cancer immunotherapy. Trends Immunol
41:676-691. https://doi.org/10.1016/.it.2020.06.002

@ Springer

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Igarashi Y, Sasada T (2020) Cancer vaccines: toward the
next breakthrough in cancer immunotherapy. J Immunol Res
2020:5825401. https://doi.org/10.1155/2020/5825401

Yang B, Jeang J, Yang A et al (2014) DNA vaccine for can-
cer immunotherapy. Hum Vaccin Immunother 10:3153-3164.
https://doi.org/10.4161/21645515.2014.980686

Zhang Y, Lin S, Wang X-Y, Zhu G (2019) Nanovaccines for
cancer immunotherapy. Wiley Interdiscip Rev Nanomed Nano-
biotechnol 11:e1559. https://doi.org/10.1002/wnan.1559
Mohan M, Mannan A, Kakkar C, Singh TG (2024) Nrf2 and
ferroptosis: exploring translational avenues for therapeutic
approaches to neurological diseases. Curr Drug Targets. https://
doi.org/10.2174/0113894501320839240918110656

Schiller JT, Lowy DR, Frazer IH et al (2022) Cancer vaccines.
Cancer Cell 40:559-564. https://doi.org/10.1016/j.ccell.2022.05.
015

Stanley M (2017) Tumour virus vaccines: hepatitis B virus and
human papillomavirus. Philos Trans R Soc Lond B Biol Sci
372:20160268. https://doi.org/10.1098/rstb.2016.0268

Sobhani N, Scaggiante B, Morris R et al (2022) Therapeutic
cancer vaccines: from biological mechanisms and engineering
to ongoing clinical trials. Cancer Treat Rev 109:102429. https://
doi.org/10.1016/j.ctrv.2022.102429

Alsalloum A, Shevchenko JA, Sennikov S (2023) The melanoma-
associated antigen family A (MAGE-A): a promising target for
cancer immunotherapy? Cancers 15:1779. https://doi.org/10.
3390/cancers15061779

Ni L (2023) Advances in mRNA-Based Cancer Vaccines. Vac-
cines 11:1599. https://doi.org/10.3390/vaccines11101599
Marciscano AE, Anandasabapathy N (2021) The role of den-
dritic cells in cancer and anti-tumor immunity. Semin Immunol
52:101481. https://doi.org/10.1016/j.smim.2021.101481

Morse MA, Gwin WR, Mitchell DA (2021) Vaccine therapies
for cancer: then and now. Target Oncol 16:121-152. https://doi.
org/10.1007/s11523-020-00788-w

Baharom F, Ramirez-Valdez RA, Khalilnezhad A et al (2022)
Systemic vaccination induces CD8+ T cells and remodels the
tumor microenvironment. Cell 185:4317-4332.e15. https://doi.
org/10.1016/j.cell.2022.10.006

Santos PM, Butterfield LH (2018) Dendritic cell-based cancer
vaccines. J] Immunol 200:443-449. https://doi.org/10.4049/
jimmunol.1701024

Lee K-W, Yam JWP, Mao X (2023) Dendritic cell vaccines:
a shift from conventional approach to new generations. Cells
12:2147. https://doi.org/10.3390/cells 12172147

Mac Keon S, Ruiz MS, Gazzaniga S, Wainstok R (2015) den-
dritic cell-based vaccination in cancer: therapeutic implications
emerging from murine models. Front Immunol 6:243. https://doi.
org/10.3389/fimmu.2015.00243

DeMatos P, Abdel-Wahab Z, Vervaert C et al (1998) Pulsing of
dendritic cells with cell lysates from either B16 melanoma or
MCA-106 fibrosarcoma yields equally effective vaccines against
B16 tumors in mice. J Surg Oncol 68:79-91. https://doi.org/10.
1002/(sici)1096-9098(199806)68:2%3c79::aid-jso3%3e3.0.
co;2-h

Vadevoo SMP, Gurung S, Lee H-S et al (2023) Peptides as mul-
tifunctional players in cancer therapy. Exp Mol Med 55:1099—
1109. https://doi.org/10.1038/s12276-023-01016-x

Zahedipour F, Jamialahmadi K, Zamani P, Reza Jaafari M (2023)
Improving the efficacy of peptide vaccines in cancer immuno-
therapy. Int Immunopharmacol 123:110721. https://doi.org/10.
1016/j.intimp.2023.110721

Falcone N, Ermis M, Tamay DG et al (2023) Peptide hydrogels as
immunomaterials and their use in cancer immunotherapy deliv-
ery. Adv Healthc Mater 12:€2301096. https://doi.org/10.1002/
adhm.202301096


https://doi.org/10.1016/j.critrevonc.2022.103660
https://doi.org/10.1016/j.critrevonc.2022.103660
https://doi.org/10.1016/B978-0-12-407190-2.00007-1
https://doi.org/10.3389/fphar.2018.00245
https://doi.org/10.3389/fphar.2018.00245
https://doi.org/10.3389/fonc.2021.668464
https://doi.org/10.1016/j.immuni.2021.01.012
https://doi.org/10.1016/j.immuni.2021.01.012
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1007/s11064-023-03873-4
https://doi.org/10.1186/s12943-021-01316-8
https://doi.org/10.1186/s12943-021-01316-8
https://doi.org/10.1111/sji.13201
https://doi.org/10.1111/sji.13201
https://doi.org/10.1136/jitc-2021-002591
https://doi.org/10.1136/jitc-2021-002591
https://doi.org/10.1007/s43440-023-00505-0
https://doi.org/10.1007/s43440-023-00505-0
https://doi.org/10.3390/ijms20184413
https://doi.org/10.1038/s12276-021-00612-z
https://doi.org/10.1371/journal.pone.0141669
https://doi.org/10.1371/journal.pone.0141669
https://doi.org/10.1016/j.bbr.2024.115242
https://doi.org/10.1016/j.bbr.2024.115242
https://doi.org/10.3389/fimmu.2022.809761
https://doi.org/10.3389/fimmu.2022.809761
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.1016/j.it.2020.06.002
https://doi.org/10.1155/2020/5825401
https://doi.org/10.4161/21645515.2014.980686
https://doi.org/10.1002/wnan.1559
https://doi.org/10.2174/0113894501320839240918110656
https://doi.org/10.2174/0113894501320839240918110656
https://doi.org/10.1016/j.ccell.2022.05.015
https://doi.org/10.1016/j.ccell.2022.05.015
https://doi.org/10.1098/rstb.2016.0268
https://doi.org/10.1016/j.ctrv.2022.102429
https://doi.org/10.1016/j.ctrv.2022.102429
https://doi.org/10.3390/cancers15061779
https://doi.org/10.3390/cancers15061779
https://doi.org/10.3390/vaccines11101599
https://doi.org/10.1016/j.smim.2021.101481
https://doi.org/10.1007/s11523-020-00788-w
https://doi.org/10.1007/s11523-020-00788-w
https://doi.org/10.1016/j.cell.2022.10.006
https://doi.org/10.1016/j.cell.2022.10.006
https://doi.org/10.4049/jimmunol.1701024
https://doi.org/10.4049/jimmunol.1701024
https://doi.org/10.3390/cells12172147
https://doi.org/10.3389/fimmu.2015.00243
https://doi.org/10.3389/fimmu.2015.00243
https://doi.org/10.1002/(sici)1096-9098(199806)68:2%3c79::aid-jso3%3e3.0.co;2-h
https://doi.org/10.1002/(sici)1096-9098(199806)68:2%3c79::aid-jso3%3e3.0.co;2-h
https://doi.org/10.1002/(sici)1096-9098(199806)68:2%3c79::aid-jso3%3e3.0.co;2-h
https://doi.org/10.1038/s12276-023-01016-x
https://doi.org/10.1016/j.intimp.2023.110721
https://doi.org/10.1016/j.intimp.2023.110721
https://doi.org/10.1002/adhm.202301096
https://doi.org/10.1002/adhm.202301096

Cancer Immunology, Immunotherapy

(2025) 74:163

Page250f28 163

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Qian X, Lu Y, Liu Q et al (2006) Prophylactic, therapeutic and
anti-metastatic effects of an HPV-16mE6Delta/mE7/TBhsp-
70Delta fusion protein vaccine in an animal model. Immunol
Lett 102:191-201. https://doi.org/10.1016/j.imlet.2005.09.004
Qin F, Xia F, Chen H et al (2021) A guide to nucleic acid vac-
cines in the prevention and treatment of infectious diseases and
cancers: from basic principles to current applications. Front Cell
Dev Biol 9:633776. https://doi.org/10.3389/fcell.2021.633776
Jahanafrooz Z, Baradaran B, Mosafer J et al (2020) Comparison
of DNA and mRNA vaccines against cancer. Drug Discov Today
25:552-560. https://doi.org/10.1016/j.drudis.2019.12.003

Liu J, Fu M, Wang M et al (2022) Cancer vaccines as promising
immuno-therapeutics: platforms and current progress. J] Hematol
Oncol 15:28. https://doi.org/10.1186/s13045-022-01247-x

Li L, Petrovsky N (2016) Molecular mechanisms for enhanced
DNA vaccine immunogenicity. Expert Rev Vaccines 15:313—
329. https://doi.org/10.1586/14760584.2016.1124762
Satapathy BP, Sheoran P, Yadav R et al (2024) The synergistic
immunotherapeutic impact of engineered CAR-T cells with PD-1
blockade in lymphomas and solid tumors: a systematic review.
Front Immunol 15:1389971. https://doi.org/10.3389/fimmu.2024.
1389971

Malla R, Srilatha M, Farran B, Nagaraju GP (2024) mRNA vac-
cines and their delivery strategies: a journey from infectious dis-
eases to cancer. Mol Ther 32:13-31. https://doi.org/10.1016/j.
ymthe.2023.10.024

Larocca C, Schlom J (2011) Viral vector-based therapeutic can-
cer vaccines. Cancer J 17:359-371. https://doi.org/10.1097/PPO.
0b013e3182325e63

Viborg N, Pavlidis MA, Barrio-Calvo M et al (2023) DNA
based neoepitope vaccination induces tumor control in synge-
neic mouse models. NPJ Vaccines 8:77. https://doi.org/10.1038/
s41541-023-00671-5

Wang Y, Song W, Xu Q et al (2023) Adjuvant DNA vaccine
pNMM promotes enhanced specific immunity and anti-tumor
effects. Hum Vaccin Immunother 19:2202127. https://doi.org/
10.1080/21645515.2023.2202127

Carralot J-P, Probst J, Hoerr I et al (2004) Polarization of immu-
nity induced by direct injection of naked sequence-stabilized
mRNA vaccines. Cell Mol Life Sci 61:2418-2424. https://doi.
org/10.1007/s00018-004-4255-0

Karam M, Daoud G (2022) mRNA vaccines: past, present, future.
Asian J Pharm Sci 17:491-522. https://doi.org/10.1016/j.ajps.
2022.05.003

Lai M-D, Yen M-C, Lin C-M et al (2009) The effects of DNA
formulation and administration route on cancer therapeutic effi-
cacy with xenogenic EGFR DNA vaccine in a lung cancer ani-
mal model. Genet Vaccines Ther 7:2. https://doi.org/10.1186/
1479-0556-7-2

Liu D, Che X, Wang X et al (2023) Tumor vaccines: unleashing
the power of the immune system to fight cancer. Pharmaceuticals
16:1384. https://doi.org/10.3390/ph16101384

Chang L-S, Yan W-L, Chang Y-W et al (2015) Gemcitabine
enhances antitumor efficacy of recombinant lipoimmunogen-
based immunotherapy. Oncoimmunology 5:¢1095433. https://
doi.org/10.1080/2162402X.2015.1095433

Vanneman M, Dranoff G (2012) Combining immunotherapy and
targeted therapies in cancer treatment. Nat Rev Cancer 12:237.
https://doi.org/10.1038/nrc3237

Yang C, Xia B-R, Zhang Z-C et al (2020) Immunotherapy for
ovarian cancer: adjuvant, combination, and neoadjuvant. Front
Immunol 11:577869. https://doi.org/10.3389/fimmu.2020.
577869

Muntimadugu E, Kumar R, Saladi S et al (2016) CD44 targeted
chemotherapy for co-eradication of breast cancer stem cells and
cancer cells using polymeric nanoparticles of salinomycin and

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

paclitaxel. Colloids Surf, B 143:532-546. https://doi.org/10.
1016/j.colsurfb.2016.03.075

Wang N, Cao Y, Si C et al (2022) Emerging role of ERBB2
in targeted therapy for metastatic colorectal cancer: signaling
pathways to therapeutic strategies. Cancers 14:5160. https://doi.
org/10.3390/cancers14205160

Jung J (2014) Human tumor xenograft models for preclinical
assessment of anticancer drug development. Toxicol Res 30:1-5.
https://doi.org/10.5487/TR.2014.30.1.001

Denslow A, Switalska M, Jarosz J et al (2017) Clopidogrel in
a combined therapy with anticancer drugs—effect on tumor
growth, metastasis, and treatment toxicity: studies in animal
models. PLoS ONE 12:e0188740. https://doi.org/10.1371/journ
al.pone.0188740

Lee J, Park HY, Kim WW et al (2017) Combination treatment
with photodynamic therapy and laser ablation in breast cancer: an
animal model study. Photomed Laser Surg 35:505-512. https://
doi.org/10.1089/pho.2017.4291

Kim C-G, Sang Y-B, Lee J-H, Chon H-J (2021) Combining can-
cer vaccines with immunotherapy: establishing a new immuno-
logical approach. Int J Mol Sci 22:8035. https://doi.org/10.3390/
ijms22158035

Li L, Wen Q, Ding R (2022) Therapeutic targeting of VEGF and/
or TGF-p to enhance anti-PD-(L)1 therapy: the evidence from
clinical trials. Front Oncol 12:905520. https://doi.org/10.3389/
fonc.2022.905520

Phi LTH, Sari IN, Yang Y-G et al (2018) Cancer stem cells
(CSCs) in drug resistance and their therapeutic implications in
cancer treatment. Stem Cells Int 2018:5416923. https://doi.org/
10.1155/2018/5416923

Najafabad BK, Attaran N, Mahmoudi M, Sazgarnia A (2023)
Effect of photothermal and photodynamic therapy with cobalt
ferrite superparamagnetic nanoparticles loaded with ICG and
PpIX on cancer stem cells in MDA-MB-231 and A375 cell lines.
Photodiagn Photodyn Ther 43:103648. https://doi.org/10.1016/].
pdpdt.2023.103648

Dean L, Kane M (2012) Clopidogrel Therapy and CYP2C19
Genotype. In: Pratt VM, Scott SA, Pirmohamed M et al (eds)
Medical Genetics Summaries. National Center for Biotechnology
Information (US), Bethesda

Mannan A, Kakkar C, Dhiman S, Singh TG (2023) Advancing
the frontiers of adaptive cell therapy: a transformative mechanis-
tic journey from preclinical to clinical settings. Int Immunophar-
macol 125:111095. https://doi.org/10.1016/j.intimp.2023.111095
Kumar S, Singh SK, Rana B, Rana A (2021) Tumor-infiltrat-
ing CD8+ T cell antitumor efficacy and exhaustion: molecular
insights. Drug Discov Today S1359-6446(21):00004. https://doi.
org/10.1016/j.drudis.2021.01.002

Roth MD, Harui A (2015) Human tumor infiltrating lymphocytes
cooperatively regulate prostate tumor growth in a humanized
mouse model. J Immunother Cancer 3:12. https://doi.org/10.
1186/540425-015-0056-2

Morales-Molina A, Rodriguez-Milla MA, Gimenez-Sanchez
A et al (2020) Cellular virotherapy increases tumor-infiltrating
lymphocytes (TIL) and decreases their PD-1+ subsets in mouse
immunocompetent models. Cancers 12:1920. https://doi.org/10.
3390/cancers12071920

Dana H, Chalbatani GM, Jalali SA et al (2021) CAR-T cells:
early successes in blood cancer and challenges in solid tumors.
Acta Pharm Sin B 11:1129-1147. https://doi.org/10.1016/j.apsb.
2020.10.020

Wei W, Chen Z-N, Wang K (2023) CRISPR/Cas9: a power-
ful strategy to improve CAR-T cell persistence. Int J Mol Sci
24:12317. https://doi.org/10.3390/ijms241512317

Gaj T, Gersbach CA, Barbas CF (2013) ZFN, TALEN and
CRISPR/Cas-based methods for genome engineering. Trends

@ Springer


https://doi.org/10.1016/j.imlet.2005.09.004
https://doi.org/10.3389/fcell.2021.633776
https://doi.org/10.1016/j.drudis.2019.12.003
https://doi.org/10.1186/s13045-022-01247-x
https://doi.org/10.1586/14760584.2016.1124762
https://doi.org/10.3389/fimmu.2024.1389971
https://doi.org/10.3389/fimmu.2024.1389971
https://doi.org/10.1016/j.ymthe.2023.10.024
https://doi.org/10.1016/j.ymthe.2023.10.024
https://doi.org/10.1097/PPO.0b013e3182325e63
https://doi.org/10.1097/PPO.0b013e3182325e63
https://doi.org/10.1038/s41541-023-00671-5
https://doi.org/10.1038/s41541-023-00671-5
https://doi.org/10.1080/21645515.2023.2202127
https://doi.org/10.1080/21645515.2023.2202127
https://doi.org/10.1007/s00018-004-4255-0
https://doi.org/10.1007/s00018-004-4255-0
https://doi.org/10.1016/j.ajps.2022.05.003
https://doi.org/10.1016/j.ajps.2022.05.003
https://doi.org/10.1186/1479-0556-7-2
https://doi.org/10.1186/1479-0556-7-2
https://doi.org/10.3390/ph16101384
https://doi.org/10.1080/2162402X.2015.1095433
https://doi.org/10.1080/2162402X.2015.1095433
https://doi.org/10.1038/nrc3237
https://doi.org/10.3389/fimmu.2020.577869
https://doi.org/10.3389/fimmu.2020.577869
https://doi.org/10.1016/j.colsurfb.2016.03.075
https://doi.org/10.1016/j.colsurfb.2016.03.075
https://doi.org/10.3390/cancers14205160
https://doi.org/10.3390/cancers14205160
https://doi.org/10.5487/TR.2014.30.1.001
https://doi.org/10.1371/journal.pone.0188740
https://doi.org/10.1371/journal.pone.0188740
https://doi.org/10.1089/pho.2017.4291
https://doi.org/10.1089/pho.2017.4291
https://doi.org/10.3390/ijms22158035
https://doi.org/10.3390/ijms22158035
https://doi.org/10.3389/fonc.2022.905520
https://doi.org/10.3389/fonc.2022.905520
https://doi.org/10.1155/2018/5416923
https://doi.org/10.1155/2018/5416923
https://doi.org/10.1016/j.pdpdt.2023.103648
https://doi.org/10.1016/j.pdpdt.2023.103648
https://doi.org/10.1016/j.intimp.2023.111095
https://doi.org/10.1016/j.drudis.2021.01.002
https://doi.org/10.1016/j.drudis.2021.01.002
https://doi.org/10.1186/s40425-015-0056-2
https://doi.org/10.1186/s40425-015-0056-2
https://doi.org/10.3390/cancers12071920
https://doi.org/10.3390/cancers12071920
https://doi.org/10.1016/j.apsb.2020.10.020
https://doi.org/10.1016/j.apsb.2020.10.020
https://doi.org/10.3390/ijms241512317

163 Page 26 of 28 Cancer Immunology, Immunotherapy (2025) 74:163
Biotechnol 31:397-405. https://doi.org/10.1016/j.tibtech.2013. 108. Huang Q, Gumireddy K, Schrier M et al (2008) The micro-
04.004 RNAs miR-373 and miR-520c promote tumour invasion and

90. Ghaffari S, Khalili N, Rezaei N (2021) CRISPR/Cas9 revi- metastasis. Nat Cell Biol 10:202-210. https://doi.org/10.1038/
talizes adoptive T-cell therapy for cancer immunotherapy. ncb1681
J Exp Clin Cancer Res 40:269. https://doi.org/10.1186/ 109. Chen L-H, Tsai K-L, Chen Y-W et al (2010) MicroRNA as a
$13046-021-02076-5 novel modulator in head and neck squamous carcinoma. J Oncol

91. Bui TA, Mei H, Sang R et al (2024) Advancements and chal- 2010:135632. https://doi.org/10.1155/2010/135632
lenges in developing in vivo CAR T cell therapies for can- 110. Sawant D, Lilly B (2020) MicroRNA-145 targets in cancer
cer treatment. eBioMedicine 106:105266. https://doi.org/10. and the cardiovascular system: evidence for common signal-
1016/j.ebiom.2024.105266 ing pathways. Vasc Biol 2:R115-R128. https://doi.org/10.1530/

92. Maldonado-Pérez N, Tristin-Manzano M, Justicia-Lirio P VB-20-0012
et al (2022) Efficacy and safety of universal (TCRKO) ARI- 111. Cavallari I, Ciccarese F, Sharova E et al (2021) The miR-200
0001 CAR-T cells for the treatment of B-cell lymphoma. Front family of microRNAs: fine tuners of epithelial-mesenchymal
Immunol 13:1011858. https://doi.org/10.3389/fimmu.2022. transition and circulating cancer biomarkers. Cancers 13:5874.
1011858 https://doi.org/10.3390/cancers13235874

93. Pardoll DM (2012) The blockade of immune checkpoints in can- 112. Hu Y, Zhu Q, Tang L (2014) MiR-99a antitumor activity in
cer immunotherapy. Nat Rev Cancer 12:252-264. https://doi.org/ human breast cancer cells through targeting of mTOR expres-
10.1038/nrc3239 sion. PLoS ONE 9:€92099. https://doi.org/10.1371/journal.pone.

94. Han Y, Liu D, Li L (2020) PD-1/PD-L1 pathway: current 0092099
researches in cancer. Am J Cancer Res 10:727-742 113. Han L (2021) miR-99a inhibits proliferation and migration of

95. Alsaab HO, Sau S, Alzhrani R et al (2017) PD-1 and PD-L1 cervical cancer cells by targeting IGFIR. J BUON 26:1782-1788
checkpoint signaling inhibition for cancer immunotherapy: 114. Yu S, Zhang C, Dong F, Zhang Y (2015) miR-99a suppresses the
mechanism, combinations, and clinical outcome. Front Pharma- metastasis of human non-small cell lung cancer cells by targeting
col 8:561. https://doi.org/10.3389/fphar.2017.00561 AKT]1 signaling pathway. J Cell Biochem 116:268-276. https://

96. Shiravand Y, Khodadadi F, Kashani SMA et al (2022) Immune doi.org/10.1002/jcb.24965
checkpoint inhibitors in cancer therapy. Curr Oncol 29:3044— 115. Chen C, Zhao Z, Liu Y, Mu Y (2015) microRNA-99a is down-
3060. https://doi.org/10.3390/curroncol29050247 regulated and promotes proliferation, migration and invasion in

97. Parvez A, Choudhary F, Mudgal P et al (2023) PD-1 and non-small cell lung cancer A549 and H1299 cells. Oncol Lett
PD-L1: architects of immune symphony and immunotherapy 9:1128-1134. https://doi.org/10.3892/01.2015.2873
breakthroughs in cancer treatment. Front Immunol 14:1296341. 116. Turcatel G, Rubin N, El-Hashash A, Warburton D (2012) MIR-
https://doi.org/10.3389/fimmu.2023.1296341 99a and MIR-99b modulate TGF-f induced epithelial to mesen-

98. CzerninJ, Current K, Mona CE et al (2021) Immune-checkpoint chymal plasticity in normal murine mammary gland cells. PLoS
blockade enhances 225Ac-PSMA617 efficacy in a mouse model ONE 7:€31032. https://doi.org/10.1371/journal.pone.0031032
of prostate cancer. J] Nucl Med 62:228-231. https://doi.org/10. 117. Tavarone I, Molitierno R, Fumiento P et al (2024) MicroRNA
2967/jnumed.120.246041 expression in endometrial cancer: current knowledge and thera-

99. He B, Zhao Z, Cai Q et al (2020) miRNA-based biomarkers, peutic implications. Medicina 60:486. https://doi.org/10.3390/
therapies, and resistance in cancer. Int J Biol Sci 16:2628-2647. medicina60030486
https://doi.org/10.7150/ijbs.47203 118. Glaviano A, Foo ASC, Lam HY et al (2023) PI3K/AKT/mTOR

100. Daoud AZ, Mulholland EJ, Cole G, McCarthy HO (2019) signaling transduction pathway and targeted therapies in cancer.
MicroRNAs in pancreatic cancer: biomarkers, prognostic, and Mol Cancer 22:138. https://doi.org/10.1186/s12943-023-01827-6
therapeutic modulators. BMC Cancer 19:1130. https://doi.org/ 119. Sidorova EA, Zhernov YV, Antsupova MA et al (2023) The role
10.1186/s12885-019-6284-y of different types of microRNA in the pathogenesis of breast and

101. Dhiman S, Mannan A, Taneja A et al (2024) Sirtuin dysregu- prostate cancer. Int J] Mol Sci 24:1980. https://doi.org/10.3390/
lation in Parkinson’s disease: implications of acetylation and ijms24031980
deacetylation processes. Life Sci 342:122537. https://doi.org/ 120. Gao P, Wang H, Li H et al (2023) miR-21-5p inhibits the prolif-
10.1016/j.1£5.2024.122537 eration, migration, and invasion of glioma by targeting S100A10.

102. Lin S, Gregory RI (2015) MicroRNA biogenesis pathways in J Cancer 14:1781-1793. https://doi.org/10.7150/jca.84030
cancer. Nat Rev Cancer 15:321-333. https://doi.org/10.1038/ 121. Babadag S, Altundag-Erdogan O, Akkaya-Ulum YZ, Celebi-
nrc3932 Saltik B (2024) The role of telocytes and miR-21-5p in tumori-

103. Conti I, Simioni C, Varano G et al (2021) MicroRNAs patterns as genicity and metastasis of breast cancer stem cells. Mol Biol Rep
potential tools for diagnostic and prognostic follow-up in cancer 51:395. https://doi.org/10.1007/s11033-024-09352-5
survivorship. Cells 10:2069. https://doi.org/10.3390/cells 10082 122. Dika E, Riefolo M, Porcellini E et al (2020) Defining the prog-
069 nostic role of microRNAs in cutaneous melanoma. J Invest Der-

104. Ali Syeda Z, Langden SSS, Munkhzul C et al (2020) Regulatory matol 140:2260-2267. https://doi.org/10.1016/j.jid.2020.03.949
mechanism of MicroRNA expression in cancer. Int J Mol Sci 123. LiQ, Li B, Li Q et al (2018) Exosomal miR-21-5p derived from
21:1723. https://doi.org/10.3390/ijms21051723 gastric cancer promotes peritoneal metastasis via mesothelial-to-

105. Yong-Ming H, Ai-Jun J, Xiao-Yue X et al (2017) miR-449a: mesenchymal transition. Cell Death Dis 9:854. https://doi.org/
a potential therapeutic agent for cancer. Anticancer Drugs 10.1038/541419-018-0928-8
28:1067-1078. https://doi.org/10.1097/CAD.0000000000000555 124. Li X, Yang N, Cheng Q et al (2021) MiR-21-5p in macrophage-

106. Otmani K, Rouas R, Lewalle P (2022) OncomiRs as noncoding derived exosomes targets Smad7 to promote epithelial mesen-
RNAs having functions in cancer: their role in immune suppres- chymal transition of airway epithelial cells. J Asthma Allergy
sion and clinical implications. Front Immunol 13:913951. https:// 14:513-524. https://doi.org/10.2147/JAA.S307165
doi.org/10.3389/fimmu.2022.913951 125. He Q, Ye A, Ye W et al (2021) Cancer-secreted exosomal miR-

107.

Wang W, Luo Y (2015) MicroRNAs in breast cancer: oncogene
and tumor suppressors with clinical potential. J Zhejiang Univ
Sci B 16:18-31. https://doi.org/10.1631/jzus.B1400184

@ Springer

21-5p induces angiogenesis and vascular permeability by tar-
geting KRIT1. Cell Death Dis 12:576. https://doi.org/10.1038/
s41419-021-03803-8


https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1186/s13046-021-02076-5
https://doi.org/10.1186/s13046-021-02076-5
https://doi.org/10.1016/j.ebiom.2024.105266
https://doi.org/10.1016/j.ebiom.2024.105266
https://doi.org/10.3389/fimmu.2022.1011858
https://doi.org/10.3389/fimmu.2022.1011858
https://doi.org/10.1038/nrc3239
https://doi.org/10.1038/nrc3239
https://doi.org/10.3389/fphar.2017.00561
https://doi.org/10.3390/curroncol29050247
https://doi.org/10.3389/fimmu.2023.1296341
https://doi.org/10.2967/jnumed.120.246041
https://doi.org/10.2967/jnumed.120.246041
https://doi.org/10.7150/ijbs.47203
https://doi.org/10.1186/s12885-019-6284-y
https://doi.org/10.1186/s12885-019-6284-y
https://doi.org/10.1016/j.lfs.2024.122537
https://doi.org/10.1016/j.lfs.2024.122537
https://doi.org/10.1038/nrc3932
https://doi.org/10.1038/nrc3932
https://doi.org/10.3390/cells10082069
https://doi.org/10.3390/cells10082069
https://doi.org/10.3390/ijms21051723
https://doi.org/10.1097/CAD.0000000000000555
https://doi.org/10.3389/fimmu.2022.913951
https://doi.org/10.3389/fimmu.2022.913951
https://doi.org/10.1631/jzus.B1400184
https://doi.org/10.1038/ncb1681
https://doi.org/10.1038/ncb1681
https://doi.org/10.1155/2010/135632
https://doi.org/10.1530/VB-20-0012
https://doi.org/10.1530/VB-20-0012
https://doi.org/10.3390/cancers13235874
https://doi.org/10.1371/journal.pone.0092099
https://doi.org/10.1371/journal.pone.0092099
https://doi.org/10.1002/jcb.24965
https://doi.org/10.1002/jcb.24965
https://doi.org/10.3892/ol.2015.2873
https://doi.org/10.1371/journal.pone.0031032
https://doi.org/10.3390/medicina60030486
https://doi.org/10.3390/medicina60030486
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.3390/ijms24031980
https://doi.org/10.3390/ijms24031980
https://doi.org/10.7150/jca.84030
https://doi.org/10.1007/s11033-024-09352-5
https://doi.org/10.1016/j.jid.2020.03.949
https://doi.org/10.1038/s41419-018-0928-8
https://doi.org/10.1038/s41419-018-0928-8
https://doi.org/10.2147/JAA.S307165
https://doi.org/10.1038/s41419-021-03803-8
https://doi.org/10.1038/s41419-021-03803-8

Cancer Immunology, Immunotherapy

(2025) 74:163

Page 27 of 28 163

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Dohmen J, Semaan A, Kobilay M et al (2022) Diagnostic poten-
tial of exosomal microRNAs in colorectal cancer. Diagnostics
12:1413. https://doi.org/10.3390/diagnostics 12061413

LiJ, Huang L, He Z et al (2021) Andrographolide suppresses the
growth and metastasis of luminal-like breast cancer by inhibiting
the NF-kB/miR-21-5p/PDCD4 signaling pathway. Front Cell Dev
Biol 9:643525. https://doi.org/10.3389/fcell.2021.643525
Schmitt DC, Madeira da Silva L, Zhang W et al (2015) ErbB2-
intronic microRNA-4728: a novel tumor suppressor and antago-
nist of oncogenic MAPK signaling. Cell Death Dis 6:e1742.
https://doi.org/10.1038/cddis.2015.116

Rui T, Xiang A, Guo J et al (2022) Mir-4728 is a valuable bio-
marker for diagnostic and prognostic assessment of HER2-pos-
itive breast cancer. Front Mol Biosci 9:818493. https://doi.org/
10.3389/fmolb.2022.818493

Floros KV, Lochmann TL, Hu B et al (2018) Coamplification of
miR-4728 protects HER2-amplified breast cancers from targeted
therapy. Proc Natl Acad Sci U S A 115:E2594-E2603. https://
doi.org/10.1073/pnas.1717820115

Zhou Y, Yuan Y, Li L et al (2021) HER2-intronic miR-4728-5p
facilitates HER2 expression and accelerates cell proliferation
and migration by targeting EBP1 in breast cancer. PLoS ONE
16:0245832. https://doi.org/10.1371/journal.pone.0245832
Du KY, Qadir J, Yang BB et al (2022) Tracking miR-17-5p levels
following expression of seven reported target mRNAs. Cancers
14:2585. https://doi.org/10.3390/cancers14112585

Song J, Liu Y, Wang T et al (2020) MiR-17-5p promotes cellular
proliferation and invasiveness by targeting RUNX3 in gastric
cancer. Biomed Pharmacother 128:110246. https://doi.org/10.
1016/j.biopha.2020.110246

Dhar S, Kumar A, Rimando AM et al (2015) Resveratrol and
pterostilbene epigenetically restore PTEN expression by targeting
oncomiRs of the miR-17 family in prostate cancer. Oncotarget
6:27214-27226

Luengo-Gil G, Gonzalez-Billalabeitia E, Perez-Henarejos SA
et al (2018) Angiogenic role of miR-20a in breast cancer. PLoS
ONE 13:e0194638. https://doi.org/10.1371/journal.pone.01946
38

Xiao Z, Chen S, Feng S et al (2020) Function and mechanisms
of microRNA-20a in colorectal cancer. Exp Ther Med 19:1605—
1616. https://doi.org/10.3892/etm.2020.8432

Daneshpour M, Ghadimi-Daresajini A (2023) Overview of miR-
106a regulatory roles: from cancer to aging. Bioengineering
10:892. https://doi.org/10.3390/bioengineering 10080892

Chen C, Lu Z, Yang J et al (2016) MiR-17-5p promotes cancer
cell proliferation and tumorigenesis in nasopharyngeal carcinoma
by targeting p21. Cancer Med 5:3489-3499. https://doi.org/10.
1002/cam4.863

Xie X, Liu H-T, Mei J et al (2015) miR-106a promotes growth
and metastasis of non-small cell lung cancer by targeting PTEN.
Int J Clin Exp Pathol 8:3827-3834

Moutabian H, Radi UK, Saleman AY et al (2023) Micro-
RNA-155 and cancer metastasis: regulation of invasion, migra-
tion, and epithelial-to-mesenchymal transition. Pathol Res Pract
250:154789. https://doi.org/10.1016/j.prp.2023.154789

Shen M, Chen T, Li X et al (2024) The role of miR-155 in uro-
logic malignancies. Biomed Pharmacother 174:116412. https://
doi.org/10.1016/j.biopha.2024.116412

Nariman-Saleh-Fam Z, Saadatian Z, Daraei A et al (2019) The
intricate role of miR-155 in carcinogenesis: potential implica-
tions for esophageal cancer research. Biomark Med 13:147-159.
https://doi.org/10.2217/bmm-2018-0127

Thomsen KG, Terp MG, Lund RR et al (2015) miR-155, identi-
fied as anti-metastatic by global miRNA profiling of a metas-
tasis model, inhibits cancer cell extravasation and colonization

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

in vivo and causes significant signaling alterations. Oncotarget
6:29224-29239

LaConti JJ, Shivapurkar N, Preet A et al (2011) Tissue and serum
microRNAs in the KrasG12D transgenic animal model and in
patients with pancreatic cancer. PLoS ONE 6:e20687. https://
doi.org/10.1371/journal.pone.0020687

Dastmalchi N, Baradaran B, Banan Khojasteh SM et al (2021)
miR-424: a novel potential therapeutic target and prognostic fac-
tor in malignancies. Cell Biol Int 45:720-730. https://doi.org/10.
1002/cbin.11530

Ghafouri-Fard S, Askari A, Hussen BM et al (2024) Role of miR-
424 in the carcinogenesis. Clin Transl Oncol 26:16-38. https://
doi.org/10.1007/s12094-023-03209-2

Talib WH, Alsayed AR, Abuawad A et al (2021) Melatonin in
cancer treatment: current knowledge and future opportunities.
Molecules 26:2506. https://doi.org/10.3390/molecules26092506
Ghafouri-Fard S, Shoorei H, Poornajaf Y et al (2022) NLRP3:
Role in ischemia/reperfusion injuries. Front Immunol 13:926895.
https://doi.org/10.3389/fimmu.2022.926895
Rodriguez-Barrueco R, Nekritz EA, Bertucci F et al (2017) miR-
424(322)/503 is a breast cancer tumor suppressor whose loss
promotes resistance to chemotherapy. Genes Dev 31:553-566.
https://doi.org/10.1101/gad.292318.116

Weng W, Wei Q, Toden S et al (2017) Circular RNA ciRS-7—A
promising prognostic biomarker and a potential therapeutic target
in colorectal cancer. Clin Cancer Res 23:3918-3928. https://doi.
org/10.1158/1078-0432.CCR-16-2541

Zhuang J, Shen L, Li M et al (2023) Cancer-associated fibroblast-
derived miR-146a-5p generates a niche that promotes bladder
cancer stemness and chemoresistance. Cancer Res 83:1611—
1627. https://doi.org/10.1158/0008-5472.CAN-22-2213

Wu X, Tao P, Zhou Q et al (2017) IL-6 secreted by cancer-associ-
ated fibroblasts promotes epithelial-mesenchymal transition and
metastasis of gastric cancer via JAK2/STAT3 signaling pathway.
Oncotarget 8:20741-20750. https://doi.org/10.18632/oncotarget.
15119

Wang D, Wang X, Song Y et al (2022) Exosomal miR-146a-5p
and miR-155-5p promote CXCL12/CXCR7-induced metas-
tasis of colorectal cancer by crosstalk with cancer-associated
fibroblasts. Cell Death Dis 13:1-15. https://doi.org/10.1038/
s41419-022-04825-6

Ali S, Ahmad A, Aboukameel A et al (2014) Deregulation of
miR-146a expression in a mouse model of pancreatic cancer
affecting EGFR signaling. Cancer Lett 351:134-142. https://
doi.org/10.1016/j.canlet.2014.05.013

Xu B, Wang N, Wang X et al (2012) MiR-146a suppresses tumor
growth and progression by targeting EGFR pathway and in a
p-ERK-dependent manner in castration-resistant prostate cancer.
Prostate 72:1171-1178. https://doi.org/10.1002/pros.22466

Lin S-L, Chiang A, Chang D, Ying S-Y (2008) Loss of mir-146a
function in hormone-refractory prostate cancer. RNA 14:417—
424. https://doi.org/10.1261/rna.874808

Boldin MP, Taganov KD, Rao DS et al (2011) miR-146a is a sig-
nificant brake on autoimmunity, myeloproliferation, and cancer
in mice. J Exp Med 208:1189-1201. https://doi.org/10.1084/jem.
20101823

Rhim J, Baek W, Seo Y, Kim JH (2022) From molecular mecha-
nisms to therapeutics: understanding microRNA-21 in cancer.
Cells 11:2791. https://doi.org/10.3390/cells 11182791

Chawra HS, Agarwal M, Mishra A et al (2024) MicroRNA-21’s
role in PTEN suppression and PI3K/AKT activation: implica-
tions for cancer biology. Pathol Res Pract 254:155091. https:/
doi.org/10.1016/j.prp.2024.155091

Bautista-Sanchez D, Arriaga-Canon C, Pedroza-Torres A et al
(2020) The promising role of miR-21 as a cancer biomarker and

@ Springer


https://doi.org/10.3390/diagnostics12061413
https://doi.org/10.3389/fcell.2021.643525
https://doi.org/10.1038/cddis.2015.116
https://doi.org/10.3389/fmolb.2022.818493
https://doi.org/10.3389/fmolb.2022.818493
https://doi.org/10.1073/pnas.1717820115
https://doi.org/10.1073/pnas.1717820115
https://doi.org/10.1371/journal.pone.0245832
https://doi.org/10.3390/cancers14112585
https://doi.org/10.1016/j.biopha.2020.110246
https://doi.org/10.1016/j.biopha.2020.110246
https://doi.org/10.1371/journal.pone.0194638
https://doi.org/10.1371/journal.pone.0194638
https://doi.org/10.3892/etm.2020.8432
https://doi.org/10.3390/bioengineering10080892
https://doi.org/10.1002/cam4.863
https://doi.org/10.1002/cam4.863
https://doi.org/10.1016/j.prp.2023.154789
https://doi.org/10.1016/j.biopha.2024.116412
https://doi.org/10.1016/j.biopha.2024.116412
https://doi.org/10.2217/bmm-2018-0127
https://doi.org/10.1371/journal.pone.0020687
https://doi.org/10.1371/journal.pone.0020687
https://doi.org/10.1002/cbin.11530
https://doi.org/10.1002/cbin.11530
https://doi.org/10.1007/s12094-023-03209-2
https://doi.org/10.1007/s12094-023-03209-2
https://doi.org/10.3390/molecules26092506
https://doi.org/10.3389/fimmu.2022.926895
https://doi.org/10.1101/gad.292318.116
https://doi.org/10.1158/1078-0432.CCR-16-2541
https://doi.org/10.1158/1078-0432.CCR-16-2541
https://doi.org/10.1158/0008-5472.CAN-22-2213
https://doi.org/10.18632/oncotarget.15119
https://doi.org/10.18632/oncotarget.15119
https://doi.org/10.1038/s41419-022-04825-6
https://doi.org/10.1038/s41419-022-04825-6
https://doi.org/10.1016/j.canlet.2014.05.013
https://doi.org/10.1016/j.canlet.2014.05.013
https://doi.org/10.1002/pros.22466
https://doi.org/10.1261/rna.874808
https://doi.org/10.1084/jem.20101823
https://doi.org/10.1084/jem.20101823
https://doi.org/10.3390/cells11182791
https://doi.org/10.1016/j.prp.2024.155091
https://doi.org/10.1016/j.prp.2024.155091

163

Page 28 of 28

Cancer Immunology, Immunotherapy (2025) 74:163

161.

162.

163.

164.

165.

166.

167.

its importance in RNA-based therapeutics. Mol Ther Nucleic
Acids 20:409—-420. https://doi.org/10.1016/j.omtn.2020.03.003
Ribas J, Ni X, Haffner M et al (2009) miR-21: an androgen recep-
tor regulated microRNA which promotes hormone dependent and
independent prostate cancer growth. Cancer Res 69:7165-7169.
https://doi.org/10.1158/0008-5472.CAN-09-1448

Hong Y, Ye M, Wang F et al (2021) MiR-21-3p promotes hepa-
tocellular carcinoma progression via SMAD7/YAPI regulation.
Front Oncol 11:642030. https://doi.org/10.3389/fonc.2021.
642030

Sahraei M, Chaube B, Liu Y et al (2019) Suppressing miR-21
activity in tumor-associated macrophages promotes an antitumor
immune response. J Clin Invest 129:5518-5536. https://doi.org/
10.1172/JCI127125

Wu X (2020) Expressions of miR-21 and miR-210 in breast can-
cer and their predictive values for prognosis. Iran J Public Health
49:21-29

Zhao D, Tu Y, Wan L et al (2013) In Vivo monitoring of angio-
genesis inhibition via down-regulation of Mir-21 in a VEGFR2-
Luc murine breast cancer model using bioluminescent imaging.
PLoS ONE 8:e71472. https://doi.org/10.1371/journal.pone.
0071472

Thara E, Dorff TB, Averia-Suboc M et al (2012) Immune
response to sipuleucel-T in prostate cancer. Cancers 4:420-441.
https://doi.org/10.3390/cancers4040420

Bommareddy PK, Patel A, Hossain S, Kaufman HL (2017) Tali-
mogene laherparepvec (T-VEC) and other oncolytic viruses for

@ Springer

168.

169.

170.

171.

172.

the treatment of melanoma. Am J Clin Dermatol 18:1-15. https://
doi.org/10.1007/s40257-016-0238-9

Kresowik TP, Griffith TS (2009) Bacillus Calmette-Guerin
immunotherapy for urothelial carcinoma of the bladder. Immu-
notherapy 1:281-288. https://doi.org/10.2217/1750743X.1.2.281
Wu AA, Bever KM, Ho W1J et al (2020) A phase 2 study of allo-
geneic GM-CSF transfected pancreatic tumor vaccine (GVAX)
with ipilimumab as maintenance treatment for metastatic pan-
creatic cancer. Clin Cancer Res Offic ] Am Assoc Cancer Res
26:5129. https://doi.org/10.1158/1078-0432.CCR-20-1025

Jf G, Mr P, Js W et al (2024) T-cell responses to individualized
neoantigen therapy mRNA-4157 (V940) alone or in combination
with pembrolizumab in the phase 1 KEYNOTE-603 study. Can-
cer Discov 14:2209-2223. https://doi.org/10.1158/2159-8290.
CD-24-0158

Zhou JZ, Jou J, Cohen E (2021) Vaccine strategies for human
papillomavirus-associated head and neck cancers. Cancers 14:33.
https://doi.org/10.3390/cancers 14010033

Thomas R, Al-Khadairi G, Roelands J et al (2018) NY-ESO-1
based immunotherapy of cancer: current perspectives. Front
Immunol 9:947. https://doi.org/10.3389/fimmu.2018.00947

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.omtn.2020.03.003
https://doi.org/10.1158/0008-5472.CAN-09-1448
https://doi.org/10.3389/fonc.2021.642030
https://doi.org/10.3389/fonc.2021.642030
https://doi.org/10.1172/JCI127125
https://doi.org/10.1172/JCI127125
https://doi.org/10.1371/journal.pone.0071472
https://doi.org/10.1371/journal.pone.0071472
https://doi.org/10.3390/cancers4040420
https://doi.org/10.1007/s40257-016-0238-9
https://doi.org/10.1007/s40257-016-0238-9
https://doi.org/10.2217/1750743X.1.2.281
https://doi.org/10.1158/1078-0432.CCR-20-1025
https://doi.org/10.1158/2159-8290.CD-24-0158
https://doi.org/10.1158/2159-8290.CD-24-0158
https://doi.org/10.3390/cancers14010033
https://doi.org/10.3389/fimmu.2018.00947

	A new era of cancer immunotherapy: vaccines and miRNAs
	Abstract
	Introduction
	Immune responses in cancer
	Vaccines as cancer immunotherapy
	Cell vaccines (tumor cell vaccines or dendritic cell (DC) vaccines)
	ProteinPeptide vaccines
	Nucleic acid vaccines (DNA, RNA, or viral vector)
	Combination therapy with cancer vaccines

	Other promising immunotherapy
	Tumor-infiltrating lymphocyte (TIL) therapy
	TCRCAR-T cell therapy
	Immune checkpoint inhibitors

	MicroRNA’s in cancer
	Oncomirs and oncosuppressive microRNAs
	The role of miR-99a
	The role of miR-21-5p
	The role of miR-4728
	miR-17-5p, miR-20a, and miR-106a
	miR-155
	miR-424
	miR-146a
	miR-21

	Conclusion and future perspective
	Acknowledgements 
	References


